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To Megan

I am among those who think that science has great beauty. A scientist in his
laboratory is not only a technician: he is also a child placed before natural

phenomena which impress him like a fairy tale.

— Marie Curie
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A B S T R A C T

The capacity to measure the concentration of hydrogen peroxide in so-
lution is critical for many disparate application areas, including wine
quality sensing, aviation fuel monitoring and embryology. This thesis
covers work related to the development of a low-volume hydrogen
peroxide sensor, utilising microstructured optical fibres to perform
measurements on small (<20 µL) sample volumes.

This work has used the interaction between the guided light and
fluorescent molecules within the holes of microstructured optical fi-
bres to perform detection. This interaction has been used firstly to op-
timise the sensing architecture, using photostable Quantum dots as
a characterisation tool. This work also has potential biosensing appli-
cations, using the Quantum dots was fluorescent labels for antibody
reactions. This thesis covers work related to lowering the effective
detection limit using microstructured optical fibres to detect fluores-
cent molecules, utilising novel glasses and implementing a theoretical
model to reduce the amount of background signal that is generated
within the fibre. New candidates for fluorescent molecules in fibre
are also examined, resulting in a further reduction of the minimum
detectable concentration.

The second use of this interaction with the guided light involved
the use of fluorophores that react with hydrogen peroxide to produce
an increase in fluorescence. This increase in fluorescence can then be
observed by monitoring the signal from either end of the fibre. By
establishing a calibration curve that gives an expected fluorescence
signal for a given hydrogen peroxide concentration it is then possi-
ble to correlate the observed fluorescence with the concentration of
hydrogen peroxide present within the sample.

Additionally this thesis presents practical improvements to microstruc-
tured fibre dip sensors, including splicing the sensing fibres to com-
mercial optical fibres as well as methods for mixing low volumes of
liquids to enable rapid detection of target molecules.
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This thesis covers work related to the development of a low-volume
hydrogen peroxide sensor. This work has used the interaction be-
tween the guided light and fluorescent molecules within the holes
of microstructured optical fibres to perform detection. This has been
used firstly for potential biosensing applications, by detecting Quan-
tum dots which can be used as fluorescent labels for antibody reac-
tions. The second application involves a fluorophore that reacts with
hydrogen peroxide or hydroperoxides to produce an increase in fluo-
rescence. This increase in fluorescence can then be observed by mon-
itoring the fluorescence from either end of the fibre. By establishing
a calibration curve that gives an expected fluorescence signal for a
given hydrogen peroxide concentration it is then possible to correlate
the observed fluorescence with the concentration of hydrogen perox-
ide present within the sample.

Chapter 1 reviews the literature on optical fibre based sensing meth-
ods, exploring both unstructured core-clad fibres, as well as microstru-
tured fibres with transverse holes through their cross-sections. The
main focus of this chapter is on fluorescent techniques, but alterna-
tive methods are also examined.

Chapter 2 documents progress during this PhD project towards
lowering the effective detection limit using microstructured optical
fibres to detect fluorescent molecules. This work begins with sens-
ing using small, nanoscale core fibres, using quantum dots as the
fluorophore for detection. Here, some basic theoretical models are
also established to gain an understanding about how the parameters
of the fibre geometry affect the sensing performance. This chapter
proceeds with a detailed examination of the autofluorescence from
different soft glasses, culminating in the fabrication of a microstruc-
tured optical fibre from the glass showing the lowest fluoresence sig-
nal. This work then moves on to utilising doped nanoparticles for
detection, using an infra-red source and upconversion fluorescence
signals to perform detection. Several types of nanoparticles are exam-
ined, including particles doped with both Erbium and Thulium. An
extension of this work is included in Appendix A, looking at the fab-
rication of a novel fibre geometry to attempt to reduce the effects of
glass fluorescence in these types of sensors.

Chapter 3 examines practical improvements to the currently used
methods, that would act to improve the usability of these types of
sensors in real world scenarios. This is an attempt to move these sys-
tems out of the laboratory, and develop them to a point at which they
could potentially be deployed in the field. This covers work to splice
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these to conventional silica fibres, including both practical results for
splicing as well as a basic theoretical model to explore what would
be required to improve the efficiency of these splices. This work also
develops a novel temperature sensor, which is integrated with the
fluorescent sensors discussed earlier.

Chapter 4 explores work on the use of microfluidic mixing tech-
niques to attempt to circumvent the requirements for surface attach-
ment, while preserving the low-volume characteristics that are inher-
ent in sensing using these microstructured fibres. This allows easier
changes to new fluorophores, as commercially available molecules
can be used without the requirement of modifications to attach them
to the surface. This includes work on relatively large scale microflu-
idic chips, moving on to development of a cost-effective mixing sys-
tem utilising in-house made capillaries and a simple micro-T mixing
chamber.

Chapter 5 delves into work on fabricating microstructured optical
fibres from a new type of soft glass with an improved UV transmis-
sion. The motivation behind this work is to open up new possibilities
for fluorescent molecules by increasing the transmission window of
these fibres into a range which is suitable for more of these molecules.
This chapter investigates work on extruding these types of preforms,
and the subsequent fibre fabrication and characterisation.

Chapter 6 investigates work towards practical fuel degradation sens-
ing, specifically looking for hydroperoxides, again using a fluorescent
method which a literature survey shows to be the method most suit-
able for use in a microstructured fibre. The motivation for this work
is the desire to fabricate a quick, effective sensor that can give an im-
mediate indication as to the degradation state of a sample of aviation
fuel. This chapter primarily looks at characterisation of fluorophores
synthesised at the University of Adelaide to determine their viability
for use in the optical fibres.

Chapter 7 looks at an extension to this work, where the focus has
shifted from sensing in fuel to work on detection of hydroperoxides
in aqueous solutions. This initially begins with wine sensing as the
application, but it becomes apparent that the ideal application for this
type of low-volume sensor is in the detection of hydrogen peroxide
around embryos in In vitro fertilisation (IVF). This chapter again pri-
marily focuses on fluorophore characterisation, looking both at the
performance of the fluorophore in cuvette as well as in fibre. This
covers both commercially available fluorophores, as well as character-
isation of several fluorophores synthesised at Adelaide.

This chapter culminates with work on the functionalisation of one
of these synthesised fluorophores on the internal surfaces of the mi-
crostructured fibres. This exploress progress towards developing a
new method for functionalisation in the fibres, as well as characteri-
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sation and progressive development of the performance of the fluo-
rophore itself.



Part I

M I C R O S T R U C T U R E D O P T I C A L F I B R E S





1
I N T R O D U C T I O N

1.1 fibre sensing background

1.1.1 Introduction

Although the historic focus of optical fibre research was in communi-
cations applications [2], fibres have also found many applications in
sensing techniques [3]. Traditionally fibre sensors have mainly been
used to monitor stress, strain or temperature or merely used to trans-
mit the data from a conventional sensor to a receiver [3]. Arising from
both improved traditional fibre designs and new novel microstruc-
tured designs, fibres have found many more applications in recent
years [4]. These have found use in fields ranging from monitoring
pressure, displacements or liquid levels, rotational positions to mea-
suring current and voltage or detecting gas, chemical or biological
molecules. Fibres have a number of advantages over traditional sens-
ing methods: they are light, flexible, generally chemically inert, im-
mune to electromagnetic interference, and also carry no current, and
as such are usable in hazardous or volatile environments as there is
no risk of them producing a spark [3]. Optical fibres also have the
desirable characteristic that the sensor can be placed at one location,
and the data analysed in a different location a considerable distance
away [5]. This enables fibres to be placed in locations that would be
otherwise inaccessible to traditional sensors. Fibres also enable the
use of multiplexing, as many sensors can be monitored from a single
location. They also lend themselves to distributed sensing, in that a
single fibre can be used to monitor a variable along a considerable
distance [5].

The following section will explore various methods that have been
used in the past for sensing using optical fibres. This section is fo-
cused on sensing using interactions with the evanescent field. The
more commonly used applications such as sensing for stress or strain
are not explored, nor are methods for measuring the refractive index
for reasons which will be discussed in Chapter 6.

1.1.2 Modal overlap sensing

1.1.2.1 Absorption

One common method of fibre sensing utilises interactions between
the propagating electromagnetic field that extends outside of the fi-

3
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bre, sometimes known as the evanescent field, and the surrounding
medium [6].

Cladding                            Core                         Cladding
or analyte or analyte

Figure 1: Basic schematic of modal (evanescent) overlap in an optical fibre.

In broad terms several methods can be utilised to exploit this field;
covering methods looking at absorption features, and methods involv-
ing excitation and subsequent recapture of fluorescent light. This type
of sensing can be further separated into two fields, consisting of in-
direct and direct methods. This requires interaction of the molecules,
with the guided light within the fibre. Methods to obtain this will be
discussed in the following sections.

For direct methods, one seeks to observe a specific property of our
target analyte such as its refractive index or absorption spectra. For
the latter example, this is particularly useful when we seek to detect
a gas possessing strong absorption peaks, such as acetylene [7] or
methane [8–10]. To obtain a measurement of the concentration of the
gas firstly a spectrum is obtained without the target gas present. This
can be done either using a white light source, or alternatively a tun-
able laser is a somewhat better method, as it generally enables much
higher powers to be coupled into the fibre. A spectrum is then taken
with the target gas present, and the difference between this result and
the first result is then the absorption spectrum [8]. The concentration
of the gas can be determined using the Beer-Lambert Law as long as
the other values required in the equation are known [11].

1.1.2.2 Fluorescence

The alternative to seeking to observe absorption spectra is to instead
look for the emission spectra of a fluorophore, or even of the target
molecule itself if it possesses its own distinct fluorescence emission
spectra. The fundamental concept behind this type of sensing is simi-
lar to that that which is used in absorption sensing, in that both utilise
interactions between the evanescent and our target molecule/anti-
body [3]. However, rather than taking the absorption spectra as was
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described previously, one instead aims to excite and recapture fluo-
rescent light from molecules outside the core of the fibre.

Figure 2 shows the general schematic used for this type of sensing.
A mode is guided within the fibre, as shown in Figure 2 (1). This
mode excites fluorescent light from the fluorophores surrounding the
core (2). The fluorescence is emitted in all directions, and a portion of
this fluorescence is recaptured into both a forward (3b) and backward
(3a) propagating fluorescent mode in the fibre, which can then be
detected at either end [12].

Figure 2: Schematic of fluorescence excitation and subsequent recapture in
to the guided mode in an optical fibre, both in the forward and
backward directions.

Fluorophores can also be used as labels, which may be attached to
the molecules, proteins or bacteria of interest [13]. Specific detection
of biomolecules is typically performed through an antibody/antigen
reaction, which allows selectivity to be introduced to the sensor [14].

1.1.3 Fibre Sensing Geometries

1.1.3.1 Basic Evanescent Sensors

The simplest form of an evanescent sensor, commonly referred to as
an “air suspended rod” or “unclad fibre,” is fundamentally a core-
clad fibre in which either the entire cladding or a length of the cladding
is removed. This can also be referred to as a bare fibre, i.e. it only con-
sists of a core with no structure or lower refractive index material
providing a solid cladding. This has two major effects, the first is that
the light becomes more strongly confined to the core due to the in-
creased index contrast, but the second and much more useful (for
sensing anyway) property is that a portion of the light overlaps into
the air as an evanescent field.

Paul et al. [15] first demonstrated this principle using a 50µm core
fibre in which the cladding had been stripped using chemical tech-
niques. This region was immersed in a liquid with strong absorption
features, (Rhodamine 6G was used) and the increase in loss at 514 nm
recorded. The concentration of the fluid can then be determined by
analysing the loss and using known values for the power fraction
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overlapping with the analyte and the coefficient of absorption at the
desired wavelength.

However this design of fibre is extremely susceptible to damage,
both through breakage due to the small (relative to conventional fibre
diameters) dimensions of the core and surface contamination caused
by the core being directly exposed to the surrounding medium. How-
ever both of these issues can be at least partially overcome with the
use of permeable coatings [16]. Rather than completely removing the
cladding of the fibre and simply using it as a bare fibre, a perme-
able layer (eg. a polymer) is coated on to the fibre. This layer acts
to protect the fibre, while still allowing molecules of the analyte to
penetrate through to the evanescent field where they can be detected.

DeGrandpre et al. [17] demonstrated a polymer coated fibre using
this principle, as the polymer coating over the core of the fibre acted
both to protect the fibre from damage as well as enabling the fluo-
rophore to interact with the evanescent field of the fibre. Preejith et
al. [18] demonstrated a protein sensor based on this concept using a
multimode fibre coated with a porous cladding layer around the core
of the fibre. In this layer fluorescent dye was immobilized, enabling
simple detection of the reaction of proteins with the dye. Scorsone et
al. [19] also showed that this type of configuration could be used for
gas sensing, by detecting ammonia and HCl using a plastic clad silica
fibre with an electrochromic polymer immobilised in the cladding.

Cao et al. [20] showed that a similar type of plastic clad silica fi-
bre could be used as an oxygen deficiency sensor in that the oxy-
gen content in the air surrounding the fibre could be recorded at
concentrations between 0.6% and 20.9%. This was performed using
an oxygen-sensitive organic dye (methylene blue) immobilised in the
cladding using a sol-gel method, which gave a logarithmic response
of the recorded light absorption for increasing oxygen concentration.

1.1.3.2 U-Shaped fibres

A slight alteration to this concept involves the use of U-shaped fibres.
In this configuration the fibre is bent through 180 °, which has the
effect of extending the evanescent field of the fibre in the region on
the outside of the bend. Bending the fibre shifts the refractive index
profile, such that more light is guided within the cladding on the
outer surface of the bend [21]. Khijwania et al. [22] states that the
sensitivity of a scheme involving a U-shaped fibre generally increased
with decreasing bend radius, as well as that there exists an ideal bend
radius for a given core size. Below this radius the bend loss of the
fibre starts to become significant, and any gains in sensitivity with the
increase in the evanescent field overlap are removed by an increase in
the overall loss of the system.
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Figure 3: U Fibre. For this type of fibre the evanescent overlap typically in-
creases with decreasing bend radius.

This type of fibre was also used by Gupta et al. [21] to create a
pH sensing fibre. By taking a fibre, bending the sensing area, and
using a sol-gel coating to immobilise three different pH sensitive flu-
orophores on the surface it was possible to measure the pH of a
solution from 2-12. Again results showed that the sensitivity of the
system increased with decreasing bend radius of the fibre. A similar
scheme was used by Choudhury et al. [23] using a bent multimode
fibre and patent blue as the pH sensitive fluorophore and was suc-
cessfully shown to be able to record changes in pH from 3 to 13.

This type of sensing geometry has also found use as a liquid-level
sensor [24] as the change in the refractive index of the water from
that of air induces a change in the transmission of the fibre, enabling
the use of the fibre as a rather simple on/off liquid level sensor.

1.1.3.3 D-Shaped Fibres

One extension of the air-suspended rod design is known as a D-fibre.
This type of fibre typically consist of a conventional silica fibre, of
which a portion of the cladding is removed either before or after
drawing [10]. This has the effect that the evanescent field extends
out a small distance into this region. This field can then be used for
evanescent field sensing, as described earlier. One of the primary ad-
vantages of D-fibres is that the detection length can be extremely long,
unlike that of alternative geometries such as the U-fibres or tapers
which are intrinsically limited to short lengths. This should enable
this type of fibre to find uses in distributed sensing [10].

Figure 4: D fibre. The evanescent overlap is increased where the cladding is
removed.
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There are two main limitations with this type of fibre sensor, the
first of that is that the field overlap is typically limited, typically in
the order of 0.1% depending on how close to the core the flat face
is, and secondly, due to the design of the fibre it cannot be easily
coated and as such is comparatively fragile when compared to a stan-
dard coated fibre. Some work has been done however on the use of
permeable coatings to overcome this. Stewart et al. [10] explored the
possibility of using a permeable sol-gel coating on the fibre to im-
prove its strength while still enabling target molecules to penetrate
through to the evanescent field.

These fibres have found applications primarily in gas sensing, in-
cluding gases such as methane etc [10]. Due to the absorption method
that is used by this type of fibre, this geometry could be used for any
gas or liquid that has strong absorption features in the visible or infra-
red spectrums.

1.1.3.4 Microwires/Nanowires

The tapering optical of fibres to create microwires increase the interac-
tion with the evanescent field presents an alternative method to those
described above. By reducing the outer diameter of an optical fibre
the modal overlap between the guided light and the external environ-
ment begins to increase. This process has been used for evanescent
field absorption measurements by tapering a single mode optical fi-
bre to approximately 1 µm [11]. This showed that the tapered fibre
had both good sensitivity to target fluorophores and a linear response
to increasing concentrations.

Figure 5: Tapered fibre, showing down & up taper regions.

Fundamentally, a nanowire is a standard solid core index guiding
fibre, whose dimensions have been reduced such that the diameter of
the fibre is typically smaller than that of the light itself [25]. Fabrica-
tion is generally performed by heating a fibre of standard dimensions
with a laser or open flame, and then stretching the fibre such that
the diameter is reduced. By carefully controlling both the amount of
heating and the rate of stretching the dimensions of the fibre can be
controlled [26]. The result of this altered geometry is that unlike the
traditional methods discussed above, a large portion of the field can
travel outside of the glass and interact with any analyte surround-
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ing the nanowire [27]. Tong et al. [26] demonstrated that over 20% of
the field propagated outside the confines of the glass in a silica fibre
with a diameter of 450nm. As would be expected the field overlap is
shown to increase with decreasing nanowire diameter [28].

Warken et al. [28] demonstrated another phenomena that cannot be
seen in conventional fibres, in that due to the small dimensions of the
nanowires an enhancement of the evanescent field intensity is seen at
the glass-air interface. Even in an ideal case where 100% evanescent
field overlap is achieved, the practicality of using a nanowire to mea-
sure the absorption spectra of a gas or liquid surrounding the wire is
limited. Due to the short interaction length inherent with nanowires,
and considering that the evanescent field absorption will never ex-
ceed that of free space techniques for volumetric absorption measure-
ments with an identical path length nanowires may not be the ideal
geometry for this type of measurement. Due to their small diameter
nanowires are inherently flexible with a low bend loss so it is possi-
ble for them to be tightly coiled to increase their interaction length,
or alternatively knotted to create ring resonators [25]. This allows the
apparent path lengths to be increased, as well as allowing measure-
ments of quantities such as the refractive index to be performed using
the resonator [25].

The practical usage of nanowires is limited primarily due to their
limited interaction length, as well as their fragility. This is primarily
caused by the difficulty in fabricating nanowires with lengths greater
than several millimetres, but additionally even if these could be over-
come then they also have comparatively high losses of 10dB/m [28]
to 100dB/m [26] for nanowires with small (<100 nm) diameters. The
loss of the nanowire has been shown to scale with the inverse of the
diameter of the wire [29], so the diameter of the nanowire must be
chosen to satisfy both the desired diameter as well as practical usable
length. It has also been shown that the surface quality degrades over
time, resulting in a large increase in the loss requiring protection of
the surface to allow practical use as sensors [25].

Much like the D-shaped fibres, nanowires also possess the property
that the surface of the core is easily accessed, so processes involving
functionalising the surface are greatly simplified over fibres whose
core is not easily accessible.

1.1.3.5 Discussion

So although the methods described above make good use of sensing
with fibres, the use of unstructured optical fibres limits the flexibility
of the sensors. The primary issue is the apparent trade off between
the high evanescent overlaps possible using nanowires, and the ro-
bustness & long interaction lengths possible using D-fibres. There is
no possibility to blend the two to create an ideal sensor with a high
evanescent overlap, over a long distance with a relatively strong fibre.
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One of the main fields of research to attempt to resolve these issues
involves microstructured fibres, which will be discussed in the next
section.
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1.2 sensing with microstructured optical fibres

1.2.1 Introduction

Microstructured optical fibres (MOFs) have found extensive use in
sensing applications. They present an alternative to the other geo-
metries and methods discussed earlier in Section 1.1.3 which present
some distinct advantages over more conventional methods.

A large variety of microstructured fibres are available, fabricated
both from the more standard silica glass, as well as polymers and
more exotic glasses. These typically comprise of a lattice formed through
stacking of capillary tubes, into which a defect is introduced for light
guidance [30]. This defect can either be in the form of a solid rod to
introduce index guiding, which if parameters are controlled correctly
can result in endlessly single mode guidance within the fibre [30]. An
example of this type of fibre is shown in Figure 6a.

This type of fibre is analogous to standard core-clad silica fibres, in
that the light is guided down a central core, with the index contrast
between the core and the cladding maintaining confinement of the
light within the fibre. However, rather than the index contrast being
supplied by two glasses with different refractive indices the lower-
index cladding arises from the effective index (ne f f ) of the holes and
glass surrounding the core.

A second category of MOFs are the Photonic Bandgap Fibres (PBGF).
Air-cored versions of these consist of a large central hole, surroun-
ded by a periodic hexagonal lattice as seen in Figure 6c. This creates
a bandgap in the cladding lattice structure through which certain
wavelengths of light are forbidden from propagating, thus confining
them to the core [33, 35]. Again this type of fibre lends itself to evanes-
cent field sensing as it is relatively easy to fill the holes with a liquid
or gas for interaction to occur. This has found a multitude of uses,
including acetylene, methane [36, 37] or hydrogen cyanide sensing
[7].

A variation on this design is commonly known as a “Bragg fibre,”
of which an example is shown in Figure 6b. This type of design con-
sists of concentric rings of materials with alternating refractive indices
such that interference is generated at a range of wavelengths, confin-
ing light to the central hole. This type of fibre had first been proposed
as early as 1978 [32], but complicated fabrication requirements meant
it was not successfully realised until 2000 [38].

1.2.2 Sensing applications

Many applications have been demonstrated using MOFs, including
gas sensing [7, 39, 40], biological species detection [13, 14, 41], or re-
fractive index monitoring. The methods utilised for detection using
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(a) First fabricated single mode MOF
[31].

(b) Bragg fibre schematic. The prin-
ciple is similar to that of (c), where
the light is confined to the central
region through anti resonance ef-
fects [32].

(c) First Photonic bandgap fibre
(PBGF) [33] The light is guided
within the central air region of
the fibre using band gaps that
effectively prevent propagation
of certain frequencies within the
cladding.

(d) (top) PBGF [34] (bottom) Highly non-
linear MOF [34].

Figure 6: Different types of microstructured optical fibres (MOFs).
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MOFs are similar to those discussed previously using conventional
fibres, however the use of MOFs opens up new possibilities for detec-
tion methods.

Konorov et al. [42] demonstrated a scheme in which a double-clad
MOF was used both as an excitation source for molecules located
within an external container, and a collection device to collect the
fluorescence they emitted. This fluorescent light then travelled back
along the fibre, and was then reflected using a dichroic mirror to a
camera for detection.

Yu et al. [43] expanded on the concept of utilising MOFs for sens-
ing by introducing a small defect to the core of their fibre. This had
the effect of creating a localised region of high intensity along the
walls of the fibre, and they were able to successfully detect relatively
low concentrations of cobalt chloride via an absorption method, even
though the overlap of the field was less than 0.4%.

Jensen et al. [13] demonstrated the usage of a PBGF in absorption
sensing, although in this case the guidance method was not via a
bandgap, instead the entire lattice area was illuminated at the input
end of the fibre. This had the effect that each of the junctions in the lat-
tice acted almost like a fibre themselves, with most of the light guided
in the centre of the junction and an evanescent field extending out
into the holes. The overlap using this particular implementation of
this technique was 5.7%. The fibre was then filled with Cy-5 labelled
DNA molecules, the end face illuminated with a tungsten halogen
light and the absorption spectra obtained. The detection limit of this
system was found to be 100 nM.

1.2.3 Exposing the fibres

One of the issues with using MOFs for sensing applications is the fill-
ing or diffusion times required to perform measurements on liquids
and gases respectively. The most obvious solution to this problem
is to insert holes into the sides of the fibres enabling the analyte to
more easily enter the fibre. However, especially with MOFs, the inter-
nal structure of the fibre is of small dimensions, and the holes must
be fabricated to exactly the right depth to avoid damage to the struc-
ture [44]. Any damage to the structure typically increases the loss of
the fibre. Numerous solutions have been proposed to solve this prob-
lem with varying degrees of success, including 193nm laser ablation
[45], femtosecond lasers combined with etching [46] or focused ion
beam milling [47]. Alternatively, drilling [48] or direct fabrication of
structured preforms [49] have also been used to successfully fabricate
polymer and glass optical fibres respectively with exposed cores.

These methods allow distributed sensing to be performed, as if
the fibre is mounting in a structure or aircraft optical time domain
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reflectometry techniques can be used to determine the location from
which a fluorescent signal originates [49].

1.2.4 Tapering for modal overlap

An alternative method to overcome the issue of filling times of MOFs
is to avoid filling fibres at all. Lize et al. [50] demonstrated a tech-
nique of tapering microstructured index guiding fibres similar to
those in Figure 6 are tapered from an initial diameter of approxim-
ately 125 µm down to as small as 2.7 µm. The effect of this is that the
mode of the fibre transitions from being strongly confined to within
the core region of the fibre to a mode where a large portion of the
light exists as an evanescent field. This then enables direct interaction
of the light with external material in the tapered region without the
time-consuming process of filling the fibre. In addition to this, out-
side of the tapered region, the fibre is almost completely insensitive
to external conditions, making this type of fibre suitable for remote
sensing applications.

A similar configuration was used by Mägi et al. [51] to create a
11 µm taper with the primary difference being that unlike Lize, a
second “post-processing” tapering was performed to collapse the in-
ternal structure of the fibre to create a completely solid tapered region.
This work showed that the majority of the fibre exhibited low bend
loss (<0.05 dB/m with 125 µm bend radius) due to the presence of the
large air holes while allowing a strong overlap with the surrounding
medium in the tapered region.

Minkovich et al. [52] demonstrated that this technique could also
be applied to MOFs similar to that shown in Figure 6. However this
type of fibre displayed a significantly changed transmission spectra
to that of the original fibre, in that beats were seen in the spectra,
with the transmission varying to as little as 10% of the original value
in some of the troughs of the beats. Experimental validation of the
sensing properties of the fibres was performed by coating the fibre
with a thin layer of palladium, which reacts with hydrogen resulting
in a change in the dielectric constant of the layer and thus changing
the transmission properties of the fibre. Using this configuration it
was found to be possible to easily detect hydrogen concentrations in
the order of 1%.

Tapering MOF structures allows the novel guidance characteristics
to be maintained over the majority of the fibre length, with only small
sections tapered to allow interaction with the surrounding medium.
However this method still has the same drawbacks as tapering solid
core-clad fibres, in that the tapered regions are susceptible to dam-
age and the lengths over which they can practically be fabricated are
limited.
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Figure 7: Wagon-wheel fibre.

1.2.5 Sensing with wagon-wheel fibres

An alternative to the MOF designs discussed in Section 1.2.1 is to at-
tempt to create a suspended nanowire design, commonly referred to
as a “Wagon Wheel” (WW) or “Steering Wheel” design. This design,
an example of which is shown in Figure 7, combines the controllable
field overlap of the nanowire design with the long interaction lengths
and robustness of a conventional fibre. These fibres have been manu-
factured with a number of different strut designs, ranging from three
[48, 53, 54] to six or more [13] and from materials including silica [55],
polymers [14, 48, 56] or soft glasses [57, 58].

This type of fibre lends itself to sensing applications, as the holes
can be filled with fluids or gases [53, 59, 60] without any implications
to shifting bandgaps that may result from using the same technique
in bandgap fibres.

The large holes possible with this type of fibre lend themselves to
evanescent sensing [54, 55, 61] while still allowing the small cores re-
quired for nonlinear techniques [58]. Fabrication is generally simpler
than MOFs, which are commonly fabricated via stacking [31] with
techniques including extrusion [57, 62] or drilling [55] having been
used previously.

Previous work [14] using a fluorescence method in an index-guiding
MOF of fibre involved illuminating the side of the fibre with a laser,
exciting the fluorophores (in this case Cy3 molecules) that are located
in the holes of the microstructured fibre. This particular example was
done using a polymer MOF using a Cy3 fluorescent dye, with a 7 cm
interaction length and the output of the fibre butt coupled into a
standard multi-mode fibre. This particular example also utilised sur-
face functionalisation, as described earlier, and successfully showed
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that the fibre was able to differentiate between two different strands
of DNA. This demonstrated that it was indeed possible for the fluor-
escence emitted by fluorophores in the holes of the fibre to be recap-
tured by the fibre, and detected at the output face. Other work using
similar fibres by Frosz et al. [63] has demonstrated successful meas-
urements of the refractive index of aqueous solutions using four wave
mixing in silica MOFs with a sensitivity of 6× 10−6 refractive index
units.

Fibres of this design have also found applications detecting ana-
lytes such as antibodies [64], acetylene [55], or labeled proteins [61].
Detection of biomolecules attached to fluorescent labels has previ-
ously been demonstrated in wagon-wheel fibres, yielding a detection
sensitivity down to 1 nM for antibodies labelled with quantum dots
(Qdots) [41].

1.3 fabrication techniques

1.3.1 Silica optical fibre fabrication

Standard optical fibres are generally made by first fabricating a pre-
form, and then drawing this preform down into a fibre [65]. The meth-
ods to make this preform are varied, but conventional silica core-clad
fibres are typically made through modified chemical vapour depos-
ition (MCVD) [66, 67]. This process enables extremely high purity pre-
forms to be fabricated, and in addition this technique allows the addi-
tion of dopants [68]. These can be used simply to modify the refract-
ive index, typically using germanium or alternatively the dopants can
introduce a gain medium such as erbium which is required for fibre
lasers or amplifiers.

This technique however cannot be directly used to fabricate MOFs,
since it is unable to fabricate complex geometries. Several possible
methods have found extensive use in the past, with the two most
widely used being stacking, and drilling.

In the stacking and drawing technique high purity silica capillaries
are first drawn down to approximately 1 mm diameter. These capil-
laries are then stacked together to form a macroscopic version of the
desired final fibre structure, and then pulled using a drawing tower
into optical fibres. Controlling the diameter and wall thickness of the
capillaries enables the pitch and hole diameter to be altered to the
desired geometry. By omitting capillaries one can fabricate defects
suitable for photonic bandgaps [33] or by adding a solid rod in place
of a capillary index-guiding MOFs can be made [31, 69, 70].

This technique has two main drawbacks - firstly, it is restricted to
circular (or hexagonal) geometries, and it can be difficult to precisely
control the pressures to obtain the desired results. Secondly it is ex-
tremely time-consuming and labour intensive to fabricate fibres using



1.3 fabrication techniques 17

Figure 8: Drilled preform (left) and final fabricated silica wagon-wheel fibre
(right) [71]. A two-step drawing process was used for this fibre.
In this case the holes were drilled into the preform such that they
were large enough to be subsequently manually polished to im-
prove the internal surface quality of the preform.

this method, and it can take several weeks to fabricate a single pre-
form [55]. Typically this also requires clean-room conditions, as any
contamination during the stacking process can introduce additional
loss into the final fibre.

An alternative method is to directly drill holes into the glass pre-
forms using an ultrasonic drill. This method has been used in the past
to fabricate various geometries including wagon-wheel fibres [55, 71]
as well as more complicated MOF structures [72]. This process how-
ever results in a poor surface quality inside the preform, leading to
the requirement that the preform is either mechanically polished [71]
or etched to reduce the surface roughness and remove surface con-
taminants. The length of the preforms is also restricted to lengths of
the order of 10 cm when drilling compared to what can be fabricated
using other techniques.

The earliest fibres [31] used a mix of both stacking and drilling to
obtain the fibre shown in Figure 6a, however in this case the drilling
was used to fabricate the capillaries which were then stacked to form
the final structure. A two-step process was used to make this fibre,
wherein the preform is first drawn down to an intermediate size, and
then re-drawn to obtain the final fibre dimensions.

1.3.2 Soft glasses and their applications

While silica fibres have found good use in the telecommunications
industry due to their durability and low transmission loss, they have
several limitations which prevent their effective use in certain applica-
tions. For example the transmission window of silica extends only to
approximately 2 µm [73], meaning that sensing or lasing applications
in the mid-IR are not feasible using silica glasses.
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Figure 9: Differing viscosity profiles for several soft glasses.[72] The high
temperatures required for the viscosity of silica to reach the ’extru-
sion range’ silica makes silica extrusion a challenging prospect.

Over recent years alternatives to standard silica glass have been
investigated, including such glasses as tellurite [74, 75], fluoride [76],
chalcogenides [77–79] and lead-silicates [60, 80–85] have been examined.
These glasses broadly fall under the umbrella of “soft-glasses,” which
encompasses glasses that have a melting temperature significantly
lower than silica (see Figure 9) and consist of a number of chemical
components [73]. Due to the lower phonon energies of these glasses
compared to silica they display improved infra-red transmission prop-
erties, with transmission out to 8 µm possible using chalcogenide
glass.

This improved transmission window enables both the use of mid-
IR laser sources [78, 86], or alternatively these glasses have found
common use as fibre optic sensors. Since the fundamental absorptions
in the mid-IR of various molecules are typically stronger than their
harmonics in the near-ir/visible, higher sensitivity can generally be
obtained by looking at the fundamental absorption. The use of soft-
glasses makes possible these otherwise inaccessible wavelengths [77,
87] for both chemical and biosensing applications.

In addition to the improved IR transmission characteristics, soft-
glasses also possess higher nonlinearities than silica glasses [71, 84,
85, 88]. Soft glasses have significantly higher nonlinear indices than
silica glass, leading to higher total nonlinearities in fibre. The nonlin-
earity of a standard SMF28 fibre is γ = 1 W−1km−1 and microstruc-
tured silica fibres can have in the order of γ = 70 W−1km−1, as the
nonlinearity γ is a function of both the nonlinear refractive index n2

as well as the transverse size of the mode Ae f f [89]. However it has
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Figure 10: Extruded preforms (a) ZBLAN [76] (b) Bismuth [62].

been demonstrated that nonlinearities of at least γ = 9300 W−1km−1

can be obtained using soft glasses, in this case with a chalcogenide
core and tellurite cladding [90].

For some applications, such as data transmission, nonlinearity is
generally a detrimental property since it increases losses and reduces
bandwidth, but for certain fields nonlinearity is a critical parameter.
One of these is supercontinuum generation. This is a complex process
of nonlinear interactions, in which a relatively narrow linewidth laser
pulse is converted into a broadband spectra while still maintaining
good spatial coherence. This process can generate a spectra spanning
up to 3 µm [91], while still maintaining high beam qualities.

Soft glasses have found good use in supercontinuum generation
[91–93] as this is an application which combines both high nonlinear-
ity for efficient generation of the signal, but also good IR transmission
such that the supercontinuum can extend further out than would be
possible using a silica fibre.

1.3.3 Extrusion

The use of soft glasses or polymers [94–96] opens up new opportunit-
ies for fabrication techniques that are not possible with standard silica
glass. One such technique is extrusion [57, 58, 62, 97–99], in which the
glass/polymer is heated to its softening point, and forced through a
metal die whose exit is effectively the inverse of the desired structure.
Depending on the initial size of the glass billet, these preforms can
be in excess of a metre long, enabling multiple trials from a single
preform.

Since there are constraints in the scale of the features that can be
extruded and drawn, it is not generally possible to fabricate the final
structure in a single step, and for this reason a two-step fabrication
process is employed. To obtain the small core sizes required for evan-
escent sensing applications this preform is then caned down from its
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initial diameter of 10-15 mm to ≈1 mm and then inserted into an
outer jacket. This process is known as the “cane-in-tube” method [98].
The choice of the ratio between the inner and outer diameters determ-
ines the size of the core, and as such, the strength of the evanescent
field interaction with the fluid of interest that fills the holes (see Sec-
tions 2.2 & 2.11). This assembly is then pulled into a fibre using a
drawing tower. By controlling the tension and drawing temperature,
stable structures can be fabricated with lengths of up to several hun-
dred metres being obtainable from a single draw.

The extrusion technique presents several advantages over the stack-
ing or drilling methods discussed earlier. It allows virtually arbit-
rary structures to be generated, rather than being restricted to cir-
cular holes as with drilling or hexagonal lattice structures as typically
would occur with stacking [62]. Figure 10 gives some examples of geo-
metries that have been fabricated using extrusion. The surface quality
of extruded preforms is typically better than observed directly after
drilling a preform, although this can be mitigated somewhat by etch-
ing the preform before it is drawn into a fibre.

As can be seen in Figure 9 the temperature required to reach logη=7-
9 for silica is 1500ºC, while the same viscosity can be achieved in soft
glasses at temperatures as low as approximately 300ºC [74, 75] or 100-
150ºC for polymers [96]. This large differential in required temperat-
ures means that the die materials that have been used to date such
as stainless-steel [62, 98] or graphite [76] cannot be used for silica ex-
trusions. Steel for example melts at 1325-1530ºC while graphite will
oxidise at temperatures over approximately 500ºC. As such the ex-
trusion technique is currently limited to soft-glasses or polymers, al-
though alternative die materials for higher temperature extrusions
are currently being examined.



2
L O W- C O N C E N T R AT I O N S E N S I N G U S I N G
WA G O N - W H E E L F I B R E S

This chapter documents progress during this PhD project towards
lowering the effective detection limit using microstructured optical fi-
bres to detect fluorescent molecules. Sections of this work have been
collaborative efforts with others. Section 2.2 is based on FEM code ori-
ginally written by Kris Rowland, and further modified by Shahraam
Afshar and Stephen Warren-Smith. Section 2.5.1 builds on work from
both my honours project, comprising the initial work on the detec-
tion of Qdots in fibre, which was then continued by Dr Yinlan Ruan.
Section 2.7 was work performed with Dr Richard White, which lead
to a conference paper (OFS 2009) as well as the basis for a journal
paper. The work in Section 2.11 builds on code written by Stephen
Warren-Smith for the OFS 2009 paper. The basis for this work is the
fluorescence recapture theory developed by Shahraam Afshar and
Stephen Warren-Smith, adapted to look at different integration re-
gions compared to the standard case with the fluorophore in the
cladding. Analysis of loss measurement data in later sections is per-
formed with the assistance of code written by Mr Matt Henderson.
Section 2.12 comprises work performed at Adelaide in collaboration
with Dr Jin Dayong from Macquarie University. Some of these experi-
ments, such as the red:green fluorescence work were performed with
the technical assistance of Ms Mai-Chi Nguyen, with the Thulium
nanoparticles measurements also being performed with Mr Tim Zhao
from Macquarie University. In fibre lifetime measurements were per-
formed by the author, with calculations and comparison values in
bulk solutions provided by Dr Dayong.

2.1 introduction

The extremely small transverse structures that are possible in MOFs
(~420 nm [98]) allow small samples to be measured, with total volumes
of less than 10 nL being easily obtainable with practical (~20 cm)
lengths of fibre with a hole diameter of 4.5 µm. Through the use
of fluorescent molecules that interact with target species these fibres
can be applied to diverse applications including hydrogen peroxide
detection (Section 6) or aluminum detection [100]. The detection of
biomolecules attached to fluorescent labels has recently been demon-
strated in suspended core MOFs [13, 61], yielding a detection sensit-
ivity down to 1 nM for antibodies labelled with Qdots. The aim of the
work in the following chapter is to determine the factors currently re-
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stricting the detection limit in this type of sensor and to improve this
sensing architecture to increase the sensitivity of the dip sensor.

The fluorescence-detection approach is attractive because of its sim-
plicity. When one end of the fibre is dipped into the sample, capillary
forces draw the liquid into the voids within the fibre. The overlap-
ping field of the pump light excites the fluorescent labels and a por-
tion of the fluorescence is captured by the fibre core and propagates
to the fibre tips. Captured fluorescence can be detected at either end
of the fibre, although backward detection provides the convenience
of single-ended devices and an improved signal-to-pump ratio [12]
as only a small portion of pump light is transmitted to the detector
compared to sensing from the opposite end.

Measurements can either be performed on labelled biomolecules
in solution [13, 61], or, if specificity is required, by attaching recogni-
tion antibodies to the internal fibre surface [14, 41]. In the latter case,
fluorescence is detected when antigens bind to their corresponding
immobilized antibodies and non-bound antigens are flushed out of
the fibre. In either case, efficient fluorescence-based MOF sensors re-
quire a large modal overlap with the fibre holes, such as in band-gap
fibres, liquid-core fibres or suspended core fibres.

Suspended-core fibres are clearly a powerful platform both for chem-
ical and biological sensing [101]. The aim of this work is determine
the factors currently restricting the detection limit in this type of
sensor and to improve this sensing architecture to increase the sensit-
ivity of the dip sensor. To facilitate this modifications will be made to
both the existing fibre geometry, as well as the glass used for its fab-
rication. Through the use of theoretical models it is possible to gain a
better understanding of the source of the limitations to the sensitivity
of this system, as well as investigating possible approaches to reduce
the minimum detectable concentrations of fluorophores.

2.2 modal overlaps - theoretical background

As discussed earlier, fluorescence sensing using optical fibres relies
on the modal overlap between the guided mode in the core of the
fibre, and the fluorescent molecules within the holes of the fibre. The
amount of overlap is determined by the refractive index contrast, and
the geometry of the fibre. To gain an understanding of how various
parameters of the fibre geometry affect sensing performance some
preliminary modelling was performed. The aim of this was to exam-
ine how the sensing parameters are influenced by changing the core
size of the fibre to optimise the fibre geometry such that the fluoro-
phore concentration required for detection is minimised.

The amount of fluorescence emission that is generated is strongly
dependent on the overlap of the guided laser light and the holes [102],
hereafter referred to as the power fraction (PFclad). Here we define this
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Figure 11: Core size definitions from Ebendorff-Heidepriem et al. [98] over-
laid over the SEM image of a wagon-wheel fibre. de f f is defined
as the diameter of a circle with the equivalent area as that of the
largest triangle which can be wholly contained within the core
structure. dm is defined as the diameter of the largest circle which
can be wholly contained within the core. The conversion between
these two is de f f = 1.286× dm.

as the fraction of the total power in the z direction of the Poynting
vector [102, 103] within the cladding relative to the total power.

The modal overlap in a wagon-wheel fibre is governed by three
main parameters - the refractive indices of the core and cladding,
(ncore and nclad) the wavelength of the excitation source (λex) and the
core size of the fibre (de f f ). de f f is defined as the diameter of a circle
with the equivalent area to that of a triangle which can be wholly con-
tained within the core of the wagon-wheel fibre [98]. This is shown
pictorially in Figure 11. An alternative definition dm is also used, gen-
erally during fabrication where it is too time-consuming to perform
the measurement of de f f . These two parameters have a conversion
factor of de f f = 1.286× dm.

The geometry of a typical wagon-wheel fibre was modelled in the
commercial finite element model (FEM) simulation package COM-
SOL [104]. Analysis was performed using the equations from [102] to
give an indication of the how changing fibre parameters affects the
sensing properties of the fibre. The initial parameters here were lim-
ited to F2 [1] glass (see Section 1.3.2) rather than alternative glasses,
as this had previously been fabricated into wagon-wheel fibres with
good results. The wavelengths and cladding refractive index were
picked as these corresponded to the initial fluorophore choice, which
will be discussed in detail in Section 6.6.

Figure 12 demonstrates how this power fraction varies with the
core size of the fibre. However, the excitation efficiency is only one
part of the calculation of how much fluorescence will actually be re-
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Figure 12: Power fraction (PFclad) for an F2 wagon-wheel fibre with tolu-
ene (n ≈ 1.4969) filled within the holes, for both 458 nm and
530 nm. Core size refers to the equivalent core diameter of an F2

wagon-wheel fibre as shown in Figure 11. 458 nm and 530 nm
wavelengths are chosen to represent the excitation and emission
of an example fluorophore dissolved in toluene.

captured by the fibre core, and this will be explored in more detail in
Section 2.11. As expected, as the core size of the fibre decreases more
light is guided in the cladding, which in the case of the wagon-wheel
fibre is the holes within the fibre. PFclad also behaves in the same
manner with increasing wavelength, as the variation in refractive in-
dex with wavelength is relatively small in these glasses. So a fibre
with a smaller core size results in a larger modal overlap within the
holes of the fibre, and an increased generation of fluorescence from
molecules within those holes. For a fibre with a core size of 400 nm,
the smallest fabricated in F2 to date [98], this corresponds to a modal
overlap of 15% at 458 nm and 22% at 530 nm.

Here the assumption is made that only the fundamental mode of
the excitation light generates a fluorescence signal. This assumption
is made even though the fibre is multi-mode across the majority of
this spectra. However, it was noted during preliminary experiments
that by choosing a lens such that the theoretical spot size of the laser
is close to that of the mode field diameter, and carefully adjusting the
coupling into the fibre that the fundamental mode could be preferen-
tially excited over other higher order modes in the fibre.

The optimum length of the fibre is another important parameter
that can easily be modelled. This parameter arises from the increased
loss of the fibre induced by the fluorophore. Details of this optimum
length parameter can be found in Afshar et al. [102]. This creates a
maximum fibre length beyond which any gains in fluorescence from
additional fluorophores are cancelled out by increases in the fibre loss,
causing the actual detected signal to reduce with longer fibre lengths.



2.2 modal overlaps - theoretical background 25

0 200 400 600 800 1000 1200
0

2

4

6

8

10

12

14

Core Diameter (nm)

O
pt

im
um

 L
en

gt
h 

(m
)

Figure 13: Optimum length for various core sizes of an F2 wagon-wheel
fibre. The excitation wavelength is 458 nm, emission 530 nm.
Fluorophore parameters are concentration, fibre loss 2 dB/m =
10 nM, extinction coefficient = 19000 cm−1M−1.

This parameter considers the effects of losses in the fibre, arising from
both the material/waveguide losses as well as from absorption from
the fluorophore. These losses act to reduce the measured fluorescence
intensity. Up to this optimum length value the fluorescence signal
increases as more fluorescence is generated from the fluorophores
within the holes of the fibre. However, once the fibre reaches a critical
length the losses in the fibre counteract any gains, and the measured
fluorescence intensity decreases. It should be noted that this optimum
length is only relevant when collecting the fluorescence from the op-
posite end of the fibre from where the excitation light is coupled in
[12] which was the intended method for initial experiments. See Sec-
tion 2.5.3 for more details.

The results in Figure 13 show that at a moderate fluorophore con-
centration of 10 nM that the optimum length is greater than the inten-
ded fibre length for all core sizes. Although it is theoretically possible
to use fibre lengths longer than those shown here, the time required
to fill the fibre becomes prohibitive. This suggests that the fibre length
will more be governed by the fill time required for a practical sensor,
rather than being limited by this optimum length parameter. This op-
timum length decreases with concentration as the absorption arising
from the fluorophore increases, although the effect is minimal for the
desired concentration range up to 10 µM.

With this preliminary modelling data it was decided to first at-
tempt measurements using a fibre with a core size of 500-700 nm as
a compromise between the higher loss and poor coupling efficiency
into small-core fibres [98] and the increased power fraction that is
obtained at smaller core sizes.
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Figure 14: Fabrication machinery (left) Extrusion machine (right) Drawing
tower.

2.3 fibre fabrication

2.3.1 Methods

Wagon-wheel fibres with core sizes from 500-700 nm were fabricated
in house, using the extrusion method described in Section 1.3.1 and
the equipment shown in Figure 14. A pictorial representation of the
fabrication process of an F2 wagon-wheel fibre is shown in Figure 15.

Initially fabrication commences with a billet of glass, which is then
polished to remove surface imperfections as shown in Figure 15a. The
extrusion process involves heating up the glass to its softening point,
and then applying a force to the top of the billet (Figure 15b) such that
the softened glass is pushed through the extrusion die (Figure 15c).
The die is of course much larger than the final geometry, with the
size of the features on the die restricted by manufacturing limitations.
The minimum scale of the die features is approximately 0.2 mm, us-
ing spark erosion techniques. The die is designed such that the flow
rate through all areas of the die design is approximately equal, as
otherwise deformation of the structure can occur.

Once the glass billet is extruded, a preform such as that shown in
Figure 15e is obtained. This typically has an outer diameter in the
range of 8-20 mm. As mentioned earlier to facilitate the fabrication
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Figure 15: Extrusion a) F2 Glass Billet b) Schematic of extrusion scheme c)
Example extrusion die used for F2 suspended core preform fab-
rication d) Preform after cutting e) First section of fibre draw,
showing cane of the preform in d) inserted into a 10 mm tube.
The diameter of the structure tapers rapidly in the initial stages
of the drawing process f) Final fabricated fibre.
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of small scale features in the final fibre a two-step process is used.
This process involves first caning down this preform to 0.5-2 mm dia-
meter, and inserting this into an extruded tube. The ratio of the cane
diameter- tube outer diameter determines the final core size of the
fibre. Generally the cane is fabricated such that the gap between the
cane and tube inner is minimised so that it is easier to close the inter-
face gap between the two during the draw. Typically this is aided by
self-pressurisation, where the cane is flame sealed at one end, and so
as the draw progresses the pressure inside the cane increases push-
ing the cane outwards. If this is not sufficient a vacuum can then
be applied to the gap between the cane and tube to ensure that any
interface gaps are completely closed up.

While most wagon wheel canes are fabricated such that the cane
and tube inner diameter are of similar proportions, it is sometimes
desirable to make the cane smaller than this inner hole. Doing this,
and applying a pressure to the cane in a process called active infla-
tion can result in much larger holes being formed in the fibre than
otherwise could be obtained using the standard self pressurisation
method. This is useful when it is desirable to increase the filling rates,
either if faster filling times are needed for more rapid measurements
or to simplify surface functionalisation techniques (see Section 7.5).

2.3.2 Glass choice and fibre design

The glass chosen for this work was F2, a lead-silicate soft glass from
Schott, with a refractive index of 1.62 at 532 nm. This glass has pre-
viously been used for fabrication of wagon-wheel fibres with good
success [80], in addition to showing a good transmission in the vis-
ible with a bulk-glass absorption of ≈0.34 dB/m at 546 nm [1]. This
was also the glass which was used to demonstrate a detection limit of
1 nM previously [61]. A number of bare fibres, i.e. a solid glass fibre
with no structure or refractive index contrast, have also been fabric-
ated from this glass so the parameters required for both extrusion
and drawing of this glass are well understood.

An example of a loss measurement from a bare fibre is shown in
Figure 16. This figure also shows a comparison between the manufac-
turer’s data and the measured loss, demonstrating that the loss of the
bare fibre is identical to the bulk glass loss within error.

