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Abstract

Protein Biophysics in Hollow-Core Photonic Crystal Fibres
Label-Free Monitoring of Biomolecules in Optofluidic Waveguides

Jan Heck

Proteins are the central building blocks of life, and experimental
methods for their study are fundamental to deepening our under-
standing of biology and the life sciences. When studying protein
interactions, we seek new experimental methods that can detect
and monitor proteins in solution, at small volumes and low con-
centrations. Of particular interest are optical methods that leave
the system undisturbed and allow for in-situ measurements over a
span of time. Indirect optical detection, using fluorescent stains or
genetically-incorporated fluorophores as proxies, has enabled these
aims in many applications. However, these labels have been shown
to alter protein behaviour, such as the protein—protein interactions
that determine their aggregation mechanisms.

In this PhD dissertation, we study the use of hollow-core photonic
crystal fibre (HC-PCF), a class of optofluidic waveguides, to optically
detect and monitor proteins in microfluidic environments without
labels. Within this waveguiding microfluidic fibre geometry, we
monitor the label-free optical extinction and fluorescence of different
proteins in the ultraviolet spectrum, in native and aggregated forms,
and over extended periods of time as they undergo aggregation.

Specifically, we developed and demonstrate here three applica-
tions that form the experimental chapters of this dissertation. First,
we quantify serum proteins by exciting and collecting their in-
exe = 280nm,
Aems = 350nm) within a HC-PCF (49nLcm™!) under continuous
flow at sub-micromolar concentrations. Second, we adapt and re-

trinsic protein fluorescence in the deep ultraviolet (A

design this system to enable long-pathlength (17 cm), ultraviolet
(365nm) extinction measurements on protein aggregates. Finally,
combining these two techniques into a multiplexed measurement,
we demonstrate the ability to monitor the aggregation kinetics of silk

protein over several days in both extinction and fluorescence.
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Pre.1

Pre.2

Pre.1 Notes for readers

Notes for readers

I hope this dissertation will be useful to you, the reader. These are some general
points about this document.

I am more than happy to provide source files for any figures or other elements
of this dissertation to be reproduced in other works, most likely under a CC-BY
license. Similarly, to the extent I am permitted to do so, feel free to ask me for
preprints of works that are non-accessible due to the academic publishing system.

Equally, I am happy to provide relevant source code for any of the figures or
simulations in this dissertation under a free software license, most likely under
the GPL. Contact me at jan-heck.net/phd.

As a stylistic choice, I prefer and often adopt the use of ‘we” in the main text.
This is to include the reader and promote a dialectical approach, similar to the
narrative writing style of textbooks. It also reflects the common writing style
of co-authored academic papers. This does not imply that the work was done
by anyone other than myself, as declared in the front matter and spelled out
explicitly throughout this dissertation.

Margin titles throughout the text reproduce the high-level argument structure
of the text. They are not meant to replace section titles, but rather to allow for
quick visual panning across the text. They should relay the semantic structure of
the text and make it quicker to skip through the narrative and find a particular
point in the text. For the same reason, section titles are offset to be present in the

left margin.
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This publication describes the work primarily covered in
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poster. (link)

— At the 2022 Launch Symposium for the Precision Health Initiative (UK), I
presented a poster. (link)

— At SPIE Future Sensing Technologies 2023 (Japan), I presented a talk. I
received a SPIE student award to support my travel, and the presentation’s

contents are covered in a resulting proceedings paper.[z] (link)
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Pre.5 Abbreviated abstracts

To understand the findings resulting from any extended investigation, be it
scientific or otherwise, I feel there is great value in the exercise of distilling one’s
thoughts down to fewer and fewer words, retaining their essential core at each

step. An attempt at this is as follows.

One page

As included earlier in the front matter.

One paragraph

With new techniques based on photonic waveguides that provide guidance along
a microfluidic channel, we can collect and guide light in extended microfluidic
geometries. This allows us to increase the light-matter interaction in our exper-
iments, which becomes a way of increasing the sensitivity of optical detection,
while still using only microscopic amounts of sample. We describe and explore
these techniques, how they operate, and how we built them. Specifically, we
review the relevant literature and explain the physical principles that underlie
these optofluidic waveguides, before demonstrating their use in the detection
of proteins. We do so without the use of added contrast-enhancing fluorescent
labels. These label-free methods are increasingly sought after, as the labels have
been shown to change how proteins behave.

One sentence

Optofluidic waveguides combine photonic and microfluidic technologies to open
up new ways of studying proteins, doing so without the need for contrast-
enhancing labels that potentially disturb their behaviour.

One line

Light, when guided inside liquid, can help us look at proteins in new ways.

Three words

Light, Liquid, Life.
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1 ‘ Context

We begin by setting out the context from which this dissertation and its research
emerge: the motivation behind it, the relevant literature, as well as practical
considerations surrounding the PhD. Thereby, together with the next chapter
covering background and theory, this chapter lays the groundwork for the later
experimental chapters.

(.1 _Motivationl . . . . . . . .. .. 22
12 Titeraturel. . . . .. ... ................ ... ...
[1.2.1 Label-free optical detection of proteins| . . . . . .. ... .. 25]
[1.2.2  HC-PCF for biophysical sensing| . . . . . ... ... ... .. 42|
[1.2.3  Label-free detection of proteins in HC-PCF| . . . . . ... .. 49|
124 Summary|. . . . . ... ... o%!

1.3 Practical considerations| . . . . . . . . . . . . v 56



1.1 Motivation

1.1 Motivation

Optical measurements are, quite commonly, the preferred means of elucidating
physical phenomena. From the microscopel to the telescope,! newly-discover-
ed optical techniques have not only sharpened our observations, but unlocked
entirely new worlds to be discovered.

As the building blocks from which all known life is made, proteins attract
an accordingly large amount of research devoted to finding new methods for
scientific measurements to be performed on them, both historic® and current.”]

Among these methods are techniques originating from all disciplines of physics
and beyond. Historically, some of the earliest achievements in understanding
what proteins are made of and what they look like (their composition and struc-
ture) came from mass spectroscopy analysis[s] Bl and X-ray crystallography.[lo] (1]
These and other analytical techniques have been and continue to be crucial in
understanding proteins on the atomic level. However, as ex-situ techniques, they
are inherently incompatible with studying proteins undisturbed and in their
native state, which is only possible in liquid environments.

Then, to study proteins in liquid and under native, possibly even living condi-
tions, optical methods become a preferred choice and form one of the backbones

(o] (