Experience has shown that bare fibre measurements closely approx-
imate the minimum obtainable loss for a microstructured fibre, which
for an ideal case with no additional induced loss is the bulk material
loss. Although the loss of the fibre can theoretically drop below the
intrinsic material losses as the power fraction decreases [105, 106] in
practice the increased losses arising from the effects of surface rough-
ness outstrip the gains from the portion of the light propagating in
air [98]. In addition Figure 16 also shows a comparison between an
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Figure 16: Comparison of manufacturer’s bulk F2 glass loss data [1] and
measured loss values for an F2 bare fibre and wagon-wheel fibre
with a core size of 1.7 µm. The Schott data is measured from
25 mm thick samples, and the error bars shown encompass an
error in transmission of 0.001.

F2 bare fibre and wagon-wheel fibre (core size 1.7 µm). It can be seen
from this data that the measured values for the bare fibre agree with
those given by the manufacturer within error. From this it can be con-
cluded that, for a bare fibre at least, the fabrication process does not
induce significant extra loss in the process. This is not always true for
all glasses, as will be discussed in detail in Chapter 5, so this is an
important result towards fabricated an effective sensing fibre.

Importantly, F2 glass is relatively strong compared to other soft
glasses which can be fragile and brittle. Past experience has shown
that F2 glass is much easier to work with than glasses such as tellurite
[75] or fluoride [76] which is especially relevant when the goal of this
work is to develop a practical dip sensor.

Initially it was decided to focus this work on small-core fibres. This
decision was made to optimise the obtained signal, since the large
modal overlap that arises from small-core fibres generally leads to an
increase in PFclad as shown in Figure 12.

2.3.2.1 Small core fibre fabrication

By slightly varying the parameters during the fabrication process,
Ebendorff-Heidepriem et al. [98] were able to reduce the core size
from the comparably large 1.2 µm in Figure 17 to as small as 420 nm
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Figure 17: Comparison between typical F2 wagon-wheel fibre similar to that
used in [61] (left) to small-core WW fibre (right) used for meas-
urements in this section.

Figure 18: Range of core sizes fabricated for F2 WWs. From left to right -
420 nm, 480 nm, 590 nm, 720 nm [98].

[98]. This process involved fabricating a tube preform with a larger
outer diameter than is normally used. Fabrication of wagon-wheel
fibres with more conventional (1-2 µm) core sizes generally uses a
tube with approximately a 10 mm outer diameter and 1 mm inner
diameter. However here, to obtain a smaller core diameter, a 15 mm
outer diameter 0.8 mm inner diameter tube was used. Since the final
fabricated fibre dimensions generally scale relatively well with the
initial preform dimensions, the ratio of the outer diameter to inner
diameter has a strong influence on the final core size. This immedi-
ately suggests that this should reduce the core size of the fibre by
approximately 45% by changing the initial preform from a 10:1 ratio
to a 15:0.8 ratio.

In addition to this change, the wagon-wheel die itself was modified
such that the strut length compared to the core size was increased
significantly, with this ratio almost doubling compared to previous
WW trials [98]. The effect of these combined changes can be seen
in Figure 17, where although the outer diameters of the two fibres
shown here are comparable, the resultant core size is significantly
decreased.
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As is shown in Figure 18, a range of core sizes were fabricated. The
outer diameter of the fibre was varied during the draw resulting in
core sizes from 420 nm to 720 nm. This range of core sizes allows the
core size of the sensing fibre to be changed if desired.

2.4 fluorophore choices

The next major goal was to select a fluorophore for the initial charac-
terisation trials. This required evaluation of the performance of con-
ventional fluorophores, as well as examinations into possible altern-
atives that overcome some of the shortfalls of these fluorophores.

The majority of the previous work on fibre-based fluorescence sens-
ing has focussed on organic fluorophore molecules [13, 14, 102, 107,
108]. However this method has two primary drawbacks -

1. In conventional organic fluorophores, the separation between
the excitation and emission wavelengths is relatively limited. As
can be seen in Figure 19 the peak absorption of Rhodamine B,
a common fluorescent molecule, is 542 nm while the emission
peak is only at 565 nm. This limited separation requires results
in a requirement for either good optical filters to ensure that
residual laser light is not detected during measurements, or al-
ternatively a source away from the peak absorption wavelength
can be used. However this naturally reduces the amount of excit-
ation light that is absorbed, and thus reduces the emitted fluor-
escence signal

2. The other drawback of organic molecules is that they suffer
from photobleaching [109–111]. This is a mechanism in which
a fluorophore when exposed to light will reduce its emitted
fluorescence intensity. This can occur either rapidly (seconds to
minutes), after the molecule has only emitted a small number of
photons, or may occur after many tens of thousands of photons
have been emitted by the molecule. Photobleaching itself refers
to the process where a molecule undergoes permanent photo-
chemical destruction, resulting in a reduction of the emitted
fluorescence intensity [112]. One of the basic mechanisms is that
the fluorophore is excited by an incoming photon from a sing-
let state to a triplet state [113]. From this state the molecule
can interact covalently with other molecules, resulting in the ef-
fective quenching of that molecule since it will no longer emit
fluorescent photons. Oxygen has been shown to play at least
some part in the photobleaching process, with higher concen-
trations of oxygen in solution showing higher photobleaching
rates for organic molecules [112, 114]. The photobleaching rate
varies depending on that particular fluorophore, though regard-
less of the choice of fluorophore all molecules experience this
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Figure 19: Absorption and emission spectra for Rhodamine B in ethanol
[116].

Figure 20: Chemical structure of Rhodamine B.

to some extent [115]. Depending on the excitation source used,
photobleaching can occur in as short as a few microseconds
using a laser or over a seconds to minutes using a lamp for
excitation [112].

In bulk solutions photobleaching is somewhat compensated for by
diffusion in the solution [112]. At room temperatures this rate is sig-
nificant enough that molecules can move in and out of the excitation
field. Since some forms of photobleaching are recoverable this process
results in a general decrease in the photobleaching rate, and indeed
if the diffusion rate is high enough compared to the photobleaching
rate then no measurable reduction in the fluorescence intensity will
be observed.

The photobleaching rate is an especially important parameter in
fibre, since fibres generally exacerbate the effects of the photobleach-
ing. In a fibre the liquid is confined within the micron-scale holes,
and the amount of fluorophore molecules available for the diffusion
related recovery of photobleaching to occur are relatively limited. Ad-
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Figure 21: Experimental schematics for photobleaching measurements a)
Cuvette measurement b) Microstructured optical fibre measure-
ment.

ditionally, the peak intensity of the light within the fibre is orders of
magnitude higher than what is typically used for bulk cuvette meas-
urements which significantly increases the photobleaching rate. This
increased rate of photobleaching, combined with the lack of recovery
of the fluorescence signal from diffusion processes leads to a pho-
tobleaching rate that is several orders of magnitude higher in fibre
than in bulk cuvette measurements.

Where photobleaching may be observed over the course of tens of
minutes to hours in a cuvette measurement, coupling a similar power
into an optical fibre filled with the same fluorophore will result in
photobleaching in the order of minutes.

The fluorescence signal was monitored using a cuvette holder and
an iHR 320 spectrometer, as shown in Figure 21. This fluorescence sig-
nal was then integrated across the wavelength range shown in Figure
22a and normalised to the initial intensity.

For this experiment a 1 µM solution of Rhodamine B was used,
whose excitation and emission spectra are shown in Figure 19 and
structure is shown in Figure 20. The majority of the Rhodamine B
solution was placed in a cuvette and illuminated with 1 mW of 532 nm
light for 1 hour using an attenuated 25 mW diode-pumped solid state
source.

This measurement was then repeated using a microstructured op-
tical fibre, with the experimental configuration shown in Figure 21b.
The fibre was placed on an XYZ translation stage, with approximately
20 mm of the output end of the fibre hanging over the edge of the v-
groove mount. This enabled the fibre to be filled without having to
remove the fibre from the stage by placing the Rhodamine in a small
container held horizontally. Using a 100 µL sample enabled surface
tension to keep the fluid in the container ever when held horizontally.

A 30 cm length of fibre was used, and the fibre filled for 5 minutes.
This only filled approximately 3

5 ths of the fibre. This was chosen to
maximise coupling stability over the course of the measurement, as
when the fibre is fully filled it can induce additional fluctuations in
the coupling efficiency. The meniscus of the liquid moves constantly
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(a) Time series of scans of in-fibre photobleaching. Time is displayed along the x axis,
with z showing the intensity in arbitrary units.
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(b) Left) Normalised fluorescence intensities over 1 hour, with 1 scan per minute.

Right) In-fibre normalised photobleaching with 1 scan per second over 1 minute.

Figure 22: Photobleaching kinetics of Rhodamine B in ethanol. 532 nm ex-
citation was used for both samples. The total laser power in the
bulk measurement was 1 mW, and the coupled laser power for
the fibre measurement was approximately 1 mW.
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due to air currents, so only partially filling the fibre ensures this can
not significantly affect measurements.

Figure 22 shows the extent of the photobleaching observed in wagon-
wheel fibres. Figure 22a shows the spectral evolution over time over
the region that is integrated to obtain the plots in Figure 22b. Fig-
ure 22b shows that the fluorescence intensity over the course of an
hour for a cuvette sample remains approximately constant, with the
small variations most likely due to slight changes in the coupling over
the course of an hour. However the situation for the fibre measure-
ment is markedly different, with significant reductions in the power
noted almost immediately with only a few percent of the initial sig-
nal still present after 1 hour of illumination. When this measurement
is repeated with only a 1 minute duration and a much more rapid
scanning speed this behaviour can be properly observed, with the
fluorescence power reducing to approximately half its intensity over
the duration of this measurement.

The time-dependent effect induced by photobleaching complicates
characterisation measurements, as it introduces an extra variable which
must be carefully controlled to ensure consistency between measure-
ments. A number of modifications can be made to the experimental
design to counteract the effects of photobleaching, however for the ini-
tial characterisation of the system another approach was taken which
will be discussed in the next section.

Two alternatives to organic fluorophores have found use in recent
years, Qdots and nanoparticles. Both of these are attractive because
they are much less susceptible to the effects of photobleaching than
organic fluorophores.

Previous work [61] on fluorescence detection utilised Qdots to over-
come some of the issues with photobleaching discussed earlier. Qdots
consist of a central semiconductor core of radius 1-25 nm [117], often
with an outer cladding of a different semiconductor material to en-
hance the optical properties [118]. A schematic of a commercial Qdot
is shown in Figure 23. These colloidal nanocrystals possess quantum
confinement in all three directions due to the scale of the molecule
being comparable to that of the exciton Bohr radius [119]. They dis-
play broad excitation spectra, and discrete emission that is typically
well separated from the excitation source.

The emission wavelength of the Qdots scales with the size of the
particle, with larger particles emitting longer wavelength light. This
arises due to the method in which the Qdots produce fluorescence,
which does not use internal conversions between energy levels to
produce the emission. Instead photons are created via Coulomb cor-
related electron-hole pairs. The energy of these photons is inversely
dependent on the size of the semiconductor structure explaining the
size dependence on the emission wavelength.
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Figure 23: Schematic of Qdot from Invitrogen [118].

Qdots have been shown to be significantly more photostable than
organic fluorophores [120–122]. This property makes measurements
using Qdots simpler, as they can be illuminated for a longer duration
without bleaching occurring. Since the absorption of Qdots is typic-
ally much higher than with organic fluorophores (compare Figures 19

& 32) they generally produce a higher fluorescence signal at identical
concentrations.

Qdots can be used as biolabels in a similar way to conventional or-
ganic fluorophores [122–125]. By coating the semiconductor particles
with a polymer layer the dots become water soluble [122]. This poly-
mer coating can then be functionalised with a compound such as
streptavidin/avidin [123] and then used as a fluorescent label with
standard techniques. This combination of the high quantum efficiency
and photostability of Qdots with standard labelling techniques means
that these dots can be used as more sensitive fluorescent labels since
their signal is more readily distinguished above the background auto-
fluorescence of the samples [123].

More recently developments have been made in utilising rare-earth
doped nanoparticles for sensing applications [126–131]. These particles
consist of small (5-100 nm) diameter crystals doped with rare earth
ions. These particles can then be functionalised [127] using standard
techniques such that they can then be bound to conventional antibod-
ies. Once this process has been completed the nanoparticles can then
act as a conventional fluorescent label.

Nanoparticles have a number of advantages over standard organic
molecules -

1. Excitation requirements. For erbium-doped nanoparticles the
excitation source used is in the NIR, and thus the autofluor-
escence from the sample is greatly reduced compared to visible
or UV excitation [132–134].
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2. Stability. Nanoparticles are virtually immune to photobleaching
effects [135].

3. Lifetime. The lifetime of these particles is much longer than or-
ganic fluorophores (10-100s µs for nanoparticles, ~ns for organic
fluorophores). This means that by using time gating techniques
a large amount of the background autofluorescence can be re-
moved, as the autofluorescence is typically has a shorter lifetime
than that of the nanoparticles [129].

Both of these alternatives to conventional fluorophores will be invest-
igated in later sections.

2.5 initial experiments

2.5.1 Qdots

For the initial characterisation of the system it was decided to use
Qdot® 800 ITK™, a commercially available CdSe Qdot from Invitro-
gen [118]. These are unconjugated Qdots in decane, as the concen-
tration of these is more accurately known than conjugated versions
in aqueous solutions. 800 nm was chosen to allow easy integration
with existing laser sources used for excitation of Rhodamine B dyes,
while maximising both the absorption coefficient of the dye at this
wavelength.

When Qdots in aqueous solutions are used, they are typically sus-
pended in buffers such as Phosphate Buffered Saline (PBS) or Tris-
Buffered Saline (TBS). This creates issues when the fibres are filled,
as when the liquid reaches the end of the fibre it can evaporate from
the tip. PBS solutions for example have relatively high concentrations
of salts (0.14 M NaCl, 0.0027 M KCl, 0.01 M PO3−

4 for pH 7.4 solution)
[136] leading to deposits forming on the tip of the fibre. An example
of this is shown in Figure 24 where extensive salt deposits are seen to
have formed on the tip of the fibre [61].

The Qdot ITK differs from the conjugated version by not having
antibodies or functional groups attached to the surface, and is sus-
pended in decane rather than an aqueous solution. This in particu-
lar is also advantageous compared to Qdots in aqueous solutions, as
when the solvent evaporates no additional precipitates are formed
apart from the Qdots themselves.

As the liquid evaporates from the first 1-5 mm of the fibre after
it is removed from the liquid, we believe from the experiments de-
scribed below that similar deposits are formed along the length of
the fibre. While the deposits on the tip significantly reduce the coup-
ling efficiency, the deposits along this length inside the holes of the
fibre would significantly increase the losses due to scattering. This
evaporation occurs relatively rapidly, with visible changes in the loca-



38 low-concentration sensing using wagon-wheel fibres

Figure 24: Scanning electron microscope (SEM) image of fibre tip with salt
deposits from PBS buffer [61].
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Figure 25: Experimental configuration for degradation measurements.

tion of the meniscus observed using a microscope within the first few
seconds of the fibre’s removal from the solution.

To examine the effects of salt deposits on the fibre an experiment
was performed. This experiment utilised two 18 cm long pieces of F2

WW fibre with a core size of approximately 1.5 µm. A 532 nm laser
was used as the input source, attenuated to approximately 200 µW.
Each fibre was aligned to its maximum possible intensity of 70 µW
± 5 µW before being de-tuned from its peak intensity by moving the
fibre longitudinally away from the focal point. Each fibre was detuned
using the same method to 18 µW ± 0.2 µW. This was performed to
increase the stability of the fibre over the duration of the filling to
ensure that drift in the output power due to variations in coupling
was minimised.

Care was taken to ensure that only the light guided within the core
was being measured, as this detuning method does couple additional
light into cladding modes. A variable diameter aperture was used
directly in front of the power meter, and the output from the fibre
imaged on to this aperture. The diameter of the aperture was then
reduced until only the core light was allowed through to the power
meter. This is possible using a wagon-wheel fibre as the air holes sur-
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Figure 26: Composite image of the core modes and cladding modes guided
within an F2 wagon-wheel fibre. The three holes in the wagon-
wheel fibre can be resolved just outside of the dashed circle
marked “Intended aperture”.

rounding the core of the fibre create a dark region around the core
area, as shown in Figure 26. To obtain this data the laser was first op-
timised in the core, and the output of the fibre imaged directly on to a
spiricon CCD camera. No aperture was used here. The fibre was then
adjusted on the stage such that the light was coupled into the clad-
ding, and another set of data obtained. The output coupling was not
changed between measurements. Two separate measurements were
required here as the cladding modes are typically much dimmer than
the core mode, so much so that the cladding modes are often not vis-
ible above the noise of the detector.

This measurement shows the effect this large air gap has on the
mode structure within the fibre, and how it is possible to ensure that
the power measured is only the power guided within the core of the
fibre simply by using a small aperture to remove the cladding light.

The filling time was measured separately to these trials, and recor-
ded as 280 s ± 10s. The fibres were allowed to fill for 300 s, then
removed from the solution. The fibre end was then placed on an XYZ
stage, and using a lens the output was focussed into a power meter
with an aperture in place to block cladding light as shown in Figure
25. The power was then monitored for 10 minutes. At the completion
of the scan the input end of the fibre was adjusted in the XY plane to
improve the coupling.

These deposits significantly increase the scattering losses of the
fibre as shown in Figure 27. The dashed lines at the top of the plot
show the initial recorded power in each of the fibres, with the solid
lines showing the power over the duration of the 10 minute scan after
filling had completed. As can clearly be seen in Figure 27 the PBS
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Figure 27: Reduction in fluorescence intensity due to salt-deposits forming
on the tip of the fibre when using Qdot solution in PBS buffer,
pH 7.4.

filled fibre has a much lower output power than the water filled fibre
from the beginning of the scan, which continues to decrease over the
duration of the measurement. The large drop in the signal before the
scan starts is due to crystallisation either during filling or in the short
duration (< 1 minute) between when the fibre was removed from the
solution and when the measurement was performed.

Losses due to scattering from these salt deposits are readily dif-
ferentiated from losses due to effects such as photodarkening (see
Section 5.4) as virtually the full power can be recovered by cleav-
ing the tips of the fibre and realigning the laser light into the core.
The PBS filled fibre was then removed from the stage, and ≈10 mm
cleaved from each end. The fibre was then replaced on the stage, and
realigned using the power meter. It was found that the power could
be optimised to 64 µW ± 5 µW which is the same as the initial power
within experimental error. This strongly suggests that the majority
of the degradation in the power is due to scattering losses caused
by crystallisation of the salts in the buffer solution at the tip of the
surface of the fibre.

It was noted during experiments in later sections that when this
measurement was performed using Qdot 800 ITK in decane solu-
tion that the input power remained constant before and after filling.
From this we can conclude that scattering losses induced by filling
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this decane solution through the fibre are smaller than the variations
in the coupling, and as such can be ignored for these measurements.

Being able to reliably estimate the transmitted power through the
fibre after filling is important for a dip sensor, because if the coupled
power decreases such as seen here with the scattering losses then
the measured fluorescence intensity will be significantly lower than
would otherwise have been measured. Since measurements such as
those in Chapter 6 correlate the measured fluorescence intensity with
a concentration of the target chemical this drop in intensity arising
from increased loss could easily be interpreted as a lower concen-
tration of the target molecule. As such, measurements demonstrat-
ing that the power transmitted through the fibre does not drop after
filling are an important step towards developing a sensor which does
not require the output power to be monitored for each measurement.

2.5.2 Fibre filling

To fabricate an effective dip sensor it is desirable to gain an under-
standing of what lengths of fibre can practically be used in meas-
urements. The preliminary modelling results of the optimum fibre
length when filled with a 10 nM solution of fluorophore (see Section
6.6 for details) showed that this length is in the order of 1-10 m for
core sizes between 200-800 nm. However, since the fibre holes are of
the order of 3-10 µm, actually using lengths of fibre beyond around
50 cm becomes impractical due to the filling times required.

For initial work, the fibres were filled simply using capillary flow.
This involves dipping one end of the fibre into the desired solution,
and allowing capillary forces to draw the liquid up the fibre.

The filling time can be estimated from experimental methods, such
as the plot shown in Figure 28 or calculated using theoretical meth-
ods described below. To measure the filling rate experimentally, typ-
ically a high concentration of fluorophore (≥ 10µM) is added to a
solvent, and allowed to fill through a relatively long length of fibre.
Using laser light coupled into the fibre it is possible to measure the
location of the meniscus as it traverses the length of the fibre, and
by monitoring this over time the fill rate for a given length of fibre
can thus be estimated. A high concentration of fluorophore is used to
make it easier to identify its location, since at high fluorophore con-
centrations it is a clearly visible spot that moves along the length of
the fibre. Here longer fibre lengths than would typically be used for
fluorescence measurements are employed, as the longer lengths allow
the position of the meniscus to be monitored more precisely. Using
short fibre lengths the liquid fills rapidly, creating a relatively large
uncertainty in the position of the meniscus when the measurement is
taken.
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Figure 28: Filling dynamics of decane through F2 WW fibre, hole size 5 µm.
Here filling is performed only using capillary action, without the
application of pressure to increase the filling rate.

Since the filling rate is highly dependent on the contact angle and
viscosity of the solvent the fluorophore used must be soluble in this
solvent for this method to work. If this is not possible, or if the desired
fluorophore emits in the infra-red then the location of the meniscus
can be monitored by carefully looking for an area of increased scatter-
ing along the length of the fibre. As the fibre fills this region moves up
the fibre, making it possible to estimate the filling time. The error in-
volved in this method is naturally higher than using the fluorophore,
as this region is not as prominent as when using a visible emitting
fluorophore. This can also be monitored using a microscope and look-
ing directly into the holes of the fibre, but this method is problematic
for measuring the filling times for more than one or two points along
the fibre.

Alternatively, the filling rate can be estimated using the capillary
flow equation [137, 138] for a capillary open at both ends.

l2 =
(PA + D · g · h + 2γ

re f f
cos[θ])(r2

e f f + 4 · ε · re f f ) · t
4(η − ηA)

− 2ηAlT

η − ηA
· l (2.1)

solving for l gives

l = 8lt2ηA+
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Variable Description

l filled length

PA Driving pressure

D density

g gravity

h depth of tip below surface

γ surface tension

θ Contact angle

re f f effective hole radius

ε coefficient of slip

η viscosity of liquid

ηA viscosity of air

lT total capillary length

Table 1: Variables for capillary flow equation.

√
64l2

Tη2
A − 4(4η − ηA)(−Dghr2

e f f t− 4Dhre f f tε− 2re f f tγcosθ − 8tγεcosθ)

8(η − ηA)

(2.2)

The results using Equation 2.2 are shown in Figure 29. Typically
the contact angle is assumed to be 0º for water on clean glass. The
effect of changing the contact angle in the capillary flow equations is
shown in Figure 29, where the theoretical results are compared to ex-
perimental values from 0º to 50º in 10º increments for a 4 µm hole size
filling with water. No external pressure differential is applied, such
that the pressure is identical at both ends of the fibre. The deviation
between the theoretical and experimental values is due to the holes
of the fibre not being perfectly circular as the equation assumes, and
approximations in the contact angle of the liquid on the glass.

2.5.3 Forward and backward collection of fluorescence

2.5.3.1 Introduction

As previously mentioned, to fabricate an effective dip sensor ideally
one end of the fibre needs to be free such that the measurement can
be performed with the fibre in-situ, without having to remove it from
the sample and realign the output into a detector. For initial character-
isation of the sensing platform both methods were explored, as will
be discussed in the following section.
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Figure 29: Comparison between experimental and theoretical calculations
for F2 WW fibre with an effective hole radius of 4.0 µm filled
with water.
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2.5.3.2 Forward

Several possible experimental configurations were examined for de-
tection of the Qdots in solutions. The first, as shown in Figure 30a is a
forward-based detection scheme, in which the fluorescence signal is
measured from the distal end of the fibre. For clarity here we define
the distal end as the fibre end opposite to that which the excitation
source is coupled in, which we label as the input end. To perform
a measurement using this technique the fibre is first aligned using
a power meter, and then the distal tip is removed from the output
XYZ stage and dipped into the Qdot solution. The fibre is allowed
to fill for a set length of time, either to allow the fibre to fully fill or
alternatively to allow it to fill up to a set point for each trial.

This can be calculated using capillary flow equations presented in
Section 2.5.2. Once the filling is completed the fibre is removed from
the solution, and again placed on to the output XYZ stage. The fibre
is then realigned, and the measurement performed.

This scheme is advantageous because of its simplicity - it requires
no dichroic mirrors for the measurement to be performed, as all of
the output light is directly coupled into the optical spectrum analyser
(OSA). However this can lead to issues if the laser power propagat-
ing from the sensing end of the fibre is significantly larger than the
power of the Qdot signal, as this can easily overwhelm the measured
signal. This can easily occur when using organic fluorophores whose
emission wavelength is close to that of the excitation source, signific-
antly reducing the possible signal that can be detected. This is not
as prevalent when using Qdots since the emission is ≈300 nm away
from the excitation source. This is also a potential issue if a sensit-
ive detector is used, as the residual laser signal could be significantly
higher than the damage threshold of the detector leading to its sub-
sequent destruction.

Additionally, this method requires the removal of the fibre for filling,
and subsequent optical realignment. At high Qdot concentrations
(100 nM-1 µM) this method is relatively easy, as the OSA can be
scanned at the peak of the Qdot emission enabling the coupling into
the OSA to be tuned. However at low concentrations close to the
noise floor of the OSA, this method becomes much more difficult as
the signal becomes increasingly noisy and the scan speed decreases
dramatically. The combination of these two factors make tuning of
this signal a time consuming process if repeatability is desired. The
repeatability of these measurements was not explored in detail. While
at high Qdot concentrations alignment is relatively easy due to the
large signal and rapid scan times, it becomes progressively more dif-
ficult thus increasing the uncertainty of the measurements. Thus this
exact method would not find good use in measurements requiring
high precision with low Qdot concentrations, which would likely be
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made worse by the use of photobleachable organic fluorophores as
opposed to Qdots.

It is possible to optimise the signal into the OSA based on the resid-
ual laser light, although this can lead to issues as the lenses used are
not perfectly achromatic, and as such the focal points of the laser light
and the peak of the fluorescent signal are not located at the same spa-
tial position. This means that if the coupling is not perfectly aligned
the signal could change in both height and spectral shape depending
on exactly how the fibre is aligned.

Some of these issues can be partially or fully eliminated through
the use of long pass and laser-line filters, which reduces issues arising
from the spacing of the excitation and emission light. However the
ratio of excitation to emission light will always be significantly higher
using this method than in the backward detection scheme discussed
in the next section.

2.5.3.3 Backward

The alternative to this forward detection method is to adjust the ex-
perimental configuration such that one of the 45º mirrors is replaced
with a dichroic mirror. This mirror is chosen such that it is highly
reflective at the laser wavelength while passing the majority of the
fluorescence signal.

The fibre is aligned using the same method as Figure 30a), how-
ever since the fluorescence is captured in the back direction through
the use of a dichroic mirror the fluorescence signal can be constantly
monitored while the fibre is filling. If care is taken with the measure-
ment the need for realignment can also be removed when using this
measurement.

Using this method the residual pump signal is significantly lower
than is observed using the forward direction method, primarily be-
cause the only pump light that travels in the backwards direction is
the light that is reflected from the face of the cores, or scattered back-
wards along the length of the fibre. Both the input and output faces
of the fibre core will contribute to this signal, although the input face
will have a greater impact since the signal from the output face will
be diminished by transmission losses. This, combined with the use
of a dichroic filter that is between OD4 to OD6 (i.e. reducing the in-
tensity by between 10, 000× and 1, 000, 000×) virtually removes the
excitation light before the detector.

This backwards detection method has two distinct advantages over
the forward detection scheme discussed in the previous section. Firstly,
and most importantly only the output end of the fibre needs to be free
for the measurement to be performed. This is critical for an effect-
ive dip sensor, since the fibre can be constantly monitored while the
filling is being performed. This type of method also enables the fibre
to be spliced to a conventional silica SMF fibre, such that the sensing
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Figure 31: Comparison between maximum forward (solid) and backward
(dashed) capture fraction for Bismuth (black), F2 (blue) and Silica
(Red). Modelled fluorophore was 0.5 µM Rhodamine B in Iso-
propanol. Taken from Ref. [12].

fibre can be easily integrated with standard connectorised fibres and
detectors. This will be discussed in detail in Chapter 3.

For the forward direction case it was noted that the maximum fluor-
escence signal obtainable decreases at long fibre lengths [12, 102]. This
arises due to a combination of the intrinsic loss of the fibre, along with
the additional loss caused by the absorption of the fluorophore filled
within the holes.

Two separate detection methods were employed, based on an op-
tical spectrum analyser and a photodiode for detection in forward
and backward directions, respectively (see Figure 30). Advantages
and disadvantages of each approach are discussed below in Sections
2.6 and 2.7.

2.6 spectrally resolved results

Measurements that are able to resolve spectral features from the fluor-
escent signal are advantageous over those that do not as it is possible
to differentiate between background/spurious signals and the actual
signal from the fluorophore. This allows more certainty in the results
than would be obtained such as by using a photodiode, where there
is no simple confirmation of the wavelength or source of the signal.
By examining the spectral output from the fibre based measurements
it is possible to confirm that the signal originates from the fluoro-
phores (in this case Qdots) and not simply from residual pump light
or from other sources of fluorescence as will be discussed later in this
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Figure 32: Absorption and Emission spectra of Qdot 800 streptavidin conju-
gate [118].

section. The absorption and emission spectra of Qdot800 as used here
is shown in Figure 32.

The aim of this section is to examine the limitations of this type of
sensor to determine what improvements can be made in terms of the
detection limit compared to existing results.

Spectrally resolved measurements were obtained using the experi-
mental schematic shown in Figure30a. These measurements were per-
formed using a forward-collection scheme, in which the fluorescence
signal was collected from the distal end of the fibre. An argon-ion
laser was used, tuned to 514 nm with a maximum output power of
approximately 100 mW. For collection of the fluorescence signal an
Ando AQ6315E OSA was used, with a 550 nm long pass filter to re-
duce the residual pump intensity.

The method used for these measurements was described earlier.
The input powers into the fibres were varied between 1-5 mW de-
pending on the scenario. The fibre used here is shown on the right in
Figure 17, with a fibre length of 30 cm used for these measurements.

Figure 33 shows the results obtained using forward detection by the
OSA. Observe that the 0.2 nM (200 pM) concentration Qdot solution
can be clearly detected, which represents a significant improvement
on previous reports [61]. This result was obtained using a relatively
short length (30 cm) of fibre and input powers in the range 1–5 mW.

As can be seen from this measurement, while the 1 nM signal can
be clearly resolved using this method it then becomes increasingly
difficult to detect lower concentrations of Qdots. The 0.2 nM signal
can still be resolved over the background signal, however when the
concentration is further reduced to 0.1 nM the signal becomes indis-
tinguishable over the background.
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Figure 33: Spectrally resolved measurements for Qdot 800 ITK in small-core
wagon-wheel fibres for various concentrations of Qdots. ’Decane’
represents a fibre filled with just solvent with no Qdots present. a)
Direct signals from optical spectrum analyser b) Low pass filtered
measurements showing spectral shapes at various concentrations.

This work determined that the background signal shown here, la-
belled as “decane” in Figure 33a does not actually arise from the
decane, but rather from the glass itself. This will be covered in detail
later in Section 2.7. This signal is still observed with unfilled fibres,
at an even higher intensity than with completely filled fibres. The
reasons for this were examined theoretically, and again this will be
discussed in a later section.

For clarity the obtained spectra were low-pass filtered with identical
parameters to improve the usability of the data. By removing the ef-
fect of the noise, as shown in Figure 33b it is possible to estimate
the peak emission wavelengths of each of the spectra. It can be noted
that the peak wavelengths of both the decane and 0.1 nM signal are
blue shifted compared to both the higher concentration signals, as
well as the manufacturer’s data shown in Figure 32. Since the peak
wavelengths of the 0.1 nM and decane signals are close this strongly
suggests that the signal in the 0.1 nM signal arises from the back-
ground glass, and any fluorescence from the Qdots is not observable
above this background level.

Using this spectrally resolved method makes it possible to differen-
tiate between the background signal and Qdot signal, even without a
direct comparison between the two. As such this method enables ana-
lysis to be performed in more detail than the time-resolved measure-
ments discussed in the next section. However the sensitivity of OSAs
are relatively poor, with noise floors in the order of 80 dBm. At low
Qdot concentrations it becomes increasingly difficult to differentiate
between different concentrations due to the noise of the detector. Ad-
ditionally the scan speed is extremely slow, with scans at the highest
sensitivity level taking in the order of 15 minutes. While this scan is
being performed the coupling into the fibre can not be adjusted.

The primary limitation encountered was background fluorescence
from the F2 glass, which is believed to originate from metal impur-
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Figure 34: Comparison between glass fluorescence signal from bulk samples
of F2 glass.

ities in the glass. This has previously been encountered [61] with F2

glass, and several changes from previous results have been imple-
mented to reduce the impact of this unwanted fluorescence. Firstly,
the glass composition was changed from commercially available F2

rods to bulk F2 glass, which reduced the observed glass fluorescence,
as seen in Figure 34. This was measured using the experimental pro-
tocol described in Section 2.8. The most important value is the fluor-
escence intensity at the peak of the Qdot emission, which drops from
approximately 900 counts for the F2 rod to 600 counts for the F2 block.
The second change is the reduced core size of the fabricated fibre; as
the core size decreases, the power fraction located within the glass
decreases as shown in Figure 12.

As the glass fluorescence is related to the power within the glass,
reduction of the pump power acts to decrease the recorded glass fluor-
escence. The advantage of the OSA detection method is that the res-
ults can be analysed in more detail than with a photodiode because
the entire spectrum can be viewed. This is negated somewhat by the
sensitivity of the OSA, as low concentrations are close to its noise
level and differentiation between background and Qdot signals be-
comes difficult.

These results show clearly that these spectrally resolved measure-
ments are close to the noise floor of the detector (Figure 33) and as
such they would most likely benefit from improvements to the detec-
tion apparatus. Additionally these results demonstrate that the main
restriction to lowering the detection limit is still the intrinsic glass
fluorescence, even after changing the glass from an F2 rod to an F2

block reduced the amount of fluorescence generated by approxim-
ately 30%.
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Figure 35: Experimental schematic for time-resolved Qdot detection using a
high gain silicon photodiode for detection. This configuration is
based on the back-detection configuration described earlier.

2.7 time-resolved results

2.7.1 Experimental method

With the basic characterisation completed using the OSA a more field-
deployable method was investigated. Due to the disadvantages of an
OSA based method, namely the long scan times, poor sensitivity, high
cost and lack of portability, alternative methods for detection were
required.

To improve the stability of the coupling a slightly larger core fibre
was used, and is shown in Figure 36. This fibre also had a significantly
larger outer diameter, which improved the mechanical characteristics
of the fibre and greatly simplified handling during experiments. The
loss of this fibre was higher than that of the last trial, with a loss
at 800 nm of 1.4 dB/m compared to approximately 0.9 dB/m of the
earlier fibre. The reason for this increase in loss is unclear. It is pos-
sible that it was caused by contamination of the cane or variations in
the fibre drawing process.

This technique, using the experimental configuration shown in Fig-
ure 35 utilised a modified version of the back detection method dis-
cussed in Section 2.5.3.3 and shown in Figure 30b. This method uses
the same basic set-up as previously with a single lens for coupling
and a dichroic mirror (high reflection at 514 nm, high transmission at
700 nm) to efficiently split up the fluorescent and residual excitation
light. It was further improved by the addition of a prism to spatially
remove any pump light that is not spectrally filtered with the dichroic
filter. It is possible to do this using a prism as the spectral separation
between the pump signal at 514 nm is a significant distance from the
Qdot emission at 700-850 nm meaning that when the two are passed
through the prism the resultant separation is big enough that an aper-
ture can be used to block the pump light.
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Figure 36: Wagon-wheel fibre used for these measurements, core size
0.6 µm, outer diameter 200 µm.

The dichroic filter used in this section was of a relatively poor qual-
ity, with enough 514 nm pump light transmitted through the filter
that a green spot could clearly be observed to the left of the mirror.
Without the prism in place this results in complete saturation of the
photodiode. The use of this prism splits the green pump spot from
the infra-red signal spot by 10-30 mm, so the photodiode signal does
not increase from the dark signal even when the laser is operated at
maximum power. An additional 550 nm long pass filter was also used
directly in front of the photodiode, to further reduce the green pump
light incident on the detector, whether it was passed through the fibre
or scattered from another source.

Alignment was performed by optimising the coupling into the fibre
using the same air cooled argon ion laser that was used in the last
section. The laser was tuned to 514 nm, with a maximum power at
this wavelength of 130 mW. A 633 nm HeNe laser was used for rough
alignment of the back-detection system. The fibre was first aligned in
the forward direction using the 514 nm laser. The HeNe beam was
then coupled into the core in the backwards direction, adjusting only
the stage originally used for the output of the 514 nm light. The long
pass filter is then removed from the configuration, and the location
of both the red HeNe spot and green 514 nm spot observed. The
location of the Qdot signal can then be estimated by recording the
distance between the green and red spots and extrapolating.

Once the rough alignment is complete a test fibre is used for optim-
isation of the signal. The fibre is aligned as described earlier, and then
filled with a relatively high concentration of Qdots. Using a linear
translation stage the position of the photodiode is varied along the
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direction of the dispersed light from the prism until the maximum
signal intensity is obtained.

The variable attenuator from the previous configuration was also
changed slightly, from using a number of neutral density filters to
using a half-wave plate, polariser combination. Since the argon ion
is linearly polarised (250:1) rotating the half wave plate enables the
power to be almost infinitely varied. Combined with the variable out-
put power of the laser itself (variable between approximately 1 mW to
130 mW this enables much better control over the power transmitted
through the fibre.

This configuration possesses the advantage of the back detection
method discussed earlier, in that the signal can be monitored con-
stantly while the fibre is filling. Although this method could be used
with the OSA, real-time results would not be possible due to the long
scan times (up to 15 minutes) meaning that the only advantage over
the forward direction measurements would be that the signal can be
measured without having to remove, replace and realign the output
end of the fibre.

For these measurements the fibre was initially aligned before filling
using a power meter and the 514 nm laser. The signal recorded from
the photodiode in Figure 35 was then monitored for fine adjustment
of the recorded power. Once the maximum power was obtained the
fibre was removed from the output stage, and dipped in the liquid.
While filling the signal from the photodiode was monitored constantly,
and fine adjustments made to optimise the power. This power was
recorded at relatively short intervals, and the results are shown in
Figure 37.

2.7.2 Results and analysis

Results filling with 0.5 nM and 1 nM solutions were initially confus-
ing, as the observed fluorescence signal decreased over time when the
fibre was filled. Further investigations demonstrated that in addition
to the Qdot signal decreasing while filling, the signal when filling
with only decane also decreased. Initially it was assumed that this
could be due to a decrease in power in the fibre caused by increased
loss or scattering, however the transmitted power through the fibre
remained almost constant (after realignment) before and after filling.

The next consideration was how filling the fibre would change the
recapture of the fluorescent light. Crudely, one can look at the numer-

ical aperture (NA) of the fibre, given by NA =
√

n2
1 − n2

2 [139] where
n1 is the refractive index of the core and n2 is the refractive index of
the cladding. In the case of an F2 wagon wheel (n=1.62) filled with
decane (n=1.41) the numerical aperture shifts from 1.27 before filling
to 0.798 after filling. This reduction in NA will reduce the captured
fluorescence power since the collection angle of the fibre has been
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Figure 37: Photodiode measurements for varied Qdot concentrations with
an initial fibre output power of approximately 230 µW through
30 cm ± 1 cm of wagon-wheel fibre. The black squares show
the measured data, with the red lines showing a power fit to the
obtained data.
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reduced, however this does not explain the magnitude of the results
observed here. This will be examined quantitatively in Section 2.11,
using a fluorescence capture fraction model developed by Ref. [102].

In addition to the change in NA upon filling one expects the por-
tion of light guided within the core of the fibre to decrease as the in-
dex contrast between the core and cladding decreases. This, combined
with the change in the fluorescence capture efficiency is the cause of
the reduction in fluorescence intensity from the decane sample. This
will be examined theoretically in Section 2.11.

To further analyse the results, lines were fitted to the obtained
data. It was observed that the fluorescence power jumped signific-
antly when the fibre was completely filled. This was attributed to
scattering or increased fluorescence from the input end of the fibre
rather than from the sample vial that it was being filled from, as the
fluorescence intensity did not change if the fibre was removed from
the fluid during filling. However once the fibre was completely filled
(where the intensity suddenly jumps at the end of the plots) if the
fibre was removed from the liquid the fluorescence signal dropped to
approximately that before the fibre completed filling.

Using the microscope it was observed that when the fibre is filled,
the liquid reaches the very end of the fibre, however when the fibre
is removed from the liquid the meniscus retreats from the end of
the fibre. Although this distance is relatively short compared to the
fibre length so it doesn’t have a large effect on the actual amount of
fluorescence generated. The liquid is observed to move back 1-2 mm
over the course of 2 minutes, so for a 200 mm fibre this only changes
the filled length by 1-2%.

So since the amount of fluorescence generated is not changing sig-
nificantly, and since the captured fluorescence must also not change
significantly this change in fluorescence intensity must be caused by
the capture of the light emitted from the fibre into the spectrometer.
The aperture of the lens used for excitation/capture of the fluores-
cent light has a NA of 0.55, so any light that is emitted from the fibre
outside of this “cone” is not captured by the lens and thus is not
recorded on the detector.

Consider a fluorescent mode propagating down the fibre in the
backwards direction. When the fibre is completely filled (fibre still in
the solution) the mode propagates to the end of the fibre, where it
exits the glass with an NA of 0.798. When the fibre is removed from
the liquid and the meniscus drops back there is a mode mismatch
at this interface, so not all of the light from the guided mode in the
liquid filled region will transfer to the mode in the air filled region. So
some light will be lost to radiation modes. Finally, once this guided
mode reaches the tip of the fibre it finds that the refractive index
contrast is higher than for the liquid filled case, and as such the NA
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is higher. As previously mentioned, the NA of the lens is only 0.55 so
some of this light will be lost.

So since this large jump in fluorescence signal seemed to be caused
by the NA of the fluorescence light as it exits the fibre and the mode
mismatch at the air:water interface, it was decided to remove these
points from the fit such that the fit was only dependent on the length
of the fibre filled. All points are still shown in Figure 38, but the line
of best fit is only applied to data points before this large jump in ob-
served signal. Since this increase in signal is caused by the collection
of light from the fibre and not from the actual fluorescence capture in
the fibre the fits were made to data before the fibre was completely
filled.

Consider only the decane-filled case. Since the lengths of fibre used
in this section are relatively short, only approximately 30 cm the loss
of the fibre is negligible for these measurements. As noted earlier in
Section 2.5.2 the filled length l is proportional to the square root of the
time. The initial fluorescence intensity A in the filled length of fibre
is decreased by a factor which we define as B. So the fluorescence
intensity Fglass from a fibre filling over time t can be described by
Equation 2.3.

Fglass = A− B
√

t (2.3)

Now consider the case of a fibre filling with a Qdot solution, with
a concentration high enough that the fluorescence signal is signific-
antly higher than that of the background glass signal, yet still low
enough to not induce additional loss to the fibre. Here we assume the
initial fluorescence intensity is zero, since the Qdot signal is taken to
be much larger than the background. Again the filled length is pro-
portional to

√
t. If we take the fluorescence intensity per unit length

to be C we obtain a similar equation to that for the glass fluorescence,
and is shown in Equation 2.4.

FQdot = C
√

t (2.4)

If the Qdot signal is of a similar or lower intensity than the back-
ground glass signal both of these effects need to be considered, such
that the total fluorescence intensity can be represented by Equation
2.5.

Ftotal = FQdot + Fglass = A + (C− B) ·
√

t (2.5)

Using these equations, fits were created for each of the data sets as
shown in Figure 37.

To obtain the signal arising from the Qdots the decane background
signal was subtracted from the total signal. Due to the relatively high
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Figure 38: Time resolved data. Black circles are the original data, black line
shows the power fit to the total data (Ftotal), red is the scaled fit
to the background decane signal (Fglass), green is the subtracted
signal representing only the fluorescence arising from the Qdots
themselves (FQdot).

variability in the points, the subtraction was performed on the fits
rather than the actual data. The decane signal was scaled to the initial
intensity recorded in each of the data sets, and stretched slightly such
that the filling times of the decane and Qdots were matched. The
variation in filling time is due to slight variations in the diameter of
the fibre along the length, as well as measurement uncertainty when
the data was recorded. These fits are shown in Figure 38.

These results demonstrate that it is possible to observe signals as
low as 500 pM using this method. A 200 pM sample was trialled
using the same method, however was not distinguishable from the
background signal within the error margin.

The reason this detection limit is slightly higher than the previous
section is attributed to the ability of the OSA to visually discriminate
between the Qdot signal and the background signal, by observing
both the peak location and the shape of the fluorescence signal.

2.7.3 Monitoring the excitation power

To create an effective dip sensor only one end of the fibre can be
used for coupling and collection, and the other end needs to remain
free to be dipped in the desired solution. Previous results in earlier
sections demonstrated this practice, however only the time-resolved
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Figure 39: Methods for monitoring transmitted power through fibre using
only the input end of the fibre a) Direct system using residual
pump light passed through the dichroic filter after its reflection
from the core of the fibre. The prism is used to split the signal
(red) and pump (green) so that they can be monitored indepen-
dently without interference with each other b) Insertion of thin
glass slide or wedge into the beam path. The pump light is re-
flected off of the core of the fibre, and the majority of this is re-
flected upwards from the dichroic. The use of an element to split
a portion of this light off enables the power to be monitored.

measurements enabled alignment in addition to the collection to be
performed with a single end of the fibre.

For these results it was demonstrated that the fluorescence signal
could be optimised and monitored without the use of a power meter
on the distal end of the fibre. The results discussed in Section 2.7
utilised the fluorescence signal itself, and a high gain photodiode.
However, for a system using an organic fluorophore this would be
problematic, since the response rate of the detector is slow, and as
such aligning the system takes a considerable length of time.

Alternatively the residual laser signal itself can be monitored. The
general theory of this is that when the pump is incident on the tip of
the fibre a small amount of the pump is returned along its direction
of propagation from the Fresnel reflection of the core. When the laser
spots drifts from its optimum position on the core the amount of
reflected light decreases which is then recorded by the photodiode.

This would not be feasible for a conventional fibre, since the solid
glass end means that the difference in reflection between the core and
cladding is negligible due to the small (≈ 0.35%) [89] difference in
refractive indices in an SMF fibre. At 532 nm , the refractive indices
of the core and cladding respectively are approximately 1.4658 and
1.4607, giving a difference in the Fresnel reflection from the surface
of only 0.063% [139] (3.50% from cladding, 3.56% from the core). Even
for relatively high NA solid core fibres with fluorine doped cladding
the refractive index contrast is only in the order of 0.6% [140] so again
this method could not be used with any great precision.

However with a wagon-wheel fibre the cladding is air, thus the
power can be monitored by observing the amount of reflected light.
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This signal is at a maximum when the coupling is optimised, and re-
duces rapidly when the core is removed from the optimum position.

If the dichroic mirror has a relatively low attenuation of the pump
signal (i.e. OD3-OD4) a direct method can be used, where a prism
is used to separate the pump and signal fluorescence. Rather than
directing the pump light into a beam dump, it can be monitored using
a photodiode. Alternatively, the pump signal can be split off using a
wedge before the beam reaches the dichroic mirror. Both of these
methods are shown above in Figure 39.

The direct method has the advantage that it does not introduce
additional optics into the experimental configuration, thus improving
both the stability and simplicity of the system. The latter gives a larger
signal to monitor, since it is less attenuated when using the wedge
than it is after passing through the dichroic mirror.

An example of the method passed through the dichroic mirror is
shown in Figure 40. To determine how effective this method is in
monitoring the actual power through the fibre, an additional photo-
diode was used on the distal end of the fibre to observe the transmit-
ted power. For this trial the alignment into the fibre was optimised
using the detector in the backwards direction. The power in both
the forward and backward directions was monitored using separate
photodetectors. Logging was started simultaneously, and the power
coupled into the fibre slowly varied by adjusting the position of the
translation stage. It should be noted at this point that this method was
simplified here by the poor quality of the dichroic mirror providing
only approximately OD3 attenuation at the laser wavelength, such
that enough power was transmitted through the mirror that it could
be monitored using a power meter. This method has also been demon-
strated using a higher grade (OD4-6) dichroic mirror, however suc-
cessful detection required the high-gain photodiode used in Section
2.7 which limits the response time of this method.

As shown in Figure 40, both the forward and backward direction
show a good correlation between their detected powers, strongly sug-
gesting that this method can be used for monitoring the power during
measurements. Additionally, at the completion of the trial the coup-
ling into the fibre was optimised using the forward direction detector
which showed that the maximum obtainable power was only approx-
imately 5% higher than was initially obtained using the backward
detector. This shows that the power transmitted through the fibre can
both be aligned and monitored without needing to perform measure-
ments at the output end of the fibre.
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Figure 40: Trial result monitoring both the forward and backward power lev-
els. The coupling into the wagon-wheel fibre was slowly varied,
and the power from each end of the fibre monitored simultane-
ously using separate photodetectors.
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fore and after filling with decane.
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Figure 42: Experimental configuration for bulk glass fluorescence measure-
ments. Three separate lasers wavelengths were used - Argon Ion
458 nm, Argon Ion 477 nm, Diode-pumped solid state 532 nm.

2.8 glass fluorescence

2.8.1 At 532 nm

The results obtained in Sections 1.2.1 and 2.7 clearly show that the
primary limitation to the sensitivity of a fibre-based fluorescence sys-
tem is the background fluorescence from the glass, as Section 2.7
showed that this signal still occurred even before the fibre was filled.
Figure 41 further supports this, again showing that with a spectrally
resolved measurement the signal observed after filling is a effectively
the same as before filling, just reduced in intensity. As such, to optim-
ise the sensitivity of a system such as this it is desirable to characterise
this background glass fluorescence, and see how it compares between
the different glasses available for extrusion.

To measure the glass background fluorescence spectra, a 25 mW
532 nm laser source was used to illuminate a range of bulk glass
samples, and the fluorescence captured using a multi-mode fiber and
recorded using an iHR 320 monochromator with the pump blocked
with a long-pass filter.

Various glasses were examined to test their suitability as a mater-
ial for fabricating sensing fibres. The initial requirement was simply
that the glass could be extruded, with the possibility of fabricating
microstructured fibres. As such the glass choice was restricted to soft
glasses that can currently be fabricated into optical fibres through
extrusion at temperatures less than 650°C, so that suspended-core
fibres could be fabricated via the use of extruded preforms. These in-
cluded lead-silicates previously used for wagon-wheel fibres such as
F2, LLF1, SF57 or tellurite glasses in addition to a number of alternat-
ive glasses.

The results shown in Figure 43 show that the glass used for the
Qdot measurements in Sections 2.6 & 2.7, F2, displays a relatively
low fluorescence compared to many of the other soft-glasses that are



62 low-concentration sensing using wagon-wheel fibres

Glass Supplier Description n Loss

Borofloat Schott Borosilicate [141] 1.47

F2 Schott Lead Silicate [1] 1.62 ~0.34

F2HT Schott Lead Silicate [1] 1.62 ~0.34

LLF1 Schott Lead Silicate [1] 1.51 0.51

N-FK5 Schott [1] 1.49 1.02

N-FK51A Schott Fluoroborosilicate [1] 1.49 0.51

SF57 Schott Lead Silicate [1] 1.84 1.02

SF6 Schott Lead Silicate [1] 1.81 0.69

Tellurite In-house 5Na 20Zn 75Te [72] 2

Tellurite (La) In-house Lanthanum doped [75] 2

ZBLAN In-house Fluoride [72, 76] 1.5

Table 2: Glasses for fluorescence measurements. Both the refractive index
and loss are given at 546 nm. The loss is given in dB/m, and is
converted from the manufacturer’s loss data for a 25 mm sample.
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Figure 43: Glass fluorescence spectra for all glasses in Table 2 using 532 nm
excitation.
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Figure 44: Soft glass samples showing the lowest bulk fluorescence signal
with 532 nm excitation.

suitable for extrusion. The only glass showing a lower fluorescence
than F2 at 800 nm is F2HT. This is a glass which is compositionally
identical to F2, but with lower impurities and an improved UV trans-
mission [1]. This reduction in fluorescence is shown in more detail in
Figure 44.

These measurements have demonstrated that the intrinsic glass
fluorescence that was the main limitation to the sensitivity in Sec-
tions 2.6 & 2.7 can be reduced in magnitude by changing from the F2

glass used for those measurements, to F2HT glass. Simply changing
the glass should result in a further 30% reduction in the observed
glass fluorescence at 790 nm.

2.8.2 Varying the excitation wavelength

To further characterise the fluorescence from the glass, the same glass
samples were analysed using an argon-ion laser for excitation. This
enables the excitation wavelength to be varied between 457 nm and
514 nm. This is important as the Qdot fluorescence increases with
decreasing wavelength (see Figure 32) so if the glass fluorescence
reduces or even remains constant as the wavelength decreases this
could correlate to an increase in sensitivity.

It should be noted that these results are not directly comparable to
the 532 nm data set shown above, since the alignment and collection
fibres were changed between these measurements. The experimental
configuration used was similar to that used in the previous section,
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Figure 45: Experimental setup for glass fluorescence measurements using
argon-ion laser.

however to improve the sample throughput the glass samples were
mounted on translation stages to enable fine adjustment of the sample
positions.

The experimental setup is shown in Figure 45. A short pass filter
was used to block any longer wavelength light from the argon ion
laser to prevent contamination of the measurements.

These results show that the fluorescence signal is always present
when the wavelength range is varied from the green to the blue, how-
ever the intensity of the emission changes drastically with changing
wavelength. The typical behaviour shows that the emission intensity
increases with decreasing wavelength. The fluorescence spectra are
visibly similar for the same glass with varied wavelength, suggesting
that the absorption features causing these emissions are broad.

The sample showing the lowest emission at each of the three wavelengths
(F2HT) was then examined in more detail, with the results shown in
Figure 49a. All lines of the argon ion showing a minimum power of at
least 8.5 mW were used for these trials. The experimental method was
the same as previously used. Figure 49a shows the peak fluorescence
intensity at 790 nm (the approximate peak of the Qdot emission) plot-
ted against the wavelength of the excitation source used. The power
for each of these trials was 8.5 ±0.1 mW.

These results demonstrate that although the spectral shape of the
fluorescence signal remains relatively constant, the magnitude of the
fluorescence increases significantly with decreasing wavelength. For
example, at the peak of the fluorescence emission F2HT shows ap-
proximately 1200 counts when excited with 9 mW of 472 nm light,
and when excited with the same intensity of 458 nm light the fluor-
escence signal doubles to approximately 2400 counts. This demon-
strates that although the absorption coefficient of the Qdots increases
from approximately 3,400,000 cm−1 at 472 nm to 4,750,000 cm−1 at
458 nm the gain in Qdot signal fluorescence would be more than
countered by the increase in background glass fluorescence. Here we
define a figure of merit (FOM) as FOM =

Qdotabsorption
GlassFluor . GlassFluor is
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Figure 46: Bulk glass fluorescence spectra using argon ion laser, excitation
power 8.5 mW. 458 nm excitation.
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Figure 47: Bulk glass fluorescence spectra using argon ion laser, excitation
power 8.5 mW. 477 nm excitation.
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Figure 48: Bulk glass fluorescence spectra using argon ion laser, excitation
power 8.5 mW. 514 nm excitation.
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Figure 49: a) Peak fluorescence intensity at 790 nm vs excitation line for
F2HT and F2 b) Peak fluorescence intensity at 790 vs approximate
bulk glass loss for each of the excitation lines used in a). The er-
ror bars are set to encompass both the variability in the excitation
power itself, as well as variations in maximising the fluorescence
intensity from the samples. The loss is interpolated from the bulk
glass loss given from the Schott catalogue [1]. The three F2 loss
values are labelled with their corresponding wavelengths in or-
ange, the values for F2HT can be read from a) reading from right
to left.
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Figure 50: Figure of merit for the absorption coefficient of Qdot 800 at a

given wavelength compared to the corresponding glass fluores-
cence from F2HT.

taken to be the intensity of the glass fluorescence emission at 790 nm
in F2Ht glass. This figure of merit is plotted for various wavelengths
in Figure 50.

It can be seen from this plot that the general trend is that the FOM
increases with wavelength, clearly demonstrating that the increase
in the fluorescence generated by the increased absorption from the
Qdots is more than compensated for by the increase in the intrinsic
glass fluorescence.

As such the decision was made to move to a 532 nm source, which
should increase the Qdot signal relative to the glass fluorescence, as
well as significantly increasing the stability of the alignment arising
from the improved pointing stability of the source.

Interestingly, it was noted that the glass fluorescence intensity vs
wavelength plot displayed a trend which was similar in shape to that
of the bulk glass loss. The loss of the F2HT glass and F2 samples was
interpolated from the bulk glass loss given in the Schott catalogue [1],
and plotted against the peak wavelength in Figure 49b. As can clearly
be seen the F2 glass fits the same trend as the F2 glass, even though
Figure 49a shows significant variation in the peak fluorescence at a
given wavelength. However when this wavelength is converted to its
corresponding loss a trend emerges.

As was mentioned earlier the composition of the F2HT glass is
identical to that of the standard F2 glass, with the primary differ-
ence being improved blue transmission arising from lower impurities
within the glass. These impurities could include such ions as Chro-
mium [142], Iron, Zinc or Vanadium [143–145].
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Figure 51: Scanning Electron Microscope (SEM) image of the soft glass MOF
used for these experiments. The central, structured region of the
fiber was made from F2HT glass, and the cladding from F2 glass.

Thus the results in Figure 49b strongly suggest that these impurit-
ies that increase the loss at shorter wavelengths are also the source of
the increased glass fluorescence of the F2 glass compared to F2HT.

2.9 f2ht fibre characterisation

Following the bulk glass results described above a new wagon-wheel
fibre was fabricated from F2HT glass specifically to reduce the back-
ground fluorescence from the fibre. The fibre was made following
the same cane-in-tube technique described earlier. Only the internal
cane of the fibre was fabricated from F2HT glass due to its limited
supply and increased cost compared to the standard F2 glass. The
outer tube was fabricated from F2 which as mentioned earlier is es-
sentially identical to F2HT apart from impurities. The primary differ-
ence between the two glasses is reduced impurities in the F2HT glass,
leading to lower absorption at shorter wavelengths in addition to the
reduced glass fluorescence shown in Figure 43.

The final fibre possessed a core size of 1.6 µm, and an outer dia-
meter of 130 µm. This outer diameter was chosen such to make spli-
cing to conventional silica fibres with an outer diameter of 125 µm
simpler than would be the case using the diameters of 160 µm or
200 µm.

The loss of the fibre was recorded using a bulb and OSA, and is
shown in Figure 52 compared to a wagon-wheel fibre fabricated en-
tirely from F2 glass. A bulb was used for these measurements in pref-
erence to a supercontinuum source due to instabilities in the power of
the supercontinuum. Since the bulb gives a large spot size, the light
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Figure 52: Loss spectra of F2HT wagon-wheel fibre (green) compared to
standard F2 wagon-wheel fibre (purple). The high level noise in
the F2 spectra is due to insufficient light at long fibre lengths,
however the general trend of the loss of the fibre can still be ob-
served. Points below 500 nm have been removed from this plot
due to this excessive noise. The labels correspond to the draw
numbers of the fibres.
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Figure 53: Modified experimental configuration using normal incidence fil-
ter and monochromator for detection.

could not be preferentially coupled into the core, and instead the ma-
jority of the light is coupled into the cladding of the fibre. To ensure
that the recorded loss is that of the core of the fibre, and not that of
the cladding this light is then stripped off using a coating of graphite.

2.10 low concentration results

In addition to changing the fibre material to the lower-fluorescence
F2HT glass, modifications were made to the experimental configura-
tion to further improve the sensitivity and thus the minimum detect-
able concentrations of fluorophores.

As mentioned in Section 2.8.2 the excitation was changed to a
532 nm diode pumped solid state source. Although less power is
available from this laser compared to the 514 nm argon ion line
(25 mW vs 130 mW), it possesses an improved beam quality (M2 < 1.1
vs 1.2) and better pointing stability (5 µrad/ºC vs 30 µrad/ºC ) mean-
ing that it should provide both more efficient and more stable coup-
ling into the wagon wheel fibres.

As well as changing the source, the dichroic filter was also changed
to a normal incidence raman filter, with approximately OD6 attenu-
ation at 532 nm and 99% transmission at ≈533 nm. The improved
characteristics of this dichroic make sensing with fluorophores whose
emissions are close to that of the laser wavelength possible. The use
of this filter required the geometry of the setup to change, since the
light must be incident on the filter at 90º rather than the 45º required
for the previous dichroic. As such the laser was moved such that
the light was incident on the filter within 5º of normal, with only
the minimum angle required to be able to couple in and out of the
wagon-wheel fibre.

Finally, the detection method was changed from the optical spec-
trum analyser, to a Horiba iHR320 monochromator with a cooled
CCD array detector. This change compared to the OSA results in
both a drastically reduced signal to noise ratio, and a greatly im-
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Figure 54: Peak fluorescence counts for Qdots (Black) and glass (red) in a
19 cm T190 F2 wagon-wheel fibre. 532 nm excitation, the power
was varied using neutral density filters with a power meter to
record the output power of the fibre. Note the logarithmic scale.
Decane was used for comparison since this is the solvent the
Qdots are suspended in. Filling the holes with decane rather than
using an empty fibre ensures that the modal structure, power frac-
tion and capture fraction are identical between the two samples.

proved scan time. The new detection method improves sensitivity by
3-4 orders of magnitude, while the scan times at high sensitivities are
reduced from approximately 15 minutes to 1-20 seconds.

The fibre was aligned by optimising the output power. Minimising
the path length of the laser ensured that the alignment stability of
the light coupled into the fibre was good, with a maximum power
reduction of 10% being recorded over a period of one hour.

Here we define the output power as the total pump power recor-
ded from the distal end of the fibre. For reference the total coupling
efficiency from the laser source to the core of the WW fibre is in the
range 35–40%.

One aspect of the fluorescence sensing that was noted during the
time resolved measurements is that the recorded Qdot fluorescence
intensity is not linear with power as one might expect. This obser-
vation was again seen during the spectrally resolved results, and is
shown in Figure 54. The reasons behind this behaviour are not known
and were not explored in detail. It does not appear to be a saturation
effect, as the slope is relatively constant across all recorded power
levels.
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Figure 55: In-fibre fluorescence measurements with varied Qdot concentra-
tions. As per previous results, a fibre filled with a plain decane
solution was used to give a background reference signal (in this
case the fluorescence comes from the glass itself).

The results in Figure 54 show that while the background glass fluor-
escence, as shown by the red symbols, increases almost linearly with
the output power of the fibre. As might be expected, the Qdot signal
is not linear with the output power (Note the logarithmic scale of
the axes in Figure 54). As can be seen from Figure 54, as the power
within the fibre increases, the Qdot signal decreases relative to the
background glass fluorescence.

The main outcome from this result is that since the minimum de-
tectable signal is governed by the ratio of the Qdot fluorescence to
glass fluorescence, simply decreasing the power will increase this ra-
tio. This is made possible primarily from the improvements to the
detection method mentioned earlier, as the monochromator setup
provides a greatly improved signal to noise ratio meaning that sig-
nificantly lower laser powers can be used while maintaining a fluor-
escence signal above the noise level.

For the final set of measurements these improvements were put
into place. The fibre was first aligned before filling. A test fibre was
then filled with a relatively high concentration of Qdots, and the
alignment into the monochromator adjusted using an XYZ transla-
tion stage on the input fibre. Once this optimal alignment position
was found it remained fixed across all trials, as it was found that
the coupling into the monochromator remained optimised when the
sensing fibre was changed.
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A new fibre section, cleaved using a mechanical cleaver to a length
of 190 mm ± 1 mm, was used for each measurement. Before filling a
spectra of the glass fluorescence was recorded to ensure consistency
between samples. The fibre was aligned at a relatively high power
(Input power ≈ 2.5 mW) with the typical output power from the
wagon-wheel fibre in the range from 1-1.1 mW. If a fibre was not able
to be aligned to this power level it was discarded, as the reduction in
power is most likely due to a poor cleave or defects along the length
of the fibre.

The filling method was also modified for these measurements, chan-
ging to a system in which the fibre could remain almost horizontal
during the filling process. This limits the amount of movement re-
quired of the fibre, eliminating the possibility of moving the opposite
end of the fibre (where the laser light is coupled) altering the coupling
efficiency into the fibre.

The results of these measurements are shown in Figure 55. These
results demonstrate that with a relatively high (compared to that
shown in Figure 4) input power of 2.5 µW for all measurements,
the minimum detectable Qdot signal using this configuration is 10

pM, which is a significant improvement over the 1 nM concentration
previously reported in [61]. Assuming identical experimental parama-
ters, if this measurement were performed using antibody conjugated
Qdots the minimum detectable antibody concentration would be ap-
proximately 30 pM according to the specifications from Invitrogen
[118] which give a Qdot:antibody ratio of 1:3.

2.11 theoretical modelling

To better understand the behaviour of the fluorescence signals ob-
served from both the signal (Qdot) fluorescence and background (glass)
fluorescence a theoretical model was employed. The aim of this was
to be able to analyse the behaviour observed with the experimental
results in the previous section, to determine if any further improve-
ments in terms of the detection limit could be made when the the-
oretical model is expanded from the basic one considered in Section
2.2.

The model chosen was a step index analytical model (i.e. jacketed
air-suspended rod) as opposed to a FEM primarily due to the greatly
increased computational speed of the analytical model. The assump-
tion here is that the strut and altered core shape from the actual non-
circular geometry of an actual wagon-wheel fibre have minimal ef-
fects on the outcomes of the model.

PF =

∫
clad

SzdA∫
∞

SzdA
(2.6)
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The power fraction (PF) within the holes of the fibre is defined by
Equation 2.6 [101], where “clad” represents integrating over the area
outside of the core of the fibre. The same equation can likewise be
evaluated for the power within the core by setting the top integral
over the area of the core of the fibre. Both of these parameters with
varied core size and glass type are shown in Figure 56. The PF repres-
ents the amount of fluorescence that is generated by the fluorophores
within the fibre, and their emission is assumed to be directly propor-
tional to the intensity of light in the cladding.

For the power fraction only the fundamental mode is considered,
even though the fibre is capable of supporting higher order modes at
moderately small core sizes. This decision was made since as men-
tioned earlier it was observed during experiments that by proper
lens choice and careful alignment the laser light can be preferentially
coupled into the fundamental mode of the fibre, showing little evid-
ence of higher order modes of excitation light [103].

An example of this multi-mode fluorescence capture is shown in
Figure 57. The left image shows the case where the fibre is filled
with decane. This was chosen in preference to using an unfilled fibre
to ensure that the modal structures of the laser source in the pump
and emission images are identical. This image was obtained by filling
a 1.7 µm core F2 wagon wheel fibre with decane, and carefully op-
timising the alignment into the fibre using an XYZ stage and power
meter. The output from this fibre was then heavily attenuated and
focussed on the CCD camera.

For the Qdot fluorescence image a similar method was used, except
the fibre was filled with a 1 µM Qdot 800 in decane solution. A 560 nm
long pass filter was then placed in front of the output of the fibre to
ensure that any residual 532 nm pump was completely blocked. This
was checked using an optical spectrum analyser, and demonstrated
that the Qdot signal fluorescence was more than 1000 times larger
than the residual green pump light. Again the fibre output was atten-
uated to avoid saturation of the detector, and then focussed on the
CCD camera.

This result shows that the modal properties of the pump light and
Qdot light is markedly different, even though the waveguide actually
supports more modes at the shorter pump wavelength. At 532 nm Fig-
ure 57 shows the fibre is effectively single mode, while the mode from
the captured fluorescence shows strong evidence of numerous higher
order modes. From this result we make the reasonable assumption
that the higher order modes can be ignored for the excitation of the
fluorophore, however they clearly must be (and will be!) considered
for the fluorescence recapture as they have a significant involvement
in the way in which the fluorescence is captured within the fibre.

It has been shown in Ref [102] that for a uniform distribution of
emitters with random orientation located in the area surrounding the
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Figure 56: Power fraction in the core (top) and cladding (bottom) for tellu-
rite, F2 and LLF1 glasses. Excitation wavelength is 532 nm, emis-
sion 790 nm. Cladding index is that of Decane (1.41).
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Figure 57: Experimentally measured far field mode images in 1.7 µm core
size F2 wagon-wheel fibre. Left - excitation (532 nm) mode image.
Right - Qdot fluorescence at approximately 790 nm. The distance
between the fibre and CCD as well as the lens remained constant
between measurements, and as such the scales between the two
images are directly comparable.

core that the fluorescence capture into the modes v of a nanowire
excited by mode j is given by Equation 2.7 [102]:

FCFj =
ξλ2

16πnH2
F

∑
v

NOIjv

Ae f f ,v

γH
j e−γv L

γv − γj

[
e(γv−γj)L − 1

]
(2.7)

NOIjv = nH
F

(
ε0

µ0

) 1
2


∫

A∞

sv(~r)dA∫
H

sj(~r)dA



∫
H
|ev|2sj(~r)dA∫

A∞

|sv(~r)|2dA



Ae f f ,v =

|
∫

A∞

sv(~r)dA|2∫
A∞

|sv(~r)|2dA

A similar expression can likewise be obtained for emitters located
within the core of the fibre by altering the integration region. The
results of simulations using different soft glasses with a varied core
size are shown in Figure 58.

These results demonstrated a marked change from those obtained
considering just the fundamental mode, as the FCF is seen to be rel-
atively constant at core sizes beyond 500 nm for F2 glass. In contrast
considering just the fundamental mode shows a clear peak at 500 nm
then a steady decrease with increasing core size similar to the beha-
viour seen in Figure 31. From these results we can also observe that
although the FCF for the Qdot signal fluorescence will increase with
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Figure 58: Fluorescence capture fraction (FCF) for fluorescence emitted
within the cladding of the fibre (bottom) and core of the fibre
(top) for tellurite, F2 and LLF1 glasses. Excitation wavelength is
532 nm, emission 790 nm. Again the cladding index is taken to
be decane, making the assumption that the Qdot concentration is
low and has minimal effect on the refractive index of the liquid.
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higher refractive index glasses, the FCF for the glass fluorescence will
also increase.

To better understand the practical signals that will be observed
from the outputs of the fibre, we must consider more then just either
of these parameters alone. It is logical that the observed fluorescence
must be a function of the amount of fluorescence that is generated
from the fluorophores. This is a product of the concentration of the
fluorophore, its quantum efficiency and the amount of power avail-
able (PF) to excite the emission. Of these parameters only the PF
needs to be considered here, since the other two are a property of
the fluorophore and remain constant (ignoring surface effects) with
varied core size and glass index.

We then define a figure of merit (FOM) that encompasses both the
amount of fluorescence that is generated (∝ PF) and recaptured (FCF)
into all guided modes as the product of these two, shown in Equation
2.8 for fluorescence generated within the core of the fibre. Again the
same expression is obtained for fluorescence generated from the clad-
ding, the Qdot signal fluorescence FOMsignal .

FOMcore = PFcore × FCFcore (2.8)

The results of simulations using different soft glasses with a varied
core size are shown in Figure 59.

Interestingly the change in FOMcore with changing index contrast
can be directly observed through measurements. When the fibre is
filled with a decane solution the index contrast changes from 1.62 : 1

to 1.62 : 1.41. This change in refractive index contrast is similar to
changing the glass itself. FOMcore for an unfilled 600 nm F2 fibre is ap-
proximately 0.16. When the cladding index is changed from 1 to 1.41

(corresponding to filling with decane) FOMcore drops to approxim-
ately 0.05. From this we would expect the observed glass fluorescence
to decrease by almost 70%, since this FOM should be proportional to
the amount of fluorescence that is observed. The decane itself gen-
erates no significant fluorescent signal so the only parameter being
changed here is the refractive index contrast.

Observe Figure 38a, which corresponds to a fibre with decane. The
core size of this fibre was approximately 0.6 µm, and it can be seen
that the measured fluorescence decreases as the fibre is filled. This de-
crease in fluorescence is approximately 5-6×, which although larger
than is expected from the theory is within the same order as predicted.
The additional decrease in fluorescence could be partially explained
by the model not considering confinement loss, or alternatively some
drift in coupling or degradation of the fibre during the experiment.

Earlier results demonstrated that the main limitation to the total
sensitivity of fluorescence based modal overlap sensing with soft
glasses was the background fluorescence observed from the glass.
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Figure 59: Figures of merit (Equation 2.8) for fluorescence emitted within
the cladding of the fibre (bottom) and core of the fibre (top) for
tellurite, F2 and LLF1 glasses. Excitation wavelength is 532 nm,
emission 790 nm. Again the cladding index is taken to be decane,
making the assumption that the Qdot concentration is low and
has minimal effect on the refractive index of the liquid.
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Figure 60: Figure of merit (Equation 2.9) for preferential fluorescence cap-
ture from the cladding compared to that originating from the
core for tellurite, F2 and LLF1 glasses. Excitation wavelength is
532 nm, emission 790 nm. Again the cladding index is taken to
be decane, making the assumption that the Qdot concentration is
low and has minimal effect on the refractive index of the liquid.

As such the most important parameter to obtain from this theoret-
ical modelling is the ratio of the detected Qdot signal fluorescence
(∝ FOMsignal) to the background glass fluorescence (∝ FOMcore). So
we define a third FOM, FOMtotal in Equation 2.9.

FOMtotal =
FOMsignal

FOMcore
(2.9)

Again, this is plotted for different glasses with varied core size
in Figure 60. This shows that decreasing glass index results in an
increase in the FOM, and likewise with decreasing core size. Once
the fibre starts to support higher order modes this behaviour flattens
out considerably.

As mentioned earlier this model does not consider the effect of
confinement loss on the modes. When higher order modes cut in they
are extremely spread out, and as such confinement loss will be high
and these modes will not be experimentally observed. The net effect
of including confinement loss in the model would be a reduction in
the ’sharpness’ of the features where the modes cut in. Confinement
loss would also be more significant for the lower index glasses.

The main conclusion from these results is that smaller core sizes
should lead to an improvement in the sensitivity. The theoretical
model here suggests that if a new small-core (500 nm) wagon-wheel
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fibre were fabricated from F2HT that the detection limit could likely
be reduced by another order of magnitude over what was demon-
strated earlier in Section 2.10. Further investigations as to new choices
of glasses, or alternatively the use of silica glass could also result in a
reduction of the detectable concentration.

The initial measurements in Section 2.5.1 using the OSA and time
resolved detection in Section 2.7 both utilised small core fibres (500 nm-
900 nm) while the later work in Section 2.10 utilising a monochro-
mator and cooled CCD arrary for detection used much larger cores
(1.4 µm-1.8 µm). This was chosen even though the theory here shows
that smaller cores should lead to a reduction in the detectable concen-
tration. Two main reasons led to this decision -

1) The loss of nanowires has been shown to be highly dependent on
the size of the structure [26, 98] as the surface roughness dominates
over material loss at small diameters. As such when the size decreases
the loss increases rapidly, making detection more difficult due to the
reduced observed. Since it was shown that the excitation power has a
strong effect on the ratio of Qdot emission: Glass emission this is an
important consideration.

2) Practical uses. The small core sizes are difficult to couple into,
and the power stability once coupled is significantly worse than is the
case with larger core wagon wheel fibres. As such for extensive sys-
tematic measurements, or when a higher level of precision is required
relatively larger cores compared to those used in Sections 2.5.1 & 2.7
invariably make this a great deal simpler.
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Figure 61: TEM image of Yb:Er nanoparticles.

2.12 lanthanides & possible applications to sensing

2.12.1 Introduction

The background fluorescence arising from the glass is a relatively
fundamental limitation for this sensing approach - however it may
be possible to reduce the detection limit further by reducing the core
size and further improving the sensitivity of the detector. Even so,
this will not enable the sensitivity to approach single molecule levels.
The work in the previous section has reduced the background associ-
ated with the glass host itself (Section 2.9), but further improvements
would be possible if alternative labelling molecules could be used to
circumvent this autofluorescence emission. As an alternative to Qdots,
rare-earth doped nanoparticles were investigated [146].

For initial experiments hexagonal-phase NaY0.8F4: Yb0.18/Er0.02 nano-
crystals were acquired, as shown in Figure 61. These will hereafter be
referred to as Yb:Er nanoparticles.

Lanthanide doped upconversion nanoparticles such as the Yb:Er
nanocrystals used here are powerful tools for biological imaging and
sensing [147–149]. These nanocrystals do not photobleach or blink,
exhibit low toxicity, and offer comparatively bright, visible multi-
colour emissions when excited in the NIR wavelength, typically at
~ 976 nm. These nanoparticles can be surface functionalised by either
amphiphilic carboxyl-polymer [127] or amino-silica [129] to become
biocompatible [127] such that they can be used directly as fluorescent
labels for biological detection.

They can be conjugated to specific antibodies or DNA strands as
fluorescent tags to probe targeted analytes. In particular, the upcon-
version luminescence feature can provide autofluorescence-background-
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Figure 62: Er:Yb electronic energy level diagram [152].

free conditions for sensitive biosensing applications [148, 150], since
the NIR excitation does not stimulate the intrinsic visible autofluor-
escence from the surrounding biosample. Moreover, since this anti-
stokes luminescence absorbs sequential secondary photons involving
metastable-excited states, the upconversion efficiency can be up to
10

5× more efficient than most organic fluorescent dyes that utilise a
2-photon emission pathway [147]. Furthermore, these nanoparticles
exhibit long luminescence lifetimes that range from tens to several
hundreds of microseconds achieved through control of the crystal
growth and surface conditions . This feature can be used for the time-
resolved discrimination of multiple analytes at a single test [151].
In the following section the performance of hexagonal-phase Yb:Er
nanocrystals (44 nm in diameter) are characterised when filled into
the holes of a wagon-wheel fibre.

Nanoparticles were prepared by A/Prof. Yadong Yin’s group at
University of California, Riverside, USA, using a modified user-friendly
synthesis method via the solvothermal route [147, 148] and diluted in
cyclohexane or toluene. The characteristic emission peaks are attrib-
uted to the 2H11/2, 4S3/2

4I15/2 transition in the green spectral region
with another red emission arising from 4F9/2

4I15/2. The energy level
diagram for these nanoparticles is shown in Figure 62 [152].

2.12.2 Particle characterisation

For the nanoparticles the green emission arises from a two-photon ex-
citation pathway, however, the red emission also involves non-radiative
decays between meta-stable states, as a mixed multi-photon process.
At higher excitation power density, the efficiency for red is higher,
because there are more non-radiative energy relaxations from 2H11/2,
4S3/2

4F9/2, and 4I11/2
4I13/2, which compromises the green emission

increase ratio but relatively accelerate red increase ratio , in spite of
emission saturations at high power as shown by the reduction in
slopes [153]. The power dependence feature of upconversion nano-
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Figure 63: Experimental configuration used for fibre-based measurements
on nanoparticle solutions.

crystals reflects the rich multi-photon process within single nanocrys-
tals. A comprehensive characterization at large dynamic excitation
range may allow detailed assessment for an upconversion nanocrys-
tal.

The fibre used for these experiments was again a relatively large
core F2HT wagon-wheel fibre, similar to that shown in Figure 51. This
fibre had a core diameter of ~1.7 µm and an outer diameter 130 µm
with a hole size of ~7 µm. For fibre-based fluorescence measurements
the experimental configuration is shown in Figure 63.

Capillary action was used to fill the fibres with the solutions, with
a filling time of approximately 15 minutes for 19 cm of fibre with the
nanoparticles dispersed in cyclohexane. The 980 nm laser was oper-
ated in CW mode for these measurements at incident power levels
from 1 mW – 300 mW. The coupling efficiency into the fibre ranges
from 10-20 % depending on the core size and coupling optics used.
An example of the upconversion spectra obtained is shown in Figure
64.

The tops of the vials were sealed before filling the fibres using par-
affin tape, with the fibre tip able to pierce the thin layer when starting
the experiment. This was required as toluene evaporates quickly - a
test addind 450 µL of toluene to the same type of vial used here for
filling demonstrated that an evaporation rate of 0.11 µL/min was oc-
curring. Since sample sizes here were between 50 µL-500 µL over the
15 minutes the fibre fills this could act to change the actual concentra-
tion inside the vial by up to 3%.

Once it was established that a spectra in fibre could be obtained,
characterisation was performed. The result shown in Figure 65 shows
an interesting property, in that as the laser power increases the ratio
between the green fluorescence and the red fluorescent peaks in the
spectra decreases.

At relatively low fibre output powers of 3-4 mW the spectra shifts
from being green dominant to red dominant, and this increases fur-
ther as the laser power is increased. This can be understood by con-
sidering that the green and red emission channels compete for ex-
citation energy due to the relative rates of the nonradiative decays
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Figure 64: Typical Er:Yb spectra obtained in fibre using high-resolution grat-
ings.

between4 I11/2 and 4 I13/2 and between 4S3/2 and 4F9/2 compared with
the radiative decays.

The slope of the curves in Figure 66 provide valuable information
on the energy transfer, saturation and quenching between Yb and Er,
and between Er and Er. The precise reasoning behind this power de-
pendence of the red:green emission ratio could not be determined
from a review of the current literature, however it is suggested that
this could be due to an intermediate level possessing efficient non-
radiative relaxation paths [154]. It has been reported that the red
channel should have slope value from 2.4 to 0.5 and green chan-
nel should have slope value from 2.0 to 0.5 [155]. A comprehensive
characterization at large dynamic excitation range may allow detailed
assessment for an upconversion nanocrystal. For example, a typical
rapid slope ratio for red means easier non-radiative energy relaxa-
tion, which may reflect more phonons-induced quenching in a low
quality crystal structure or surface. Another example, a rapid satura-
tion of the upconversion emission may reflect either a low quantum
efficiency or higher quenching factors affecting on the Yb to Er energy
transfer.

It has been reported the green band emission is higher than red
emission at low power laser density achieved by bulk cuvette meas-
urement in a spectrometer, the emission measurement at high power
laser density (107 W/cm2) was achieved by a careful design of a con-
focal setup on single nanoparticles [155]. Here similar behaviour is
observed using only an optical fibre, covering the excitation power
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Figure 65: Integrated fluorescence intensities for green (525-575 nm) and red
(625-675 nm).
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Figure 66: Upconversion emission spectra obtained for different nano-
particle dilutions in fibre.

range required to transfer from a signal showing a higher green in-
tensity to one showing a higher red intensity.

2.12.3 Low concentration testing

Building on this work characterising the emission of the nanocrystals
within the suspended core fibres which showed that no issues with
blocking or photobleaching were observed measurements were per-
formed on nanoparticles dispersed in toluene with a known concen-
tration. Serial dilutions ranging between 66 nM and 66 fM (10× steps)
were performed, and spectra obtained at different input powers. An
example of one of these spectra compared to that of an unfilled fibre
is shown in Figure 6 below. The experimental configuration was the
same as that used for the red:green power measurements, and is
shown in Figure 63. To improve the signal to noise ratio the resol-
ution of the spectrometer was dropped for these measurements, and
thus the spectrum do not show the same narrow peaks as seen in Fig-
ure 64. An example of the fluorescence spectra obtained at different
dilutions is shown in Figure 66.

Here it can be observed that at lower concentrations only the emis-
sions at 550 nm and 650 nm are visible above the background level.
The lowest concentration levels from this plot presented some interest-
ing results; it was clear that even though the concentration decreased
by 5×, the reduction in the fluorescence intensity was significantly
less than this amount.
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Figure 67: Glass fluorescence spectra obtained from 1 m length of toluene
filled F2HT wagon-wheel fibre.

This suggests that the initial assumption that this upconversion
fluorophore should present an almost background-free result is not
entirely correct. To examine this in more detail a longer 1 m length of
fibre was filled with toluene, and the fluorescence spectra observed.
The result of this trial is shown in Figure 67.

This result shows a clear signal at both 550 nm and 650 nm, so it
can be concluded that the lowest fluorescence levels in Figure 66 arise
from background sources rather than the nanoparticles themselves.
The location of the fluorescence emission matches with Erbium, so it
can be concluded with reasonable certainty that the emission here is
from Erbium impurities in the glass.

Recording the fluorescence signal when the fibre is filled with only
the solvent is necessary to ensure that the only possible sources of
fluorescence are either the nanoparticles themselves, or the glass itself.
Indeed when the fibre is filled with toluene the recorded signal in
both the red and the green drops as the mode spreads out into the
holes, and the fraction of the fluorescence that is recaptured in to the
guided modes drops as the index contrast decreases.

To test the minimum detectable concentration, a range of samples
were tested, and compared to fibres filled with only toluene. The low-
est concentration confidently detected above the background signal
is shown in Figure 68.

This result demonstrates that the nanoparticles are still detectable
even at relatively low concentrations of 660 fM, which corresponds to
approximately 11000 particles in a 19 cm length of fibre with a total
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Figure 68: Lowest detectable concentration of Er:Yb nanoparticles in a F2HT
wagon-wheel fibre.

volume of 29 nL. This is limited again by background fluorescence
from the glass

However it is possible to differentiate between these signals and the
signal from the nanoparticles as even at high powers the signal from
the glass has a higher intensity in the green than in the red. This is
in contrast to the signal from the nanoparticles, wherein at high laser
powers the red signal is stronger. This enables determination of the
source of the emission, be it from the glass or from the nanoparticles
simply by examining the ratio of the red : green fluorescence.

We have demonstrated that suspended-core optical fibres make a
good platform both for characterizing and utilizing erbium nano-
particles. In addition, the use of these nanocrystals within the fibre
holes form the basis of an improved sensing architecture; by dir-
ectly pumping the nanocrystals in the near-IR rather than at visible
wavelength, the detection limit has been reduced to here of 660 fM is
a significant improvement over the 10 pM that had previously been
demonstrated using quantum dots and a visible laser in a similar
fibre, showing that these particles have strong prospects for highly
sensitive detection.

Additionally by examining the ratio between the red and green
fluorescence signals the origin of the observed fluorescence signal can
be observed. If it is seen to have a higher ratio of red:green fluores-
cence at relatively high input powers the deduction can be made that
the signal originates from the nanoparticles and likewise if the green
is dominant the signal is likely just background from the glass. This
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feature has potential applications in biosensing, where it is possible to
discriminate between the two using the differing ratios of red:green
between the Erbium in the glass and Erbium in the nanoparticles.

By functionalising the particles with antibodies and utilising stand-
ard techniques the nanoparticles can be used as fluorescent labels.
Using these selective techniques detecting the presence of the nano-
particle implies the detection of the target biomolecule. As such the
use of nanoparticles as fluorescent labels in suspended core fibres
should enable improved detection, both in order of the minimum de-
tectable concentration compared to what has previously been demon-
strated in fibre, as well as a direct method for discriminating between
the signal from the nanoparticle-labelled biomolecule and the back-
ground signal from the glass.

These experiments demonstrate that this upconversion fluorescence
can be characterised using relatively low laser powers from a solid-
state 980 nm laser diode over a large power dynamic range, which
is important for consistent power-dependent characterization of this
advanced functional nanomaterial. The time-resolved luminescence
can be detected by a compact semiconductor photomultiplier tube
(PMT), which suggests possibilities for a portable low-cost biosensor
platform. Moreover, it has been shown that due to the reduced back-
ground fluorescence from the glass at this pump wavelength com-
pared to that observed previously using a visible laser; the detectable
concentration relative to the work of the previous section based on
quantum dots in similar fibres using visible 532 nm excitation has
been reduced significantly.

2.12.4 Lifetime measurements

As a further characterisation tool, the lifetime of the nanoparticles
was recorded in fibre, and compared to the results obtained with
bulk measurements. The experimental configuration for these meas-
urements is shown in Figure 69.

Due to the unavailability of a true pulsed source, the laser was
operated in CW mode using an optical chopper to time gate the beam.
The diode was tested using a function generator to check if it could be
directly pulsed, however it was found that the rise and fall times were
too long to be practical for measurements. To ensure the shortest fall
time the laser was first collimated using a 10 × microscope objective,
and then re-focussed with a 20 × objective. The outer edge of the
chopper blade was placed at this focal point, with fine adjustment
performed by mounting the chopper on a linear translation stage with
differential drive adjustment. The optimised location of the chopper
blade was found by observing the shape of the pulsed emission using
a photodiode and oscilloscope.
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Figure 69: (top) Experimental schematic for lifetime measurements of Er:Yb
nanoparticles in fibre (bottom) Actual experimental setup, show-
ing layout (a), detection scheme and filters (b) and optical chop-
per configuration to minimise rise & fall times (c).
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Figure 70: Spectra obtained from Er:Yb nanoparticles in fibre with various
filters. “Red filtered” implies that filters were chosen to remove
the red emission band, and likewise for the green.

Red (µs) Green (µs)

Fibre 170 250-300

Bulk 360 450

Table 3: Comparison of obtained lifetime values in fibre and in bulk for both
the red and green emission bands

To ensure that only the red or green emission band was being meas-
ured, and there was no contamination of the observed signals from
either the opposite band or from the pump itself short and long pass
filters were used between the fibre and the detector. The emission was
checked spectrally using the monochromator (Figure 70), and it was
noted that when the correct filters were used there was no undesir-
able emission above the background levels.

The emission from the nanoparticles could not be observed tem-
porally using the monochromator as its minimum shutter open time
is 1.5 ms, so the fibre couple was replaced with a SensL-Mini silicon
photomultiplier, coupled directly to the 50 Ω input of a 1 GHz os-
cilloscope. An example of the response obtained is shown in Figure
71. As can be seen from this plot the laser edge is not abrupt, how-
ever the fall time is significantly shorter than that which is expected
from the nanoparticles so this configuration suffices for quantitative
measurements.

The lifetimes measured in fibre, which are shown in Table 3 are
considerably shorter than those obtained with bulk cuvette measure-
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Figure 71: Typical nanoparticle lifetime measurement result in fibre. The
blue curve is the signal directly from the laser itself, with the
non-abrupt edge arising from the finite time it takes the beam to
pass through the chopper blade. The red is a typical decay curve,
in this case for the red emission band.

ments. This somewhat reduces the effectiveness of using these nan-
oparticles to reduce the background through time-gating [156], but
should also result in a higher overall fluorescence signal directly from
the reduction in the lifetime of the emission bands.

2.12.5 Energy transfer

Initially the goal of the measurements in this section was not to
sense the nanoparticles themselves, but rather to explore the pos-
sibility of using them as an energy transfer medium to pump other
fluorophores such as quantum dots [147]. The general theory behind
this is that although some autofluorescence will be excited by the
red and green emission bands, this fluorescence should be gener-
ated at a much lower efficiency than that from the fluorophores. If
the fluorophores are in close proximity (15-100 Å [147]) to the nano-
particles they should be excited by an efficient energy transfer process,
rather than relying on the absorption and subsequent re-emission
of photons. Literature [147, 157] has shown that this process can
occur with high efficiency and can find applications for biosensing
[158, 159].

To test this the same experimental configuration used in the previ-
ous section, shown in Figure 63 was employed. A solution was mixed
with Silica coated nanoparticles, as well as Qdots and Rhodamine B
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Figure 72: Qdots energy transfer.

in concentrations of approximately 100 nM all in Ethanol. The solu-
tion was filled in the fibre, and the spectra obtained. The results of
this trial are shown in Figure 72.

Figure 72 shows that some Qdot emission could be observed, how-
ever the intensity was low and it was difficult to resolve this signal
above that of the nanoparticles themselves. This sample was tested
with up to 300 mW of incident pump power, but the signal remained
low, and likewise no improvement was observed when both the fluoro-
phore and nanoparticle concentrations were increased.

For comparison the Qdot signals obtained in Section 2.10 used
significantly less than 1 mW for all measurements, and the fluor-
escent counts was orders of magnitude higher than obtained here.
This suggests that the energy transfer is not actually occurring, rather
the Qdots are absorbing the nanoparticle photons and re-emitting as
usual. This potentially still reduces the intrinsic glass fluorescence sig-
nal since the Qdots are in much closer proximity to the nanoparticles,
and thus will absorb with greater efficiency.

2.12.6 Thulium nanoparticles

With the discovery that erbium was one of the impurities present
within the glass alternative nanoparticles were examined. One pos-
sible candidate was Tm:Yb nanoparticles, which utilise a similar up-
conversion process to produce visible light but have a completely dif-
ferent emission spectra to the Er:Yb particles used earlier. Since this
spectra is also different from that of the glass, it should be possible
to differentiate between these particles and the background signal
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Figure 73: Example emission spectra of Tm nanoparticles, input power
300 mW compared to the emission spectra obtained from an un-
filled wagon-wheel fibre.

at even lower concentrations than was previously recorded. Conveni-
ently these nanoparticles require the same excitation source as the
Er:Yb particles, so the only required change apart from the nano-
particles themselves was short pass filters with a longer wavelength
transmission than earlier used for the Erbium doped particles. The
experimental configuration is again shown in Figure 63, with an ex-
ample of the emission spectra at an input power of 300 mW shown
in Figure 73 using a 1.8 µm F2HT wagon-wheel fibre.

When this is compared to the emission spectra from just the glass it
can be seen that the two can easily be visually differentiated between
by the locations of the spectral features.

Next the power dependence on the emission spectra was examined
to determine if there was an optimum power level to distinguish
between the nanoparticles and the erbium emission from the glass.
The excitation source was varied from 5 mW-300 mW, and the spec-
tra recorded at each of these power levels. The results of this trial are
shown in Figure 74.

This result shows that the 800 nm band is both the first to reach sat-
uration, and the band which displays the highest overall emission in
the fibre. This suggests that the highest sensitivity should be obtained
by examining this band, and that at relatively high nanoparticle con-
centrations the emission begins to saturate well before the maximum
possible laser power. Limitations however were found with this ap-
proach in that at low concentrations the signal began to approach
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(a) Integrated intensity for each of the main emission bands, plotted versus the relat-
ive excitation power in to the fibre.
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(b) (a) normalised to the emission at 100% power. This shows the saturation charac-
teristics as the energy levels fill.

Figure 74: Tm:Yb nanoparticle emission in F2HT wagon-wheel fibres.
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Figure 75: Tm:Yb nanoparticles in F2HT wagon-wheel fibre. The legend
refers to the dilution relative to the initial concentration of ap-
proximately 0.04 nM for a 5mg/mL sample.

the noise level of the detector. This made quantitative measurements
difficult, so in some cases higher powers had to be used.

A number of nanoparticles with differing Thulium and Ytterbium
concentrations were analysed, and it was found that the highest sig-
nal was obtained with the NaYF4:Yb20Tm4 sample. This sample was
diluted in two serial dilutions of 1000× each in hexane, and filled in
to the wagon-wheel fibres using the standard techniques. The results
of this trial are shown in Figure 75.

Here the initial nanoparticle amount was 5 mg/mL, which equates
to a concentration of approximately 40 pM. This implies that the
1000× sample has a concentration of 40 fM, and the 10

6 sample a
concentration of 40 aM. A further concentration at 10 × this solution
was tested at a later date, but could not be distinguished above the
background level.

With these results a significant reduction in the minimum detect-
able concentration has been obtained. Using Thulium rather than the
Erbium as the nanoparticle dopant has allowed the background sig-
nal to be circumvented, as there are clear features in the Thulium nan-
oparticles that have no detectable competing background signal from
the glass. This is an important step towards increasing the possible
sensitivity of fibre-based dip sensors. Further work could involve sur-
face functionalisation of these nanoparticles for use as fluorescent la-
bels to be able to demonstrate extremely sensitive bio detection using
these microstructured optical fibres.
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3
D I P S E N S O R S - S P L I C I N G

This chapter covers work on the splicing and tapering of optical fibres
for sensing applications. The splicing work in this section was per-
formed primarily in collaboration with Dr Dominic Murphy, as well
as with Dr Florian Englich. This work forms the basis of a conference
paper (ACOFT 2010). In addition to the experimental work reported
here, modelling was also performed by the author, building on code
written by Mr Matt Henderson to solve the modes of an arbitrary step
index fibre. All fluorescence-based measurements were completed by
the author, with Section 3.4 assisted by discussions with Dr Murphy.

3.1 motivation

One of the issues with using wagon-wheel fibres for sensing is that
the presently used method requires bulky free-space optics for coup-
ling into the fibres. This has the effect both of increasing the com-
plexity/cost of the system, as well as increasing the skill required to
operate it. Being able to consistently maximise the coupling into the
fibres in a relatively short duration requires the operator to be reason-
ably experienced with the fibres. Ideally this type of system will find
use as a laboratory or field tool, and thus being able to simplify its
operation is desirable.

In addition in increasing the easy of use, splicing the fibres also
provides a stable, permanent coupling amount [160]. Using free space
optics, alignment can drift over time due to thermal expansion of the
optical components, or instability in the pointing direction of the laser.
Splicing reduces the effect of poor pointing stability by minimising
the distance between the laser and the fibre compared to the standard
experimental configurations such as that shown in Figure 30 which
require a dichroic mirror to be placed in between the laser and fibre to
allow for detection in the backwards direction. It virtually eliminates
the effects of thermal expansion, as all components are in contact with
each other.

One can attempt to solve both the free space optics and coupling
problems through the use of splicing. The general idea of this is to
splice the novel wagon-wheel fibres to conventional core-clad silica
fibres. By connectorising these silica fibres direct “plug and play” op-
eration of the sensor can be obtained. The proposed experimental con-
figuration for sensing using a completely fiberised system is shown
in Figure 76.

101
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Figure 76: Proposed schematic for fully fiberised dip-sensing method.

This scheme uses a wavelength division multiplex (WDM) compon-
ent to provide the same functionality as the dichroic mirrors and long
pass filters used in Section 2.5.1, Figure 30. This component consists
of two fibres twisted together, and then tapered carefully such that
the desired transmission is obtained. This component could be fab-
ricated using the fusion splicing system shown in Figure 81, however
in this case it was purchased from Gooch & Housego specified to
split 532 nm/582 nm. This was chosen to suit Amplex Ultrared (See
Chapter 7) using a 532 nm laser for excitation and a fluorescence peak
at 582 nm. This, together with a fibre-coupled laser source and shutter
allows bulk optics to be completely removed from the experimental
configuration.

3.1.1 Modelling

To try and gain some understanding of the coupling losses that are ex-
pected between the silica fibres and the wagon wheel fibres a simple
model looking at the overlap between the guided modes was used.

This model utilised a step-index analytic code, similar to that used
in Section 2.11. By Examining the modal overlaps between the silca
and soft glass fibres we can estimate the loss that will be observed
through the splice, given by Equation 3.1 [160] where Ele f t

1 and Eright
j

represent the fundamental mode of the silica fibre and all modes of
the wagon-wheel fibre respectively.

Sa1,bj =

∫ φ=2π
φ=0

∫ r=∞
r=0 (Ele f t

1 Eright
j )2drdφ

|Ele f t
1 ||E

right
j |

(3.1)

The integration range is determined by looking at the radius re-
quired for the electric field to fall below a predetermined level. This
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approach makes the approximation that there is negligible power in
the z direction in the fibre, which is reasonable for larger core sizes
[102]. The coupling efficiency (CE) and loss are related by Loss =

−10log(CE) to give the loss as a positive number by convention.
In addition to the modal overlap the Fresnel losses across the inter-

face also need to be included. Here we consider the light incident on
the interface to be a plane wave, giving the Fresnel losses across the
interface by Equation 3.2 [160].

R <
(n1 − n2)2

(n1 + n2)2 (3.2)

Since the wagon-wheel fibre here is smaller for all modelled cases
than the silica fibre this parameter only gives an estimate of the loss
induced here, as this equation assumes an incident plane wave and
does not consider scattering.

Two silica fibres were modelled - Nufern 460HP and Corning SMF28E.
The Nufern fibre is single moded from 460 nm with a core size of ap-
proximately 3.2 µm. The Corning fibre however is multimode across
the whole visible spectra. The first parameter modelled was the coup-
ling efficiency from the silica fibre to the wagon-wheel fibre, from
Ele f t

1 to Eright
j . Here this simulates the amount of excitation light that

will be coupled into the wagon-wheel fibre. The assumption is made
that the majority of the light is coupled into the fundamental mode of
the fibre, and that the amount of excitation light guided in the higher
order modes is negligible. The results of this are shown in Figure 77.

This result shows the expected behaviour, with the coupling effi-
ciency improving as the core size of the wagon-wheel fibre increases.
Large spikes are seen when new modes cut in. When the number
of modes is also shown in the plot, it becomes apparent that only a
small fraction of the modes in the wagon-wheel fibre have an impact
on the coupling efficiency. Examining the coupling into each mode
(Figure 78) shows that for both cases only the HE 1,i modes show any
significant power coupling, with effectively no coupling into higher
HEs or TE/TM modes. This is logical as the HE1,1 mode is the only
mode considered in the silica fibre, and as such these modes will be
orthogonal and thus the overlap between them will be virtually nil.
Indeed coupling from the LPlm modes in the left fibre will only occur
into LPl′m′ modes when l = l′ [160]. The high coupling into the HE1,7
mode compared to the other HE1,i modes is likely due to increased
overlap between the relatively spread out HE1,7 mode and the modes
in the SMF fibre. If confinement loss is considered, as will be included
in future work it is likely that this HE1,7 mode will experience a high
loss, somewhat reducing the coupled power measured in an actual
splice.
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Figure 77: Predicted fractional coupling efficiency from silica core-clad fibre
to wagon-wheel with varied wagon-wheel diameter at 532 nm.
The core sizes of the ’small’ (red) and ’big’ (blue) fibres are 3.2 µm
and 8 µm respectively. The number of modes guided within the
wagon-wheel fibre is shown with circles.
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Figure 78: Modal decomposition coupling from silica core-clad to wagon-
wheel with a core diameter = 1.75 µm. All modes supported by
the wagon-wheel fibre at 532 nm are shown along the x-axis.
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The sharpness of the peaks in Figure 77 is again due to the new
modes starting to be guided. The confinement of these modes close
to cutoff will be low, and their loss will be high. Thus a measurement
obtained on an actual fibre will be somewhat lower than that which
is shown here. Heating of the fibres causing deformation of the core
and the cores of the two fibres not being perfectly concentric will
likely cause additional loss above these values calculated here [160].

The coupling from the silica fibre to the wagon-wheel fibre is only
one part of what needs to be considered to determine the best silica
fibre to use. The coupling from the silica fibre affects the amount
of light which is available to excite the fluorophores within the holes,
and thus will change the amount of fluorescence that is generated. For
the measurements in Sections 2.10 and 7.3 the laser was heavily atten-
uated; in the former case to reduce the amount of glass fluorescence,
in the latter case to reduce the photobleaching rate. So although the
coupling efficiency from the small core silica fibre is higher than that
from the large core silica fibre, this will have much less impact on the
practicality of this system than the recapture from the wagon-wheel
back to the small silica fibre. Since the wagon-wheel fibre is only
single-mode at 532 nm for core sizes up to approximately 310 nm and
single mode at the fluorescence wavelength of 800 nm until 480 nm
the capture to and from the wagon-wheel will not be symmetric.

Assume that the fluorescence emitted by the fluorophores is re-
captured equally into all guided modes of the wagon-wheel fibre
[103]. As we have already shown, coupling between modes in the
left and right fibres only occurs for l = l′ so hence one expects the CE
to be a fundamentally different result that decreases with increasing
core size compared to that shown earlier in Figure 77 which con-
sidered only the fundamental mode in the SMF. The main point to
be examined here was whether the increase in coupling between the
higher order modes that will occur with the large SMF compensates
for the decrease in modal overlap arising from the more dissimilar
core sizes. Consider a generalised form of Equation 3.1 that examines
coupling between all guided modes in both fibres. This is given by
Equation 3.3 where i represents all modes in the silica fibre.

Sai,bj =

∫ φ=2π
φ=0

∫ r=∞
r=0 (Ele f t

i Eright
j )2drdφ

|Ele f t
i ||E

right
j |

(3.3)

The coupling into individual modes was examined to determine if
the correct behaviour with coupling into the l = l′ modes was being
observed. An example for a 1.3 µm core F2 wagon-wheel and 8 µm
core SMF is shown in Table 4. Here the efficiencies greater than 0.01%
have been shaded green, 10

−4-10
−10 yellow with the remainder red.

It can be seen from this result that the behaviour is as expected in
the fibre, with effectively zero coupling between the l 6= l′ modes.
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TE0,1 TM0,1 HE1,1 HE2,1
TE0,1 2.62E-04 0 1.09E-35 1.85E-37
TM0,1 0 2.17E-04 1.60E-13 1.74E-24
TE0,2 4.55E-04 0 3.87E-36 7.58E-38
TM0,2 0 1.07E-03 1.74E-13 1.92E-11
HE1 1 7 39E 37 3 15E 15 4 25E 03 2 80E 23HE1,1 7.39E-37 3.15E-15 4.25E-03 2.80E-23
HE1,2 1.27E-37 5.47E-15 1.60E-04 1.51E-19
HE1,3 3.88E-38 1.53E-14 1.66E-03 1.50E-14
HE2,1 8.12E-38 1.11E-24 9.60E-23 2.27E-04

HE2 3 7 07E-37 2 04E-16 4 72E-11 9 09E-04HE2,3 7.07E-37 2.04E-16 4.72E-11 9.09E-04
HE3,1 2.79E-36 9.70E-20 3.51E-18 6.54E-18
HE3,2 2.47E-36 6.56E-19 9.70E-19 1.45E-13
HE4,1 6.90E-35 5.77E-15 8.47E-14 1.05E-15

HE2,2 2.77E-37 3.04E-24 3.06E-18 8.23E-06

Table 4: Coupling between modes in 8 µm silica core clad fibre and 1.3 µm
F2 wagon-wheel fibre. The cells have been shaded red to demon-
strate modes which have negligible coupling between them, yellow
low coupling and green relatively strong coupling.

The code was then run for the small 3.2 µm core nufern 460-HP and
a large 8 µm core corning SMF28E fibre, with the results shown in
Figure 79 for varied wagon-wheel core size.

From these results we can see that the coupling efficiency from
the wagon-wheel to the silica core-clad fibres is relatively low for
all core sizes above 500 nm. The small and large silica fibre correl-
ate remarkably well, and here it is apparent how much effect the
higher order modes are having on the fluorescence recapture from
the wagon wheel to the silica fibre. This was run again for an emis-
sion wavelength of 580 nm, with the results shown in Figure 80.

From these two results it is clear that the coupling of the fluores-
cence mode from the wagon-wheel to the SMF is dominated by the
size of the wagon-wheel core, rather than the size of the SMF. In-
creasing the number of modes from 1 (both cases 460-HP) to 5 or 9

(580 nm and 800 nm respectively in SMF28-E) does introduce some
extra features to Figures 79 & 80, but the overall trend is still the same.
At λ =800 nm the coupling appears to asymptote towards approxim-
ately 1.5%, while at λ=580 nm the coupling drops below 1% at higher
powers. This arises since as at higher powers the fluorescent light is
split between more modes, and due to the limited number of avail-
able modes in the SMF fibre only a small fraction of these can couple
into the silica fibre.

Since the theoretical modelling suggests that there should be min-
imal observable difference between the two fibres, it was decided to
focus the majority of the practical splicing work on splicing wagon-
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Figure 79: Coupling fraction from all modes in F2 wagon-wheel fibre to all
modes in silica core-clad fibres. λ = 800nm.
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Figure 80: Coupling fraction from all modes in F2 wagon-wheel fibre to all
modes in silica core-clad fibres. λ = 580nm.
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Figure 81: Vytran splicer.

wheel fibres to the smaller 460-HP fibre. This decision was made as
it was observed that it is significantly easier to repeatably couple sim-
ilar amounts of power from the single-mode SMF to the wagon-wheel
fibre. This occurs because the SMF-28E is multi-mode, and as such it
is possible to obtain a similar amount of coupled power, but actually
have coupled into different modes in the fibre. Since the coupling to
the wagon-wheel fibre is strongly dependent on the modal structure
in the SMF fibre this resulted in a significant change in the coupled
power, making any sort of quantitative measurements more difficult
than with the smaller silica fibre.

3.2 initial work

Splicing was performed using a commercial Vytran GPX-3400 spli-
cing system, shown in Figure 81.

The splicing system consists of three primary components, a cleaver
(left), fusion splicer/taperer (middle) and recoater (not shown). In
addition to this a small optical setup was added to allow the power
transmitted through the fibre to be monitored before, during, and
after the splice. This allows the splice to be aligned with higher pre-
cision than is possible by just visually aligning the fibres. Typically
fibres are aligned by matching the locations of the outer edges of the
two fibres in the X & Y planes, however since the core size of the
wagon-wheel fibre is so small any eccentricities in the location of the
core can lead to large increases in the loss of the splice. The config-
uration used for splicing of silica SMF fibres to wagon-wheel fibres
is shown in Figure 82. Here the splicing filament is offset by 30 µm
from the splice to minimise the amount of heating and damage at the
interface.

Fusion splicing of microstructured fibres also induces additional
challenges in the process [161, 162], as care must be taken not to
collapse the structure. This difficulty is further compounded in this
case due to the markedly different softening points of the two glasses,
with F2 having a softening point of 594 °C [1] compared to silica at
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Figure 82: Schematic for splicing soft glass wagon-wheel fibre to conven-
tional silica single mode fibre using a fusion arc splicer.

Figure 83: Comparison between fusion splices for 160 µm F2 wagon-wheel
to silica SMF-28E for (a) Graphite filament at 5W and (b) Iridium
filament at 2W.

1600 °C. This means that if the solid silica fibre is heated up enough
to soften, the viscosity of the F2 fibre would have reduced so much
that the glass would have softened and the fibre dropped away before
splicing.

The Vytran system used here utilises an arc filament for splicing
rather than the flame or CO2 lasers found in alternative systems [160].
This allows the temperature of the splice to be precisely controlled,
but provides limited control over the width of the hot zone. For these
trials a low-power iridium filament to allow for improved control
over the heating at the lower temperatures required for splicing of
soft glass fibres. This machine is normally used with graphite fila-
ments using 5-60 W of power, while the iridium filament allows the
power to be reduced to below 1 W with greatly improved precision.
An example of the improvement in splice quality obtained using an
iridium filament is shown in Figure 83.

Closely examining Figure 83a shows that there is a significant amount
of deformation of both the internal structure, and the outer surfaces
of the F2 fibre when using a graphite filament even at minimum
power. The structure appears to have been destroyed close to the in-
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Figure 84: Mounted fibre splice.

terface, with a large (>10 µm) void observed between the two fibres.
Changing to an iridium filament (Figure 83b) shows a significant im-
provement in the structure of the wagon-wheel fibre, with minimal
heat-induced damage observed.

To improve the robustness of the splices, the fibres were mounted
on a microscope slide after splicing. An example of this is shown
in Figure 84. Mounting the splice like this enabled it to be handled
without damage, as the splice itself was not strong enough to with-
stand bending which would typically result in a breakage at the splice
interface.

For sensing applications a number of splices were fabricated, spliced
both to SMF28E fibres and to the smaller Nufern 460-HP fibres. Four
of these trials, numbered 2-5 are shown in Figure 85. Here the wagon-
wheel fibres used had an outer diameter of 130 µm, and a core size
of 1.7 µm. Fibre was specially fabricated to this diameter for spli-
cing applications to make it easier to match the wagon-wheel to the
125 µm SMF fibres. The majority of wagon-wheel fibres fabricated at
Adelaide to this point had an outer diameter of 160 µm, chosen as a
diameter which gives good mechanical strength. The fibres used here
were of good enough quality that no issues were seen with the smal-
ler outer diameter, and breakages during handling were minimal.

The splicing procedure here involved first cleaving the F2 fibres
with a tension of 130 g using the Vytran cleaver, and the SMF fibres
using the standard silica 125 µm cleaving routine on the same cleaver.
The fibres were then transferred to the splicer on their mounting
blocks, and moved to their loading positions. Course alignment was
performed using the auto-alignment procedure in the Vytran soft-
ware, which leaves the fibres centred with a small gap between them.
Laser illumination is then used on the SMF fibre, and the power
through the wagon-wheel fibre monitored using a power meter and
integrating sphere head. The coupling between the two is optimised
by manually moving the stage positions in small increments until the
ideal position is located. At this point the two fibres are effectively in
contact, with the junction located directly above the splicing filament.



3.2 initial work 111

Figure 85: Splice trials, from top to bottom of 125 µm outer diameter wagon-
wheel fibres spliced to 460-HP silica core-clad fibres. Numbered
2-5 sequentially from top to bottom.

The two blocks are then moved 30 µm, such that the wagon-wheel
fibre is located entirely above the filament.

The heating procedure involves pulsing the filament power to en-
sure a more even heat profile across the fibre, before the two fibres are
pushed 1 µm into each other while the heating process continues. At
the conclusion of this the splice is visibly inspected using the camera,
and the power coupled through the splice recorded. For these trials
the splice power was varied between 1.9 W and 2.2 W, with a total
heating duration of approximately 2.5 s.

Through these trials it was demonstrated that it was indeed pos-
sible to splice soft glass wagon-wheel fibres to solid silica fibres, with
a loss as low as 9 dB splicing to an 8 µm core silica SMF28E fibre, and
6 dB splicing to a smaller 460-HP fibre at 638 nm. The amount of addi-
tional loss induced by the splicing process was found to be minimal,
with the butt-coupled loss through the 460-HP fibre recorded before
the splice at 5.6 dB. This agrees well with past work in the literature
splicing silica MOFs to conventional core clad fibres [163]. Using the
theoretical model described above gives an estimate for the loss of
5.2 dB for the SMF28E, and 2.2 dB for the 460-HP. As previously men-
tioned this loss will likely be a lower limit, since this particular model
does not consider the effects of confinement loss of the higher order
modes of the fibre.
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3.3 filling & fluorescence recapture

One of the possible issues that was initially discussed was whether
the fibre will fill after one end is sealed when it is spliced to a solid
fibre. Various solutions were proposed, including micromachining
small holes in the side walls of the wagon-wheel fibre such that the
air can escape and thus let the fibre fill. A simple trial was devised,
in which two wagon-wheel fibres of differing lengths were sealed at
one end using a flame. The opposite end of the fibre was then dipped
in a vial of water, and the location of the meniscus monitored using
a microscope. The results of this trial are shown in Figure 86.

This trial demonstrates that for both fibre lengths approximately
one third of the fibre fills, before the internal pressure build up in
the fibre balanced the capillary forces. Two splices were then trialled
to observe the amount of fluorescence signal that could be measured
through the splice. One spliced fibre (Figure 87a) was filled with a
1 µM solution of Rhodamine B, the second (Figure 87b) filled with a
90 nM solution of Qdot 800 in decane. The experimental configura-
tion for this measurement is the same as that shown in Figure 89 only
with the removal of the water bath.

Both of these measurements demonstrate that it is possible to meas-
ure a fluorescence signal through a splice, even though the theoretical
model suggests that the coupling from the wagon-wheel to the SMF
fibres will likely be in the order of 1.5% due to the capture of the ma-
jority of the fluorescent light into modes that will not couple into the
SMF fibre. This is a substantial reduction over what can be measured
using bulk optics (estimated >>10%) however with the high fluoro-
phore concentrations present in both of these cases it is still possible
to observe fluorescent signals.

3.4 studies of a temperature dependent splice

During preliminary glass fluorescence measurements it was noted
that two of the splices - splice #2 and splice #5 displayed a spectra
that did not match with what was expected. The result of this trial
using splice #5 is shown in Figure 88.

When compared to the regular glass fluorescence spectra, shown
in Figure 88 in red it is clear that an interference pattern is being
observed around 715 nm. It was surmised that this pattern was due to
an incomplete splice, where the outer cladding regions of the F2 and
silica fibres had fused while the core regions were not only unfused,
but also had an air gap between the two glass regions. This air gap
is acting as a Fabry-Pérot interferometer, creating the fringes [164].
To test this, the experimental configuration shown in Figure 89 was
used.
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a)

b)

Figure 86: Filling fibre with sealed ends (a) Absolute measurement of filled
length for two fibre with hole size 5 µm, using both 400 mm and
600 mm lengths. (b) Fractional filled length for the two trials.
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(a) Splice #1 filled 1 µM Rhodamine B.
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(b) Splice #3 filled 90 nM Qdot 800.

Figure 87: Example fluorescence spectra through splices #1 and #3.
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Figure 88: Fringe pattern through splice #5, compared with the fluorescence
spectra obtained from just a wagon-wheel fibre.
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Figure 89: Temperature setup.
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Figure 90: Splice #2 - variation in the fluorescence spectra as the spliced re-
gion is heated and allowed to cool. The colorbar shows the num-
ber of counts per pixel, which in this case corresponds to 0.8 nm.

Here the standard configuration was used for the fluorescence de-
tection as used previously in Sections 2.10 & 7.3, with the silica fibre
placed on the alignment stage in place of the wagon-wheel fibre. The
spliced region was then immersed in a water bath with a total volume
of 3 L which was then placed on a hotplate. The splice had been
mounted on a microscope slide as shown in Figure 84 which was
then placed on two small beakers such that the splice was located in
the middle of the liquid. This was done to ensure that the splice only
received gradual heat from the water, rather than being located on
the bottom of the container where a large temperature gradient was
likely to be present. The hotplate was turned on for one minute, then
allowed to cool and the change in the spectra observed. The results
of this trial using splice # 2 are shown in Figure 90.

This spectra showed a change in the fluorescence spectra when the
bath was heated. Unfortunately in this case when resetting the ex-
periment to include a thermocouple the splice was broken, and thus
quantitative measurements could not be performed. As mentioned
earlier a second splice (#5) also showed fringes, so this was used in
place of splice #2. A comparison between the initial fringe patterns of
the two splices is shown in Figure 91.

It can be seen from this result that the location of the fringe patterns
coincide remarkably well, however the quality of the fringes from #2

is much better than those from #5. This is likely due to some deforma-
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Figure 91: Comparison between fringe patterns in splices 2 & 5.

tion of the fibre face reducing the quality factor of the cavity between
the two fibres.

A thermocouple was attached to the bottom surface of the slide dir-
ectly below the location of the splice, and the temperature recorded
at 30 second intervals. The water was then heated to boiling point,
and allowed to cool back to room temperature while both the fluores-
cence spectra through the silica fibre and the temperature were sim-
ultaneously monitored. The results of this trial are shown in Figure
92.

A clear correlation can be observed between the fringe pattern and
the temperature of the bath. A rapid change is noted in the fringe
pattern as the splice is heated up, with a gradual return almost to
its initial spectra over the duration of the measurement. A magnified
view of the central fringe region is shown in Figure 93.

Again it can be seen that the location of this fringe depends strongly
on the temperature of the spliced region. To examine exactly how
good the correlation between the fringes and the temperature were,
two parameters were examined. The first was the wavelength of this
peak, the second the intensity. The results are shown in Figure 94.

These results demonstrates that there is a good correlation between
both parameters, with the intensity of the central peak reaching a
maxima and beginning to decrease as the fringe pattern expands. The
location of this first peak also has a good correlation with the temper-
ature. This result shows that it would be possible to multiplex both
fluorescence and temperature sensing, by integrating a splice region
with a small gap in the sensing fibre. The fluorescence signal is still
able to be measured even with this gap in place, as this gap will likely
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Figure 92: Results of spliced temperature sensor trial, using splice #5. (a)
Change in the fringe pattern over time. The colorbar shows the
number of counts per pixel, which in this case corresponds to
0.8 nm (b) Temperature vs time plot.
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increase the loss through the splice. It is theoretically possibly at least
to use this air gap to actually improve the coupling from the wagon-
wheel fibre to the SMF fibre. This would likely require individual
calibration of each splice unless a more repeatable method could be
developed to ensure the gap between the fibres is of consistent width
and angle. Allowing the light from the wagon-wheel to propagate
in free space for a short length will increase the mode field diameter,
possibly improving the coupling as the overlap between this now free
space wagon-wheel mode and the mode of the SMF fibre improves.

Additionally, the location of the fringes in both of the splices matches
up well with the location of the emission from quantum dots. Since
the fringe pattern can be measured simply using the glass fluores-
cence spectra the temperature can be measured before a fluorophore
is introduced, and as mentioned since this should also work when
the fibre is filled with Qdots the temperature can also be measured
during or after filling. This provides the capability for multiplexing
with this spliced fibre, without requiring the use of separate sources
to detect either the temperature or the Qdot fluorescence.

3.5 tapered dip sensor tip

One of the desirable characteristics of a dip sensor to sample low
volumes is the ability to be able to determine spatially where the
sample originates from. This is not entirely feasible using just a fibre
tip, as the diameter of these fibres is typically in the order of 125-
160 µm, and since samples such as those used for embryo cultures
(see Section 7) are of the order of 20 µL the tip is too large to be
able to determine the spatial position of the sample with any preci-
sion. When dipping the tip of the untapered fibre in a solution it is
difficult to accurately place the holes relative to the desired sampling
position, and removing the fibre from the solution results in a bubble
of fluid forming on the tip of the fibre from surface tension. One of
the possible solutions to this issue was to use the same Vytran splicing
system used for the splices in the earlier section to instead perform a
taper on a capillary to reduce the diameter of the sampling tip, and
increase the spatial precision with which measurments can be taken.
A capillary was used to simplify initial characterisation, as tapering
wagon-wheel fibres introduces additional complexity as care must
be taken not to damage the internal structure. Again the iridium fila-
ment was used with the Vytran to give better control over the amount
of heat that was applied.

The down taper was set to 2 mm, the waist 5 mm and the up taper
1 mm. The taper speed used here was 0.5 mm/s with a filament
power of 4 W. This speed is high enough such that the taper occurs
rapidly, and on 4 out of 5 trials the taper broke before the splice was
complete. This is actually ideal for this application, as if intact the
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Figure 95: Composite microscope image of tapered capillary. Initial OD
160 µm, inner diameter 40 µm. Waist OD 7.6 µm, inner diameter
2.4 µm.

Figure 96: Partially filled tapered capillary. The meniscus has been marked
with a red line.

taper needs to be broken at the end of the procedure to expose the
tip. Tapering down rapidly enough to break the capillary results in
the shortest possible down-taper length increasing the strength and
usability of the taper.

The capillary had a small pressure applied to one end, such that
when heated the internal hole remained open as the outer diameter
reduced. When this process was performed without a pressure ap-
plied the internal hole was found to have collapsed before the waist
of the taper. Figure 95 shows an example of this type of taper, us-
ing a 160 µm outer diameter F2 capillary with an internal diameter
of 40 µm. Approximately 60 cm of fibre was cut for this trial, with
nitrogen applied to one end to keep the hole open.

This result shows that the hole did indeed remain open over the
tapered region. The external diameter of the tip of the taped is 7.6 µm
with a total taper length of approximately 800 µm. Here the ratio of
the internal:outer diameters has actually increased from 1:4 to 1:2.7
showing that applying a pressure has resulted not only in the hole
staying open, but actually increasing its relative diameter. Another
trial with a lower filament power (3.5 W) resulted in a taper waist of
30 µm, and an internal diameter of 18 µm which is a ratio of 3:5. This
was trialed again using a higher pressure, with the result shown in
Figure 96.

In addition to the increased pressure, the tapering speed was also
increased for this trial from 0.5 mm/s to 1 mm/s. This resulted in a
more rapid neck-down region. For both of these trials the taper was
manually cleaved using a scalpel blade. To demonstrate that the hole
was open and this tapered region could be used as a sensor probe the
top of the taper shown in Figure 96 was immersed in liquid and the
taper observed under the microscope. After only 15 seconds liquid
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was observed to be filling up the fibre from the tip, and this image
shows the meniscus as it travels up the fibre.

By splicing this tapered region, or alternatively even by directly
tapering the tip of the wagon-wheel fibre the diameter of the sensing
tip can be reduced from 125-160 µm to at least 7 µm. This is of a sim-
ilar order to the total diameter of all three holes of the fibre shown
in Figure 51. By controlling the pressure and tapering parameters it
is likely that the internal diameter of the capillary can be maintained
while the outer diameter reduces resulting in a small diameter sens-
ing tip that does not impede the filling rate of the fibre. Alternatively
the diameter of the hole at the tip of the fibre could be reduced com-
pared to what is demonstrated here by altering the pressure used for
the tapering, as while this would reduce the filling rate it should al-
low measurements to be taken from samples with improved spatial
resolution compared to those taken with a larger diameter hole.



4
D I P S E N S O R S - M I C R O F L U I D I C S

This chapter covers the development of microfluidic techniques for
the mixing of small volumes of liquids for sensing applications. This
work was performed initially in collaboration with Dr Dominic Murphy,
and later with the technical assistance of Ms Mai-Chi Nguyen.

4.1 motivation

As an alternative to the surface functionalisation techniques invest-
igated in Section 7.5, microfluidic methods were also investigated.
While surface functionalisation should provide the absolute minimum
required sample volume, other methods that do not require pre-coating
of the fibre could also find applications in low-volume sensing. This
should allow more rapid development of sensors, as the use of mi-
crofluidic mixing does not require specific modification of the fluoro-
phores to allow them to be attached to the surface of the fibre. The
general concept behind this is that the sample is drawn and mixed
with a fluorophore in a known ratio. Again by using a fluorophore
that reacts with the species of interest to generate an increase or de-
crease in the fluorescent signal a calibration curve can be obtained
and measurements performed. This is similar in principle to the low-
volume mixing approach in Figure 169, but should allow even smaller
volumes to be mixed with good precision. A schematic of a proposed
sensing scheme using a microfluidic chip is shown in Figure 97.

The use of a microfluidic chip means that the fluorophore does not
have to be especially developed with an attachable tether, so commer-
cially available molecules can be used.

Fluorophore

Analyte
Mixed Solution
(Sensing fiber)

Figure 97: Generalised schematic of a typical microfluidic chip.
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Figure 98: Fluorescence spectra obtained for 100 µM Rhodamine B mixed in
a 1:1 ratio with water. The chip was flushed with water between
samples 4 & 5. Samples 1-4 are at the same flow rate (50 µL/min),
5 at 25 µL/min, 6 & 7 at 100 µL/min.

4.2 preliminary work - large volume microfluidic mix-
ing

A large volume (>100 µL) microfluidic chip was acquired. To test the
initial performance of the chip, rhodamine B was mixed with water.
The fluorescence was observed by filling ependorff uvettes with 100-
250 µL of sample to be tested in a standard cuvette holder. If the
chip was mixing in the correct ratio, then the fluorescence signal ob-
tained in each of these samples should be constant between samples
and equal to the amount of fluorescence that is observed when the
fluorophore is pre-mixed with water in a 1:1 ratio. To flush the fluids
through syringes were loaded with both a 1 µM solution of Rhodam-
ine B and water. A syringe pump was used such that the flow rate
could be carefully controlled to ensure that the volumes of the two
fluids entering the chip was the same. The results of this trial are
shown in Figure 98.

This trial showed that the fluorescence spectra varied significantly
between samples. When the fluorescence signal of samples 1-4 is in-
tegrated and compared to the pre-mixed sample, the results shown
in Figure 99 are obtained.

This shows a clear trend, with increasing quantities of fluorophore
passing through the chip leading to a higher signal in the final cu-
vette measurement. Subsequent trials showed that this initial value
could be ’reset’ by cleaning the microfluidic chip with ethanol and
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Figure 99: Integrated fluorescence intensities for sequential samples of
Rhodamine B mixed with water through MF chip.

acetone. This result strongly suggests that the Rhodamine is sticking,
either to the chip itself or to the plastic capillaries used for the input
and output of liquid to and from the chip. Since Rhodamine was only
intended as a characterisation tool, and not the actual target molecule
for this chip approaches to resolving this problem were not investig-
ated in detail.

The trial was repeated using the same procedures, but with Rhod-
amine replaced by a 20 µM solution of Amplex Ultrared (AUR) (see
Section 7.3) and water replaced by a 10 µM solution of hydrogen
peroxide. As per the previous trial two control samples were also
mixed in a 1:1 ratio from the same stock solutions using a volumetric
pipette. The samples were flushed through the chip, and the fluores-
cence spectra recorded with the results shown in Figure 100.

This result demonstrates that the two fluids are being mixed in a
1:1 ratio, as the results from the chip-mixed samples agrees with the
pre-mixed samples within error. However due to the large internal
volume of this chip no improvement over the minimum sample size
could be obtained with this chip, so while a new chip was being
fabricated alternative methods were investigated.
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Figure 100: Integrated fluorescence intensities of 20 µM AUR + 10 µM H2O2
mixed in a 1:1 ratio for both microfluidic mixing trials (MF) and
pre-mixed (Pre mix) trials.

Figure 101: Micro-tee with attached capillaries.

4.3 t-mixing concepts

4.3.1 Concepts

One of the possibilities that was examined was to use a micro-Tee
(µTee) for mixing, with capillaries to provide the channel lengths re-
quired for diffusion to occur. The µTee is effectively a small diameter
T-junction, with threaded connectors. An example of a µTee is shown
in Figure 101.

In this case the µTee is being used with F2 capillaries, with an
outer diameter of 160 µm. The yellow PTFE tubes are used to clamp
the fibre in place, and by ensuring that the ends of these tubes are
cut straight the µTee can be used with zero dead volume. Possible
examples of how this µTee could find use are shown in Figure 102.
Figure 102a shows the simplest possible system for T-mixing, draw-
ing directly from two reservoirs mixing into a third fibre. This scheme
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however requires the fibre to be removed for measurements, as it
applies a vacuum from the distal end of the fibre to draw liquids
through. The scheme shown in Figure 102b should allow measure-
ments to be performed online as the fibre is filled, but this comes at
the cost of increased complexity for the measurements. To allow the
basic concept of µTee mixing to be examined only the first case will
be considered here.

Figure 102a gives the simplest possible configuration for sensing
using this µTee, using two capillaries to directly fill a wagon-wheel
fibre. The capillaries could either be immersed in the solutions as
shown, or alternatively could be pre-filled with a total volume larger
than that of the µTee and fibre combined. Pressure would then be
used to fill the wagon-wheel fibre, either through a vacuum on the
end of the wagon-wheel fibre or an equal positive pressure on each
of the capillaries. This configuration would require the fibre to be
removed from the µTee before filling, as the end of the fibre would
likely become contaminated affecting the coupling in to the fibre.

Figure 102b shows an alternative scheme, integrating both the µTee
with a spliced fibre such as that which was fabricated in the previous
section. The general theory behind this concept is to again pre-fill
two capillaries, one with a fluorophore one with the analyte to be
sampled. A vacuum is then applied to the output on the second µTee,
drawing both liquids through to the output. Potentially this would
result in a small vacuum also being applied to the wagon-wheel fibre.
Once the liquids had been drawn through enough to be certain that
equal volumes of each were present within the capillary the vacuum
would be turned off, which should result in the partial filling of the
wagon-wheel fibre. The extent of this filling depends on the balance
of the capillary forces inside the mixing regions, and whether or not
the wagon-wheel fibre actually experiences a vacuum.

4.3.2 Initial trials

Initial trials using this µTee mixing scheme used the configuration
shown in Figure 102a, with a vacuum pump to pull the liquids through
the system. The logic behind this is that because both sides of the µTee
are being filled with either water+fluorophore or water+peroxide they
should have similar surface tension/contact angles/viscosities and as
such should flow through the µTee at the same rate. This was tested
externally to the pressure setup, simply by observing the fill rate of
the two fluids through capillaries. It was found in these trials that the
filling rates agreed within experimental error.

Two sets of samples were set up: one mixed in vials using volumet-
ric pipettes, and a second using the µTee mixing system. The capillar-
ies were filled, and allowed to react in the dark for an identical length
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Figure 102: Possible sensing schemes using Micro-T for mixing.
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of time. They were then placed on the screen of a Typhoon imager (as
used in Section 7.6.8) and scans performed.

The data was analysed by integrating the number of counts ob-
served over a set area that included a section of the capillary, and
the background counts subtracted from this data. Analysis sugges-
ted that the variation in the number of counts depending on exactly
where the box is positioned is somewhat subjective, with variations
of up to 20% observed over what visually appears to be a relatively
uniform section.

This was repeated several times with different peroxide concentra-
tions (Figure 103) with limited success. All µTee mixed trials showed
a consistently lower fluorescence than the samples that had been pre-
mixed. This was also tested with varied peroxide concentration and
is shown in Figure 104.

Both the initial trials and the trial with varied hydrogen peroxide
showed that the obtained signals after being mixed through the µTee
were consistently lower for the initial trials, and displayed no vari-
ation in signal for the hydrogen peroxide trials.

This was also tested in fibre using the same experimental method,
but replacing the output capillary with a 160 µm outer diameter
wagon-wheel fibre. This showed similar results to the capillary tri-
als, with µTee mixed samples consistently showing lower counts and
limited response to hydrogen peroxide.

Multiple trials showed a typical difference in the fluorescence between
the T-mixed and premixed samples with the same AUR and H2O2

concentrations of 4-6×. To try and minimise adhesion inside the µTee
the assembly was coated with OTS using a similar method to that
used for the capillaries earlier. A 5% solution was mixed, several mil-
lilitres flushed through the T using plastic tubing and then allowed
to incubate overnight. The tee was then flushed with toluene and ni-
trogen, and checked under the microscope to ensure that the holes
through the µTee had not been blocked. Testing using this coated
µTee yielded similar results to the uncoated µTees, with a difference
between the µTee mixed and premixed samples of 6×.

The most likely hypothesis is that the horseradish peroxidase is
not being passed through the µTee or input capillaries, so the reac-
tion between the AUR and H2O2 concentrations are unable to oc-
cur. Saturation trials flushing through large volumes of solution as
was demonstrated with the Rhodamine B in the microfluidic chip
earlier demonstrated that even after flushing for in excess of one hour
showed no increase in the observed fluorescence signal. This suggests
that the fluorophore is not being adsorbed to the surface, as flushing
high concentrations (100 µM) through for this length of time would
presumably result in at least partial saturation of the surface. Addi-
tionally the capillaries show counts above the level observed from an
unfilled fibre, further suggesting that there is at least some fluoro-
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(a) First trial.
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(b) Second trial.

Figure 103: Filled F2 capillaries, with both premixed and µTee mixed fluoro-
phore + peroxide solutions. Error bars show the estimated uncer-
tainty in measurements on capillaries using the typhoon imager.
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Figure 104: Typhoon imager results with varied hydrogen peroxide concen-
tration for both µTee mixed and premixed solutions.

phore present in the capillary. If the hydrogen peroxide would be
depleted again it would be expected that the saturation trial would
show an increasing signal over time. Also, the trial varying the hydro-
gen peroxide concentration tested a concentration 100× the concen-
tration which gave a signal 40% of the peak in the prefilled capillary.
A test was performed with 10× the horseradish peroxidase concentra-
tion, but again this was unable to ascertain any response to hydrogen
peroxide.

These trials demonstrate that in its present form at least this method
is not suitable for microfluidic mixing of amplex ultrared and hydro-
gen peroxide. Extensive characterisation of the cause of this was not
performed, as the focus of the hydrogen peroxide sensing work shif-
ted towards surface functionalisation of the Amplex Red Derivative.
This however does not preclude the use of this µTee system for mix-
ing of other fluorescent molecules At the time of writing work is
progressing on the use of a microfluidic chip as an alternative to the
µTee for mixing.
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A LT E R N AT I V E G L A S S E S F O R E X T R U S I O N A N D
N E W M AT E R I A L S F O R D I E S

This chapter covers work on the development of microstructured op-
tical fibres from soft glasses, with improved short-wavelength trans-
mission compared to previously used materials. This work was done
with Prof Heike Ebendorff-Heidepriem, with technical assistance from
Mr Alastair Dowler and Mr Roger Moore for fibre fabrication. Anneal-
ing trials in a controlled atmosphere in Sections 5.2.6 & 5.3.1 were
completed with Prof Ebendorff-Heidepriem and Mr Kenton Knight.

5.1 motivation - photodarkening and short wavelength

emitting fluorophores

As previously discussed one of the primary advantages of using soft
glasses for fibres other than their high refractive index is their im-
proved IR transmission compared to standard silica fibres as shown
in Figure 105. However this generally comes with the drawback that
the transmission of these soft glasses at shorter wavelengths is poorer
than their silica counterparts. Typically there is a trend between the
refractive index of the glass and its UV transmission, with lower re-
fractive index glasses showing better transmission properties [165].
Since the refractive index of commonly used soft glasses is typically
much higher than silica (see Table 2) we expect that the higher index
glasses to have a correspondingly poorer UV transmission.

It was discovered during the initial literature survey that fluoro-
phores emitting at shorter wavelengths are better studied and gen-
erally easier to acquire as well as being more stable than alternative
fluorophores that emit in the visible region. As such to open up more
choices for fluorophores it is desirable to have glasses that transmit
light further in to the blue and ideally even the UV.

In addition to the practical issues of dealing with increased loss and
thus a reduced signal from the fluorophores, it was noted during ini-
tial studies using the first synthesised fluorophore that when 458 nm
blue light was coupled in to even a relatively large core F2 wagon
wheel fibre that the transmission through the fibre decreased rapidly
over time. Initially it was assumed that this was due to changes in the
coupling, since the laser being used was an air-cooled argon ion laser
with relatively poor pointing stability, however further measurements
suggested this was instead due to photodarkening.

Photodarkening (or photodegradation) is a process in which de-
fect centres are formed in the glass from incident light, generally at
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Figure 105: Bulk absorption spectras of various glasses (Courtesy of A/Prof.
Ebendorff-Heidepriem).

458 nm / 633 nm laser
XYZ alignment

f=2.78 mm

WWF

f=2.78 mm

Power Meter

Figure 106: Experimental configuration for measuring photodarkening in
wagon-wheel fibres using either a 633 nm He-Ne or 458 nm ar-
gon ion laser.

a wavelength close to the UV edge of the glass [166, 167]. It is often
seen in both [167] applications especially using upconversion to gen-
erate shorter wavelength emission [168], or alternatively in glasses
such as chalcogenides [169, 170] where the term “UV edge” typic-
ally refers to any visible wavelengths. It has been shown to be power
and wavelength dependent [168], with higher powers and shorter
wavelengths generally leading to a faster rate.

The experimental configuration was altered such that the distance
between the laser and the fibre was reduced to the absolute minimum
possible (<50 mm), removing all mirrors and other optics as shown
in Figure 106. After altering the experimental configuration the same
effects were observed, and it was also noted that the power could not
be recovered to its initial level when the fibre was realigned once the
measurement was completed.

Previous experience has shown that these fibres can be susceptible
to degradation over time that is caused by water vapour entering
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Figure 107: Wagon wheel fibre output power over time, when illuminated
with both 458 nm and 633 nm lasers.

the holes of the wagon-wheel fibre. This in turn causes cracking on
the surface of the glass, significantly increasing the recorded loss of
the fibre. However the reduction in power observed in Figure 107 was
also occurring on a much faster time scale than typical degradation of
the fibres due to water absorption, with water degradation generally
occurring over hours to days rather than minutes. Additionally, the
reduction in power was not observed to the same extent when using
a longer wavelength 633 nm He-Ne laser, thus suggesting that the
shorter wavelength of the argon ion laser was inducing a change in
the glass itself.

As can be seen in Figure 107 the transmitted power through a 50

cm length of wagon wheel fibre reduces rapidly when a 458 nm laser
is coupled into the fibre, before approaching a steady state level after
only a few minutes. Comparing this to the 633 nm sample it is ob-
served that the higher wavelength laser light does not induce addi-
tional loss in the fibre, instead the power remains relatively constant
over the duration of the measurement. There is some reduction in the
power, however this is most likely due to alignment drift. The high fre-
quency fluctuations shown in these plots are due to variations in the
coupling into the fibre arising from the previously mentioned poor
coupling stability. It is noted that the power for the 458 nm sample
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could be recovered slightly after the measurement, but it still only
improved to approximately 40% of its initial power level.

These issues make quantitative measurements coupling this laser
into a small-core fibre difficult, however the trend can still be clearly
observed where the power decreases immediately after the fibre is
exposed to the laser radiation. Care was taken when aligning the fibre
to minimise the exposure to the laser light before the recording was
started, both by performing the alignment rapidly as well as using a
neutral density filter to reduce the amount of incident laser light to
the bare minimum required for alignment.

It should be noted at this point that although the power reduces
significantly when this particular fibre is exposed to 458 nm laser
light, the loss of the fibre at this wavelength is not actually that high,
with a measured loss of only 2.5 ± 0.5 dB/m compared to the 1.5 ±
0.25 dB/m at 633 nm. This suggests that photodarkening [166, 167,
171] (also known as solarisation [172]) effects can arise in the fibres
even relatively early in the UV edge of the transmission spectra. This
will be explored in more detail using various bare fibres and a shorter
wavelength laser later in Section 5.4.

It has previously been shown in the literature that lead silicate
glasses are especially susceptible to photodarkening or photoinduced
refractive index changes [173], with the photoinduced changes correl-
ating well with the PbO composition of the glass [174, 175].

As such several commercially available glasses were examined with
better UV transmission than the glasses that have previously been
used for extrusion with the primary goal of opening up a range of
additional choices of fluorophores with shorter wavelength require-
ments for excitation.

5.2 fabrication

5.2.1 Introduction

A glass type was chosen from the Schott glass catalogue that pos-
sessed the two required attributes - firstly an improved UV transmis-
sion compared to other soft-glasses that have previously been used
for extrusion, and secondly physical characteristics enabling the glass
to be extruded at temperatures suitable for use within the present ex-
trusion furnace. Figure 108 shows the bulk material loss in dB/m,
converted from the Schott data for transmittance through 25 mm
samples [1]. The glasses in this plot were chosen because they either
had been used in the past for extrusions (F2, SF57, LLF1) or showed
suitable characteristics such that they should be able to be extruded
(N-FK5, N-FK51A). The glass with the best transmission (excluding
silica) from the Schott catalogue was N-FK5, so this was chosen for
the initial trials. Several samples such as that shown in Figure 109
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Figure 108: Short wavelength transmission for various soft glasses suitable

for extrusion [1].

were acquired and manually polished for extrusion trials, an example
of which is shown in Figure 109.

5.2.2 Stainless steel die

Although the desired fibres from this glass are microstructured wagon-
wheel fibres similar to those used earlier, it was decided that initial
trials would involve the simplest possible rod geometry to fabricate
an unstructured bare fibre. This fabrication process results in a fibre
with no higher index core or microstructured region such that the
light is guided using total internal reflection on the outer surfaces of
the fibre. When testing a new glass this is typically the first fibre type
that is tried, as it is the least sensitive to fibre drawing conditions
and enables one to determine the transmission losses of the fabric-
ated fibre. The bare fibre suffers no additional losses induced by the
fibre geometry, and allows any excess losses induced by the extrusion
process to be inferred.

For this trial a 10 mm hole diameter stainless steel rod die was used,
with a billet length of 30 mm. Steel is the most common material
used for extrusions, and has been used with success for a number
of different soft glasses. The preform was extruded at 650 ºC, with a
maximum force of 13 kN. The fabricated preform is shown in Figure
110a below.

This preform showed an extremely poor surface quality along its
length, with deep scratches running along the preform in addition
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Figure 109: Polished N-FK5 Glass Billet.

Figure 110: a) N-FK5 extrusion trial one. The surface has been significantly
degraded, showing what appears to be rust along the length of
the preform. b) N-FK5 extrusion trial one after the preform was
cut, and the surface manually polished along its length.
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Figure 111: N-FK5 trial 1 loss spectra. Points below 440 nm have been re-
moved due to excessive noise in the measurement.

to the obvious reddish brown rust coating the middle section of the
preform. The surface of the extrusion die also showed significantly
more degradation than is typically seen, with large amounts of rust
seen on the exit face of the die.

Although the fibre would likely be of questionable quality, it was
decided to attempt to pull this preform in to a fibre to determine
approximate drawing parameters. The preform was cut along the
straightest section, and manually polished to remove the surface layer.
The final outcome of this polishing is shown in Figure 110b. It should
be noted that a perfect surface quality was not achieved using this
manual polishing method, as some fine scratches could still be ob-
served on the preform. However this was still a significant improve-
ment over the initial quality of the surface.

The loss spectra of the fabricated fibre is shown in Figure 111. Al-
though this loss is high compared to that of fibres previously fabric-
ated from glasses such as F2, it was a promising result for two main
reasons. Firstly, the fibre loss, even with the questionable surface qual-
ity was already within acceptable limits for fabricating a sensing fibre.
As only short lengths of around 20 cm are required to make a prac-
tical fluorescence sensor, a loss of 10 dB/m has a minimal effect on
the observed fluorescence signal.

Secondly, it was possible to handle and cleave the fibre. One of the
drawbacks of soft-glass fibres compared to silica fibres is that they
are typically weaker than conventional fibres and there were concerns
with this previously unknown glass that the fibre could be weak and
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fragile. Finding that this fibre was practical to handle was a promising
discovery, especially considering the prospects for improvements to
the quality of the fibre if the initial surface quality of the preforms
could be enhanced beyond what has already been demonstrated in
this section.

5.2.3 Unstructured MACOR

Since the surface quality of the first N-FK5 preform was poor, a dif-
ferent extrusion die material was needed. Previous to this work, only
two materials had found common use as extrusion dies at the Uni-
versity of Adelaide. The most used material is stainless steel, which
is used for all oxide glass extrusions for glasses including F2, LLF1,
SF57, bismuth and various tellurite glass compositions. The second
material used is graphite. Graphite has previously found use as an
extrusion material, both internally [76] and elsewhere [97]. Previous
work has found that using graphite materials in place of steel gives
better quality surfaces for ZBLAN fluoride glass extrusions. It has
been shown [76] that since graphite is not wetted by glass the required
force for the extrusion drops, allowing the extrusion temperature to
be dropped leading to less crystallisation (and thus loss).

Although graphite would seem to be the obvious choice for fabric-
ating an extrusion die, it has several drawbacks. Firstly, it is relatively
brittle, leading to limitations on the extrusion force to prevent die
die from breaking. Secondly material from the die can be removed
by the glass during the extrusion, leading to graphite particles being
embedded in the glass itself. When drawn in to fibre these then poten-
tially lead to a greatly increased fibre loss. Past work has mitigated
the effect of this by cleaning the graphite multiple times using meth-
anol and an ultrasonic bath, significantly reducing the effect of this
shedding process.

The main drawback however is that it oxidises at higher temperat-
ures such as those required for N-FK5 extrusions possibly degrading
the surface of the die and thus reducing the quality of the fabricated
preform. The machine used for extrusions can be flushed with nitro-
gen, however this is a simple system, in which only the bottom of
the machine has a gas-tight seal and the quality of the nitrogen at-
mosphere relies on the constant flow of gas from the bottom of the
machine to flush out oxygen. Additionally it is not possible to purge
the furnace, and it was considered to be cost-prohibitive to perform
this upgrade. As such a different material for extrusion needed to be
considered.

MACOR was chosen as a possible die material, as it is both easy to
machine with good surface quality and should survive the high tem-
peratures of the extrusion process with no detrimental effects. It com-
prises of 55% fluorophlogopite mica and 45% borosilicate glass [176]
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Figure 112: Rod die and sleeve fabricated from MACOR, with FK5 billet
shown inside the sleeve.

and has a maximum working temperature of 800 ºC with good shear
strength making it ideal for use as an extrusion die. Interestingly the
composition of MACOR is similar to that of the N-FK5 glass itself,
however the MACOR possesses a much higher working temperature
than the glass due to its crystalline structure.

A die, sleeve and top plate were fabricated from MACOR. The
design used was identical to that used with stainless steel, and the
die was inserted in the same stainless steel outer body in which other
extrusions are performed. Extrusion parameters were identical to that
used in the initial trial with the stainless-steel die. It was decided
to do an initial trial using LLF1 glass, since this has been character-
ised previously using a stainless steel die and bare fibre. As such this
should provide a good baseline to demonstrate whether the MACOR
affects the surface quality of the glass enough to impair either the
strength or transmission properties of the glass. It is also the glass
with the closest extrusion temperature to N-FK5, thus giving the best
comparison with the closest parameters.

As can be seen in Figure 113 the measured spectra are similar in
shape and magnitude to that previously obtained when extruding
through a stainless-steel die, differing by only 0.05 dB/m at 633 nm.
Additionally, the fibre still maintained good physical strength, which
as previously mentioned is an important characteristic for fabricating
useful fibres.

Drawing clear conclusions from these measurements is difficult
due to the inherent uncertainties in loss measurements, which makes
comparisons between measurements that are very close to each other
difficult. Due to the destructive nature of these measurements, it is
typically not possible to obtain a second spectra, as each loss meas-
urement requires in the order of 5-10 m of fibre depending on the
loss. The main conclusion from this trial was that the MACOR does
not significantly alter the loss or physical strength of LLF1 bare fibres,
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Figure 113: Loss spectra measured for fibres with preforms extruded
through both MACOR and stainless-steel dies. Drawing param-
eters were similar between the two, with a final fibre outer diam-
eter of 160 μm. The dip at 1060 nm in the LLF1 MACOR spectra
is due to sharp features in the excitation source used for the loss
measurement. This is not present in the stainless-steel spectra as
a standard bulb was used for this measurement.



5.2 fabrication 143

(a) N-FK5 extrusion trial 2.

(b) N-FK5 extrusion trial 3.

Figure 114: N-FK5 Extrusions through MACOR.

with results being obtained that are comparable to the best previously
seen using stainless-steel dies.

Following the successful extrusion and subsequent drawing of an
LLF1 fibre through MACOR, two trials were performed using N-FK5

through MACOR dies: one with an air atmosphere (FK5-2) and one
with nitrogen (FK5-3) to examine the possible difference to fibre qual-
ity that the atmosphere could make.

The preforms are shown in Figure 114. Both show significantly im-
proved surface quality over that seen with the previous extrusion,
although some light marks are observed along the lengths of the pre-
forms. These are possibly due to imperfections in the surface of the
die itself, as some fine chips could be seen on the inside rim of the
extrusion die.

The two fibres fabricated from these two preforms showed con-
siderably improved characteristics, both in their optical transmission
properties and mechanical strength. Figure 115 strongly suggests that
the higher measured loss of the first trial was due to scattering, as the
loss increases with decreasing wavelength compared to the relatively
flat spectra of the second two trials.

So by changing to MACOR as a die material we have successfully
reduced the measured fibre loss (Figure 115) at 458 nm from the
~10 dB/m of the initial trial, to 2-3 dB/m which is a significant im-
provement. The bulk loss of this glass is ~1.3 dB/m at this wavelength
so some loss is still being induced in the fabrication process, however
the measured loss here would be at an acceptable level for use as a
sensing fibre.
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Figure 115: Measured loss spectra of FK5 trials 1 (stainless steel), 2 (MACOR,
air atmosphere) and 3 (MACOR, nitrogen atmosphere).

5.2.4 Structured extrusions through MACOR

5.2.4.1 FK5

With the successful fabrication of two bare fibres from N-FK5, the
next obvious step was to move towards fabricating a microstructured
fibre suitable for sensing applications. Two dies were fabricated from
MACOR for the purpose of creating a structured preform using a
MACOR die: a 10 mm outer diameter, 1 mm inner diameter rod die
(Figure 116b) and a standard wagon-wheel die (Figure 116a). It was
planned to use a standard two-step extrusion process to fabricate an
FK5 wagon-wheel fibre, first drawing the wagon-wheel cane down to
approximately 1 mm then inserting this into the tube and pulling the
whole assembly down to approximately 160 mm.

It was decided to first extrude the outer jacket, as this is the simpler
structure with less critical features. The results of the first trial are
shown in Figure 117a. In this trial the end face of the tube die, which
can be seen in Figure 116b sheared from the end of the extrusion die.
The final outcome of this was a tube with approximately 17 mm outer
diameter, and 5 mm inner diameter which formed due to the shape
of the spigot inside the die. This extrusion also showed an extremely
poor internal surface quality, which will be discussed in more detail
in Section 5.2.5.
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(a) MACOR wagon-wheel die. (b) MACOR tube die outer assembly,
iteration 1. A standard tube-die in-
ner was also fabricated from MA-
COR, however this is not shown
here.

(c) Schematic of modifications to tuber
die outer assembly for improved
strength.

(d) Cross-type die for 10 mm outer
1 mm inner diameter tube ex-
trusion. This die design as been
shown in the past to reduce the
required force with identical extru-
sion parameters.

Figure 116: MACOR Dies used for extrusions.
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(a) First FK5 tube extrusion trial through MACOR die. The die failed almost immedi-
ately at the end face.

(b) Second trial with modified die design as shown in Figure 116c. Top - total extru-
sion length. Middle - close up of end of extrusion, and broken die. The failure
point on this extrusion was the internal spigot, and it can be seen here embedded
inside the outer tube. This die component caused the end face to fracture from
the rest of the die, resulting in the large diameter rod. Remnants of the die can be
seen in the surface of the glass beyond this point.

(c) Third FK5 tube extrusion through MACOR, using modified cross-type design
shown in Figure 116d. The preform shows good external surface quality, however
the internal surface is extremely poor.

Figure 117: Microstructured tube extrusions using N-FK5 glass with MA-
COR dies.
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The design of the extrusion die was subsequently modified to that
shown in Figure 116c. Two primary motivations lead to this design -
firstly to increase the amount of die material at the point of highest
stress (the end face) as well as to replace the sharp corners and per-
pendicular end-face with a constant slope thus reducing both the total
force required for the extrusion as well as the stress on the die.

The result of this extrusion is shown in Figure 117b. The modifica-
tions to the outer structure of the die were shown to be successful, as
the failure point shifted from the outer structure of the die to the in-
ner spigot. On close inspection, it was concluded that the inner spigot
sheared from the die approximately half-way through the extrusion.
As the spigot was larger than the size of the hole on the end face the
extrusion forced the broken spigot through the outer die, breaking
the structure and resulting in a preform consisting of approximately
60% 10 mm tube and 40% 17 mm rod.

Although the tube was of the correct dimensions, it was again no-
ticed that the internal surface quality inside the tube was extremely
poor. It was hypothesised that the high shear forces on the glass as
it hits the internal spigot in the tube die were inducing crystallisa-
tion in the preform. Previous extrusion trials had demonstrated that
an alternative geometry for the tube extrusion die showed a lower
total force, making it likely that the localised force on the glass at the
spigot would also be lower.

This die design is shown in Figure 116d. The additional modific-
ations to the die design, in the altered sleeve design and addition
of a lip to the extrusion die come about for a separate reason. This
is shown in detail in Figure 118. Early extrusion trials with FK5 had
demonstrated that even at a relatively low extrusion force, the die and
sleeve assembly were extremely difficult to remove from the outer
stainless steel body. Frequently the removal of the die from the body
would result in failure of the die, leaving the sleeve inside the body. It
was discovered that this issue arose from the leakage of glass between
the extrusion die and sleeve into the body itself.

This glass moved into the gap between the die and sleeve at high
temperature and force effectively acted as a glue when the extrusion
was halted and the furnace cooled. The proposed solution to this
was to modify the die design, enlarging the die and adding an outer
lip. By slotting the sleeve inside this lip, a seal is created effectively
preventing glass from penetrating the seal between the die and sleeve
removing the issue of glass gluing the sleeve to the body. This also
has the additional effect of preventing contamination of the glass, as
it is always contained within the clean extrusion sleeve.

A trial was attempted using this die design, and is shown in Fig-
ure 117c. This extrusion, performed at a relatively high temperature
to minimise the force the glass experiences resulted in a complete
preform with no die breakage with a total length of 690 mm. The



148 alternative glasses for extrusion and new materials for dies
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Figure 118: Modified die and sleeve design to more effectively seal the glass

inside the sleeve, showing comparison between the old die de-
sign (top) and the modified design (bottom). Failure points are
circled in red, modifications to the design are circled in green.
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Figure 119: (top) Extruded FK5 wagon-wheel preform. The location of the
preform where the die failed can be seen where the outer sec-
tion of the struts rapidly expands. (bottom left) MACOR wagon-
wheel die before extrusion. Note the gap between the struts.
(bottom right) MACOR wagon-wheel die after extrusion. The
die has failed part way through the extrusion, pushing the die
parts out and creating a “Y” shape.”

outer surface quality of the preform was again quite good, however
the internal surfaces showed extensive defects. Due to the poor sur-
face quality experienced on all microstructured fibres it was decided
to temporarily suspend work on N-FK5 extrusions through MACOR
and systematically examine other possibilities for extrusion die ma-
terials.

As a final trial a wagon-wheel die was also fabricated from MA-
COR, and a trial using FK5 performed. For this trial the speed of the
extrusion was reduced significantly compared to a standard wagon-
wheel extrusion, with only 0.05 mm/min used for this trial compared
to the 0.2 mm/min of an extrusion through steel. The results of this
trial are shown in Figure 119.

This trial was unsuccessful, for two reasons. The first and most ob-
vious was the failure of the die. Only a short section of the preform
had been extruded before the die failed, pushing the die outwards
and blocking the ring around the struts. This resulted in a wagon-
wheel preform with thick struts, no obvious core and deformed re-
gions at the end of the struts. The second and more concerning part
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Figure 120: F2 Tube extruded through cross-type MACOR die.

of this extrusion was again the surface quality of the preform. Even
before the failure of the die the preform is noted to have a “misted”
appearance, possibly caused by crystals forming in the glass. The sur-
face quality degrades further as the extrusion progresses, with the
same types of large pits and scratches observed on this preform as
was seen on the earlier tube extrusions.

So in conclusion to date we have been unable to successfully fab-
ricate a structured FK5 preform, due to a combination of die failures
and preforms with poor surface qualities. However the viability of
MACOR as an extrusion die has been proven, at least in regards to its
ability to stand up to the forces of the extrusion. The successful tube
die extrusion shows that with some modification of the die design
compared to the original versions from steel that this can find use as a
die material. However more testing is required to determine whether
or not the poor surface quality of the above preforms arises from the
MACOR itself, or if it is unique to the glass that was used here.

5.2.4.2 F2

Following both the successful extrusions and subsequent fibre draw-
ing of the N-FK5 bare fibres an extrusion was performed using an
F2 billet in the same cross-type tube extrusion die previously used
(Figure 116d) with MACOR. The aim of this trial was to determine if
the defects seen on the inner surfaces of the N-FK5 extrusions were
caused by the removal of the MACOR from the surface of the die, or
if alternatively it was simply due to a process occurring within the
glass itself.

The results of this trial are shown in Figure 120. This preform
showed good internal and external surface quality, strongly suggest-
ing that the defects do not arise directly from MACOR particles being
removed from the surface, but instead involve some complex interac-
tion between the glass and the die under pressure. Again the internal
surface quality will be examined in more detail in Section 5.2.5 be-
low. The force for this trial was similar to that used in the earlier FK5

extrusions.
The reason for the differing behaviour of F2 and N-FK5 through

identical dies (and materials) is not known, but it is likely due to
the pressure inside the die inducing crystallisation inside the glass. It
seems probably from these trials that the F2 glass is more resistant to
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(a) N-FK5-1 extruded through
stainless-steel die.

(b) N-FK5-2 extruded through MA-
COR die.

(c) N-FK5-3 extruded through MA-
COR die, nitrogen atmosphere.

Figure 121: Rod extrusion surfaces. Glass was ultrasonically cleaned in de-
tergent and methanol to remove any loose particulate matter
such that any remaining defects were either firmly affixed to or
embedded within the glass.

crystallisation, so the additional force does not induce defects in the
glass.

5.2.5 A closer inspection of surface quality

As previously mentioned in Section 5.2.4, poorer surface qualities
were observed on the internal surfaces of FK5 tube extrusions through
MACOR. To examine these in more detail, a small length of preform
was removed. This length was then cut again along its length close to
the central hole, and then manually polished to expose the internal
surfaces. The internals of these preforms could then be imaged used
a microscope to attempt to determine the cause or origins of these
imperfections. The preforms were thoroughly cleaned using an ul-
trasonic bath after cutting to remove any residual debris from this
process.

Images were obtained for both the internal surfaces of the micro-
structured extrusions, as well as the external surfaces of rod extru-
sions.
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The results in Figure 121 agree with the expectations from macro-
scopic examinations of the preforms. The stainless-steel die showns
the most defects, which mirrors the overall preform quality shown in
Figure 110.

Figure 121b shows a reduced amount of defects compared to the
stainless-steel extrusion, further showing that MACOR improves the
surface quality of the extrusions. The composition of the defects was
not studied, they are likely composed of either abraded MACOR
particles or small crystals formed within the glass. Only the surface
layer of this extrusion shows these defects, small samples that were
polished did not show the same quantity of defects.

The final rod extrusion of N-FK5 through MACOR in a nitrogen
atmosphere and is shown in Figure 121c. The defects in this sample
are more numerous than those of the sample in an air atmosphere
(Figure 121b) however they are significantly smaller in size than either
of the previous extrusions.

It can be quite clearly seen from the images in Figure 122 that the
surfaces of the structured FK5 preforms show significantly poorer
surface quality than either the F2 MACOR extrusion in Figure 120

or the earlier unstructured FK5 extrusions through MACOR. Large
crystal centres can be observed in the majority of the trials, and even
in locations where these large defects are not observed the surface
quality appears poor, such as the wagon-wheel preform shown in
Figure 123. Further trials (see next section) demonstrated that raising
the temperature of the extrusions was not feasible, and indeed it is
unlikely that the temperature of the extrusion could be lowered fur-
ther than was used for the FK5 wagon-wheel trial (645 °C). Reducing
the speed of the extrusion drastically could possibly reduce the force
such that the temperature can be lowered, but has the side effect that
the glass spends longer in the hot-zone of the furnace and as such the
probability of crystallisation is increased.

5.2.6 Temperature dependence

Since all structured FK5 extrusions had showed a poor surface qual-
ity an examination of exactly how the glass responds to temperature
was required to determine if the poor surface quality was solely due
to the temperature of the extrusions, or if it was indeed a product
of a reaction with the die material. To test this, glass samples were
cut to thin disks, and mechanically polished on one side. These were
cleaned using the standard technique, and placed in a nitrogen at-
mosphere inside a controlled atmosphere furnace. Each sample was
sequentially placed in the furnace at a set temperature on a platinum
plate and left for a period of one hour. The top (polished) surfaces of
the samples were examined using a 50 × objective on the microscope
as shown in Figure 124.
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(a) Sections of tube extrusions used for
surface quality measurements.

(b) Internal Surface of large N-FK5

tube shown in the Figure 117a).

(c) Internal surface of N-FK5 tube
shown in Figure 117b).

(d) Internal surface of N-FK5 tube
shown in Figure 117c).

(e) Internal surface of F2 tube shown
in Figure 120.

Figure 122: Microscope images of internal surfaces of both N-FK5 and F2

extrusions through MACOR tube dies. The tubes were cut using
a diamond saw just outside of the inner tube, then manually
polished to expose the internals of the tube. It should be noted
that the large tube in b) was formed by the die breaking, rather
than a different die design. The cut tube sections in a) are shown
in the microscope images of b) to e), going from left to right.
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Figure 123: Top section of wagon-wheel preform extruded through MACOR
die as shown in Figure 119

Figure 124: Controlled atmosphere crystallisation test with varied temperat-
ure.
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Figure 125: Die materials trial on platinum plate, with polished FK5 wedge
on each disk. From top, clockwise - MACOR, graphite, Inconel,
stainless-steel.

It is clear from these results that there is a significant amount of
variability between the samples, as the 640 °C sample shows more de-
fects than either of the 645 °C samples. This is likely partially due to
overshoot of the furnace temperature, although the defect rate could
also be highly dependent on the initial surface quality. If this is indeed
the case this is somewhat concerning, as the samples were polished
to the same specifications as that used for billets in extrusions, and be-
fore heating showed no visible differences between the samples. The
second 645 °C sample shows the formation of defect centres, with
the 650 °C sample showing larger but less numerous centres. Espe-
cially concerning was the back of the second 645 °C sample, which
showed very large crystals even though this surface was only in con-
tact with the clean platinum plate. This was also the sample that was
least likely to have suffered from overshoot, since the furnace heating
parameters were adjusted for this trial to attempt to minimise any
observed overshoot.

This experiment also utilises a much higher quality nitrogen at-
mosphere than is possible using the current configuration of the ex-
trusion machine. At the present time the extrusion machine remains
in an air atmosphere, with only the lower section (below the die
exit) being flushed with nitrogen before the extrusion, so the above
trial presents a somewhat ideal scenario for the oxygen concentration
present.

5.3 graphite as an extrusion material

5.3.1 Motivation
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Figure 126: Various die materials temperature stability and materials com-
patibility trials. Listed from top left clockwise. a) Stainless steel -
no heating; thermally cycled with glass (sample removed); ther-
mally cycled; thermally cycled (repeat) b) Graphite - no heating;
thermally cycled with glass (sample removed); thermally cycled;
thermally cycled (repeat) c) Inconel - thermally cycled; ther-
mally cycled with glass (sample removed) d) MACOR - ther-
mally cycled with glass (sample adhered to surface); thermally
cycled. A rod die outer was used in place of a disk for this trial.

As a significant number of defects were observed with MACOR
structured extrusions, these were temporarily put on hold. More fun-
damental analysis of how the glass interacts with other potential die
materials was required. This involved two separate tests, with the tri-
als being performed inside a separate melting furnace in a controlled
nitrogen atmosphere to minimise both variations between the trials
and the possible effects of oxygen or water on the die materials. The
first trial, shown in Figure 125 before heating examined the interac-
tion of the glass and the die materials, both of the effects of the glass
on the die material and vice versa. The second trial (not shown) con-
sisted of identically machined and cleaned die materials, however
omitting the glass to examine the performance of the materials them-
selves at higher temperatures in the controlled atmosphere. Inconel
was added to the previously mentioned die materials (Stainless-steel,
graphite, MACOR) as it has the potential to be an excellent die mater-
ial, as it is both oxidation and corrosion resistant at high temperatures
[177].
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As can be seen in Figure 126 visible effects could be seen on all ma-
terials except MACOR for both the trials with and without the pres-
ence of FK5 glass. Stainless-steel (Figure 126a) and Inconel (Figure
126c) showed the most profound effects of the glass on the die mater-
ial, with extensive corrosion or deposits formed on the surface of the
die surrounding the location of the glass. This strongly suggests that
something is being outgassed from the glass at high temperature . No
visible change was observed for the FK5 on MACOR trial, however
since the glass could not be removed from the MACOR disk it was
not possible to observe the MACOR:glass interface under the micro-
scope. Unfortunately at the time of writing this hypothesis could not
be tested due to restrictions on the use of glasses containing fluoride
in the equipment in the chemistry department. Additional planned
experiments examining the composition of the deposits left on the
surfaces of the metals in 126 was restricted due to the breakdown of
the TOF-SIMS equipment.

Additionally, degradation was observed, especially on the surface
of the graphite even without any glass present. Since graphite should
be unreactive in a nitrogen atmosphere, this suggests that the trace
amounts of oxygen present in the controlled atmosphere environment
inside the glovebox. From the results of these trials it would appear
that these trace amounts are significant enough to visibly degrade the
surface quality.

As a comparison, this experiment was repeated using the extrusion
furnace in a virtually identical configuration to that used for a stand-
ard extrusion using nitrogen. The extrusion body was replaced with
a large graphite plate, which was cleaned using methanol as per the
standard preparation methodology. Similar results to that shown in
Figure 126b were obtained, with small amounts of degradation being
observed after 5 hours (approximately equivalent to the time of an
extrusion) on the lower surface in the nitrogen atmosphere. The up-
per surface in open air experienced extensive degradation, with large
amounts of black powder seen on the surface. This trial was repeated,
with very similar results.

The results of these trials were not entirely conclusive, although it
can be concluded that neither stainless-steel or Inconel are suitable for
FK5 extrusions. Due to the difficulties experienced with the MACOR
microstructured fabrication discussed previously, it was decided to
explore explore graphite as a possible candidate for extrusion.

5.3.2 Graphite at higher temperatures

Although graphite has previously found application as an extrusion
die for ZBLAN fluoride glass, these extrusions are performed at a
significantly lower temperature than what is required for FK5 extru-
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Figure 127: Loss spectra of F2 bare fibre extruded through stainless-steel
(black) and graphite (red)

sions. As such, there is a strong risk of the graphite oxidising during
the extrusion process, resulting in a poor quality preform.

An initial trial of a standard rod extrusion through a graphite die
was performed using F2 to obtain an estimate of the loss that should
be expected from a graphite extrusion at a relatively high temperat-
ure. The extrusion was performed in a nitrogen atmosphere to reduce
potential degradation of the die surface.

It can be concluded from this trial that extruding F2 through graph-
ite does not induce any significant loss. Due to the uncertainties in
the loss measurement it cannot be concluded that graphite produces
a fibre with lower loss than steel, only that graphite extrusions pro-
duce a fibre which has a statistically identical loss compared to one
produced using a steel die.

With this promising result, work proceeded on extruding two FK5

samples through graphite dies. The parameters of the two extrusions
were identical with the exception of the nitrogen flow, with the second
trial being performed with a higher flow rate (2L/min) than the first
trial (1L/min). As can be seen in Figure 128 the surface quality of
these preforms was very poor, with scratches seen along the length.
However, it was theorised that these defects could potentially be
’healed’ by the fire polishing that occurs in the fibre drawing process.

The loss spectras of these fibres compared to the earlier fabricated
FK5 fibres is shown in Figure 129. It is clear from these results that
the poor surface quality of the fibres is inducing a large increase in
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Figure 128: a) FK5 extrusion through graphite,N2flow 1L/min b) FK5 extru-
sion through graphite,N2flow 2L/min.

the loss of the fibres regardless of the nitrogen flow in the extrusion
machine. The loss of both fibres is more than an order of magnitude
higher than previous fibres, showing that graphite is not a suitable
material for extruding FK5. The precise reason for this incompatibil-
ity is unknown at this time, however it is likely that it is either due
to the glass reacting with and degrading the surface, or issues arising
from using the graphite at higher temperatures than desired in an im-
perfect nitrogen atmosphere. EDX measurements demonstrated that
fluoride is present in the glass, so it is possible that the molecules are
outgassing [178] from the glass at temperature and reacting with the
surface.

5.4 photodarkening in bare fibres

To further characterise the bare fibres fabricated from FK5, some
quantitative measurements of the photodarkening rate compared to
F2 were required. The reason that this parameter was examined is
demonstrated best in Figure 107, where the 458 nm light induces ad-
ditional loss in the fibre over time in the F2 WW fibre.

For the FK5 fibres used earlier the rate of photodarkening at 458

nm was observed to be too slow to accurately observe, as the pointing
instability of the argon-ion laser leads to temporal changes in power
through the power. This presents a significant challenge here, as the
reduced power density in the fibre arising from the greatly expanded
mode area compared to the F2 wagon wheel fibre used in Figure 107

leads to a significantly longer photodarkening time than is observed
with a wagon-wheel fibre.

To enable characterisation to be performed a shorter wavelength
405 nm laser was used. This laser both increases the rate of photodark-
ening in the glasses compared to that which is observed at 458 nm as
well as increasing the reliability of the measurements as the laser is
significantly more stable than the argon-ion used earlier. To improve
the precision of the results the experimental configuration used in Fig-
ure 130 was used. The experimental configuration used here is greatly
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405 nm laser

ND Filter

10x

XYZ Stage XYZ Stage

Power meter

Figure 130: Experimental configuration for photodarkening measurements.
The distance between the laser and the stage was minimised to
reduced power variations due laser instabilities. The fibre was
kept as flat as possible to minimise bend loss.

Glass type Loss (dB/m) Manufacturer’s Data

F2 1.81 2.23

FK5 1.76 1.03

LLF1 2.4 1.15

FK51A 7-13.4 1.2

Table 5: Loss measurements in various bare fibres at 405 nm, with manufac-
turer’s data for bulk glass loss [1].

simplified, with no optical elements used between the laser and the
focusing lens with the exception of a neutral density filter which is re-
moved before starting measurements. This is done to minimise both
the distance between the laser and the fibre to reduce errors arising
from pointing stability fluctuations and to remove any drift arising
from thermal expansion in optical mounts. The same setup was used
for the loss measurements described later in this section.

The loss of a number of fibres was measured using the experi-
mental configuration used in Figure 130, and is shown in Table 5.
It was noticed that for the lower-index glasses significant amounts of
bend loss of up to 3 dB/m was observed using even a relatively large
bend radius of approximately 0.5 m. Care was taken to minimise any
bending of the fibre, with a long straight length being used with inter-
mediate supports to keep the fibre at approximately the same height
on the table.

Conveniently, both F2 and FK5 display similar losses at 405 nm,
making direct comparisons between the two glass types possible. The
measurements agree reasonably well with the stated bulk glass losses
provided by Schott [1] which list a loss for F2 at 405 nm of 2.2dB/m
and 1.02 dB/m fpr FK5. Again, the setup used in Figure 130 was
used. A highly attenuating neutral density filter (OD4) was used dur-
ing alignment to minimise the effects of any possible photodarkening
that may occur before the experiment commences. The discrepancy
between these values and the values listed in the table above most
likely arise from additional defects being created during the fibre
drawing process.
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Figure 131: Bare fibre photodarkening results with 405 nm laser. Multiple
samples are shown here, consisting of the two best FK5 fibre
draws (FK5-3 & FK5-T2) and two F2 draws using preforms ex-
truded through both graphite and stainless steel.

As can be observed from Figure 131 significantly different beha-
viour is noted comparing F2 bare fibres to FK5 fibres. The F2 exper-
iences a very rapid decay before plateauing, while the FK5 fibre fol-
lows a more conventional [168, 179] exponential decay with a much
longer decay constant. From this we can imply that fibres made from
FK5 glass should find easier use as sensing fibres at short wavelengths
since the exposure time required for them to decay to the same trans-
mission levels as the F2 glass should be much longer. The two curves
of each glass in this plot split after approximately 20 minutes, this is
likely due to variations in the coupled power rather than a physical
effect in the glass.

This reduced photodarkening rate has demonstrated an excellent
application for this type of glass, enabling shorter wavelength excita-
tion sources to be used to open up new possibilities for fluorophores
for detection of various chemicals or biological species. The expected
rate of photodarkening of FK5 at 405 nm with a small-core wagon-
wheel fibre is difficult to ascertain, however it is likely that if care was
taken to minimise exposure of the glass to the laser radiation that
measurements could be performed with minimal impact observed
from photodarkening.

Two new methods for the extrusion of preforms have been ex-
plored, covering the use of MACOR dies as well as using graphite
dies at higher temperatures than had previously been demonstrated
for extrusions. This opens up new possibilities for glasses that can
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be extruded, with the ultimate goal of possibly being able to ex-
trude silica glass to fabricate novel structures that would be difficult
or impossible to realise using conventional stacking or drilling tech-
niques. Work towards this goal is currently progressing, however this
requires a number of current issues to be resolved before it can suc-
cessfully be demonstrated.
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F U E L D E G R A D AT I O N S E N S I N G

This chapter covers work on the development and characterisation of
fluorescent molecules for the detection of hydroperoxides or hydro-
gen peroxide. None of the chemical synthesis work was performed
by the author, with the initial development work performed by Dr
Markus Pietsch with Prof Andrew Abell, and later by Dr Sabrina
Heng and finally Dr Ondrej Zvarec. All measurements in this section
were performed by the author, with the exception of the absorption
measurement shown in Section 7.6.7 which was performed by Rachel
Moore, and any NMR or mass spectrometer results which were per-
formed by the synthesising chemist or Mr Tze Foo. TLC measure-
ments were performed under the supervision of Dr Markus Pietsch.
The author acknowledges the assistance of Mr Tze Foo and Mr Kevin
Kuan in remedying some of the chemistry related knowledge gaps
that existed at the start of this project. The work on surface function-
alisation was performed with Dr Alexandre Francois, who developed
some of the initial methods on coating soft-glass fibres with polyelec-
trolytes as well as further developing silane coatings on the same
glasses. All coating trials were performed by the author with some
assistance from Dr Francois when due to the extremely time consum-
ing nature of these trials it became impractical to perform all steps
in two of the trials. The author would also like to acknowledge the
assistance of Dr Beniamino Sciacca in developing the protocol for the
biotin/avidin trials and PEG linker test.

The applications side of this chapter has been driven firstly by a
grant from the Defence Science and Technology Organisation (DSTO),
with Dr Claire Davis and Dr Chris Hulston who provided funding
support as well as initial technical advice regarding the concentration
range of interest and the shortfalls of the presently used methods. A
degraded and undegraded jet fuel sample, as well as some chemicals
were also provided. The work on wine sensing was primarily driven
by discussions with Prof Dennis Taylor, and Dr George Skourou-
mounis from the Waite Institute at the University of Adelaide. Again,
desired characteristics of the sensor as well as concentration ranges of
interest were provided. The final section of this work looking at em-
bryo sensing was driven by discussions with Prof Jeremy Thompson
from the Robinson Institute, who assisted greatly by demonstrating
currently used sampling methods as well as giving an overview of
what is needed for this project to be successful. The initial phase
of these discussions also included Dr Dominic Murphy, with whom
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work in an earlier chapter was also performed. Samples of IVF buffers
were provided by Dr Deanne Feil.

6.1 background

6.1.1 Aviation fuels

As jet fuel is the primary heat sink for modern gas turbine military
aircraft, the detection of fuel degradation has become an increasingly
important field. The use of jet fuel as a coolant acts to thermally stress
the fuel that may form gums and deposits capable of disrupting flow
in fuel nozzles and fouling fuel heat exchangers [180].

Although considerable effort has been invested in developing oxid-
ation inhibitors, a quick and simple method for the early detection of
degradation is desirable to prevent the formation of deposits that can
block narrow tubes and inhibit the flow of both fuel and the heat that
it is required to transfer [7].

At present, tests for fuel degradation require samples to be taken
from the aircraft, before being transported to a lab with results typic-
ally returning in several days. Here we propose the use of microstruc-
tured optical fibres as an alternative method for in-situ degradation
detection.

The proposed method is to fabricate a “dip” sensor, in that the
distal end of the fibre can be immersed in the fuel solution that then
fills up the holes in the fibre via capillary forces or by applying an
external vacuum. A fluorescent dye will be used for the detection of
the degradation products. The detection of the degradation process
is enabled via the use of a fluorescent dye that changes its fluorescent
response.

6.2 mechanisms

The mechanisms of fuel degradation have been extensively studied
over the past few decades. Due especially to the practice of using jet
fuel as an aid to cooling in aircraft, this process is accelerated signi-
ficantly with fuel inside the aircraft compared to fuel being stored
in normal conditions. The fuel is used to cool various subsystems of
the aircraft, both incidentally and through the use of heat exchangers
specifically designed to remove heat from components in the aircraft
and transfer it to the fuel [181, 182].

However it is difficult to view the species directly as there is a great
deal of variability between the exact types and quantities of chemical
species present in fuel samples, even if the fuel is of the same type
but from a different batch [183].

There are a number of different molecules present that may contrib-
ute to degradation eg polar species, which generally increase the rate
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of surface deposits forming in the fuel [184]. In addition molecules
such as thiols and phenols can have a large effect on the degradation
rate of fuels [185]. Some types of fuel also contain active hydrocar-
bon molecules such as olefins and active aromatic compounds such
as Tetralin that can autoxidise to hydroperoxides [185].

Due to the complexity of the fuel compounds, and the difficulty
in modelling the complete degradation chain, there is some debate
about the exact effect that some of these molecules have. Phenols in
particular have been shown by Kuprowicz et al. to greatly decrease
both the oxidation and deposition rate [182], however Beaver et al.
state that phenols can be a nucleophilic species in the coupling re-
actions, and thus greatly increase the rate of deposition formation
[186].

Hydroperoxides are the first stage in the autoxidation chain of the
fuels at temperatures less than ~140°C. Once the temperature of the
fuel increases beyond this point, the hydroperoxides begin to react
with trace amounts of oxygen dissolved in the fuel via the reaction
chain shown below [181, 187]. This has the effect of rapidly increasing
the oxidation rate of the fuel. If allowed to continue this autoxidation
chain eventually results in the formation of both surface deposits and
insoluble solids in the fuel. These are clearly undesirable if the fuel
is to be used as a coolant in sensitive systems, as a blockage could
result in either poorer than required fuel flow, or excess heat build-
up and possible damage to the system [182]. Equations showing the
involvement of hydroperoxides in the fuel degradation process are
shown below.

Production of hydroperoxides -
Hydrocarbon radical + oxygen forms peroxy radical
R + O2→RO2

Peroxy radical ‘abstracts’ hydrogen from fuel species, forming hy-
droperoxides and hydrocarbon.

RO2 + RH→ROOH+R [187]
This reaction occurs at higher temperatures, and shows the decom-

position of the hydroperoxides molecules to form radicals.
2ROOH→RO2• + RO• +H2O
The main issue with preventing fuel degradation is that extremely

limited quantities of hydroperoxides (<<1%) greatly accelerate the
decomposition rate of the fuel. It is widely believed that even these
trace levels of hydroperoxides are not only the primary initiator of the
autoxidation process in fuels, but when reacting with other elements
in the fuel such as sulphides or disulphides they can also initiate
reaction chains that lead to deposits forming in the fuel.

Studies have been done into adding hydroperoxide decomposing
species to the fuels may decrease the rate of oxidation, as long as
phenyls that generally occur naturally in jet fuels are present [188].
Sulfides and disulphides can also act in this manner, as they can react
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with hydroperoxides to form products that do not continue the autox-
idation chain, effectively removing the chance that these hydroperox-
ides could react with other products to initiate degradation.

6.3 established methods

6.3.1 Methods for detection - fluorescent techniques

6.3.1.1 Triphenylphosphine

Numerous methods for detection of oil degradation have been demon-
strated. Each possesses various intrinsic advantages and disadvant-
ages when compared to other methods, and there is no clear cut
“best” method for detection.

As the first step in the degradation chain of fuel oils is generally
the production of hydroperoxides molecules, a sensor based on their
detection can theoretically at least detect degradation of fuels at an
earlier point than alternate methods such as those that look for pH
changes in the fuel [181, 183].

One of the possible flaws with a method utilising hydroperoxide de-
tection is that while the hydroperoxide level initially increases stead-
ily with time as the fuel degrades, it in fact saturates at a point before
dropping off. If no other tests are performed on the fuel it would be
difficult at best to determine whether a given sample of fuel with a
relatively low hydroperoxides concentration is still of high quality, or
if it has already passed the hydroperoxides peak and has started to
become acidic and dangerous to the aircraft.

Since the hydroperoxides show no useful absorption features (espe-
cially at low concentrations) a compound such as Tri-phenylphosphine
(TPP) can be used. When hydroxyl groups such as those in hydroper-
oxides are present with TPP the free electron pair bonds with an oxy-
gen atom from the HP, forming Tri-phenylphosphine oxide (TPPO)
and an alcohol corresponding to the type of hydroperoxides involved
in the reaction.

This is summarized using the equation below, where ROOH rep-
resents a generic hydroperoxide species [183] –

ROOH + TPPexcess → ROH + TPPO
Due to the structure of the molecule this has the effect of altering

both the absorption and emission spectras of the dye, and depending
on the dye used generally results in an increase in the magnitude of
both quantities. This provides a possible method of measuring the
hydroperoxide content. There are several different methods that can
then be used to quantify the amount of hydroperoxides present in
solution. The residual concentration can be directly measured using
gas chromatography, which will display a separate result for TPP and
TPPO [183, 189]. An assay can then be performed to determine the
amount of residual TPP. From analysing the results and comparing it
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Figure 132: a) Triphenylphosphine (TPP) b) Triphenylphosphine Oxide
(TPPO).

to the expected values of the TPP molecules an approximate quantity
of hydroperoxides can be determined.

One possible issue with this type of assay is that the TPP can also
react with species such as aldehydes, ketones or carboxylic acids, and
oxidise to TPPO with identical properties as when the reaction occurs
with hydroperoxide molecules [189]. Reactions with sulphide to form
Tri-phenylphosphine sulfide (TPPS) are also possible with TPP [183]
which again can produce spurious results. When the quantity of TPP
is less than that of the hydroperoxides, TPPO is formed in prefer-
ence to TPPS. However, when the amount of TPP is greater than the
amount of hydroperoxides, quantities of TPPS can also be formed.

Another issue with TPP is that both its absorption and emission
features are located within the UV spectrum, and depending on the
analyte being used these features could overlap some of the natural
absorption/emission features of the material. There has been a great
deal of interest in developing a fluorescent molecule that displays
the same type of increase in absorption/emission when exposed to
hydroperoxide molecules, but instead possesses spectral features fur-
ther in to the visible than standard TPP molecules. This presents ad-
ditional problems when looking to use soft glass optical fibres (see
Section 2.3.1) for detection, as the transmission window for this fibre
does not cover the UV.

6.3.1.2 Diphenyl-1-pyrenylphosphine

Akasaka et al. [190] demonstrated the usage of diphenyl-1- pyrenylphos-
phine (DPPP) as a fluorescent reagent for hydroperoxide molecules.
It acts in a similar fashion to TPP, in that once oxidised to diphenyl-1-
pyrenylphosphine (DPPP=O) by the hydroperoxide the fluorescence
output of the DPPP=O molecules is far higher than the original DPPP
molecules [191, 192]. However unlike TPP, which has extremely short
absorption/emission peaks at around 250 nm, the absorption/emis-
sion peaks of DPPP are 352 nm and 380 nm respectively. Using high
pressure liquid chromatography (HPLC, method described below)
Akasaka was able to show that DPPP demonstrated a much higher se-
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lectivity for hydroperoxides than TPP showed as well as being able to
be used for more hydroperoxide types with different polarities than
previous methods. DPPP has also been used by Okimoto et al. to
detect hydroperoxides during lipid peroxidation in cell membranes
[191, 193].

A number of other fluorescent probes for hydroperoxides have also
been developed, such as 3-perylene diphenylphosphine by Ref. [194]
with Absorption/Emission features at 440 nm/470 nm [195]. This
fluorophore was used in a later paper to image lipid hydroperox-
ides located within the muscle cells of fish [195] and again to record
hydroperoxide production within mouse liver and heart cells .

Soh et al. [196] have also developed several different perylent de-
rivative fluorophores, including several using perylene 3,4,9,10- tetra-
carboxyl bisimide as the fluorophore – Spy-HP [196] - Absorption/
Emission: 524 nm/ 535 nm, SPH-LHP [197] - Absorption/ Emission:
535 nm/ 574 nm.

Onoda et al. [198] developed 4-(2-diphenylphosphinoethylamino)-
7-nitro-2,1,3-benzoxadiazole. (Absorption/ Emission: 458 nm/ 520 nm)
This type of fluorophore does not use the same Intramolecular charge
mechanism fluorescence process as TPP, instead the fluorescence is
controlled by the photoinduced electron transfer (PET) process. This
type of fluorophore should be much more controllable in its char-
acteristics than fluorophores relying on ICM [199]. A second set of
fluorophores also based on this fluorescence mechanism was also
developed, by Ref. [191] with absorption ranging from 364 nm to
425 nm, and emission from 471 nm to 521 nm depending on the
solvent & compounds used and the oxidation state of the molecules.

6.3.2 Chromatography methods

Yamamoto et al. [200] demonstrated an effective sensor for lipid hy-
droperoxides. Hydroperoxides are first reacted with microperoxidase,
then the product of this reaction is again reacted with luminol. One
of the results from this reaction is a semiquinone radical that reacts
with oxygen to form oxygen radicals. These then can react with fur-
ther semiquinone radicals resulting in the formation of isoluminol
endoperoxide, that produces light in a HPLC column. This method
was used to successfully determine the hydroperoxide content in a
human blood sample.

A similar luminol based HPLC method was used by Baj et al. [201]
and again showed that chemiluminescence could reliably be used for
detection of organic hydroperoxides using some minor modifications
to the standard technique to improve the sensitivity of the assay.

Marquette et al. [202] also considered the application of a luminol-
based chemiluminescence assay for various oxidising species. They
comment on the possibility of using this assay directly with a CCD
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photodetector in place of the HPLC column to enable easier and more
cost-effective sensing of oxidising species. However since luminol is
not selective about the species that oxidises it, this method does not
enable one to tell what type of molecule is causing the reaction to
occur.

Another degradation detection method is possible through the use
of Iodometric titration. Tian et al. [203] describes a method in which
it is possible to quantify the amount of hydroperoxides in a given
sample of diesel fuel. Samples were firstly weighed, and 0.5-1 g dis-
solved in 35ml of acetic acid. 1 ml saturated potassium iodide (KI)
was added and the solution puffed with N2 to remove oxygen. After
10 minutes the sample was diluted with H2O and titrated by 0.1 mol/ml
Na2S2O3 and 1 ml 1% starch added when the color was about to dis-
appear. The concentration of hydroperoxides found within the solu-
tion could then be calculated using the equation given in [203].

Gas liquid chromatography (GLC) for hydroperoxides generally
has limited applications as it relies on the hydroperoxides being suffi-
ciently stable and volatile [204]. However if the hydroperoxides are re-
acted with Triphenylphosphine (TPP, as described earlier) then GLC
can be carried out on the sample, seeking one of a number of possible
products:-

1. The alcohol derived from the hydroperoxide post-reaction with
TPP by Ref. [204]. It was found that this was not possible due
to dehydration of the products in the GLC column.

2. The TPPO formed from the reaction. Experimental difficulties
found with this method were found by Barnard et al. [204].

3. Residual TPP – This was the primary method used in Ref. [204].
Since the quantity of TPP introduced into the solution is known,
it is then simple to determine the amount of hydroperoxides
present as this is just the difference between the original amount
and the amount of TPP recorded through GLC. This gives ac-
curate result consistent with other known methods, but reliant
on other components such as the alcohol or its dehydration
products not interfering with the observed TPP peak.

Kolthoff et al. [205] demonstrated a colorimetric method in which
organic hydroperoxides are reacted with Ferrous Iron to form ferris
ions. However they found that this particular method gave inaccurate
results due to the presence of oxygen in solution as well as decom-
position of the hydroperoxide.

This work was reexamined by Mihaljevi et al. [206] looking at
lipid hydroperoxides in a deoxygenated chloroform:methanol or a
dichloromethane:methanol (2:1, v/v) mixture solvent. Iodometric de-
termination of hydroperoxide levels was performed using spectro-
photometry using the standard technique. A detection limit of 170 pmol
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Figure 133: Schematic for dip sensor for hydroperoxide detection in fuel
using fluorophores. Here “fuel” can be either a premixed
fuel+fluorophore solution, or alternatively the fluorophore
could be functionalised onto the internal surfaces of the fibre.

Hydroperoxide/ml in solution, corresponding to approximately 50 µmol
hydroperoxides/kg lipid was recorded. This method was shown to
be fast compared to other methods, although time is required for
sample preparation before the measurement can be performed. This
work was again looked at by Richards et al. [207] who determined
the best solvent to be a chloroform:ethanol solution, or alternatively
to use dichloromethane (DCM).

Alternate methods are also possible for hydroperoxide detection,
such as-the tin (II) reduction procedure. These are generally more
accurate but extremely cumbersome and time consuming [204].

6.4 proposed method

The initial aim of this work was to develop a fibre-optic based fuel
degradation sensor. The proposed method was to fabricate a ’dip’
sensor, in that the end of the fibre can be immersed in the fuel solu-
tion, that then fills up the holes in the fibre via capillary forces or
external pressure. A fluorescent dye is then used for the detection of
the degradation products. This fluorophore reacts with the hydrop-
eroxide, producing an increase in the fluorescence signal. By monit-
oring the amount of observed fluorescence signal from the fibre the
approximate concentration of hydroperoxide can be determined us-
ing a calibration curve. This is a measurement performed beforehand
to establish the expected fluorescence levels at given concentrations
of hydroperoxides.

Present methods from the sponsor of this project utilise the titration
method described in Section 6.3.2. This method requires removal of
the sample from the aircraft or fuel tank, which is then sent to the
laboratory for analysis. The turnaround time for this process is in the
order of several days, so it is desirable to develop a method which
can give almost instantaneous results.

The aviation fuel examined during this project was the F-34 (US
designation JP-8) which is a kerosene based aviation fuel commonly
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used by military aircraft. F-34 is almost identical to the commercial jet
fuel Jet A-1, but with added corrosion inhibiters, lubricity additives,
antioxidants, fuel-system icing inhibitors and static dissipation addit-
ives. The fuel has a flash point of 38°C. Its optical properties were not
found in literature, so these had to be determined experimentally. For
modeling purposes it was initially assumed that the refractive index
of the fuel is the same as that of kerosene, which is approximately
1.44 for visible wavelengths [208].

The use of F2 wagon-wheel fibres compared to silica wagon-wheel
fibres shows a prospective advantage here due to the refractive in-
dices of the liquids involved (see Section 1.3.2). As will be discussed
in more detail later, some of the solvents that will be used for charac-
terisation include benzene, toluene and o-xylene. These liquids have
refractive indices of 1.501, 1.49 and 1.51 respectively [208]. The refract-
ive index of silica is approximately 1.4584 at 589 nm (sodium ’D’ line)
meaning that the suspended core fibre design will no longer guide
light in the glass core, as the refractive index will be higher in the
holes surrounding the core than in the glass itself.

Additionally, the refractive index of fuel was close to that of the
silica glass (1.4448 at 20 ºC) such that using suspended core fibres
with small cores will result in the light becoming extremely spread
out, and possibly causing issues with confinement loss. Since there
are significant batch-to-batch variations with the fuel, in addition to
the natural variations in the refractive index with temperature this
introduces an additional variable when taking measurements. If the
index contrast were larger, as it is with soft glasses the effects of slight
changes in the refractive index would be negligible since the initial
difference is at least 0.1 refractive index units.

Since there are presently no commercially available fluorophores
that absorb and emit in the visible spectrum, as required for use in
a soft-glass fibre, this requires synthesis of fluorescent compounds
that display the required properties. The fluorophore must absorb
and emit in the visible as this corresponds with the transmission win-
dow of the soft-glass fibres that will be used here. The loss of these
fibres is prohibitive in the UV (see Figure 108) so longer wavelength
fluorophores are required.

Although significant progress has been made developing oxida-
tion inhibitors [188], it is still desirable to create a quick and simple
method of analysing the degradation state of a sample of fuel. At
present the primary test for degradation of the fuel samples is a
pH test, but this has several disadvantages compared to the fibre
sensor proposed here. Firstly, as the pH test is looking specifically
for a product produced some way down the degradation chain, the
fuel may have already degraded enough by the time that the pH test
gives a positive result for damage to occur to the systems on board
the aircraft. The second factor is the time required for the test. The
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general turn-around from the time the sample is taken to the time
that the result is received is of the order of several days that again
could result in damage to the aircraft before the state of the fuel is
known.

The intent of this work was to develop a sensor which could be
used to give virtually instantaneous measurements of the degrada-
tion state of the aviation fuel by mounting this detector in a portable
system. To this end some work was done on how to splice these fibres
to conventional silica index-guiding fibres. The motivation for this
was to be able to remove the need for the free space optics used for
measurements in this section, and fabricate a disposable, connector-
ised sensing “tip” which could simply be dipped in to a fuel sample
to perform the measurement. For more details on this see Chapter 3.

One critical component of this system was the fluorophore, which
had a number of critical requirements to be able to be successfully
utilised in a practical fibre dip sensor device. This will be explored in
more detail in the next section.

6.5 fluorophore requirements

Fluorophore selection for this project had a number of requirements

1. Significant change in the fluorescence intensity after reaction
with hydroperoxides. To obtain a reasonable working range for
the sensor the fluorescence must change by a significant amount
from initial state before the reaction to the post reaction state. If
this change in fluorescence is small, this reduces the dynamic
range or the precision of the sensor.

2. Photostability. The use of microstructured optical fibres have
been shown to dramatically increase the photobleaching rate in
fibre compared to that which is typically seen in bulk measure-
ments (see - Section 2.2). The fluorophore needs to have good
photostability to give a relatively constant fluorescence intens-
ity over the required duration of the laser exposure required to
perform a measurement.

3. Suitable absorption/emission wavelengths. The loss of a typical
F2 wagon-wheel fibre is shown in Figure 52. It can clearly be
seen that the loss of the fibre increases dramatically at shorter
wavelength as the glass nears the UV transmission edge. Addi-
tionally, photodarkening can occur even when a wavelength not
near the UV edge is used where loss would not otherwise be a
significant factor. This process adds an extra time-dependent
component to the measurement, complicating the process of
obtaining a quantitative measurement of the peroxide content.
Therefore the fluorophore not only needs to have an emission
wavelength with a relatively low loss to ensure that it can be
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Figure 134: Initial fluorophore choice 1) 4-(2-
diphenylphosphinoethylamino)-7-nitro-2,1,3-benzoxadiazole
before oxidation in its ’off’ state 2) The molecule is oxidised by
the hydroperoxide, changing the quantum efficiency in benzene
from 0.051 to 0.42 [198].

detected even at low concentrations, it also must be able to be
excited by a wavelength that does not induce significant pho-
todarkening in the fibre.

4. Selective. The fluorophore must show some selectivity to hy-
droperoxides (or radicals).

5. Relative ease of synthesis, or commercial availability. The syn-
thesis must have a minimal number of steps such that it can be
made in a reasonable time frame with a good yield.

6. Potential for surface functionalisation. As previously mentioned
the ideal technique for a dip sensor involves attaching the fluoro-
phore to the internal surfaces of the fibre. The analyte to be
tested is then filled directly in to the fibre, and can interact
with the fluorophore that is bound to the surface producing
a change in fluorescence. Using this method it is possible to
perform measurements in a single step, without pre-mixing of
chemicals. This will be discussed in more detail in Section 7.5.1

6.6 fluorophore selection

A literature survey of known fluorophores that can be used for hy-
droperoxide detection in fuel lead to 4-(2-diphenylphosphinoethylamino)-
7-nitro-2,1,3-benzoxadiazole (DPPNBD) [198] as a possible candidate
for the fluorophore. The structure of this molecule is shown in Fig-
ure 134. Literature suggested that this fluorophore fulfils most of the
requirements above. Details about the photostability however were
unknown. Preliminary discussions with Dr. Pietsch also gave a pos-
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Figure 135: Solvents . Left) o-xylene Right) toluene Bottom) Acetonitrile.

sible path towards surface functionalisation, but initial trials focussed
solely on characterisation of the compound in solution.

Literature reports that the quantum yield (F) of this fluorophore
in benzene increases from F=0.051 to F=0.42 when the fluorophore
is oxidised by a hydroperoxide molecule. This change in fluorescence
intensity (> 8×) is large enough such that the difference between the
oxidised and unoxidised versions would be easily observed using a
microstructured optical fibre.

The mechanism for the fluorescence quenching of this fluorophore
is photoinduced electron transfer (PET) [209–212]. For this particu-
lar fluorophore the phosphine moeties donate electrons to the fluoro-
phore effectively quenching the fluorescence signal. Once the phos-
phine is oxidised however the methyldiphenylphosphine HOMO en-
ergy changes from -9.029 eV to -9.910 eV, and the K value drops from
67.1 to a negligible value. This implies that the unoxidised methyl-
diphenylphosphine should quench the fluorescence with good effi-
ciency, while the oxidised derivative should show a high fluorescence
signal [198].

6.7 initial trials

The fluorophore was synthesised in house by Dr. Pietsch, following
the protocol described by [198] for reagent 1. Initial trials were per-
formed with the compound dissolved in toluene (Figure 135 (right)).
This was chosen to closely mimic the chemical characteristics of avi-
ation fuel [183], however toluene has the advantage that it can be
purchased without impurities thus greatly simplifying quantitative
measurements of the hydroperoxide concentrations.

A sample fluorescence spectra of a 100 µM sample dissolved in
toluene is shown in Figure 136. This spectra was recorded in cuvette
using an ANDO AQ6315E OSA.

This was then changed to o-xylene which due to its lower vapour
pressure has a higher boiling point and a lower evaporation rate than
toluene. This makes measurements safer, as well as making them
more quantitative since the concentrations should be more accurately
known.
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Figure 136: Example cuvette DPPNBD fluorescence spectra for 100 µM

sample, 458 nm excitation. Recorded using optical spectrum ana-
lyser (OSA).
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Figure 137: Experimental configuration for photobleaching & characterisa-
tion measurements.

6.8 photobleaching & self oxidation

To be feasible as a chemical to be used in fibre, this compound has to
both react with hydroperoxides and produce a large (& 2×) increase
in its fluorescence signal as well as being photostable. This choice of
the required increase in the fluorescence intensity is based on typical
variations in the observed fluorescent signal in fibre, which at this
time was approximately 20%. To conclusively determine not only the
presence of hydroperoxides, but also to estimate the concentration a
relatively large increase in the fluorescence signal is required after
oxidation. Initial measurements were performed on bulk solutions in
cuvettes with the compound dissolved in o-xylene.
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Figure 138: Cuvette based photobleaching measurement. 10 µM DPPNBD

fluorophore concentration in o-xylene, 10 mW 458 nm excitation.
The fluorescence was recorded using an ocean optics QE65000

spectrometer. No hydroperoxides were added to this sample.
For comparison Rhodamine B at the same concentration and
power level shows no measurable photobleaching over the same
time period.

To test the photostability of the fluorophore, 2 mL of 10 µM solu-
tion was exposed to 10 mW of 458 nm laser excitation, using the
experimental configuration shown in Figure 137.

The results of this measurement are shown in Figure 138. This plot
shows the variation in the peak of the fluorescence signal observed
from the fluorophore over time. One scan is recorded every minute
even though the sample is constantly illuminated. The fluorescence
intensity drops from its initial peak of approximately 30000 counts
and follows an approximately exponential trend down to its final
value of approximately 4000 counts after 320 minutes of illumination.

Previously it had been noted that the photostability of the fluoro-
phore is orders of magnitude worse in fibre. This stems from two
main components, being the limited volume inside the fibre and the
increased light intensity. Photobleaching effects in bulk solutions are
mitigated by constant diffusion of the molecules in and out of the ex-
citation field. Since not all avenues of photobleaching are irreversible,
this acts to allow molecules time to recover from the photobleaching
before they again drift in to the excitation light.

Finite element modelling of a generic wagon-wheel structure demon-
strated that the peak intensity inside the holes of a wagon-wheel
fibre is approximately 5×10

5 W/cm2 when 10 mW of light is guided
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Figure 139: Fluorescence spectra for 1 µM fluorophore in o-xylene. The red
curve is just the fluorophore, blue is an identical concentration
of fluorophore and 100 µM hydroperoxide added.

within a 700 nm F2 wagon-wheel fibre with the holes filled with o-
xylene. This peak intensity naturally lies at the interface between the
glass and liquid, and decreases exponentially away from the interface.
This is significantly higher than that which is seen here in cuvette,
with a peak intensity of approximately 0.22 W/cm2 at an identical
power assuming a gaussian beam distribution with a full width half
maximum (FWHM) of 2 mm.

For comparison a similar volume of Rhodamine B (Figure 20) was
exposed to 25 mW of 532 excitation. The higher power was used as
the spot size of this laser is larger than that of the 458 nm argon-ion
source. This sample showed no significant photobleaching over the
course of 5 hours in stark contrast to the results in Figure 138.

Even though the photobleaching rate seen here is mitigated some-
what by the recovery processes that were just discussed, the rate is
still substantial enough to create concerns for fibre-based measure-
ments.

Figure 139 shows the results of the initial characterisation of a 1 µM
solution of fluorophore with and without the addition of hydroper-
oxides. The experimental configuration was the same as that used for
the photobleaching measurements, and is shown in Figure 137. For
this trial hydroperoxides were added in a large excess to show the
maximum potential increase in fluorescence. The reaction consumes
the peroxy radical, so adding hydroperoxides in a 100:1 excess en-
sures that all available unoxidised fluorophores will react.
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Literature [198] suggests that this fluorophore should show approx-
imately a 8.2 × increase in fluorescence when oxidised, however Fig-
ure 139 clearly does not show this same change. The increase re-
corded here is only approximately 20%, which is not sufficient for
quantitative measurements to be performed in fibre. Since this fluoro-
phore has been previously characterised in literature, investigation is
needed to determine why the behaviour observed here differs from
what has earlier been reported. It appears that the case here is more
that the unoxidised compound is displaying a fluorescence emission
higher than expected, although this requires more work to fully ex-
amine this.

6.8.1 Increased background

These high background levels (Figure 139) are in contrast to what
has previously been shown in the literature, so experiments were per-
formed to attempt to determine the source of this high background
level.

Thin layer chromatography (TLC) [213] is a measurement tech-
nique that separates out compounds with different retardation factors
(R f ). This factor can be affected by several properties, including the
polarity of the molecule and its solubility in the solvent. TLC is typ-
ically performed by spotting the compound at the bottom of a plate,
then immersing the lower section of the plate in a chosen solvent.
Spotting involves filling a small capillary with the fluorophore solu-
tion, and repeatedly placing a dot of solution on the plate and al-
lowing the liquid to evaporate. The solvent is picked depending on
the exact properties that one wishes to discriminate between. The
solvent is then allowed to travel up the plate via capillary action until
it reaches a set point, when the plate is removed from the solvent and
dried. In the case shown below the compound is coloured and can be
directly observed, otherwise a UV lamp is typically used to measure
the location of the compound.

The aim of this was to determine whether the fluorophore is in
its oxidised or unoxidised states by looking at the polarity of the
molecules which changes after oxidation.

Figure 140 shows the results of a TLC measurement on aluminium-
backed silica gel slides using 3:1 petroleum ether (PE) :ethyl acetate
(EA). The left sample in Figure 140a shows the results from a 1 mM
unoxidised sample of the fluorophore, and the right a 50 µM oxidised
sample. The latter was done at a lower concentration as the solubility
of the oxidised version of this molecule is much lower than the initial
version, and the amount of fluorophore that could be dissolved in
the o-xylene was limited. It can clearly be seen from this result that
the right (unoxidised) compound travels a significantly shorter dis-
tance than the left (initial) compound. We can conclude from this that
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Figure 140: Thin layer chromatography for DPPNBD samples in o-xylene us-
ing 3:1 PE:EA. a) left - 1 mM unoxidised. right - 50 µM oxidised
b) left - 10 µM unoxidised. right - 50 µM oxidised. The longer
distance travelled up the plate demonstrates a higher mobility
of the compound compared to compound which remains at the
origin.

the initial compound is highly non polar, while the oxidised version
is considerable more polar. This is to be expected by looking at the
compound structure, and also explains the lower solubility for the
oxidised compound.

Figure 140b shows the same experiment repeated, however with a
much more dilute concentration of 10 µM for the initial (unoxidised)
compound on the left. Again the right sample is a 50 µM oxidised
compound. Comparing the results of this trial to Figure 140a it can
be noted that the distance travelled by the unoxidised sample in Fig-
ure 140b is significantly shorter than the equivalent sample in Figure
140a. Care was taken to ensure that a similar amount of compound
was deposited for all trials, with the lower concentration samples re-
quiring multiple drops of sample to be added and then allowed to
evaporate off their solvent.

Since the only difference between this sample and the first one was
the concentration, this supports the earlier hypothesis that the fluoro-
phore is being oxidised in o-xylene, even without the addition of hy-
droperoxides. This trial was repeated filtering the o-xylene through
alumina powder in a column to attempt to remove any impurities,
however a similar result to that shown here was obtained.

The measurements in Figure 140 were repeated with more concen-
trations, and the results are shown in Figure 141. This test was per-
formed approximately 8 weeks after the initial trial, both to see how
the concentration affects the measurement, as well as to see if any de-
gradation of the fluorophore is observed over time. Comparing this
trial to the two unoxidised samples in Figure 140 it can be noted
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Figure 141: Thin layer chromatography for DPPNBD samples in o-xylene
using 3:1 PE:EA. Left) 1 mM unoxidised. Middle) 100 µM unox-
idised. Right) 10 µM unoxidised.

that the 10 µM sample remains on the line, implying that it is oxid-
ised just as the earlier 10 µM sample was. The 100 µM sample shows
more than half of the sample remaining on the line, with slightly less
for the 1 mM sample. The 1 mM sample is qualitatively similar to
the first trial, and due to variations in the exact amount of compound
applied to the TLC card and experimental uncertainties it is difficult
to reach a conclusion from this measurement.

The consistency between this measurement and the first trial still
suggest however that the source of the oxidation (and thus the in-
creased background signal) is from the solvent.

As a final trial the solvent was degassed by bubbling nitrogen
through it for 72 hours to attempt to remove any oxygen radicals or
other oxidising products that may be present within the solvent. For
this trial the solvent was changed from 3:1 PE:EA to 25:1 EA:Methanol.
For this solvent, the more polar oxidised compound moves a shorter
distance than the unoxidised version. Figure 142 demonstrates that
for 10 µM samples even with degassed solvent the same behaviour as
seen earlier is noted. Likewise Figure 142b shows similar behaviour
to earlier, with the 1 mM sample remaining mostly unoxidised while
the 100 µM sample is almost completely oxidised.

This high level of background makes measurements at relatively
low hydroperoxide concentrations extremely difficult, as the differ-
ence before and after the addition of hydroperoxide is likely not high
enough to be able to be resolved in fibre-based measurements. The
above results suggest that the DPPNBD molecules are being oxidised
in the o-xylene before the addition of hydroperoxides, so the dynamic
range of this molecule will be limited as detection of low concentra-
tions of hydroperoxides will likely be prevented by the background
oxidation from the solvent.
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Figure 142: Thin layer chromatography for DPPNBD samples in o-xylene
using 25:1 EA:MeOH. a) Left - 10 µM unoxidised in degassed
o-xylene. Middle - 10 µM unoxidised in regular o-xylene. Right -
50 µM oxidised. b) Left - 1 mM unoxidised in degassed o-xylene.
Middle - 100 µM unoxidised in degassed o-xylene. Right - 50 µM
oxidised.

6.8.2 Alternative solvents

With the results from the previous section strongly suggesting that
the solvent was the cause of the oxidation issues, a trial using an al-
ternative solvent was proposed. Acetonitrile, whose structure is shown
in Figure 135, was another solvent used by Ref. [198]. Literature re-
ports that this compound should show a 31 × increase in its fluores-
cence emission when oxidised in this solvent. The initial trial, which
is shown in Figure 143 compared the fluorescence emissions at the
same concentration in both o-xylene and acetonitrile. This measure-
ment was recorded using a commercial Cary spectrophotometer.

As can be seen from this plot the fluorescence emission from the un-
oxidised acetonitrile is significantly lower than the o-xylene sample
without the addition of hydroperoxides. Once the sample was spiked
with a high concentration of hydroperoxides the fluorescence emis-
sion from this sample rapidly increased to a level approximately 16×
higher than the initial unoxidised level. This increase is in reasonable
agreement with the expected literature values, and again supports
the hypothesis that the solvent is the issue rather than the compound
itself. The shift in the fluorescence peak that is noted between the
o-xylene and acetonitrile samples is also similar to what is expected
from literature, with Ref. [198] reporting that the peak in benzene is
508 nm while the peak in acetonitrile is 520 nm.
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Figure 143: Fluorescence emission spectra for 10 µM samples in two
solvents. Green is o-xylene, and red and magenta are acetoni-
trile samples before and after the addition of hydroperoxides.
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Figure 144: Photobleaching rate in acetonitrile and o-xylene.
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This solution of oxidised fluorophore in acetonitrile was then ex-
posed to intense 458 nm light using the experimental configuration
shown in Figure 137. Again 10 mW of 458 nm light was used, and
the fluorescence spectra recorded every minute. The results of this
trial compared to the same concentration of solution in o-xylene are
shown in Figure 144 normalised to the initial fluorescence intensity.
The main conclusion from this experiment is that the photobleaching
rates between the fluorophore in o-xylene and acetonitrile are com-
parable. Again since these observations are based on cuvette meas-
urements where other fluorophores such as Rhodamine do not ex-
perience measurable photobleaching (see Figure 22) this strongly sug-
gests that measurements in fibre will be problematic. It has previously
been shown (Figure 22) that the photobleaching rate is significantly
worse in fibre than in cuvette, due to a combination of the high in-
tensities and confined volume.

6.8.3 In fuel sensing trials

As a final trial with DPPNBD in cuvette some actual fuel samples
were measured. One of these samples was a fresh sample, the other
degraded by thermally cycling. As previously mentioned thermal de-
gradation in aircraft is the main cause that promotes early degrada-
tion of the fuel, so artificially thermally cycling the fuel creates the
same conditions that generate actual degraded samples. Since hy-
droperoxides are a product of degradation, the degraded sample
shows a higher level of hydroperoxides than the fresh sample. The
goal of this measurement was to observe if there was a measurable
difference in the observed fluorescence intensities, and thus if a dif-
ference in the hydroperoxide concentrations could be determined
between the two samples.

Two fluorophore solutions were mixed, a 100 µM solution in acet-
onitrile and 1 mM in toluene. These were mixed using fresh com-
pound, with the toluene degassed and passed through a basic alu-
mina filter. This solution was then mixed in a 1:9 ratio with two JP-8
aviation fuel samples. This gave a final concentration of 10 µM for the
toluene/aviation fuel samples, and 100 µM for the acetonitrile/avi-
ation fuel samples. These measurements were performed with dif-
ferent detection methods, but using the same excitation power. The
results are not directly comparable to each other, however the stand-
ard/undegraded samples are obviously comparable with the degraded
samples at the same concentration. The toluene sample used an Ando
AQ6315E OSA, while the acetonitrile sample used a compact ocean
optics USB4000 spectrophotometer.

Figures 145 & 146 show the results with the fluorophore first dis-
solved in toluene and acetonitrile respectively. Figure 145 suggests
that there is a slight increase in the fluorescence signal between the de-
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Figure 145: 100 µM fluorophore solution. Dissolved in toluene then aviation
fuel (JP8/JET-A1).
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Figure 146: 10 µM fluorophore solution. Dissolved in acetonitrile then avi-
ation fuel (JP-8/JET-A1).
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graded and undegraded samples when the fluorophore is dissolved
in toluene then aviation fuel. This measurement shows approximately
a 12% increase in the fluorescence signal for the degraded sample.
However when the measurement was repeated the reverse was seen,
with the undegraded sample showing approximately 5% more fluor-
escence than the degraded sample. This trial failed to distinguish
between the degraded and undegraded fuel samples.

There was no measurable difference between the two fuel samples
in acetonitrile, as can be seen in Figure 146. It should be noted that
the acetonitrile was only partially miscible in the aviation fuel, and
only partial mixing was observed even after ultrasonication.

Spiking either of these samples with several drops of 80% hydrop-
eroxide again produced no measurable increase in the fluorescence
signal from the levels shown above. This suggests that the fluoro-
phore has already been oxidised either before contact with the fuel
or in the base fuel itself, and thus the quantum yield can not increase
any further.

Although these results suggest that DPPNBD will not be suitable
for fibre based measurements it was decided to proceed with some
trials to gain data to help with the choice and development of future
fluorophores. It would be ideal to gain some understanding of how
the photobleaching rate of these molecules that have been demon-
strated to be susceptible to photoinduced damage behave in fibre
compared to the results obtained here.

6.8.4 Fluorophore measurements in fibre

6.8.4.1 DPPNBD in fibre

Initial trials had shown that the fluorescence signal from this mo-
lecule in o-xylene at low concentrations (10 µM-100 µM) could not be
detected using either the ocean optics spectrophotometer or ANDO
OSA. A 30 cm length of F2 wagon-wheel fibre with a 1.5 µm core size
was filled with a 100 µM solution of fluorophore in 9:1 o-xylene/aviation
fuel. The filling rate was measured using two separate techniques to
check if there was any separation of the fluorophore (initially dis-
solved in toluene) and the aviation fuel.

Filling measurements for the fuel + fluorophore sample were per-
formed using the same method described earlier in Section 2.5.2.

To measure the location of the liquid in the fibre without the fluoro-
phore present the laser light was coupled in as per usual, although at
a higher power level. Unlike the fluorophore measurements, the laser
light was not blocked between measurements. Instead the fibre was
carefully monitored, and the location of the meniscus at the front of
the filling liquid could be measured by closely examining the fibre
and looking for a location with increased scattering. Since the avi-
ation fuel is a much higher index than the air that it displaces there
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Figure 147: Aviation fuel (JP8) filling in F2 wagon-wheel fibre, hole size

7 µm. Magenta circles - filling with only fuel, blue triangles
filling with fuel and fluorophore. Black line is a fit to y = Ax
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is a change in the mode field distribution at the interface between
the air and the liquid. This interface creates a mode mismatch at this
point, scattering laser light as it crosses this interface.

The fuel and fuel + fluorophore measurements, shown in figure 147,
agree within experimental uncertainty and from this we can conclude
that there is no separation of the liquids within the fibre. Earlier trials
using isopropanol + aviation fuel did show a separation, with two
clear menisci visible as the fibre fills.

A new fibre was then aligned, and filled with the aviation fuel/tolu-
ene + fluorophore mixture, the results of which are shown in Figure
148.

This trial produced ambiguous results, as the general shape of the
signal appears to match that obtained in cuvette (from Figure 145)
however the signal level is extremely low, and basically at the noise
floor of the detector used. At the time of this measurement there
were two detectors available - the first; an Ocean Optics USB4000

CCD spectrophotometer has a relatively poor signal-to-noise ratio,
and could not pick up the fluorescence signal in this measurement.
The second detector, an Ando AQ6315E OSA is much more sensit-
ive than the CCD, however it has the drawback that the scan times
at these high sensitivities is long. So since the signal was relatively
small it is likely that the vast majority of the fluorophore had pho-
tobleached, as the results in Figures 138 and 144 suggest that this
molecule is particularly prone to these effects.
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Figure 148: Fluorescence signal of a 1 mM solution of DPPNBD filled in
30 cm of F2 wagon-wheel fibre with 1.5 µM core. Input power
approximately 30 mW.

This experiment was revisited at the conclusion of the project, using
the optimised detection apparatus developed for the low-concentration
measurements in Chapter 2. The primary change here was that the
532 nm laser used for the quantum dot measurements was obviously
not suitable for use with this fluorophore, so it was changed for the
458 nm line on an argon ion laser. The laser was attenuated for these
measurements down to approximately 10 µW, which is more than 3

orders of magnitude lower than that which was used for the previous
in-fibre result. The fluorophore used was a 100 µM solution which
had hydroperoxide added. The results of this are shown in Figure
149.

Unfortunately at the time this measurement was taken the correct
filters for collection of the fluorescence in the backwards direction
were not available, so a 500 nm long pass filter was used. This resulted
in the peak of the fluorescence being pushed to longer wavelengths
as the filter attenuated the original peak. The sharp peaks shown in
the unfilled scan arise directly from the laser, and are again due to
insufficient filtering of the laser output. Immediately after this initial
scan the beam was blocked, and the fibre allowed to fill.

A shutter was used to block the beam between scans, and 20 scans
made with a scan time of 1 second per scan. The photobleaching rate
for these measurements, shown in Figure 150 is slow enough that
it would be feasible to do measurements using this fluorophore in
fibre with the new detection apparatus. This is a clear contrast to the
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Figure 149: In fibre DPPNBD signal using optimised monochromator +
Cooled CCD detection and time gating for the measurement.
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Figure 150: Integrated fluorescence intensity of Figure 149 with DPPNBD.
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earlier fibre results shown in Figure 148 where the fluorescence signal
is barely (if at all) distinguishable above the noise from the detector.

An attempt was made to demonstrate hydroperoxide sensing in
fibre using this fluorophore and the new detection apparatus, how-
ever it was noted that all of the available fluorophore stocks appeared
to be non-reactive. This is most likely due to them having already re-
acted to their highly fluorescent (oxidised) configurations, since the
samples were more than 2 years old at the time they were measured.
Due to time constraints, combined with the issues described earlier
with self-oxidation in o-xylene repeating the previous work using the
improved detection apparatus was not deemed possible.

From these measurements we can conclude that it is possible to do
fibre-based measurements even with fluorescent molecules that show
an extremely rapid photobleaching rate by using sophisticated detec-
tion apparatus. These measurements could possibly be performed in
the field using a more compact detector, such as a cooled spectropho-
tometer such as the Ocean Optics QE65000 or alternatively using an
avalanche photodiode. Both of these detection methods would likely
enable measurements using this fluorophore to be performed using
a much more portable experimental configuration than was demon-
strated here. This was the first known demonstration of a PET mo-
lecule using a microstructured optical fibre.

6.8.4.2 Amplex red testing in fuel

The fluorophore that found use for aqueous hydrogen peroxide test-
ing, Amplex Ultrared (see Section 7.2), was also trialled in fuel. It
was found however that this compound was not soluble in fuel when
added directly to the solution. Large particles of fluorophore were
visible in the container even after extensive ultrasonication and heat-
ing.

To attempt to remedy this the sample was dissolved first in di-
methyl sulfoxide (DMSO), which is the solvent recommended by the
manufacturer. This DMSO + fluorophore + horseradish peroxidase
(HRP) solution was found to be miscible in the fuel sample, and was
prepared to a concentration of 10 µM. When concentrated (30%) hy-
drogen peroxide was added however the solution did not change col-
our as expected. Measurements showed that virtually no fluorescence
could be observed from this sample. When water was added to this
solution it immediately separated in to a layer of fuel (clear) and a
layer of fluorophore/water. This fluorophore water layer changed to
a pink colour rapidly, and was observed to show a strong fluorescence
signal.

This result strongly suggests that this fluorophore is not suitable
for use in fuels, so from here it was used exclusively in aqueous solu-
tions.
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6.8.4.3 Summary

The work covered so far in this section demonstrates that using DPPNBD
measurements can be taken in fibre when using sophisticated detec-
tion apparatus. So although the fluorophore is extremely susceptible
to photobleaching (See Figures 138, 144 & 150) this issue can be some-
what overcome through the reduction in the excitation power and
the significantly reduced exposure time that this improved detection
method allows.
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A Q U E O U S H 2 O 2 S E N S I N G

7.1 introduction

The capacity to measure the concentration of hydrogen peroxide in
aqueous solutions is critical for many disparate areas, including wine
and In Vitro Fertilization (IVF) [214]. Conventional methods generally
revolve around chemical-based techniques, using methods such as ti-
trations or chemiluminescence [215] to quantify the peroxide content,
however these techniques have several drawbacks.

One of these is the time involved in testing - a single titration for
hydrogen peroxide takes in the order of 10 minutes, so doing mul-
tiple samples takes a significant length of time. These methods also
require a relatively large sample volume of liquid. Generally a titra-
tion requires in the order of 5-50 mL depending on the expected
H2O2 concentration. The ability to measure extremely small sample
volumes has numerous possible applications, with the current focus
on this work being the development of a low-volume hydrogen perox-
ide sensor for applications in the area of reproductive health science.

The primary aim of this work is the development of a sensor that
can sample the culture medium of developing embryos to assist in
monitoring the health and viability of embryos. These samples vary
in size, but generally the total volume of the culture medium is less
than 20 µL. Measurements of large ensembles of embryos has re-
vealed that the hydrogen peroxide levels during the development
of the embryo can be correlated to the health of the embryo, and
are a good indicator of its viability and the impact of environmental
stresses on the embryo [214, 216].

At present, available testing techniques generally require the re-
moval of the embryo from the culture medium, at which point the
sample medium is diluted and conventional measurement techniques
employed. Although this technique is successful in determining chem-
ical concentrations, it has the major drawback of requiring measure-
ment of the entire culture medium thus making temporal measure-
ments on the same embryo virtually impossible. To date measure-
ments of the peroxide concentration over time have required the use
of multiple embryos, as the measurements themselves are destruct-
ive. The method proposed here will allow temporal measurements to
be performed using a single embryo, thus reducing the number of
embryos required for systematic results to be recorded.

Sensing for hydrogen peroxide in aqueous solutions is a much
more developed field than sensing in aviation fuels, and opens up

195
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many more choices for fluorescent molecules. Two avenues were sim-
ultaneously explored during this project; a commercial fluorophore
and internal fluorophore development. The goal of the commercial
fluorophore work is to characterise the possibility of doing hydrogen
peroxide sensing in fibre, with a fluorophore that is known to be-
have well in regards to auto-oxidation, photobleaching etc. Having a
fluorophore that is known to work well enables progress to be made
on development of the sensor platform itself, such that the sensor is
well characterised and well understood when a useful fluorophore is
synthesised.

Developing an internal fluorophore however is primarily focussed
on creating a fluorophore that can be surface functionalised on the
internal surfaces of the holes in the fibre. Development of a novel mo-
lecule was required as no suitable molecules could be found either
in literature or from commercial sources that both reacted with hy-
drogen peroxide and could be surface functionalised. As previously
mentioned this has two main advantages over a free-floating fluoro-
phore. Firstly it does not require pre-mixing of the chemicals, and
has the potential to be a true “one-step” sensing method, where the
only action required is to dip the fibre in the desired solution then
perform the measurement. This also allows the volume of the meas-
urement to be minimised. Since the internal volume of wagon wheel
fibres is in the order of 10 nL-100 nL for practical (10-50 cm) fibre this
is a method that has potential to perform numerous measurements
on micro-litre sized samples without disturbing the sample itself.

The objective of this research is to develop a rapid test for the hydro-
gen peroxide content that can be performed on low volume samples
(ie sub-µL) that is relatively independent of other products within
the sample. The final section comprising the majority of this work fo-
cussed on detection of hydrogen peroxide in the vicinity of embryos,
while initial characterisation was performed with the intent of per-
forming measurements on wine samples.

7.2 wine sensing with commercial fluorophore

With the focus moving towards sensing in aqueous mediums, a fluoro-
phore was acquired for initial measurements. The molecule chosen
was Amplex Ultrared (AUR), a commercially available fluorophore
from Invitrogen [118]. This molecule reacts with hydrogen perox-
ide in the presence of horseradish peroxidase (HRP) to produce a
large increase in the fluorescence. This fluorophore is a derivative of
one which has been studied previously in the literature, N-Acetyl-
3,7-dihydroxyphenoxazine (Amplex Red) [217–219]. The main differ-
ences between Amplex Ultrared and the examples in literature is a
higher fluorescence yield per hydrogen peroxide molecule, and a re-
duced sensitivity to pH.
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The first application focus for this work was on sensing for hy-
drogen peroxide in white wine samples. Initially this was limited
to white wine, to avoid issues with the strong absorption features
present in red wine. Wine is a complex solution, with a pH ran-
ging from 3.0-3.9 [220] and a typical ethanol concentration of 10-14%
[221, 222]. The presence of hydrogen peroxide is important at several
stages, both during the development of the grapes themselves and
during the winemaking process.

Initially it was decided to test samples in water, and then slowly in-
crease the complexity of the solution. A standard tool in wine science
is to use model wine solutions, which consist of tartaric acid, ethanol
and the possible addition of phenolics and other compounds to bet-
ter mimic the properties of actual wine which ensuring consistency
between measurements that would not be possible with real wine
samples.

7.2.1 Initial characterisation

To ascertain some of the relevant properties of this fluorophore, char-
acterisation was first performed on bulk samples using cuvettes. This
enables a much faster throughput of samples, so that many properties
can be examined quickly. Typically making a measurement in fibre re-
quires between 5-20 minutes depending on the filling time, whereas
measurements on cuvette samples can be performed in less than a
minute.

The key parameters that were to be measured here were -

1. Photostability.

2. Magnitude of the increase in fluorescence intensity with hydro-
gen peroxide.

3. Linearity and useful working range of the fluorescence emis-
sion.

4. Sensitivity to the horseradish peroxidase content.

5. pH sensitivity.

6. Stability of the compound for long-duration measurements.

The experimental configuration for cuvette measurements is shown
in Figure 151.

This fluorophore has its peak absorption significantly higher (Fig-
ure 152) than the fluorophore in the last section, allowing usage of al-
ternative laser sources. Rather than the bulky argon ion laser used for
the previous fluorophore a diode-pumped solid state 25 mW 532 nm
crystal laser source was used. This wavelength is not at the peak
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Figure 151: Experimental configuration for cuvette measurements on
Amplex Ultrared. A 532 nm source was used for all experiments,
and the detection apparatus varied between a compact Ocean
Optics QE65000 spectrophotometer and a Horiba iHR320 mono-
chromator.
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Figure 152: Amplex Ultrared relative absorption and emission [118].

absorption wavelength of 568 nm, but the absorption efficiency rel-
ative to this maximum is still 57% at this shorter wavelength. This
wavelength was chosen in preference to one closer to the absorp-
tion peak as the longer distance between the pump and emission
wavelengths enables the pump signal to be better filtered when per-
forming measurements. The laser source used here also possesses
other advantages over the argon-ion used in the previous section,
such as its improved beam quality and pointing stability.

The first test to be performed was exploring how the fluorophore
reacts with hydrogen peroxide in bulk solutions. For these measure-
ments no buffer was used, instead all measurements were performed
in water. This was done to ensure that the compounds used to sta-
bilise the buffer solutions had no effect on the observed fluorescence
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Figure 153: Cuvette measurements for 10 µM Amplex Ultrared solution
with varied hydrogen peroxide concentration.

signal. The results of this trial for a 10 µM solution of Amplex Ul-
trared is shown in Figure 153 below. Integrated fluorescence intensity
refers to the sum of the counts obtained between 550-700 nm.

A relatively linear range was demonstrated over the target hydro-
gen peroxide concentration of 0-1 µM (Figure 153) which was the
given range of detection for wine samples [223]. Applying a linear fit
to the points 0-900 nM gives an R2 value of 0.997 which shows good
linearity over this range. Importantly, the increase in fluorescence sig-
nal between the unoxidised 0 µM sample and the peak fluorescence
signal at 900 nM was 26 ×. A large increase in the fluorescence sig-
nal is critical for obtaining a large dynamic range for measurements
in fibre. If this ratio of unoxidised:oxidised fluorescence is too small
then changes in the fluorescence signal occurring due to changes in
the peroxide concentration may be masked by changes in the coup-
ling of the fibre. Likewise, small changes in the coupling of the fibre
could easily be interpreted as a large change in the peroxide concen-
tration, possibly giving false positive or negative results.

The next parameter to measure was the speed of reaction, as well
as the stability post reaction. To facilitate this another cuvette meas-
urement was performed using the experimental configuration shown
in Figure 151. To ensure that this measurement records only the nat-
ural reaction rate, and not a rate affected by photobleaching or even a
photoinduced increase in the reaction rate the measurement was per-
formed using a minimum excitation power. The laser was attenuated
to 2.5 µW, with approximately 2 µW incident on the cuvette sample.
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Figure 154: Reaction rate of 1 µM Amplex Ultrared solution, when H2O2 is
added such to bring the peroxide concentration to 1 µM. The
measurement was performed at low input power and blocked
between scans to ensure that photobleaching (or any sort of
photoreaction) occurred. The inset shows the same data over the
initial 30 minutes of the trial.

This had the undesirable consequence that the noise increased in the
measurement, but since it was desirable to create a scenario that
closely mimics the actual reaction conditions (i.e. in the dark) the
exposure to light needed to be minimised. For comparison a second
sample was mixed to the same concentration at the beginning of the
measurement, and stored in the dark for the duration of the measure-
ment. This sample showed the same final fluorescence signal within
experimental error, suggesting that exposing the fluorophore to this
low intensity laser light even for prolonged periods had minimal ef-
fects on the fluorescent properties of the solution. The results of this
measurement using a 1 µM AUR concentration are shown in Figure
154. Hydrogen peroxide was added to the cuvette immediately after
the first scan to make a final concentration of 1 µM.

This result shows that the fluorescence signal initially increases rap-
idly, before plateauing and remaining relatively constant. The import-
ant observation from this measurement is that the reaction rate is re-
latively fast, so multiple measurements can be performed using this
fluorophore in a short duration. The fluorescence reaches to within
5% of its peak value 10 minutes after the addition of the hydrogen per-
oxide. This is of a similar order to the actual filling time of the fibre,
which is typically between 5-15 minutes depending on the length of
fibre to be filled and the solvent being used. This implies that the rate
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Figure 155: Stability of fluorescence signal at various peroxide concentra-
tions over 36 hours using 10 µM AUR sample in cuvette.

of reaction seen here should not significantly increase the amount of
time that is required to perform a measurement.

For any practical sensor, the results need to be able to be recorded
after a reasonable length of time. Any system where the fluorescence
spectra changes constantly induces an extra unwanted variable. To
test how AUR reacts over time, cuvette samples were prepared using
the same concentrations of AUR and HRP used in Figure 153. Hydro-
gen peroxide was added to these solutions in various concentrations,
and allowed to react for one hour. Once this time had elapsed the
samples were pipetted into cuvettes, and sealed using paraffin tape
to minimise evaporation. The fluorescence signal was then recorded
using the experimental configuration shown in Figure 151.

Following this measurement the cuvettes were placed in a dark loc-
ation for 36 hours. The temperature in the laboratory varied between
15-20 °C over this time. The samples were then measured again using
the same input power and collection parameters. The results of this
measurement are shown in Figure 155.

The fluorescence signal obtained after 36 hours was consistently
~20% higher at all peroxide concentrations than the signals obtained
after one hour (Figure 155). This suggests that a portion of the AUR
molecules had not yet reacted with the hydrogen peroxide. The ini-
tial sample with no added hydrogen peroxide also increased in mag-
nitude, suggesting that some self-oxidisation is also occurring. This
agrees with observations during other measurements, where samples
left at room temperature for several days gradually increased their
fluorescence signal. The fluorescence signal in Figure 154 after 15
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Figure 156: Variation in AUR fluorescence intensity with HRP concentration
for 1 µM AUR, 666 nM H2O2.

hours is approximately 5% higher than the measurement after 1 hour.
It should be noted that the 2 µM hydrogen peroxide signal in Figure
155 was significantly lower than expected, the exact reason for this
was not explored.

The increase is relatively slow, so this increase in fluorescence over
time can be compensated for. This can be done either by keeping
samples at 4°C, where there was no measurable change in the fluor-
escence signal after 36 hours. Alternatively a calibration curve could
be created. This would however increase the minimum detectable con-
centration due to the self-oxidation that seems to be occurring.

Next the effect of changing the concentration of the horseradish
peroxidase (HRP) was examined. Since AUR can also be used as
a quantitative test for HRP by using an excess of hydrogen perox-
ide, it is obviously desirable to choose a HRP concentration such
that small changes in this concentration have the smallest possible
changes to be fluorescence signal. To determine the required level a
1 µM AUR/666 nM H2O2 solution was used, with the HRP concentra-
tion varied from ~0.01-0.22 U/mL. The results of this measurement
are shown in Figure 156. A unit of HRP is defined by pyrogallol units.
One pyrogallol unit will form 1.0 mg purpurogallin from pyrogallol
in 20 sec at pH 6.0 at 20°C [136].

For concentrations over 20 mU/mL, the observed fluorescence sig-
nal is relatively constant, with small reductions seen at high concen-
trations (Figure 156). From this it was decided that the concentration
of HRP to be used for all measurements with 1 µM AUR solution was
100 mU/mL.
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Figure 157: Peak fluorescence response in a 12% ethanol solution with var-

ied hydrogen peroxide concentration for a 1 µM AUR concen-
tration. Performing a linear fit on the first 5 points of this plot
gives an R2 of 0.99978.

7.2.2 Wine applications

With the initial characterisation completed, the next step was to gradu-
ally increase the complexity of the solution in which the measure-
ments are performed, with the final goal of performing measure-
ments in actual wine solutions.

Firstly ethanol was added to the solutions. The concentration of
ethanol in wine typically varies from 10-14% for dry white wines.
Two different ethanol concentrations were used, 5% and 12% in addi-
tion to a reference water sample. The solutions were made up with
identical concentrations of fluorophore 1 µM and allowed to react for
15 minutes. Intensity vs concentration curves were obtained using a
Cary Eclipse fluorometer, an example of which is shown in Figure
157 for the 12% ethanol solution.

This plot shows a similar response to Figure 153, with a linear re-
sponse at lower concentrations and the fluorescence intensity rolling
off at high concentrations. This measurement can not be compared
directly with the earlier results shown in Figure 153 due to the differ-
ent detection methods used. The spectra comparing the fluorescence
spectra obtained from this 12% sample to the 5% and water samples
is shown for a single concentration in Figure 158.
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Figure 158: Fluorescence spectra for 1 µM AUR solution with 666 nM H2O2
concentration. The ethanol concentration is varied from 0-12%.

This result shows that the ethanol concentration has no effect on
the obtained fluorescence response. When the fluorescence signal is
integrated across the spectra the results for each of the samples agrees
within 2%.

The next parameter varied was the pH, which in white wine is gen-
erally between 3-3.9. For this measurement hydrochloric acid (HCl)
was used to alter the pH, between the level of the water being used
(approximately 5.25) and 2.5. A calibrated pH meter was used to
check the exact pH of each of the samples after the addition of the
acid. The results of this measurement are shown in Figure 159 for a
1 µM AUR concentration and 666 nM hydrogen peroxide concentra-
tion.

As expected from the manufacturer’s data [118], the fluorescence
signal decreased at low pH levels (Figure 159). At the expected wine
pH values of 3-4 there is a substantial change in the fluorescence
signal from ~0.12 →0.53. This implies that for quantitative results
simultaneous measurements of both the fluorescence signal and the
pH of the wine solution will be required. Alternatively it may be
feasible to dilute the wine sample in a buffer solution to increase the
pH above 5, where the fluorescence response is seen not to change
significantly with the pH.

With the effects of changing the pH and the ethanol concentration
characterised, it was decided to attempt to use this fluorophore dir-
ectly in a model wine solution. Model wine consists primarily of tar-
taric acid and ethanol, sometimes with some phenolic compounds to



7.2 wine sensing with commercial fluorophore 205

2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

No
rm

ali
sed

 Fl
uor

esc
enc

e I
nte

nsi
ty 

(Co
unt

s)

p H
Figure 159: Variation in AUR fluorescence with changing pH. AUR concen-

tration 1 µM, H2O2 concentration 666 nM.

more closely replicate the conditions in actual wine. The results of
this measurement are shown in Figure 160, compared to a control
sample in just water.

As can be seen the model wine samples all show negligible fluor-
escence signal, regardless of the concentration of hydrogen peroxide.
While the control samples show a good response to hydrogen perox-
ide (see Figures 160 & 161) the model wine solutions at similar hydro-
gen peroxide concentrations is significantly lower. Note the different
scales for the two measurements in Figure 160.

This result shows that the fluorescence signal obtained from the
solution diluted in model wine is quenched compared to the solution
diluted in water. Indeed the model wine spectra shown in Figure 160

is integrated for 10 seconds, while the corresponding spectra in water
are only integrated for 250 ms. There is possibly a small increase in
the fluorescence signal at higher hydrogen peroxide concentrations,
though it is difficult to distinguish whether this is a real feature over
the high level of noise.

As shown earlier in Figure 159 the fluorescence obtained from the
Amplex Ultrared solutions is strongly dependent on the pH. The pH
of the model wine was measured as 3.57. According to Figure 159

this should correspond to a a fluorescence signal approximately 24%
of that of the signal with neutral pH. However this is clearly not the
case, with the fluorescence intensity with a hydrogen peroxide con-
centration of 200 nM only 1.4% that of the control sample. It is clear
from this that the reduction in the fluorescence signal is likely only
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Figure 160: Comparison between fluorescence spectrum obtained with
AUR in model wine (MW), and a control solution in water (Ctrl).
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Figure 161: Comparison between identical concentrations of Amplex Ul-
trared diluted in model wine and deionised water with varied
hydrogen peroxide concentration. The integrated intensity cor-
responds to the sum of the counts between 540 - 700 nm.
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Figure 162: Variation in the fluorescence intensity with pH for solutions pre-
pared with tartaric acid, hydrochloric acid and in model wine.

partly from the pH of the solution, with some other factors further
reducing the intensity.

To examine this further, two separate trials similar to the one used
earlier with hydrochloric acid were performed. The first consisted of
a series of 1:10 dilutions of tartaric acid with deionised water. The ini-
tial solution (no dilutions) was recorded to have a pH of 2.80, with the
pH of each subsequent solution being measured with a pH meter. In
addition to this, two further solutions were diluted with a 0.01 M solu-
tion of Phosphate Buffered Saline (PBS) in both a 1:9 ratio and 1:99

ratio. This gave two solutions with relatively high concentrations of
tartaric acid, but through the use of the buffer solution they still pos-
sessed a neutral pH. Amplex Ultrared and hydrogen peroxide were
added to these solutions to bring the concentrations to 1 µM and
660 nM respectively. The solutions were allowed to react for 1 hour,
and the fluorescence spectra recorded using a spectrophotometer. The
results of this trial are shown in Figure 162.

The same general trend as the HCl measurements were visible in
these results, however the curve is clearly shifted to higher pH levels
than was observed with the HCl. Additionally the pH 2.8 and pH 3.4
tartaric acid solutions showed virtually a nil fluorescence signal. How-
ever when the tartaric acid is diluted with PBS the maximum fluores-
cence intensity is observed. The pH when the tartaric acid solutions
was diluted was measured as 7.2 and 7.4 when the initial solutions
were diluted by 10× and 100× respectively.
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As a final trial the same measurement was repeated, but using ac-
tual white wine (Berri estate classic dry white). Four samples were
prepared - wine, wine 1:9 PBS, wine 1:99 PBS, PBS. The results of
this trial are shown in Figure 162, with the four samples here listed
in order of increasing pH. This measurement again shows a near-
negligible fluorescence result for the undiluted sample, with less than
1% of the integrated signal (and < 0.5% of the peak) of the PBS signal
observed. The fluorescence signal increases to 13% for the sample di-
luted 10× with PBS and 44% when diluted 100×. The reduced signal
at 100× dilution is clearly not due to the pH, since the measured pH
of 7.37 agrees within error of the pH of the PBS solution itself (7.4).

This result suggests that this fluorophore would only be suitable
for measurements in wine with a high (100 nM - 1 µM) concentra-
tion of hydrogen peroxide, since the sample needs to be diluted by a
significant amount before the measurement can be successfully per-
formed. Additionally, to make this measurement in fibre the wine
solution would need to be pre-mixed with the buffer solution, mak-
ing the envisioned single-step dip sensor difficult to accomplish. Re-
gardless of this, sensing of hydrogen peroxide in wine solutions has
been demonstrated in bulk using Amplex Ultrared using this fluor-
escent technique. However due to the added complexity required to
perform measurements in wine samples the initial characterisation of
this fluorophore in fibre used water as the solvent to avoid any is-
sues with the reduced fluorescence intensity from wine (Figure 162)
or crystallisation from the PBS buffer (Section 5.2.4, Figure 24).

7.3 fibre measurements

With bulk characterisation completed the next step was to determine
whether this fluorophore could be used within a fibre. With the is-
sues observed earlier with the synthesised fluorophore, photobleach-
ing was the main concern for these measurements. If the fluorophore
is not photostable then this introduces additional uncertainty to the
measurements, as they will be constantly evolving over time. How-
ever no evidence of photobleaching was seen during the cuvette meas-
urements, which implies that this fluorophore is significantly more
photostable than the one used in Section 6.6. For these trials meas-
urements were performed in water rather than buffer or model wine
solutions to minimise the complexity of the system. These could intro-
duce additional variability to the measurements, so it is desirable for
initial work to be performed with the minimum number of possible
variables.

Additionally the detection apparatus improved significantly between
those measurements and the present ones, such that measurements
can be performed in a much shorter time using orders of magnitude
less input power. The combination of this significant improvement in
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Figure 163: Experimental configuration used for fibre-based measurements
with AUR.

the detection apparatus with the increase in the photostability of the
fluorophore being used should mean that detection of peroxide using
an optical fibre is a realistic prospect.

The experimental configuration for the fibre based measurements is
shown in Figure 163. This is virtually the same configuration as used
previously for the Quantum dot measurements, with the addition
of a shutter to enable time-gating of the input signal. This ensures
that the fluorophore is exposed to the excitation light for the absolute
minimum possible duration, reducing the photobleaching rate to its
lowest possible level.

Since the solvent being used here was water rather than decane
(as used in Section 2.5.1) an alternative filling method could be used,
in which the fibre is not removed from the stage to perform filling.
Instead the initial setup leaves approximately 10-15 mm of fibre over-
hanging from the block on which it is mounted. Alignment is per-
formed as per normal methods, with the output coupling lens re-
moved upon completion of this alignment. 50-150 µL of fluorophore
is then pipetted in to a small tube, and the tube mounted at the same
height as the fibre tip. The tube is then gently moved towards the
fibre, until the tip of the fibre is immersed in the liquid where it re-
mains until the fibre is filled. This method is possible for AUR due
to the surface tension of the water & the contact angle on the tube
keeping the liquid in the horizontal tube while filling. When a sim-
ilar method is attempted using decane or toluene the liquid generally
runs out of the tube. The use of this method ensures that the align-
ment of the fibre does not change while the fibre is being filled.

For these measurements 19 cm of F2HT wagon wheel fibre (see
Section 2.9) was used. The fibre tip was immersed in the sample for
10 minutes before being removed. This was sufficient to completely
fill the full length of the fibre. After removal the liquid was allowed
to stabilise for 1-2 minutes before the measurement was performed.
This is done to allow the position of the meniscus to stabilise. When
the fibre is removed from the liquid the meniscus is initially located
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Figure 164: In fibre fluorescence measurements of Amplex Ultrared with
varied hydrogen peroxide concentration. The legend shows the
concentration of the hydrogen peroxide in nM. 532 nm excita-
tion, ~1.8 µM core F2 WW fibre.

at the very end of the hole, and rapidly drops back after the fibre
is removed from the solution. The results of this measurement for
varied hydrogen peroxide concentration is shown in Figure 164. The
concentrations of AUR used for this measurement was 1 µM.

To gain a quantitative understanding as to the linearity of these
results the spectra were again integrated from 550-700 nm, with the
results of this shown in Figure 165.

This measurement demonstrates that the linear range using this
fluorophore in fibre is similar to that obtained earlier in cuvette. Also,
using moderate input powers (2.5 µW) photobleaching had minimal
impact on the measurements. This measurement showed a minimum
detectable concentration of 20 nM, as the 6.6 nM measurement showed
a recorded power which was lower than that of the samples with no
added peroxide.

To test the repeatability of in-fibre measurements, identical samples
were measured using the same technique 9 times. The aim of this was
to quantify the uncertainty in the measurements arising from changes
in the coupling or fibre geometry actually is. The results of this are
shown in Figure 166.

Some scatter in the measurements were visible in these results, cor-
responding to a standard deviation of approximately 11%. This un-
certainty is likely primarily from differences in the coupling, both of
the laser light in to the fibre and the fluorescent light in to the spec-
trometer. The coupling of the laser does not show a linear relation
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Figure 165: Fluorescence spectrum from Figure 164, integrated between 550-

700 nm. This result demonstrates that the detection limit using
this method is approximately 20 nM. Below this level the fluor-
escence signal is indistinguishable from the spectra of the refer-
ence sample. The fit shown is a linear regression over all points
with an R2 value of 0.98161.
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Figure 166: In-fibre repeatability trials using AUR in an F2 wagon-wheel

fibre. The solid represents the average of the 9 trials, the shaded
region the standard deviation. The plot has been normalised to
the average value.

with the fluorescence intensity, simply because when the coupling
drifts away from its optimum point higher order modes start to be ex-
cited. Each of these higher order modes will have a different overlap
with the fluorophores within the holes, and thus a different amount
of fluorescence will be generated. Since there are a large number of
higher order modes present in a 1.8 µm waveguide with a refractive
index contrast of 1.62:1.33 it is possible to obtain a similar coupled
power through the fibre, but have different higher order modes ex-
cited within the waveguide.

7.4 embryo culture medium sensing

7.4.1 Amplex Ultrared

Following on from the work with wine sensing, the application focus
shifted to looking at embryo sensing applications, specifically looking
at the hydrogen peroxide concentrations in In vitro fertilisation (IVF)
samples. To ensure that similar issues to what was seen with the wine
work and tartaric acid were not also observed in IVF environments,
the fluorophore was tested in several common IVF buffers. Here the
focus shifted to methods that could be used to measure low volume
samples, as only small (20 µL maximum) volumes of buffer solutions
are used around the embryo.
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Figure 167: IVF Buffers background signal.

Four separate solutions of two different buffers were used, a 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) [224, 225]
buffer and a HCO3- [226] buffer. These are both standard IVF buffers,
and successful demonstration of a fluorescence response to hydrogen
peroxide in these buffers would be a good indicator as to the viability
of this fluorophore in IVF applications. Two solutions of each buffer
were used; with and without the addition of bovine serum albumin
(BSA). The addition of BSA to IVF solutions is to aid in the embryo de-
velopment [227], so again there is a requirement to see if the presence
of BSA affects the observed fluorescence response.

The first measurement performed was to ensure that the buffers
themselves showed no intrinsic fluorescence with 532 nm excitation.
The results of this measurement are shown in Figure 167.

This measurement was performed at the same excitation power and
integration time as the fluorescence measurements in Figure 168. This
demonstrates that there is no appreciable background signal using
these buffers using the same parameters as the actual experiments.

The results of cuvette measurements in these buffers is shown in
Figure 168. Again this plot is the combination of a number of spectra,
integrated between 550-700 nm.

The fluorescence obtained in these results changes significantly
with the concentration of hydrogen peroxide that was present. This
was an important result, since the same test in wine demonstrated
that this fluorophore could not be directly used with the wine samples.
Similarly to Figure 153 this shows a linear fluorescence response from
0-1 µM, with a roll-off at higher concentrations.
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Figure 168: IVF Buffers AUR 10uM.

7.4.2 Low volume mixing

As a benchmark for the alternative methods that were pursued, dis-
cussed in Section 7.5 and Chapter 4, the limitations of making bulk
measurements using volumetric pipettes were investigate. Trials showed
that the minimum sample size required to obtain repeatable measure-
ments using the MOFs was in the order of 10 µL. This arises solely
due to the need for the tip of the fibre to be fully immersed in the
liquid, without actually hitting the bottom of the vessel. Significantly
below this volume it becomes difficult to know when the tip of the
fibre is fully immersed in the liquid, thus reducing the reliability of
individual measurements. The volume could be further reduced us-
ing the same method, but to ensure that the fibre is immersed in the
liquid for the full duration of the measurement would likely require
the use of a long working distance microscope to monitor the location
of the tip relative to the surface of the liquid.

For a proof of concept, a 1 µM AUR solution and a 2 µM H2O2

solution were mixed. These were then pipetted into a small tube, and
allowed to mix for an hour. 1 µL of peroxide was added to a 9 µL AUR
solution, giving a total volume available to fill the fibre of 10 µL. The
tubes were sealed while this mixing occurred, and to avoid issues
arising from evaporation the tubes were covered with paraffin tape
for filling. The tape could be easily pierced by the tip of the fibre,
allowing the fibre to fill while still preserving the concentrations of
the solutions.
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Figure 169: ‘Bulk mixing,’ small volume measurements. The total analyte
volume for each of these trials was 1 µL, with the negative con-
trol having the same AUR concentration but with 1 µL water
added instead of H2O2. Two separate trials of both the negative
and 2 µM samples were performed.

Measurements were performed using the same experimental con-
figuration as shown in Figure 163. The tip of the fibre was carefully
moved in to the small amount of solution in the bottom of the con-
tainer, and allowed to fill for seven minutes. The fibre was then re-
moved from the solution, and a scan taken. This was repeated with
new samples and fibres to ensure consistency between results. These
results are shown in Figure 169.

This showed an approximately 2× increase in fluorescence between
the control samples with no hydrogen peroxide and the positive samples
with 2 µM of peroxide. These results demonstrate that measurements
can be performed using MOFs and relatively small sample volumes.
However this has the obvious drawback that the sample has to be
taken with a volumetric pipette, so there is little precision with choos-
ing the exact location that the sample is taken from due to the re-
latively large size of the pipette tip compared to the tapered glass
pipettes typically used in embryo monitoring applications. Here the
tapered pipette could not be used as this measurement required the
quantity of sample taken to be measured. While the tapered pipette
tip offers better spatial sampling resolution, it has no accurate method
of determining the volume of the liquid. It could potentially be used
firstly to remove the sample from the vicinity of the embryo to an-
other vial where a known volume can be taken with a volumetric
pipette, but this would naturally increase the total solution volume



216 aqueous h2o2 sensing

required for a measurement. As it is desirable for a final sensor to be
able to sample the H2O2 concentration spatially as well as temporally,
alternative methods were investigated.

The method described here while an improvement on the previous
section, does not take full advantage of the fibre platform itself as
the required sample volumes are still significantly greater than the
internal volume of the fibre. As such it is desirable to be able to move
towards a system in which the required fluid volumes approach that
of the volume of the fibre itself.

7.5 surface functionalisation

7.5.1 Methods

With the characterisation of the bulk fluorophore in fibre completed,
the next step towards fabricating a one-step dip sensor was devel-
oping a functionalised surface in the fibre. By directly attaching the
fluorophore to the surface of the fibre the requirement for mixing is
circumvented, and detection should simply require the tip of the fibre
to be dipped in the desired analyte.

Two primary methods have found previous use in surface function-
alising soft-glass optical fibre in the past, with the basic concepts for
functionalisation shown in Figure 170. The first method that was used
for functionalising these fibre was silanisation [228, 229]. This process
utilises the hydroxyl groups present on the surfaces of oxide glasses
to create a covalent bond with a silane. Initially the chlorine groups
on the silanes react via hydrolysis with water, forming silanols. These
silanols then covalently bond to the hydroxyl groups on the surface
via a condensation reaction. The density of the layer has been shown
to be dependent on the initial surface density of the hydroxyl groups,
and while most work on this has been done on oxide glasses success-
ful silane coatings on non-oxide glasses such as ZBLAN has also been
demonstrated.

Alternatively polyelectrolytes can be used [230, 231]. These can be
broadly divided into weak and strong polyelectrolytes, each of which
have positive and negative variants. Coating with polyelectrolytes
typically involves multiple steps. Polyelectrolytes attach through elec-
trostatic interaction, which requires an initial charge to be present on
the surface of the glass. In the case of the oxide glasses used here
this is provided by the hydroxyl groups on the surface, which give
the glass surface an overall negative charge. A positively charged
polyelectrolyte can then electrostatically interact with the surface, cre-
ating a monolayer. If a second polyelectrolyte with the opposite charge
is introduced another layer can be built on top of the first polyelectro-
lyte layer. Alternating the charges of the polyelectrolytes enables the



7.5 surface functionalisation 217

density of the layer to be increased, until the surface is saturated and
full coverage is obtained.

The primary coupling method that will be considered here are
amine/carboxylic acid interactions. Attaching a fluorophore using
this method requires the fluorophore to have either one of these func-
tional groups present, in a location which does not alter the fluores-
cent properties of the molecule when the fluorophore is attached to
the surface of the glass. For example, if the fluorophore were to have
an amine group available for coupling, a carboxylic acid could be re-
quired on the glass surface to attach this molecule. This carboxylic
acid is not naturally present on the surface, so it must be attached
before the fluorophore can be bound. Both silanes and polyelectro-
lytes can possess this carboxylic acid, so this presents a natural path
towards functionalisation.

The carboxylic acid will not naturally react with the the amine, so a
coupling reagent to facilitate this is required. Probably the most com-
monly used method is to introduce 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide
(NHS) to the reaction. The EDC reacts with the carboxylic acid group
to produce an O-acylisourea intermediate which is then reactive with
the amine groups [232]. If this intermediate encounters an amine
group it can react to form a stable amide bond. However if this
does not occur then the intermediate can be hydrolysed back to a
carboxylic acid. Adding NHS to the reaction stabilises this intermedi-
ate group by converting it to an ester. Although the reaction will still
occur without the presence of NHS it has been shown in literature
that adding NHS greatly increases the yield of the reaction.

This is only one possible method in which carboxylic acids and
amines can be bound, other alternatives will be explored in a later
section.

7.5.2 Synthesised Fluorophores

7.5.2.1 PFBS

The first in-house synthesised fluorophore for sensing of hydrogen
peroxide in aqueous solutions was pentafluorobenzenesulfonyl fluor-
escein. This molecule, whose structure is shown in Figure 171 reacts
with hydrogen peroxide to produce an increase in the fluorescence
emission [233]. This increase is approximately 1.5 × higher than the
fluorescence obtained from the unreacted molecule [233].

The fluorophore was diluted to 25 µM in water, and hydrogen per-
oxide to a final concentration of 50 µM added. This solution was then
placed in a cuvette, with the result shown in Figure 172.

Previous work had demonstrated that the main concern with fluoro-
phores for fibre based sensing was the photostability of the molecules
(see Figure 138), so this was recorded using the same cuvette tech-
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Figure 170: Alternatives for surface functionalisation a) Polyelectrolyte - Ini-
tial surface charge. Layers of polyelectrolytes with alternating
charges are added until a complete later is obtained. One of
the polyelectrolytes is chosen such that it possesses the desired
functional group, such as a carboxylic acid as shown here. This
acid then reacts with the corresponding functional group on the
fluorophore, in this case an amine. A coupling reagent is used
to enable this reaction, forming a covalent bond between the
carboxylic and amine groups. b) Silane - The silanes react with
hydroxyl groups on the surface of the glass forming a covalent
bond. The same carboxylic/amine reaction is then used to attach
the fluorophores to the surface of the glass.
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Figure 171: Pentafluorobenzenesulfonyl fluorescein (PFBS) for aqueous hy-
drogen peroxide sensing. Top) Initial, low fluorescence mo-
lecule. Bottom) Final, high fluorescence molecule after reaction
with hydrogen peroxide. Synthesised by Dr. Sabrina Heng.
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Figure 172: PFBS fluorescence spectra obtained in cuvette.
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Figure 173: 50 µM PFBS with 25 µM, H2O2 photobleaching rate. 488 nm

excitation, input power 2.5 mW.

nique as was used for Figure 172. 2.5 mW of 488 nm light was incid-
ent on the cuvette, with the results shown in Figure 173. One scan
was performed per minute, with the fluorophore constantly exposed
to the laser light for the duration of the measurement.

Even though the solutions were allowed to react for two hours
before this measurement was performed, double the time allowed
by [233], the fluorescence signal was shown to be unstable over the
course of an hour. Initially the fluorescence intensity dropped rapidly
from 145000 total counts to 72000 counts over the course of 4 minutes.
The fluorescence intensity then increases, possibly due to a photoin-
duced reaction process cleaving the molecule from its low to high
fluorescence state. This peaked after approximately fifteen minutes,
before steadily declining again due to photobleaching. The relatively
poor stability of this molecule in cuvette presents great concerns for
utilising this system in fibre, as the photobleaching rate in fibre is
significantly increased compared to that observed in cuvette.

7.5.2.2 Rhodamine B derivative

The next synthesised fluorophore was chosen to be a derivative of
Rhodamine B. This was chosen as Rhodamine has been shown in the
past to have good stability in fibres, while the fluorescein on which
the last fluorophore is based is generally considered to have a poor
photostability. The structure of the synthesised molecule is shown in
Figure 174. The fluorophore initially beings in a quenched state, with



7.5 surface functionalisation 221

O

O

O

O

O

O
S

O

O F

F

F
F

F

Figure 174: Rhodamine B derivative, MW 605.46 synthesised by Dr. Sabrina
Heng.

the fluorescence intensity from the molecule increasing significantly
when the functional group is cleaved.

The fluorophore was diluted to 10 µM in PBS, and various concen-
trations of peroxide added to the solutions. Again 488 nm excitation
was used, with the results shown in Figure 175.

The graph shows that this fluorophore exhibits a poor sensitivity to
hydrogen peroxide, with virtually no increase seen for 10 µM H2O2

and minimal for the 30 µM solution. Even at high concentrations of
100 µM the observed increase in fluorescence intensity is only in the
order of 50%. Again the primary concern with this molecule was its
photostability, so this was tested in cuvette. 2.37 mW of input power
was used with one scan per minute for 27 minutes. The fluorophore
was constantly exposed to the laser light for the duration of this meas-
urement, with the results shown in Figure 176.

Again this fluorophore shows poor photostability, even though it
is based on a molecule which has been shown to be relatively pho-
tostable. The fluorescence intensity decreases by greater than 70% in
ten minutes, before plateauing. This stabilisation of the fluorophore
is likely due to photoinduced reactions occurring, as was seen with
the previous molecule.

This result shows that this fluorophore will likely not be suitable for
use in fibre, as the instability in cuvette suggests that measurements
in fibre would be problematic due to the aforementioned increased
photobleaching rate.
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Figure 175: Rhodamine B derivative fluorescence spectra for varied hydro-
gen peroxide concentration. The fluorophore concentration was
10 µM, with 488 nm excitation used.
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Figure 176: Rhodamine B photobleaching in cuvette. Concentration 10 µM,

input power 2.37 mW.
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Figure 177: Amplex red derivative, before (top) and after (bottom) deprotec-
tion Synthesised by Dr. Ondrej Zvaric & Dr. Sabrina Heng.

7.6 amplex red derivative

7.6.1 Initial characterisation

The next fluorophore synthesised was a derivative of Amplex Red
(AR), hereafter referred to as Amplex Red Derivative (ARD). This
fluorophore is based on Amplex Red, however with one of the hy-
droxyl groups of the molecule replaced with a short tether with an
amine group available for surfance functionalisation. The fluorophore
was synthesised with a protective Fluorenylmethyloxycarbonyl (FMOC)
group on the amine, as concerns were raised about the stability of the
compound with only the amine tether. The structure of the fluoro-
phore before and after deprotection is shown in Figure 177. The de-
protection was performed by dissolving the fluorophore in a 5% Piperid-
ine solution, using either Dimethylformamide (DMF) or Dimethyl
sulfoxide (DMSO).

Several versions of this fluorophore were synthesised. The one used
for the majority of experiments is a shorter tether version as shown
in Figure 177, with a longer tether version synthesised later (Figure
186). Unless specifically mentioned otherwise ARD refers to the short
tether version.

The absorption spectra of the molecule was measured using a com-
mercial spectrophotometer (Cary eclipse), and is shown in Figure 178.
This spectrum is virtually identical to that of standard amplex red,
suggesting that the addition of the tether does not significantly influ-
ence the fluorescence properties of the molecule.



224 aqueous h2 o2 sensing

3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0
 A R D

Ab
sor

ban
ce 

(A
U)

W a v e l e n g t h  ( n m )

 A m p l e x  R e d

Figure 178: Measured absorption spectra of the synthesised ARD molecule
(blue) compared to the absorption spectra of commercial amplex
red (red).

Initial trials were performed in cuvette, and the results are shown
in Figure 179. These measurements used the same experimental con-
figuration as previously described, which is shown in Figure 153.

These measurements demonstrated that an increased fluorescence
signal was observed with the addition of hydrogen peroxide to the
solution, however this increase was not to the same magnitude as
expected from the literature. Here we observe only a maximum of
4× increase in the fluorescence signal. The fluorophore also appeared
to show a relatively large background signal compared to what had
previously been observed of both amplex red and amplex ultrared in
cuvette measurements.

7.6.2 Surface functionalisation

With initial measurements on the fluorophore performed it was de-
cided to immediately move to surface functionalisation of this com-
pound due to concerns about the long term stability of the molecule.
As ARD has an amine functional group, while previous work [41, 100,
234] on surface functionalisation in F2 fibres has used molecules with
a carboxylic functional group a different surface functionalisation pro-
tocol was required. Here it was chosen to explore direct attachment
of the molecule to the surface, as opposed to the sol-gel [235], hy-
drogel [236] or titanium-dioxide [237] methods that have previously
been demonstrated. The procedure used here is modified from previ-
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Figure 179: Cuvette fluorescence measurements for ARD, with varied hy-
drogen peroxide concentration. A 10 µM solution of fluorophore
was used for these measurements.

ous work attaching Qdots to the glass surface by Franćois et al. [234]
as well as work by Coscelli et al. attaching DNA probes to the fibre
surface [238].

Two different attachment molecules with carboxylic functional groups
were used for the initial trials. Here silica fibres and capillaries were
also considered, both due to the availability of large-diameter silica
capillaries, but also as previous work [234] has shown that higher
surface densities can be obtained with silane coatings on silica due
to the increased OH group availability compared to soft-glasses after
appropriate surface treatment, which will be discussed later in the
methods section.

1. Silane - Carboxyethylsilanetriol (CEST) sodium salt C3H6Na2O5Si
25% in water was obtained from Gelest. For functionalisation it
was diluted to 1-5% in RO water.

2. Polyelectrolyte - polyacrylic acid (PAA) and polyallylamine hy-
drochloride (PAH). PAA carries a negative charge, while PAH
carries a positive charge. Although PAA is only a weak polyelec-
trolyte, it has been shown [230] that coatings with a high per-
centage of coverage can still be created using these chemicals.
Both solutions were used at a concentration of 2 mg/ml.

The coating procedure for the silane was as follows.
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1. For silica fibres/capillaries the surface was first cleaned using
Piranha solution [228] to ensure that the maximum possible
number of OH sites were available on the surface of the glass.

2. 1-5% solution of CEST filled through the fibre or capillary. This
was done either using a syringe for short (< 30 cm) lengths of
70 µm internal diameter capillary, or with the pressure filling
setup shown in Figure 180 for smaller capillaries or optical
fibres. To ensure that the surface density was maximised this
was left to incubate for 15-72 hours.

3. Nitrogen ~30 minutes.

4. RO Water ~30 minutes.

5. Nitrogen ~30 minutes.

6. Fluorophore + coupling solution ~ 2 hours. The exact details of
the “coupling solution” will be described in detail later.

7. Water ~30 minutes.

8. Nitrogen ~30 minutes.

A similar procedure was used for the polyelectrolyte functionalisa-
tion. However for polyelectrolyte coatings multiply layers need to be
deposited to ensure that full coverage is obtained [230, 234].

1. Piranha solution.

2. PAH 6-36 hours.

3. Nitrogen.

4. Water.

5. Repeat 2-5 with PAA/PAH.

6. Nitrogen.

7. Water.

8. Nitrogen.

9. Fluorophore + coupling solution.

To fill longer lengths of capillary/fibre, or alternatively to fill fibres
with <20 µm holes it is impractical to use a syringe-based setup as
the filling rates are low, and the time required to fill becomes im-
practical. While short lengths of capillary can be filled using the
syringe method within seconds, filling lengths in the order of one
metre would require tens of minutes. Since the pressure was provided
manually be depressing the plunger of the syringe, this becomes im-
practical for lengths requiring long filling durations. Additionally it
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Figure 180: Filling setup used for surface functionalisation of the internal
surfaces of fibres. (left) Sealed chambers, with fibres shown in-
serted through the rubber seal (right) Internal pressure chamber
with vial used for holding reagents.

becomes increasingly difficult to ensure that adequate flushing of the
previous step’s solution due to the slow rate with which the liquid is
pumped through the fibre. To remedy this a pressure filling setup was
used, as shown in Figure 180. The pressure in the chamber could be
varied from 0-300 psi. Importantly all four chambers could be linked,
such that the pressure in each chamber is the same. This ensures that
when coating multiple fibres simultaneously consistent conditions are
used such that systematic measurements can be performed.

7.6.3 Induced loss from silane coating

To be able to use these fibres for measurements it is important to
ascertain how much additional loss will be induced by the coating
process. Here full systematics were not performed due to constraints
with the number and length of the fibres that could be coated, so the
loss was measured on a much shorter length than typically used than
that used for a loss measurement on a standard WW fibre. Generally
loss measurements on F2/F2HT wagon-wheel fibres are performed
using 5-10 m of fibre, sealing the ends of each offcut such that they
can be used for fluorescence measurements. Here only 1200 mm of
fibre was used for coating, as lengths beyond this increased the un-
certainty as to whether or not a uniform coating was being formed
inside the fibre.

This length of F2HT wagon-wheel fibre was coated using the first
steps of the procedure described above, with a 5% solution of CEST
flushed through the fibre for several hours, and then allowed to sit
for 48 hours. The fibre was then cleaved, and then placed on an
XYZ alignment stage. Initially the fibre was tested with a broadband
bulb source, but it was found that the transmission in certain spec-
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Figure 181: Comparison between measured loss for coated & uncoated
F2HT, and uncoated F2 wagon-wheel fibres. The shaded region
encompasses the error in the fit for the coated loss.

tral regions was below the noise floor of the detector. The source was
then switched to a Koheras Super-K compact supercontinuum source
which greatly increased the coupled power. The output light was free
space coupled in to an ANDO AQ6315E OSA. Several cutbacks were
performed, changing only the output coupling from the fibre in to
the OSA. The obtained loss spectra is shown in Figure 181.

Here it can be seen that the coating process induces significant
losses over the uncoated wagon-wheel fibres. The error in these meas-
urements is quite large due to the short length and limited number
of cutbacks, but clear absorption bands can be seen. Here the error
shown is the error in the least squares fit used for the loss measure-
ment. The first peak is located at 520 nm, with a loss of 9±2 dB/m
compared to the uncoated fibre loss of ~1.4 dB/m. This unfortunately
aligns well with the intended excitation source for the fluorophore,
with the loss still 8±2 dB/m at 532 nm compared to 1.3 dB/m for the
uncoated fibre. Another absorption band is also seen in the IR region,
with a peak of 11±2 dB/m at 1408 nm, which is again much higher
than the uncoated loss of 2.2 dB/m.

Here it has been shown that the first step in the coating process
already induces significant extra loss in the fibre. However for the
application as a dip sensor, this loss is manageable due to the short
lengths that are intended to be used. Initial experiments will be per-
formed on 10-20 cm of fibre, so the induced loss at 532 nm at these
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# 1st layer Type Coupling Reagent Comments Fig

1a CEST WW NHS EDC High loss 182

1b PE WW N/A Blocked N/A

2a CEST WW NHS EDC 1 fibre blocked 184

2b CEST WW N/A Control 184

3 CEST WW NHS EDC N/A

4 CEST WW EDC Compound cleaned 185

5 CEST WW EDC N/A

6 CEST WW EDC Long tether N/A

7 CEST F2 Cap EDC 194

Table 6: Part 1 of overview of surface functionalisation trials.

wavelengths is only 0.9-1.8 dB for these short lengths of fibre. Assum-
ing that the induced loss is relatively constant between samples this
will have limited effect on both the number of fluorescent photons
that will be observed as well as the effectiveness of the fibres as hy-
drogen peroxide sensors.

7.6.4 Summary of trials

For reference an overview of all coupling trials are shown in Tables 6

and 7. The first table shows initial trials, the second trials after the re-
moval of piperidine from the filled solutions. Not all trials listed here
are described in the text, but they are included here for complete-
ness. Unless otherwise specified all trials were performed using the
short tether derivative (Figure 177). Trials not included in the text are
displayed with “N/A” as their figure reference. “WW” in all cases
refers to F2HT wagon-wheel fibres, “F2 Cap” to 160 µm outer dia-
meter/ 70 µm inner diameter F2 capillaries, “Si cap” to 300 µm outer
diameter silica capillaries. All other terms will be defined in the fol-
lowing sections.

7.6.5 In fibre results

Four fibres of ~50 cm length were prepared, two each for silane and
polyelectrolyte coatings. Here the first issues were noted, with the
fibre coated with PAH and PAA failing to flush after the PAA was in-
troducted. It appeared that the fibre was being completely blocked by
the solution, as neither water nor nitrogen could be passed through
the fibre even after cleaving several centimetres of fibre from each of
the ends. The fibres filled with silane were still able to be flushed after
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# 1st layer Type Coupling Reagent Comments Fig

8a APTES Si Cap NHS EDC Biotin/Avidin 195

8b PE Si Cap NHS EDC Biotin/Avidin 195

9 CEST F2 Cap EDC 194

10a APTES WW HATU Failure N/A

10b PE WW HATU Failure N/A

11a CEST F2 Cap HATU N/A

11b CEST F2 Cap Control N/A

12a APTES F2 Cap NHS EDC Biotin/Avidin 197

12b PE F2 Cap NHS EDC Biotin/Avidin 197

12c CEST F2 Cap NHS EDC 197

12d CEST F2 Cap SNHS EDC 197

12e CEST F2 Cap HATU 197

13 CEST WW HATU 200

14 CEST WW HATU 203

Table 7: Part 2 - coating trials after removal of piperidine from bulk solution.

almost three days reacting, so initial measurements were performed
on these.

The coupling solution used here consisted of EDC and NHS to pro-
mote the amine - carboxylic acid reaction. The fluorophore was dis-
solved in the piperidine + DMF solution to a concentration of 2 mM,
then further diluted to 10 µM in the EDC/NHS solution. This solu-
tion was then filled in to the fibre and allowed to react for two hours.
The fibres were kept in the dark while this reaction occurred to en-
sure that no photobleaching of the molecule was induced. During
the reaction a slow flow rate was maintained such that fluorophores
should always be present for any unreacted carboxylic acid sites on
the inside of the fibre.

After two hours the solutions were removed from the chamber, and
the fibres flushed with nitrogen/water/nitrogen. The fibre tip was
checked under the microscope to ensure that liquid was still flowing
through the fibre. To check for nitrogen flow the tip of the fibre was
dipped in to a beaker of water, with bubbles showing that gas could
still flow through the fibre.

To perform fluorescence measurements each fibre was cut into three
segments of equal length using a mechanical cleaver. The experi-
mental configuration was the same as used earlier for the AUR meas-
urements, and is shown in Figure 163. The cleaved fibre segments
were placed on the XYZ stage, and aligned using minimal power. Test-
ing with uncoated fibres had demonstrated that alignment could be
performed using only 250 nW of input power, which corresponds to
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Figure 182: First coating trial of ARD in F2 wagon-wheel fibre. Solid lines
show the initial (unfilled) fluorescence, dashed lines show the
fluorescence signal filled with a given solution.

approximately 100 nW of power coupled in to the fibre. Trials showed
that the photobleaching rate of standard AUR in the fibre at these
power levels was negligible over a period of fifteen minutes, suggest-
ing that performing alignment with this amount of power should
have minimal impact on the fluorescent properties of the molecule.
An unknown quantity here however is the effect that the fluorophore
being bound to the surface will have on the photobleaching rate. It is
logically expected that the rate will increase, as since the molecule is
bound diffusion cannot move non-photobleached molecules in to the
excitation field. The exact increase arising from the molecules being
bound has not been studied.

The fibres were filled with the hydrogen peroxide solutions for ten
minutes, using the previously mentioned technique (see Section 7.3)
to allow the fibre to be filled without removing it from the stage. The
fibres were then allowed to sit to react, and another scan performed.

The results of this trial are shown in Figure 182.
Two separate fibres were coated for six total pieces were prepared

with a silane coating, but it was found that the second fibre showed
no guidance. This figure shows the fluorescence signal obtained from
each segment of fibre before and after filling. The input power used
for these measurements was 2.5 µW, with a scan time of five seconds.

This measurement possibly shows sensitivity to hydrogen peroxide,
but the results are somewhat inconclusive. The fibre filled with water
showed a 2.7 × increase in fluorescence, the first 20 mM H2O2 fibre
a 7.5 × increase and the second 20 mM H2O2 fibre a 2.8 × increase.
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Figure 183: Photobleaching rate for surface functionalised fibre before
filling, normalised to the initial fluorescence intensity. Magenta
shows the integrated fluorescence intensity at 2.5 µW input
power, with a 5 minute delay between each scan. Blue the in-
tegrated fluorescence intensity at 25 µW with no delay between
scans.

Some increase in fluorescence with the water sample is not entirely
unexpected here, as the quantum efficiency of the fluorophore is de-
pendent on the solvent in which it is immersed. The inconsistencies
in the results here make it difficult to come to a conclusion about the
success of this trial.

With a possible fluorescence response after functionalisation demon-
strated, one of the main open questions with this fluorophore was
how this functionalisation would affect the photobleaching properties.
To test this two measurements were performed, one at lower power
with a high delay to test the overall stability of the fibre measure-
ments and a second with the same fibre, but with an input power of
25 µW to test the photobleaching rate. The former is the same power
level as used in the measurements above, the latter 10 × higher.

The results of this trial are shown in Figure 183. Again the fluores-
cence signal here is integrated from 540-800 nm, and then normalised
to the initial fluorescence intensity.

This measurement shows two important results. The first is that the
signal is relatively stable over a period of 30 minutes with 2.5 µW in-
put power. Since the measurement technique proposed here involves
no realignment of the fibre after filling, the fibre must be stable on the
stages for the duration of both the filling as well as the reaction time
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Figure 184: ARD fibre coating trial with additional flushing step.

afterwards. The average for this trial was 1.00, with a standard de-
viation of 3.3%. This demonstrates that the fluorescence signal does
not deviate significantly over a time frame that is comparable to that
required to perform a measurement.

The second plot here at 25 µW shows that with an exposure time of
25 seconds that the fluorescence intensity only decreases by 5%. Since
this is at a power level 10 × higher than that used for the fluorescence
scans and 100 × higher than the alignment this suggests that neither
of these processes should have a significant impact on the level of
photobleaching of the sample. Typically alignment of the fibre takes
less than 30 seconds, so extrapolating from the results in Figure 183

this should have negligible impact on the amount of fluorescence gen-
erated by ARD in the fibre.

This measurement was repeated using a virtually identical coating
procedure, with the only change being the addition of an extra rinse/-
flush step at the end of the coating process. The results of this trial
are shown in Figure 184.

Like the first trial two fibres were prepared, however it was found
that one of fibres again displayed no guidance. The second fibre was
cleaved into segments, and measurements performed. The fluores-
cence signal from the unfilled fibres was more consistent, but the
total counts were much lower. Again filling the fibre with water was
found to increase the fluorescence, although not to the same extent
that filling with a high concentration of hydrogen peroxide increased
the fluorescence. The reason that this trial displayed a much lower
overall fluorescence signal than the first trial is not well understood.
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The power transmitted through the fibre was noted to be lower than
that of the first trial, although not to the same extent as the magnitude
of the reduction in fluorescence. The fluorescence signal here was
>10× lower than in the first trial. It is possible that the higher fluor-
escence from the first trial was due to non-covalently bound fluoro-
phores on the internal surfaces of the fibre, while the more thorough
flushing in this fibre resulted in these unbound fluorophores being
washed away.

In addition to the two fibres with fluorophore/EDC/NHS, an addi-
tional fibre was also coated. The coating procedure used for this fibre
was identical to that of the first two fibres, with the exception that no
EDC was added with the fluorophore. Without the EDC present the
amine/carboxylic acid can not occur, and no covalent bonds will be
formed. Thus performing a coating trial with no EDC gives us a con-
trol measurement, showing the amount of fluorophore that is present
in the fibres that is not covalently bound to the surface.

The result of this trial is also shown in Figure 184, labelled as
“control”. This measurement shows no significant fluorescence sig-
nal without the presence of EDC, suggesting that the fluorescence
signals obtained for the other trials are a result of covalently bound
molecules.

It was noted during this trial that the amount of both water and ni-
trogen that could be passed through the fibre after the ARD/NHS/EDC
step was greatly reduced compared to fibres before this coating step.
Indeed one of the two fibres coated above became completely blocked
after this coating step, meaning that it could not be subsequently
flushed and used for measurements.

The power transmitted through the fibres was also greatly decreased
compared to the power through an unfilled fibre. Due to the short
lengths and limited quantities of coated fibre filled making standard
cutback measurements difficult, the exact loss of the fibre could not be
recorded. However estimating the coupling efficiency from the laser
to the core of the fibre as a low 10% and recording the total transmit-
ted through the fibre the loss of these coated fibres was estimated to
be in excess of 100 dB/m. Typically the coupling efficiency in to an F2

wagon-wheel fibre with a core size of 1.8 µm would be in the order
of 20-30%, so the actual loss value would be correspondingly higher.

Further testing showed that the primary cause of this increased loss
was the addition of NHS to the coating solution. The NHS appeared
to be crashing out of the solution, presumably forming crystals in-
side the fibre due to the limited solubility of NHS in water. These
crystals would greatly increase the losses due to scattering, much
like was seen previously with the PBS solutions in Section 2.5.1. Re-
moving NHS from the coating solution should alleviate both the in-
creased loss and the fibre blockages. However literature [232] shows
that without NHS the efficiency of the amine/carboxylic coupling re-
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Figure 185: First trial of in-fibre coating trials for ARD with no NHS in the
coupling reaction. Black shows the initial fluorescence signal ob-
tained, red the signal after filling with water, water+ HRP and
2 mM H2O2 respectively. The input power for these measure-
ments was 2.5 µW.

action drops significantly, reducing the overall surface density of the
obtained layer. Based on the first trial the surface density could be re-
duced by at least 90%, while still having a large enough fluorescence
signal to be able to perform measurements at the same power level
as used for the first two trials.

To test the impact of removing NHS from the coupling solution
another coating trial was performed using an identical coating pro-
cedure, but only using EDC + fluorophore in step 6. The results of
this trial are shown in Figure 185.

It was found during the coating process that these fibres were able
to pass through much greater volumes of both liquids and gases. The
gas flow was observed by dipping the tip of the fibre in water, and
examining the bubble flow. A significant improvement was also noted
in the guidance properties of the fibre, with greater than an order
of magnitude increase in power coupled through the fibre observed
compared to the previous coating trials.

This was also reflected in a greatly increased fluorescence signal
compared to the second trial. Even though the removal of NHS from
the coupling solution should reduce the amount of fluorophores that
are bound to the surface the significant reduction in the loss of the
fibre appears to have more than counter balanced this effect.
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Figure 186: Longer tether ARD, before and after deprotection with piperid-
ine. Synthesised by Dr. Ondrej Zvaric.

7.6.6 Longer tether

While all of these trials showed that a fluorescence signal was present
after coating, none of them was able to conclusively demonstrate that
there was a fluorescence response to hydrogen peroxide. One consid-
eration here was whether the short length of the tether was causing
the response of the fluorophore to diminish due to its close proximity
to the glass surface. To test this a longer tether derivative was syn-
thesised, with the structure shown in Figure 186. The concept of this
was to increase the distance between the portion of the molecule re-
sponsible for fluorescence as far away from the glass surface. It was
surmised that the expected increase in fluorescence after the reaction
with hydrogen peroxide was being washed out.

This synthesised compound was deprotected using piperidine, and
coated using the same method before. Like the last short tether trial
no NHS was used. These results were inconclusive. All coated fibres
showed a strong fluorescence signal, however there was no consist-
ency as to how the fluorophore responded to hydrogen peroxide. The
highest noted increase in fluorescence was from the fibre filled with
water. This trial made it clear that more analysis of the fundamental
behaviour of this fluorophore was required to be able to understand
why the surface functionalisation measurements were so inconsistent.

7.6.7 Cuvette measurements

The main issue with the functionalisation measurements to this point
has been the sheer number of variables involved. The coating process
changes between fibres being coated, and likely changes along the
length. To try and understand how both the fluorescence of the mo-
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Figure 187: Carboxylic PEG linker.

lecule, as well as how it responds to hydrogen peroxide an alternative
method was required.

Previously [100] this has involved coating glass slides with the
fluorophore, and analysing the results using a typhoon imager. How-
ever it is clear here from the earlier results that the fluorescence of
this molecule changes when it is immersed in liquid. The typhoon
imager is effectively a large scanner, that uses a laser source for ex-
citation. Since the slides must be flat on the surface of the scanner it
is impractical to have the slides immersed in liquid during the scan.
Past work [100] has coated the slides, reacted them with the target
molecule and then dried the slides before measurement. This does
not give a realistic representation of how the measurement would ac-
tually be performed in fibre, since the proposed dip sensor technique
provides no possibility for flushing the fibre after filling.

The second issue involves the functionalisation process itself. The
density of the silane coating is dependent on the surface of the glass.
Different amounts of OH groups are available for reaction with the
silane molecules depending on how the surface is prepared. The sur-
face in the fibres should be consistent, since the fibres are fire pol-
ished during the drawing process. When coating on slides the slides
are typically cut from a bulk piece of glass, and then mechanically
polished. This creates a different surface to fire polishing, meaning
that a different amount of OH groups are likely available and thus a
different surface density of silanes will be obtained.

Here we chose to use an alternative method to examine how the
fluorophore responds after being bound, without the restrictions of
using the typhoon imager on slides.

Rather than binding the fluorophore to the surface, it was con-
sidered that possibly binding the fluorophore to another large mo-
lecule could give a similar effect. Additionally, if this showed a posit-
ive result it was proposed that this fluorophore + spacer could then
be attached to the surface, further removing the fluorophore from the
surface of the glass. The molecule chosen here was PEG7-0013 from
nanocs [239]. The structure of this molecule is shown in Figure 187.
This molecule is a long chain, with a molecular weight of approxim-
ately 2000 gM−1. The carboxylic functional groups on the molecule
should react the same way as the carboxylic groups on the silanes.
However since both the PEG and the fluorophore will be in solution,
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the effect of binding the fluorophore to this molecule can be examined
using a bulk cuvette measurement.

The fluorophore was reacted with the PEG spacer in the same way
as previous methods functionalising on the surface of the glass. A
PEG solution was made up to 1 mM in 1 mg/ml EDC. Both the
shorter tether and longer tether fluorophores were added to separ-
ate solutions, to a final concentration of 10 µM. A 100:1 excess of PEG
was used both to ensure that all fluorophore molecules had reacted,
and to make it statistically probably that a PEG molecule would only
have either no fluorophore molecules or one fluorophore molecule
bound. For this trial the fluorophore solution with no PEG was also
diluted in EDC to ensure consistency between results.

The results shown in Figure 188 are a clear indication that neither
of these fluorophores were working as intended. When compared to
the initial cuvette measurement shown in Figure 179 which showed a
>4×increase in fluorescence over the same range of H2O2 concentra-
tions with the same fluorophore concentration the increase in fluor-
escence intensity is greatly diminished. This occurred for both the
short and long tether derivatives with and without PEG. These res-
ults strongly suggest that either the EDC is affecting the way in which
the fluorophore reacts with hydrogen peroxide, or that the compound
itself has degraded.

Before this was checked, the fluorophore was re-analysed using
an identical experimental protocol as the initial measurement shown
in Figure 179. This measurement did not show the expected fluores-
cence response, rather the fluorescence was almost constant for 2 µM
-200 µM H2O2, and only saw a statistically significant increase in the
fluorescence signal at 2 mM. The measurement was repeated in both
PBS solutions and solutions with NaOH added to bring the pH to
~10 to test to see if this was related to the buffer solution, but no im-
provement was noted. It was hypothesised that the piperidine itself
could be interfering with the reaction, however the reason that this
effect was not noticed in the first trial was not understood.

The short tether fluorophore was then deprotected, the residual
piperidine removed and the compound purified. Qualitative tests
demonstrated that when mixed in solution this fluorophore was clear
until hydrogen peroxide was added, at which point the solution slowly
changed to a pink colour. This is indicative that the fluorophore is re-
acting with the hydrogen peroxide as it would normally be expected
to do. The reason that only the short tether derivative was deprotec-
ted was the limited available quantity of the longer tether version
making it difficult to perform purification on this molecule.

This behaviour was then qualitatively tested by adding varied con-
centrations of hydrogen peroxide to the solutions. The results of this
trial are shown in Figure 189.
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Figure 188: Cuvette measurements with original short tether ARD (ST) and
long tether (LT) version, with varied hydrogen peroxide concen-
tration. The bottom row also shows the cuvette measurements
with the addition of PEG.
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Figure 189: Cuvette measurements of short tether ARD, with varied hydro-
gen peroxide concentration. The fluorophore concentration is
10 µM, and the fluorescence intensity was integrated from 550-
700 nm.

This result shows that with the removal of the piperidine the fluoro-
phore now shows a linear response to hydrogen peroxide with a large
dynamic range. The minimum detectable concentration in this meas-
urement was 100 nM, with saturation not occurring until >3 µM. The
effect of the peroxide concentration on the absorption of the fluoro-
phore was also measured for the same fluorophore concentration, and
is shown in Figure 190.

A significant response to hydrogen peroxide was also visible in
these results as expected. Since this fluorophore does not quench via
a PET mechanism we expect the absorption of the fluorophore to dis-
play the same trend as the fluorescence emission which is what we
do indeed observe here. This could plausibly impact the linearity of
the fluorophore, since potentially at high fluorophore concentrations
the absorption from the molecules could increase the loss of the fibre,
reducing the amount of fluorescence that is transmitted to be detec-
ted.

With the confidence that the fluorophore was responding correctly
to hydrogen peroxide, additional solutions were then mixed added
1 mg/ml of EDC, NHS and EDC+NHS to the fluorophore. The results
of this trial are shown in Figure 191.

A substantial increase in fluorescence is observed in these results
when hydrogen peroxide is added, with a further increase when the
concentration is doubled. It is important to note here than the NHS,
EDC & NHS+EDC solutions all show fluorescence signals more than
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Figure 190: Bulk cuvette absorption measurements on ARD 10µM.
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Figure 191: Cuvette trial of 10 µM short tether fluorophore. This shows the
integrated fluorescence intensity from 550-700 nm.
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10× lower than that of the solution in water for an identical hydrogen
peroxide concentration. This suggests that both of these molecules
are somehow interfering either with the fluorophore itself (quantum
efficiency or absorption) or the mechanism of interaction with the
hydrogen peroxide.

Although theoretically both of these molecules should be flushed
from the fibre at the conclusion of the filling process, in practice it
is likely that small amounts will still remain electrostatically bound
inside the fibre. This could have a significant impact on the measure-
ment results for using ARD for peroxide sensing in fibre.

This cuvette trial was also used to test another step in a possible
functionalisation process. As mentioned earlier, the PAH polyelectro-
lyte was found to block the fibre when flushed through for coating.
This polyelectrolyte was chosen as it gives a carboxylic acid for at-
taching the amine group on the fluorophore. Previous work [234]
has successfully coated polyelectrolytes on the glass surface, however
this has been with the aim of leaving an amine surface, to attach to a
molecule/Qdot with a carboxylic functional group. The PEG spacer
used earlier in Section 7.6.7 could possibly be attached to amines on
the glass, leaving a carboxylic functional group free to be attached
to the amine group on the ARD molecule. However since this spacer
has two carboxylic groups, it is possible that both ends of the spacer
could attach to the surface, leaving no free groups for the fluorophore
to attach to and reducing the possible surface density of the fluoro-
phore on the glass. So it is preferable to use a spacer that can only
bind in one orientation.

An alternative coating process was proposed. Rather than just us-
ing the amine/carboxylic interaction of the previous process, it was
proposed to use a biotin/avidin coating method, as shown in Fig-
ure 192. The polyelectrolyte coating is performed as per the previous
trials, using poly(allylamine hydrochloride) (PAH) and poly(sodium
styrene sulfonate) (PSS). The PSS here is the negatively charged polyelec-
trolyte, the PAH positive. Coating with PAH leaves free amine groups
on the surface, to which biotin with a carboxylic functional group
can be reacted. Avidin is then introduced, and due to its high affin-
ity (Kd ~ 10

−15M) to biotin they form an extremely strong bond. To
this avidin molecule an NHS-PEG-Biotin molecule [240] is attached,
which can then react with the amine group on the fluorophore.

This proposed method should allow the previously successful coat-
ing process to be used with a fluorophore that has an amine func-
tional group. The NHS-PEG-Biotin should also act as a spacer, to
move the fluorophore away from the surface and reduce any surface-
related effects.

The first test of this process was to react the NHS-PEG-Biotin mo-
lecule with the fluorophore in solution. The solution was made up
1:1 NHS-PEG-Biotin:fluorophore, and reacted with the same concen-
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Figure 192: Biotin/avidin surface functionalisation.

tration of fluorophore for 2 hours. Peroxide was then added to this
solution and the scan performed after 30 minutes. The results in Fig-
ure 191 show that the fluorescence signal obtained is the same as
that for just the fluorophore + peroxide within error, demonstrating
that the NHS-PEG-Biotin does not interfere with either the fluoro-
phore:peroxide interaction, or the fluorescence generation from the
fluorophore. This trial was also repeated with a 20:1 excess of NHS-
PEG-Biotin, and demonstrated that there was no significant reduction
in the fluorescence intensity. The large excess of NHS-PEG-Biotin en-
sures that virtually all fluorophore molecules in the solution should
have reacted with the NHS-PEG-Biotin before the hydrogen peroxide
was introduced.

The final item to be tested with bulk cuvette measurements was
the reaction rate, to determine how long to wait before performing
a scan. The same cuvette method as previous was used, with the
spectrometer set to scan every 30 seconds for one hour. Hydrogen
peroxide was added immediately after the first scan, with the results
of this trial shown in Figure 193.

The trials involving the biotin/avidin interaction now give several
possibilities as to the method with which the fibres can be function-
alised which will be explored in the next section. Since this reaction
does not require a carboxylic functional group to be available on the
surface, both silanes and polyelectrolytes which have previously been
successfully used for fibre coating can be trialled to attach the biotin
to the surface.

7.6.8 Testing in capillaries

To determine the optimum coating conditions, it was decided to move
away from using fibres for measurements and instead perform the
coating on capillaries with large internal diameters. The motivation
for this work was to enable more straightforward characterisation of
the coated surfaces, as well as reducing the complexity required for
fibre filling by greatly increasing the internal diameter of the holes.
F2 capillary fibres with an outer diameter of 140 µm and an inner dia-
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Figure 193: Kinetics of reaction in cuvette between 10 µM ARD solution,
with H2O2 to a final concentration of 1 µM added immediately
after the first scan.

meter of 70 µm were used for this section. This allowed much faster
filling rates to be used, as the larger internal diameter results in less
restriction on the liquid being passed through. The flow rate through
these capillaries at 50-100 psi is sufficient to flush through 1-2 mL of
liquid in less than an hour. One metre of capillary with a 70 µm in-
ternal diameter has an approximate volume of 3.9 µL, so we can then
find that 260-520 × the total internal volume of the fibre is flushed
through over an hour. Additionally the use of these large capillaries
makes measurements using the typhoon imager more quantitative,
as the filled volume inside the 70 µm inner diameter capillaries is sig-
nificantly larger than the individual pixels of the imager. For a WW
fibre the total diameter of all the holes is 10-15 µm, meaning that the
fibre only sits on top of a single pixel. When the fibre is not located
perfectly parallel to the pixel array this creates banding, where peri-
odic regions of high and low intensity are observed along the length
of the fibre. Using the large capillaries at 50 µm resolution this issue
is almost completely resolved.

To analyse the fluorescence signal from the capillaries a typhoon
imager system was employed. This system uses a laser source for ex-
citation and a photomultiplier tube for collection of the fluorescence.
The imaging technique is similar in principle to that of a photocopier,
with the excitation and collection point physically traversed across
the screen to perform the measurement. To perform the measurement
the capillaries are first coated and filled with peroxide solutions. The
external surfaces of the fibre are then cleaned using ethanol to en-
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sure that contamination of the outer glass surface does not influence
the measured fluorescence signal. Skin oils can also show in the final
image, with numerous examples of these seen in Figure 197. To min-
imise the effect of contamination the capillary was only handled from
one end, with measurements always being performed on the central
section.

Using the typhoon imager for analysis provides a semi quantitative
method to measure the fluorescence intensity and thus the density of
the fluorophores. The method here involves drawing a box of fixed
area in an image analysis program, and look at the counts obtained
in this region after subtraction of the background signal. The box is
drawn such that its length is much greater than its width, and is
oriented such that the fibre is parallel to the long axis of the box.
This technique is highly dependent on the uniformity of the fibre, as
well as the background itself. Choosing to use large internal diameter
capillaries increases the reliability of these measurements, as with
smaller diameter capillaries significant amounts of “banding” are ob-
served on the final image. This banding arises as the capillary crosses
over lines in the pixels producing an image that suggests that the in-
tensity of the fluorescence varies with the fibre length. However when
the capillary is moved the location and period of these bands shifts,
demonstrating that this feature is an artefact of the sensor rather than
a product of non uniformity of the coating.

Additionally this method struggles to obtain reliable measurements
when the fluorescence signal is low, and the total number of counts
becomes comparable to the background level. Figure 195 shows a
good example of the difficulties of using this method, as it shows the
regions of higher intensity in the background signal. These appear
even after the screen had been cleaned with ethanol and water, and it
is difficult to obtain a completely clear background signal.

The first coating trial using these capillaries was performed shortly
before the compound without piperidine was obtained, thus the solu-
tion flushed through the fibre still contains piperidine as per the
earlier fibre coating trials. For this trial capillaries were coated with
silane using the same technique and approximately the same dura-
tions as the earlier fibre coating trials.

This trial used EDC as the coupling reagent. with a fluorophore
concentration of 1 µM fluorophore over a period of 1 hour. In this
hour 1 mL of fluorophore was passed through the capillary. The plate
on the typhoon imager was first cleaned using hydrogen peroxide, fol-
lowed by ethanol and water to minimise the background counts. The
capillary was cut in to short lengths, and then filled with various con-
centrations of hydrogen peroxide. The capillaries were then placed
on the plate, using a microscope slide to hold the capillaries firmly
against the plate. The results of this trial for a PMT voltage of 650 V
collection using the 580 nm BP filter are shown in Figure 194.
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Figure 194: Large diameter F2 capillary coating trial using ARD with
piperidine in the solution.

As can be seen from this figure high concentrations of hydrogen
peroxide appear to show an increase in the fluorescence intensity,
but as can be seen from the 20 µM case there is limited consistency
between the fibres. The signal obtained is only marginally above that
of the signal seen from an unfilled fibre, and it is not until 2 µM of
hydrogen peroxide are filled in to the capillaries that the signal be-
comes statistically significant above that of the uncoated fibre. So this
appears to demonstrate a sensitivity to hydrogen peroxide, however
the concentration required is high and the signal:background level is
not high enough to be able to utilise this as an effective sensor.

As mentioned earlier in Section 7.6.7 numerous alternative coating
procedures are possible for attaching these molecules on to the sur-
face of the glass. One that has previously been used applied to SPR
sensing [231] utilises the biotin/avidin interaction, and since the pro-
tocol for performing this coating is well understood this method was
chosen for the next coating trial. For this experiment silica capillaries
were used, since it has been demonstrated before [234] that since the
OH group count on the surface of the silica glass is higher than that
with F2 glass that a higher surface density is obtained. Thus perform-
ing the trials in silica capillary should allow an increased amount of
fluorophores to be bound to the surface increasing the ratio between
the signal fluorescence and the background fluorescence.

Two separate coating protocols were used for this trial; involving
a silane and a polyelectrolyte technique. The capillary used was a
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Figure 195: Silica capillary coating trial with biotin/avidin/PEG-NHS-
Biotin coating technique.

commercial silica 300 µm outer diameter 100 µM inner diameter with
a total length of approximately 70 cm. Here the pressure filling setup
was not used, instead the capillaries were first cut in to short lengths
and inserted into the septum of a small vial. By using a 30 mL syringe
a pressure could then be applied to the vial, and due to a combination
of the short length of the capillaries and their large internal diameter
large volumes of liquid could then be flushed through. For this trial
the deprotected ARD without piperidine had been synthesised, so
this was used during the process

For the silane capillaries 2% Aminopropyltriethoxy Silane (APTES)
was filled in the fibre, and allowed to react overnight. This is a silane
that gives a free amine group on the surface for interaction with the bi-
otin. The polyelectrolytes capillaries first had 2 mg/ml Poly(allylamine
hydrochloride) (PAH) deposited overnight, then alternating layers of
poly(sodium styrene sulfonate) (PSS) and PAH for a total of 5 sep-
arate layers. Between polyelectrolytes water was flushed through the
fibres.

The remainder of the coating protocol was the same for all capillar-
ies, and was as follows with washing and drying steps between each
solution -

1. 1 µM biotin + EDC + NHS 2 hours

2. Avidin 1 µM 3 hours

3. NHS-PEG-Biotin 1 µM 2 hours

4. 10 µM fluorophore 2 hours

The capillaries were then filled with hydrogen peroxide solutions,
and recorded using the typhoon imager. The concentrations used
were 20 mM, 200 µM, 2 µM & 0 µM. The results of this trial are
shown in Figure 195.

The silane coated capillaries showed a large amount of silane de-
posited in a non-uniform fashion on the external surfaces of the ca-
pillaries. This made measurements on these capillaries unreliable, as
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Figure 196: Volume analysis for silica capillaries coated using biotin/avidin
process.

the majority of the obtained fluorescence signal appeared to originate
from these points on the outside of the capillaries. The analysis for
this measurement is shown in Figure 196.

This demonstrates no clear correlation between the hydrogen per-
oxide concentration and the fluorescence intensity. As mentioned the
silane coated capillary results are unreliable due to the contamina-
tion of the external surfaces so those results are considered unreliable.
The polyelectrolyte coated fibres show no statistically significant dif-
ference in the observed fluorescence regardless of the hydrogen per-
oxide concentration.

Due to the limited availability of silica capillaries, the next trial was
performed using the same F2 capillaries as the first capillary coat-
ing trial. The aim of this trial was to determine the coupling reagent
that would be used for fibre-based experiments, and to repeat the
biotin/avidin/PEG-NHS-Biotin procedure.

A similar coating procedure was again used, with CEST used for all
coupling reagent trials and APTES or PAH for the biotin/avidin/PEG-
NHS-Biotin trials. These were allowed to react overnight with further
layers deposited on top of this. Three coupling reagents were trialled
here -

1. 2-(1H-7-Azabenzotriazol-1-yl)–1,1,3,3-tetramethyl uronium hex-
afluorophosphate Methanaminium (HATU) in DMF
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Figure 197: Typhoon image for capillaries coating using various methods.
Red shows the regions of highest intensity. This result shows
that nil results are obtained using the polyelectrolyte/silane +
biotin.

2. N-hydroxysulfosuccinimide (Sulfo-NHS) + ethyl(dimethylaminopropyl)
carbodiimide (EDC) 2 mg/mL

3. N-hydroxysuccinimide (NHS ) + EDC

The coated fibres were cut to length and filled with hydrogen perox-
ide + HRP solutions with concentrations of 0, 1 nM, 10 nM, 100 nM &
1 µM. These were then placed on the typhoon imager plate, with the
results shown in Figure 197, with the analysis shown in Figure 198.

For the measurements in Figure 197 the signal was significantly
above the background level so it was possible to perform reasonably
accurate measurements. The fine spots on the image arise from dust
on the screen, but are infrequent enough and low enough in intensity
that they did not significantly affect the final measurement.

This trial demonstrates a statistically significant increase for HATU,
NHS + SNHS. It is unclear as to why the trials with the biotin process
both with the polyelectrolyte and silane were unsuccessful, and due
to time constraints the reasons behind this failure were not examined.
This trial showed that capillaries using HATU as the coupling reagent
showed an increase from 10 nM, NHS+EDC from 10 nM and sulfo-
NHS from 1 nM. This is a significant improvement over earlier trials,
both in the magnitude of the fluorescence increase as well as the con-
centration of hydrogen peroxide required to observe this change.

Additional trials after this demonstrated that the observed fluor-
escence intensity from capillaries in which the coupling reagent was
not included was significantly lower than those in which the stand-
ard coating process was used. This strongly supports the hypothesis
that the fluorophore is being covalently bound to the surface. The re-
moval of the coupling reagent prevents the amine:carboxylic interac-
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Figure 198: Analysis of Figure 197, considering the summation of the ob-
served counts after subtraction of the background signal for ca-
pillaries coated using various techniques with differing concen-
trations of hydrogen peroxide.

tion from forming an amide bond, so if the observed fluorescence in-
tensity is higher with the coupling reagent than without this strongly
suggests that the covalent bond is being formed as intended.

For the next fibre trial it was decided to attempt the coating pro-
cess using a silane layer, and HATU as the coupling reagent even
though the sulfo-NHS shows a higher total fluorescence signal. With
the issues previously noted with the NHS significantly increasing the
loss of the fibre the Sulfo-NHS presents a somewhat unknown factor,
while for the HATU we were confident that the molecules should not
crash out of the solution forming crystals. Additionally, at this point
the long term stability of the fluorophore was unknown, and the ef-
fects of HATU on the fluorophore had already been characterised.
As such no additional measurements were required to conclude that
in bulk solutions at least the HATU had no effect on the fluorescent
properties of the ARD or the way that it interacts with the hydrogen
peroxide molecules.
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Figure 199: F2HT wagon-wheel fibre used for coating trials.

7.6.9 Fibre coating

7.6.9.1 First trial

With the capillary measurements complete it was desirable to attempt
to perform hydrogen peroxide detection in fibre to observe how re-
peatable and reliable this technique could be. The fibre used for pre-
vious measurements had been depleted, so a slightly different fibre
was used for these trials. A SEM of this fibre is shown in Figure 199.

The process used for coating the F2 wagon-wheel fibres was as
follows.

1. CETS Silane 5% 17 hours.

2. Nitrogen 15 mins.

3. Water 2 hours.

4. Nitrogen 15 mins.

5. Fluorophore 2 1/2 hours.

6. Nitrogen 15 mins.

7. Water 30 mins.

8. Nitrogen 15 mins.

At the completion of filling the fibre was then cut in to 15 cm length
using a mechanical cleaver. Each of these fibres was then placed on
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Figure 200: Fluorescence results from coating of deprotected ARD in F2 WW
fibres, filled with different concentrations of hydrogen peroxide
after coating.

the translation stages, and aligned using the minimal possible power
level. The fibre was then filled for 10 minutes at which point the fibre
tip was removed from the solution. The fibre was then left for a fur-
ther 12 minutes, and a scan performed. The results of this measure-
ment for 6 separate fibres filled alternately with water + HRP and hy-
drogen peroxide solutions are shown in Figure 200. The input power
used for these measurements was 2.5 µW.

Since this fibre was cut in to such short pieces (~150 mm) this made
it difficult to measure the loss directly with a cutback measurement.
We can however indirectly estimate the loss of the fibre, by assum-
ing that the coupling efficiency between fibres is the same. A 150 mm
length of wagon wheel fibre was filled with water, and the input coup-
ling optimised using a power meter. The transmitted power through
this length was measured as 840 µW for approximately 2.5 mW input.
The power transmitted through the fibre used for the photobleaching
measurements in Figure 201 was 550 µW for the same input power.
Assuming that the coupling efficiency was similar for both fibres, we
can therefore estimate that the additional loss induced by both the
coating process and the absorption of the fluorophore is 12 dB/m.
This amount of loss is acceptable for a dip sensor since the fibre
lengths are so short, but would be prohibitive for any sort of dis-
tributed measurements over longer lengths of fibre.
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Figure 201: Photobleaching rate for coating fibre filled with 100 µM H2O2 +
HRP solution. The input power used here was 25 µW.
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Figure 202: Order of peroxide concentration used in the two fibres coated.

7.6.9.2 Second Trial

This trial was then repeated using the same coating protocol with
two fibres with an initial length of approximately 700 mm. Again the
fibres were cut into 150 mm lengths and filled with various concen-
trations of H2O2 and HRP solutions. One of the drawbacks to filling
longer lengths of fibre is that at the opposite end of the fibre from
which the liquid is filled some depletion of the chemicals used could
occur. This could possibly reduce the observed fluorescence signals at
this end of the fibre due to a reduced surface density of fluorophores.
To minimise any possible effects arising from variations in the density
of the surface coating along the length of the fibre, the two fibres were
filled with hydrogen peroxide solutions in a different order, as shown
in Figure 202. If the observed fluorescence intensity is a product of the
fibre length then an inverse correlation to the peroxide concentration
should be observed with one of the fibres.
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The results of this trial are shown in Figure 203, which shows a
reasonable dependence on the fluorescence intensity, and more im-
portantly both of the fibres show a trend in the same direction so we
can conclude that the length dependence of the fluorescence is not the
reason behind the increase in fluorescence signal. If the difference in
fluorescence signal was solely due to variations of the coating density,
then it would be reasonable to assume that the higher fluorescence
signal would be observed at the end with the highest fluorophore
density which is likely the end from which the liquid was inserted.

Filling hydrogen peroxide solutions in the order shown in Figure
202 allows fluorescence from the increase in the hydrogen peroxide
signal to be distinguished from the length dependence. Since the two
fibres are filled with peroxide concentrations in opposite orders the
two should show the inverse dependence if the difference in fluores-
cence is due to the length dependence of the surface density. Since
this is clearly not the case, it can be reasonably concluded that this is
not true for this coating trial.

The reduced signal at 1 µM solution is either due to an issue with
the surface coating, or alternatively could also be due to oxidation
to a non-fluorescent compound at high peroxide levels as was seen
earlier with AUR in bulk solutions. Both fibres show a large increase
in the fluorescence signal between the water filled and 10 nM, with
the smallest increase for the first fibre at one hour of 1.8 × and the
largest 5.3 × for the same fibre after four hours. Part of this is likely
due to variations in the coupling both in and out of the fibre, and
part due to variations in the actual emitted fluorescence intensity over
time.

It was not possible to study the kinetics of each individual fibre due
to concerns about the time stability of the coated fibres. This meant
that fibres were removed from the stages between the measurements
and thus could not be monitored for the duration. The fibre could
have been monitored from filling to the time of the first measurement,
however it was decided to minimise the exposure of the fluorophore
to light to reduce any impact of this on the final result. Indeed for the
entire filling process once the fluorophore was introduced the fibres
were kept in the dark for the maximum possible amount of time, with
the lights only turned on when required to check the progress of the
filling or to change the solution.

At the conclusion of these measurements issues were raised about
the structure of the compound, which will be examined in more detail
in the following discussion section.

7.6.10 Discussion and summary

With the results from the previous chapter it can be concluded that
hydrogen peroxide has been successfully detected in solution using a
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Figure 203: Second WW fibre coating trial with deprotected ARD.
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microstructured optical fibre. Pre-mixing of the solutions of amplex
red and horseradish peroxidase demonstrated a detection limit of ap-
proximately 20 nM after the solution was filled into the fibre. This
limit was below the minimum desired concentration required for
both the wine and IVF applications, and as such no specific effort was
made to improve the sensitivity beyond this. This sensing method
had the drawback that the volume of liquid required was still relat-
ively large, with >10 µL of sample still required to perform a meas-
urement. This large sample size prevents the main advantage of the
fibre-based sensing system, the low (<50 nL) volume of the fibre to
be effectively utilised.

This was improved on with the low-volume bulk mixing, reducing
the required sample size to only 1 µL by diluting the sample 9:1 with
the fluorophore and then taking care with the experimental proced-
ure to be able to fill the fibre from this small reservoir. The sample
size could potentially be reduced further by increasing the magnitude
of this dilution, however this would come at the cost of the sensitivity
of the sensor.

Significant effort has been invested in developing a fluorophore
that can be surface functionalised, concluding with the successful
synthesis of an amplex red derivative with an amine tether. The react-
ivity of this fluorophore to hydrogen peroxide has been conclusively
shown in bulk solutions, and demonstrated with good results in both
capillaries and in fibre when attached to the glass surface. This has
demonstrated a fluorescence signal that is dependent on the hydro-
gen peroxide concentration filled into the functionalised fibre.

Exactly how the fluorophore is attached to the surface here has
not been confirmed. NMR of the deprotected compound could not
conclusively show that the compound showed the expected structure,
and mass spectrometer results had a similar issue. Clear results were
obtained at the start of the process both for NMR and mass spectro-
meter for the protected compound. The reaction of piperidine with
the FMOC group is a well studied reaction, and the successful de-
protection of the molecule to expose the amine group can reasonably
assumed. Over the subsequent weeks some white particles were seen
in the container holding the dry sample, even though the sample was
kept in the dark at -20 ºC. The impurities were removed from the com-
pound, and the sample rechecked with the mass spectrometer result
again showing a clear signal for the protected fluorophore. This how-
ever produced questions about the stability of the compound, as to
how long the compound could be used for before it began to break
down. The likely conclusion here is that the FMOC protective group
was breaking off from the rest of the molecule, but this was not con-
firmed due to the limited amount of compound that was available at
this point.
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Due to equipment issues beyond our control, we were unable to
perform any mass spectrometry measurements on the fluorophore
between the initital characterisation, and the final measurements. A
mass spectrometer measurement performed on the day of the final
fibre coating trial (Figure 203) was unable to observe the expected
peak at 314.29, instead only showing the mass of the base amplex
red molecule at 264.2. This was further complicated when a meas-
urement was performed using a high resolution mass spectrometer
- Orbitrap 3000 RSL HPLC, which again did not show the expected
peak. It did however show a peak at 338.34 which aligns well with
the compound plus sodium. However due to inconsistencies between
these mass spectrometer results, as well as NMR results not show-
ing the expected results it is impossible to conclusively say what the
structure of this molecule actually is.

Initial functionalisation trials were promising, but not conclusive
as to whether peroxide was able to be detected in fibre. Most tri-
als demonstrated a small increase in fluorescence with high concen-
trations of peroxides, however these increases were significantly less
than the fluorescence increase observed from bulk samples of Amplex
Red. Issues with the surface functionalisation technique with the NHS
blocking the holes and problems with the polyelectrolyte produced
delays in obtaining low-loss coated fibres. By the time the functional-
isation protocol had been developed the stability of the fluorophore
had come into question.

Further characterisation of the bulk chemicals demonstrated that
the NHS, EDC and piperidine were likely interfering with the fluoro-
phore. Although in theory the EDC and NHS should be washed from
the fibre during the coating process, in practice it is likely that small
quantities of these compounds will remain in the fibre. Likewise the
excess piperidine should be washed from the fibre, but again some
will likely be electrostatically bound to the surface in the fibre. The
capillary trials shown in Figures 197 and 198 show that high fluor-
escence signals are indeed obtained when EDC and NHS are used
the coating process. This suggests that, for these large capillaries at
least, residual amounts of these molecules remaining on the surface
have minimal impact on the behaviour of the fluorophore. This trial
did not address the issues observed earlier with the NHS degrading
the loss of the fibre, and due to time constraints the possibility of
using sulfo-NHS in the coating process was not examined outside of
capillaries.

In the future significant time will need to be invested developing
a repeatable, reliable, low loss protocol for fibre functionalisation.
There are a vast number of choices for coupling reagents, includ-
ing the HATU with which was used with success for the later tri-
als. Alternatively the solvent for the NHS/EDC/fluorophore could
be changed from water to DMF or DMSO, as this should increase
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the solubility off all components of the reaction reducing the amount
of product that precipitates out of the solution which is likely what
induces the additional loss.

More quantitative measurements of the surface density using both
silanes and polyelectrolytes are also required in addition to measure-
ments related to the coupling reagents. Again there are more options
as to the choice of chemicals and conditions used here. As previously
mentioned the issue with obtaining quantitative measurements begin
with ensuring that the initial surface quality of the glass is the same
as in fibre, then pass on to exactly how to make measurements as
to what the surface density actually is. It can be indirectly measured
by binding a fluorophore such as a quantum dot to the surface, and
looking at the amount of observed fluorescence [41, 234]. This how-
ever does not give a direct measurement of the density of the silane
or polyelectrolyte layer, and to obtain this requires further assump-
tions about the efficiency of the coupling reaction between the amine
and carboxylic groups. Additionally this assumes that the quantum
efficiency of the fluorophore remains the same, and also does not con-
sider that the fluorescence emission will likely not be homogeneous
this close to the glass surface [241, 242].

Once the fluorophore had been cleaved and the piperidine removed
more successful trials of the surface functionalisation process were
obtained. Control trials showed that the fluorescence intensity was
higher when a coupling reagent was included, suggesting that the
fluorophore was binding to the silane layer as desired. Due to the
amount of variability in the obtained fluorescence intensity it was not
possible to use this fluorophore to check the surface density.

It is also important to note here that the concentration of fluoro-
phore that was used for the surface functionalisation was particularly
high at 1 µM. So for a 15 cm length of fibre, we have 1.5×10

10 fluoro-
phores inside the fibre at any one time, assuming that the volume is
24 nL. During the filling process, a constant pressure is maintained,
such that the amount of liquid flushed through the fibre over the 2-3
hours of the coating step is multiple times that of the total volume
of the fibre. As such with this high number of fluorophores present
in the fibre this suggests that even if 99% of the fluorophore has de-
graded from the tethered amplex red to standard amplex red there
should still be a sufficient amount of fluorophore molecules available
to be bound to the surface. The mass spectrometer results should be
sensitive to low concentrations of fluorophore, but the inconsistency
of the results makes it difficult to reach a conclusion as to the success
of the binding process.

So although measurements to determine that the structure of ARD
was as desired, we have indirect evidence as to the successful syn-
thesis of the fluorophore from the control trials with both the fibres
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(Figure 184) and capillaries showing low fluorescence signals for coat-
ing processes without the coupling reagents.

The final two fibre coating trials, which bring together the refine-
ments in the coating process along with the removal of piperidine,
show a good dependence on the hydrogen peroxide concentration,
with a minimum detectable concentration of approximately 10 nM.
This technique is almost at the point of being a single-step process
to take a measurement, as the only external addition at this point is
HRP. This can either be introduced by adding small quantities to the
entire sample which is to be sampled, or ideally the HRP itself could
be functionalised. This has previously been demonstrated to work
[229] using silane coatings, and the primary reason that it was not
included in these measurements was a desire to minimise the com-
plexity of the experiments arising from concerns about the stability
of the fluorophore.

So with these results sensing for hydrogen peroxide has been demon-
strated in fibre, however it is also clear that refinements of both the
fluorophore and the coating procedure will be required before this
can find effective use as a sensing platform. This is an important
step towards this goal. Control trials showed that the fluorophore is
likely bound to the surface, but unfortunately mass spectrometer and
NMR results were unable to conclusively show the structure of the
fluorophore that was used. Nonetheless significant progress has been
made towards developing a process that can successfully bind fluoro-
phores with amine functional grounds to the glass surface, which to
this point had not been demonstrated to the best of our knowledge.





8
C O N C L U S I O N S

This thesis shows development towards creating a practical fluores-
cence based fibre dip sensor both for detection of low concentrations
of fluorophores for use as a biosensor, as well as for hydrogen per-
oxide detection in aqueous solutions. A method for the surface func-
tionalisation of hydrogen peroxide reactive fluorophores has been de-
veloped, resulting in preliminary results indicating the successful de-
tection of hydrogen peroxide in solution using only ~20 nL of sample
volume. This has expanded on the previously developed methods for
surface functionalisation, demonstrating that the fibres can be coated
with an acceptable increase in loss of only 6.5 dB/m at 532 nm.

This work has covered the development and optimisation of both
the sensor and detector architecture, reducing the minimum detect-
able concentration of Quantum Dots in solution by two orders of
magnitude over what had previously been demonstrated in fibre to
10 pM. This was further improved through the use of lanthanide
doped nanocrystals, showing a reduction in the detectable concen-
tration of Erbium doped nanocrystals to 660 fM limited by the back-
ground fluorescence from the glass. The use Thulium doped nano-
crystals allowed this detection limit to be lowered further still, as the
emission spectra from these nanoparticles is distinctly changed from
that of the background signal from the glass, allowing easier differ-
entiation between the signal and background fluorescence. Both the
Quantum Dots and nanocrystals can find use as fluorescent labels for
biological detection via surface functionalisation processes, so it can
be inferred from this that with the developments here more sensitive
biosensors can be created using these optical fibres.

A range of soft glasses has also been characterised for their back-
ground fluorescence at various visible wavelengths, which should al-
low more reasoned choices of glasses for sensing applications in the
future. This work also involved the development of a new optical
fibre, with lower intrinsic background fluorescence, and work is pro-
ceeding on the characterisation of a novel multi core structure that
potentially can reduce the effect of glass fluorescence on the measure-
ments (Appendix A).

A range of practical improvements to fibre optic sensors have been
developed, with the primary goal of creating a sensor platform which
can be used for real world measurements. This has covered splicing
the soft-glass microstructured fibres to conventional silica core:clad
fibres for easier integration with existing systems, as well as tapering
to create a probe tip that can easily be integrated with a wagon-wheel
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fibre based dip sensor. A theoretical model has also been employed to
analyse the prospective performance of these splices, both in terms of
the amount of light coupled into them as well as the amount of fluor-
escent light that can be expected to be observed after transmission
through the spliced region.

This goal of improving the practicality of these wagon-wheel fibre
dip sensors has also involved initial development on microfluidic
techniques that, once fully realised should allow sensing to be per-
formed with sub-microlitre sample sizes that does not require the
development of specialised fluorophores that can be functionalised
to the surface of the fibre. As such this work, once fully developed
should present an alternative to developing fluorophores for surface
functionalisation, as through optimisation of the methods it should be
possible to perform multiple measurements without drawing enough
liquid to significantly affect IVF samples.

Additionally progress has been made both on the use of a new glass
for fibre fabrication, FK5, which shows reduced photodarkening rates
in bare fibre compared to what is observed using F2 fibres. This work
has also included development in die materials that can find use at
higher temperatures, opening up new possibilities of glasses that can
be extruded, partially bridging the gap between what is currently
achievable and the temperatures required for silica extrusion.

Finally characterisation of various hydroperoxide and hydrogen
peroxide sensitive molecules both in cuvette and in fibre has been
performed, culminating in the aforementioned detection of hydro-
gen peroxide using a surface functionalised fibre. Several molecules
were characterised in the process of these developments, leading to a
greater understanding of the requirements and ideal characteristics of
a fluorophore intended for use in optical fibre sensors. This has given
a better understanding of the desired characteristics of a fluorophore
for use in this type of dip sensor, primarily in the area of photostabil-
ity needed to perform measurements. During the course of this work
the methods used for detection of this fluorescence have been greatly
improved, leading to a reduced requirement in the stability of the
molecules.

Initial work on hydroperoxide detection in fuel was unable to ob-
tain a clear signal when the fluorophore was filled into the fibre
due to the long scan times and high illumination intensities required.
When repeated using the optimised detection system developed over
the course of this thesis measurements were able to be performed
demonstrating a photobleaching rate that now would not preclude
this fluorophore from use in a sensor.

This project has covered applications beginning in fuel sensing,
and progressing through wine sensing and finally embryo sensing.
A commercial fluorophore, Amplex Ultrared has successfully been
employed in fibre, showing a good linearity over the desired concen-
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tration range. A version of this fluorophore has also been modified for
surface attachment, demonstrating likely detection of hydrogen per-
oxides down to 10 nM. This last example should provide an ideal ap-
plication especially suited for sampling using optical fibres, since the
low volume required for sensing with these microstructured fibres
integrates well with the low sample sizes available for detection on
IVF samples. The typical buffer volume around an embryo that can
be sampled is approximately 20 µL. So using a 20 cm length of func-
tionalised fibre with an internal volume of 20-30 nL as a dip sensor
results in minimal reduction in the available sample volume, such
that a series of measurements can be performed on a single embryo
to monitor the peroxide concentration around the embryo as it devel-
ops.

The work presented here has produced developments in both the
sensitivity and practicality of fluorescence-based microstructured op-
tical fibre detection methods, which potentially will lead to more real
world applications being explored to find new uses for these types of
sensors.





Part IV

A P P E N D I C E S





A
T R I P L E C O R E WA G O N W H E E L FA B R I C AT I O N

Another approach that was investigated to reduce the effect of the in-
trinsic glass fluorescence by altering the geometry of the fibre, rather
than by changing the glass or the wavelengths of the excitation/e-
mission. The proposed concept in the most general form is shown in
Figure 204. Here it is proposed to utilise one core for excitation of the
fluorescent molecules within the holes, and the second for recapture.
This type of multi-core concept has been used in the past for coupling
both with solid [243, 244] and microstructured fibres [245] including
work done applying this to sensing applications [246]. The technique
used in Ref [246] utilised interferometric methods to observe pressure
and strain by monitoring the coupling between the cores.

On average the fluorophores will be closer to the collection core (i.e.
between the launch and collection cores) than the emitters responsible
for the background emission from the glass, which resides within the
launch core. This should in theory mean that the capture of the signal
photons will be of a higher efficiency than those emitted from the
excitation core.

Some preliminary modelling was performed, suggesting that there
would be some fluorescence capture into the second core. For 0.85 µm
cores the modelled fluorescence capture drops by approximately 500×
when the offset distance (see Figure 204) is increased to 1 µm when
considering a single mode excitation and capture in to all modes of
the collection fibre (see Section 2.11). Since this was a completely new
fibre geometry requiring a new die design rather than performing ex-
tensive theoretical modelling to determine the precise ideal geometry
it was instead decided to attempt to fabricate some test fibres, and de-
termine from these fibres what modifications then needed to be made
to the die to obtain a useful fibre. The die used is shown in Figure

Launch

core
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core

Core

diameter

Offset

distance

Figure 204: Concept for excitation and capture with separated cores.
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Figure 205: (left) Extrusion die used for triple core preform fabrication
(right) Sketch of proposed structure.

205. It was decided to make three cores rather than two, primarily be-
cause this simplified the fabrication process. Fabricating three cores
meant that the basic die design and flow structure could remain, as
the three cores should be adequately supported by three long struts.
Changing to two cores would likely require four struts which would
require extensive modifications to the existing die design, in addition
to presents additional challenges during the drawing process.

The die design was modified from that used normally for large
wagon-wheel extrusion. Typically the central region of this die con-
sists of a hole in the centre for the core, with slots for the struts. Here
the central hole was replaced by a torpedo structure which acted both
to separate the central region from one large triangular hole in to
three separate cores linked by thin struts. A preform was extruded
using the standard technique, with the results shown in Figure 206.

This preform unfortunately showed extensive deformations from
the ideal structure. The initial section of the preform shows “ribbing”
in the outer wall with a period of 3-5 cm, which has occurred pre-
viously when the glass flow through the die is unstable. This effect
is minimal after approximately 20 cm of the extruded structure has
pass through the die. When the preform was cut to length it was clear
that the internal structure had deformed, with the struts bent inside
the preform. This likely arises from excessive glass flow through this
region.

The internal flow design of the die was modified slightly to im-
prove the stability of the glass flow, and the extrusion repeated. Past
experience had shown that this instability was due to differing flow
rates of the glass through the internal struts, and external walls. Since
it can be observed that the core emerges a significant time before the
walls, it can be concluded that the flow rate for the glass going to the
walls is too low and thus needs to be increased by modifying the die.
The results of this trial are shown in Figure 207.
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Figure 206: F2 triple core extrusion trial #1 (top) Full preform, showing peri-
odic deformation (middle) Central extrusion region, the draw
has stabilised and the surface is now smooth (bottom) Compar-
ison between die exit (red) and preform cross-section at either
end of the cut region.

Figure 207: F2 triple core extrusion trial #2.
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a) b)

c)

f )e)

d)

Figure 208: Triple core fibre fabrication process (a) Preform (b) Cane (c) Start
of fibre draw, cores merged (d,e) Continuation of draw, centre
hole opened holes progressively inflating (f) End of draw, inter-
face gap opening up and strut length significantly decreased.

This extrusion showed significantly less deformation than the ini-
tial trial, both in regards to the “ribbing” at the start of the extrusion
as well as the deformation of the struts (Figure 208a). This result was
sufficient to proceed with the remainder of the fabrication process
to observe how further deformations affect the final geometry of the
fibre.

The fibre was drawn using a cane-in-tube technique (see Section
2.3.1), which involves first caning the preform down to ~1 mm dia-
meter (Figure 208), and then inserting this in a tube with an inner
diameter approximately equal to the outer diameter of the cane. This
assembly is then drawn down to a fibre with a typical outer diameter
of 125-200 µm.

This trial resulted in the successful fabrication of a triple core fibre,
which to the best of our knowledge is the first demonstration of a
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Figure 209: Individual mode coupling in first successfully fabricated triple
core structure. The red circles show the approximate locations
of all of the cores in each image.

multi-core fibre using the extrusion technique. It was demonstrated
using a 532 nm laser source that the light could be individually coupled
in to each core, which is obviously a requirement if this fibre is to be
used as a sensor. This is shown in Figure 209, and displays similar res-
ults to what was demonstrated by Baggett et al. [247] for a multi-core
silica fibre.

These images were obtained firstly by de-focussing the light, and
adjusting such that the light was coupled approximately equally into
all cores. The alignment was then adjusted to couple in to each core in
sequence, and an image recorded without moving the camera. This
successfully demonstrated that the light can be coupled in to each
core, with almost 3 orders of magnitudes more power in the desired
core than is present in the secondary cores. With 3.8±0.1 mW coupled
into core 1 (arbitrary designation) only 13±1 µW is observed from
core number 2.

Unfortunately due to issues in the fibre drawing process (Figure
208c,f) only limited amounts of fibre (<2 m usable) were actually ob-
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Figure 210: Second fabricated triple-core fibre (a) Transmission microscope
image through ~10 cm of fibre (b) Reflection image at the same
magnification.

tained from this trial, which was not enough to perform systematic
measurements on the fluorescence capture.

A new tube was fabricated and the draw repeated, however it was
shown here that although one core possessed a relatively low loss, the
loss in the second two cores was progressively higher. This is shown
qualitatively in Figure 210.

Here the observed images are compared between the transmission
through ~210 cm of fibre using an external light source for excitation,
and the standard reflection image using the microscope’s light source.
It can clearly be seen that good transmission is obtained through one
of the cores, a small amount through a second and virtually none
through the third. It is unlikely that this is due to any sort of res-
onant process, as the same cores always display higher losses. This
was checked using sections of fibre that showed a single air gap
between the strut and the cane (such as that seen in Figure 208f)
which gave an orientation key for each piece of fibre. A spot loss
measurement at 532 nm was performed on these two cores, giving
a result of 1.4±0.2 dB/m for the top core and 4±0.4 dB/m for the
bottom left core. The transmission through the bottom right core was
too weak to be observed using reasonable lengths of fibre.

A third fibre draw again resulted in poor transmission. At this
point it was considered that contamination of the cane or preform
could possibly have caused the increased loss, either through chem-
ical contamination or from water damaging the surface. An extrusion
was performed with the third and final triple-core die. The results of
this trial are shown in Figure 211.

Extrusion parameters used here were identical to the first two trials,
using the same die design as the second trial with the modifications
for improved glass flow. Although it is not completely clear from the
image here, the preform showed significant misting along the length
from defects on the internal surfaces of the preform. This degradation
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Figure 211: Triple core extrusion trial #3.

Figure 212: SEM image of fourth triple-core wagon-wheel fibre trial.

in the surface quality has been shown in the past to result in fibres
that are both lossy and fragile, so it was decided that there was no
practical reason to proceed any further with the fabrication process
of this preform.

A fourth fibre was fabricated using a cane from the second extru-
sion, which showed good transmission through all three cores, reas-
onable (~30 m) yield and no interface gaps as seen with earlier trials.
A SEM image of this fibre is shown in Figure 212.

Unfortunately the successful fibre draw occurred simultaneously
with new fluorescent compounds (see Section 7.6.7), and due to the
uncertainty in regards to the stability of the compound these meas-
urements took precedence over trials with the triple-core fibre. As
a result only preliminary measurements were performed using this
fibre, involving coupling sequentially in to each core as demonstrated
for the first fibre and an attempt to measure the fluorescence capture
into the secondary cores.

To measure the fluorescence capture the fluorescence was meas-
ured in the forward direction with the experimental configuration
shown in Figure 30, as was used for the initial Qdots experiments.
Here the only change was rather than having the OSA positioned at
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Figure 213: Observed fluorescence from excitation (Main) and collection
(Secondary) cores in triple-core fibre.

the focus of the output light, instead a large diameter (200 µm) core
multi-mode fibre connected to the monochromator was located for
collection of the light. The collection fibre was located approximately
75 cm from the end of the end of the wagon-wheel fibre. A variable
aperture was used to ensure that only the emission from the inten-
ded core was being observed. Once the position of the image of the
core was optimised dichroic filters were added after the fibre out-
put to reduce the excitation power such that damage to the CCD in
the monochromator was prevented. The observed fluorescence light
from both the excitation core (Main) and collection core (Secondary)
is shown in Figure 213.

The power coupled into each of these cores when aligned into the
main core was measured before filling at 3600 µW for the main core,
50 µW for the secondary. Due to experimenter’s error the coupling
into each of these cores after filling was not measured, as the fibre
was broken when attempting to align into the third core.

With this fibre we have demonstrated preliminary results of fluor-
escence recapture using a multi-core fibre, however this result does
not demonstrate whether this signal arises from capture using the
launch and collection core scheme described above, or if it is simply
due to a small amount of unavoidable coupling of laser light into the
collection core which then excites fluorescence directly.

This fibre could also find interesting applications multiplexing sens-
ing for different compounds within the same fibre. Even if the fluor-
escent labels had similar or identical emissions it should be possible
to coat different holes with different fluorophores, thus making it pos-
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sible to use the two collection cores for detection of different species.
Initial concerns were raised that this would greatly complicate the
coating process, as although it is possible [248, 249] to individually
fill holes it is time consuming to ensure that the hole is completely
blocked. However coating different fluorophores in each hole should
only require modification to one step of the coating process; when
the fluorophore itself is added (see Section 7.6.2). The remainder of
the coating procedure is performed as per the usual technique, so this
only results in one addition step as two separate fluorophores must
be flushed through the fibre.
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Abstract: We present improvements to fluorescence sensing in soft-glass microstructured 
optical fibers that result in significantly improved sensitivity relative to previously 
published results. Concentrations of CdSe quantum dots down to 10 pM levels have been 
demonstrated. We show that the primary limitation to the sensitivity of these systems is the 
intrinsic fluorescence of the glass itself.
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1. Introduction

Optical fibers are ideal for environmental sensing applications because of their ability to transmit 
optical signals to and from the sensing region without the use of free-space optics. By accessing the 
evanescent field, the fiber itself can be the sensing element and long interaction lengths can be 
achieved [1]. Microstructured optical fibers (MOFs) are particularly suited to such applications as the 
air spaces inside the fiber form natural cavities for locating the material to be detected. These types of 
fibers have a significant advantage over conventional core-clad fibers, in that they can be fabricated 
from a single material, so issues involving thermal and chemical compatibility between different 
glasses can be avoided [2].
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By tailoring both the MOF material and the geometry, the light-matter overlap can be increased to 
values much larger than with conventional fibers. Through varied structure geometries such as 
photonic band-gap fibers (PBGF) [3,4] or suspended nanowires [5-8], the overlap between the guided 
light and the analyte located within the holes of the fiber can be increased significantly over that which 
can be obtained using multi-mode bare fibers or D-shaped fibers [9]. However, due to the relatively 
limited bandwidth of most PBGFs [7], the excitation and emission wavelengths must be relatively 
close to enable detection with the fiber. Here we employ the suspended nanowire design [10] that 
provides the high evanescent overlap of a standard nanowire [11] with the large interaction length and 
robust handling comparable to conventional fibers.

The extremely small transverse structures that are possible in MOFs allow very small samples to be 
measured, with total volumes of less than 10 nL being easily obtainable with practical (~20 cm) 
lengths of fiber using the fiber shown in Section 3 below.

Through the use of fluorescent molecules that interact with target species these fibers can be applied 
to diverse applications including hydrogen peroxide detection [12] or aluminum detection [10]. The 
detection of biomolecules attached to fluorescent labels has recently been demonstrated in 
suspended-core MOFs [3,13], yielding a detection sensitivity down to 1 nM for antibodies labelled 
with quantum dots (Qdots). 

The fluorescence-detection approach is attractive because of its simplicity. When one end of the 
fiber is dipped into the sample, capillary forces draw the liquid into the voids within the fiber. The 
evanescent field of the pump light excites the fluorescent labels and a portion of the fluorescence is 
captured by the fiber core and propagates to the fiber tips. Captured fluorescence can be detected at 
either end of the fiber, although backward detection provides the convenience of single-ended devices 
and an improved signal-to-pump ratio [14].

This can be done either for labelled biomolecules in solution [3,13], or, if specificity is required, by 
attaching recognition antibodies to the internal fiber surface [15,16]. In the later case, fluorescence is 
detected when antigens bind to their corresponding immobilized antibodies and non-bound antigens 
are flushed out of the fiber. In either case, efficient fluorescence-based MOF sensors require a large 
evanescent field in the fiber holes, such as in band-gap fibers, liquid-core fibers or suspended 
core fibers. 

Suspended-core fibers are clearly a powerful platform both for chemical and biological 
sensing [10]. The aim of this work is determine the factors currently restricting the detection limit in 
this type of sensor and to improve this sensing architecture to increase the sensitivity of the dip sensor.

2. Glass Choices for Fluorescent Sensing Architectures

Various glasses were examined to test their suitability as a material for fabricating sensing fibers. 
The primary consideration here was the amount of fluorescence that was generated within the glass 
itself when light at the fluorophore’s absorption wavelength is guided within the fiber, as this has been 
identified as the primary limitation to the sensitivity of this type of sensor. The glass choice was 
restricted to soft glasses that can currently be fabricated into optical fibers through extrusion at 
temperatures less than 650 °C [2], so that suspended-core fibers could be fabricated via use of extruded 
preforms.
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To measure the glass background fluorescence spectra, a 25 mW 532 nm laser source was used to 
illuminate a range of bulk glass samples, and the fluorescence captured using a multi-mode fiber and 
recorded using an iHR 320 monochromator with the pump blocked with a long-pass filter. The results 
for various soft-glasses are shown in Figure 1 below. This fluorescence is believed to originate from 
trace metal impurities within the glass, although the exact origin of this fluorescence has not been 
studied in detail.

Figure 1. Bulk glass fluorescence measurements with 532 nm excitation.

Of greatest interest to this work is the glass fluorescence background in the region of the Qdot 800
emission (as described below), which is between 700 and 900 nm, with a peak at 780 nm. These 
results suggest that the best two glasses are both commercial lead-silicate glasses from Schott; the F2 
glass used in earlier [17] work, and the F2HT glass proposed for use here. A third candidate in LLF1, 
another Schott lead silicate which has also found extensive use in fabricating soft glass fibers and is 
considered in the modeling results shown in Section 7.

The bulk measurements suggest that since all other relevant material parameters are virtually 
identical between the two different glasses, changing glass from F2 to F2HT should result in almost a 
50% reduction in the observed glass fluorescence.

3. Experimental Design

A commercially available CdSe quantum dot Qdot® 800 ITKTM from Invitrogen was selected for 
use in this research. Unlike conventional organic fluorophores, quantum dots are virtually immune to 
the effects of photobleaching, meaning that direct comparisons between samples can be readily made 
as the fluorescence signal does not decrease over time. Additionally, due to the optical characteristics 
of Qdots, it is possible to excite the molecules at a wavelength that is significantly shorter than their 

peak at 780 nm), which reduces the need to spectrally filter out residual pump light. Finally, they have 
a relatively high absorption coefficient (~4 × 106 M 1 cm 1 at 532 nm) compared to other organic 
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flurophores such as Rhodamine B which has an absorption coefficient of 8.2 × 104 at 532 nm. The 
Qdots in this case were unconjugated, and suspended in decane (CH3-(CH2)8-CH3). Note that 
conjugated Qdots could readily be used, and indeed protein detection down to 1 nM has previously 
been demonstrated in fiber using a similar system to that described here [13].

The fiber used for these experiments was an in-house fabricated suspended core MOF as shown in 
Figure 2, referred to hereafter as a wagon-wheel (WW) fiber. The fiber was fabricated via preform 
extrusion and subsequent fiber drawing performed using a cane-in-tube technique [17] to allow the 
production of a relatively small core within a robust fiber geometry (core diameter ~1.7 μm, outer 
diameter 130 μm). To the best of our knowledge this is the first MOF reported to have been fabricated 
from Schott F2HT glass [18], with the primary difference between this glass and the more commonly 
used F2 [14,19,20] being improved UV transmission [18] and a reduced intrinsic glass fluorescence, 
which was discussed in detail in Section 2. F2HT glass was used as the material for the central cane, 
with the outer tube being fabricated from standard F2 glass. As the thermal and chemical properties of 
the two glasses are virtually identical, no issues were seen to arise from this. The fabricated fiber had a 
loss of 0.9 dB/m at 532 nm.

Figure 2. Scanning Electron Microscope (SEM) image of the soft glass MOF used for 
these experiments. The central, structured region of the fiber was made from F2HT glass, 
and the cladding from F2 glass.

4. System Characterization

Initial characterization was performed on the MOF using two different samples: a 1 nM Qdot 800 
solution in decane, and plain decane without added Qdots. The fibers were filled simply by dipping the 
tip in the solution and allowing capillary forces to draw the liquid within the holes along the fiber 
length. Before measurements were taken the fiber was removed from the solution, and its alignment 
optimized by monitoring the laser power from the distal end of the fiber using a power meter as shown 
in Figure 3. Due to the small size of the holes within the fiber (~4 μm) compared to the filled length 
(~ 19 cm) it was observed that the effects from evaporation of the solvent were negligible as minimal 
amounts were lost even over a period of several days.
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Figure 3. Experimental configuration for fiber-based fluorescence measurements.

Results (as shown in Figure 4) were taken using a 25 mW 532 nm laser source, an iHR 320 
monochromator and 533 nm long pass filter to remove any scattered or reflected pump light from the 
system. The filter was used as close to normal incidence as possible, and even when misaligned still
demonstrated a greater than OD4 reduction for the pump light. The fiber was aligned by optimizing the 
output power. Minimizing the path length of the laser ensured that the alignment stability of the light 
coupled into the fiber was good, with a maximum power reduction of 10% being recorded over a 
period of one hour. Here we define the output power as the total pump power recorded from the distal 
end of the fiber. For reference the total coupling efficiency from the laser source to the core of the WW 
fiber is in the range 35–40%.

The aim of these experiments was to investigate and characterize the power dependence of both the 
background glass fluorescence and Qdot fluorescence to determine the optimal excitation power for 
the sensor.

Figure 4. Peak fluorescence counts at 780 nm of both a fiber filled with a solution of 
Qdots in Decane (black squares) and a F2HT-core WW fiber filled with plain decane (red 
triangles) without Qdots added. The fluorescence counts have been normalized to 1 at 
8.95 mW output power.
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The results in Figure 4 show that while the background glass fluorescence, as shown by the red 
symbols in Figure 4, increases almost linearly with the output power of the fiber, as might be expected, 
the Qdot signal is not linear with the output power. Note the logarithmic scale of the axes in Figure 4.
As can be seen from Figure 4, as the power within the fiber increases, the Qdot signal decreases 
relative to the background glass fluorescence. A similar effect is observed using laser excitation on a 
1 nM Qdot sample in cuvette giving a result that agrees within the error margin of the experiments 
with the result shown above. As such, when the power launched in to the fiber increases, the net 
sensitivity of the sensor decreases.

Previously published results [13] employed an optical spectrum analyzer, whereas this paper uses a 
monochromator/CCD setup, resulting in a significant improvement in the signal to noise ratio. As a 
result, it is now possible to perform measurements with less than 30 nW of input power (i.e., less than 
10 nW output), whereas previous results required several milliwatts of input power to record any 
significant signal. This gives an immediate improvement to the Qdot fluorescence : glass fluorescence 
ratio of at least 5× which likewise corresponds to a 5× increase in the sensitivity of the system. Section 
5 explores the improvements derived from these results.

5. Sensing Results

A spectrum was taken of the unfilled fiber to ensure consistency between results to eliminate any 
possible variations in the signal arising from cleave-related reductions in the coupling efficiency, and 
the fiber filled with Qdots (or decane for the background signal) for a range of different 
concentrations. The results of these measurements are shown in Figure 5.

Figure 5. In-fiber fluorescence measurements with varied Qdot concentrations. As per 
previous results, a fiber filled with a plain decane solution was used to give a background 
reference signal (in this case the fluorescence comes from the glass itself).
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These results demonstrate that with a relatively high (compared to that shown in Figure 4) input 
power of 2.5 μW for all measurements, the minimum detectable Qdot signal using this configuration is 
10 pM, which is a significant improvement over the 1 nM concentration previously reported in [13].
Given that the total volume of the fluid within the fiber used in this experiment is approximately 9 nL 
for the 19 cm fiber length, this implies that for the 10 pM minimum concentration demonstrated here
there are in the order of 5 × 104 Qdots located within the fiber. 

6. Theoretical Modelling

Previous work [13] demonstrated that the fundamental limitation to the sensitivity of fiber-based 
fluorescence sensors is the background fluorescence from the glass itself, which was discussed in 
detail in Section 2. To better understand the behaviour of these sensors, we chose to model the system 
using the analytic vectorial solutions of a simple step-index fiber, as opposed to a FEM model [21],
making the reasonable assumption that the supporting struts within the WW fiber have a negligible 
impact on the field distributions and fluorescence recapture. We define the effective core size as the 
diameter of the circle with an area equivalent to the largest triangle that fits wholly within the 
core [17]. For the purposes of this modeling, the fiber loss was ignored, as since both the glass 
fluorescence and Qdot signal fluorescence are located in the same spectral region, they both 
experience a comparable reduction in signal under transmission. As such, the primary effect of loss on 
this system is a reduction in the measured signal to noise ratio.

We seek to gain an understanding of how the impact of the undesirable glass fluorescence on the 
sensor performance can be minimized. To do this, we define a figure of merit (FOM) for both the 
background glass fluorescence (FOMglass) and for the Qdot signal fluorescence (FOMsignal) as a 
measure of the intensity of the fluorescence that is captured into the backward propagating modes of 
the fiber. These FOMs give a measure of the total amount of fluorescence photons that are initially 
emitted and then recaptured in to the modes of the fiber. The former is a result of the amount of 
incident laser power on the fluorophores, and the latter due to the efficiency that photons emitted by 
the fluorophore are recaptured.

For the Qdot fluorescence, FOMsignal is defined as the product of the power fraction (PF) of the 
fundamental mode at the excitation wavelength located within the holes of the fiber (PFclad) [19] and 
the fluorescence capture fraction (FCF) of the emitted fluorescent light back in to all guided modes of 
the fiber [19].

Only the fundamental mode was considered for the excitation of the fluorescence, as through proper 
lens choice and careful alignment the laser light can be preferentially coupled into the fundamental 
mode of the fiber, even though the waveguide is capable of supporting higher order modes (HOMs) 
unless impractically small core sizes are considered.

For the fluorescence capture, it has been demonstrated that higher order modes must be included in 
the model, as the fluorescence capture into these modes has a significant impact on the total FCF, 
especially once the core size is increased well beyond the cut-off for single mode guidance [20].
Further supporting this, the experimentally measured mode images (Figure 6 below) show that while 
the excitation at 532 nm [Figure 6(a)) is well confined to the core and displays no obvious HOM 
content, the fluorescence emission around 780 nm [Figure 6(b)] clearly has substantial HOM content.
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Figure 6. (a) Mode image of 532 nm excitation. Fiber filled with decane to ensure correct 
mode profile for comparison to fluorescence mode image. (b) Mode image of very high 
concentration (1 μM) Qdot 800 fluorescence mode excited with 532 nm source. Scales are 
directly comparable between (a) and (b).

)b( )a(

Similarly for the glass fluorescence, the same definitions and assumptions are made, with FOMsignal

being defined as the product of the PF within the glass (i.e., 1 PFclad) and the FCF of the glass 
emitted light captured by all backward travelling modes of the waveguide.

These quantities can now be brought together to provide a better understanding of the overall 
performance of the sensor. This is done by defining a figure of merit, FOMtotal = FOMsignal/FOMglass.
The primary constraint currently limiting the minimum detectable concentration of the sensor is the 
amount of Qdot signal fluorescence relative to the glass fluorescence. FOMtotal, shown in Figure 7(d), 
is a direct measure of the relative magnitude of detected Qdot signal relative to the glass that is 
observed by the sensor.

As can be seen from Figure 7, reducing the core size fiber has a significant impact on FOMtotal

(regardless of the glass choice), and thus on the performance of the sensor, with improving 
performance predicted for the smallest core sizes. However, it is important to note that loss 
mechanisms were not included in this study. It has been previously shown [17] that the loss increases 
significantly due to scattering from surface roughness both in tapered nanowires and suspended 
nanowires once the core size becomes sufficiently small. Additionally, modes close to cutoff also 
experience significant confinement loss [20], resulting in both a reduction in signal at small core sizes 
where FOMtotal is predicted to be largest using the simple model derived here, and a reduction in signal 
at each point where an additional mode is guided as modes close to cutoff are generally spread out and 
not well confined.

The final parameter examined within this theoretical study was the effect of the index contrast 
between the glass and the cladding (Figure 7). Three glasses were examined: F2, LLF1 and Tellurite. 
The first two are commercially available lead silicates, with the third an in-house fabricated glass, with 
refractive indices at 532 nm of 1.63, 1.55 and 2.02 respectively. The refractive index used for the 
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Figure 7. (a) Power fraction at the excitation wavelength located within the cladding or 
core for various glasses, decane filled. (b) Figure of Merit (FOM) for fluorescent photons 
excited within the core of the fiber, this represents the intrinsic glass fluorescence. 
(c) FOM for fluorescent photons excited within the holes—this represents the Qdot 
fluorescence (d) Total FOM for the sensing system, with a higher value corresponding to a 
higher Qdot signal fluorescence relative to the background glass fluorescence.

As shown from the plots in Figure 7 reducing the index contrast results in an increase in FOMtotal

which corresponds to an increase in the amount of Qdot signal fluorescence observed relative to the 
background glass levels. However when the intensity of the glass fluorescence for each of the three 
glasses (as shown in Figure 1) is considered the F2 or F2HT glasses will in practice show the lowest 
background glass signals and therefore the best sensitivity. This is a consequence of the F2HT 
fluorescence intensity being 3.3× lower than LLF1 at 780 nm, and 4.6× lower than the Tellurite 
fluorescence at the same wavelength. So even though the overall capture of the fluorescence photons is 
reduced for the LLF1 glass, since the efficiency with which they are generated within the glass is 
significantly higher the net result in fiber is a higher glass fluorescence signal. This is further 
exacerbated by using a higher index glass such as Tellurite, as more fluorescence is generated in the 
first place and since FOMtotal is significantly lower with the higher index glass this results in a very 
large glass fluorescence signal relative to the Qdot signal.

These results demonstrate that a reduction in the index contrast results in a decrease in FOMglass,
and depending on the core size can also show an increase in FOMsignal leading to an overall increase in 
FOMtotal.
7. Conclusion
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We have demonstrated significant improvements in the sensitivity of fiber based fluorescence 
sensors, resulting in a large decrease in the minimum detectable concentration to 10 pM from the 
previously published result of 1 nM. This has been enabled through improvements to the experimental 
configuration and the use of low-fluorescence glass for the fiber fabrication, although we have 
demonstrated theoretically that this could be improved further by modifications to the fiber structure. 

Although improvements in FOMtotal can be obtained by reducing the core size, this also has the 
effect of making the experiment highly dependent on the coupling alignment, making reproducible 
results more difficult to come by as well as increased loss arising from surface roughness as mentioned 
earlier. Additionally, since the next phase of this work will involve splicing to conventional Silica 
SMF for easier integration and field deployability using extremely small core (i.e., single mode at the 
fluorescence wavelength) results in a significantly reduced coupling efficiency between the silica fiber 
and the WW fiber.

By building on the improvements discussed within this paper, it should be possible to further reduce 
the lowest detectable concentration using MOF sensors of this type significantly beyond the results 
that have been demonstrated here. If a relatively low loss fiber with a smaller core size than used 
above were fabricated, the amount of observed glass fluorescence would drop significantly, enabling a 
further reduction in the detectable concentration to be observed. At present with a 10 pM concentration 
approximately 5 × 104 Qdots are filled within the holes, and we anticipate that reducing the core size 
well below a micron would enable a drop in concentration to at least 1 pM with as few as 500 total 
Qdots within the fiber. 

Notes added in proof
Page 4 line 6 – added reference to figure 2
Page 4 line 25 – added reference to figure 3
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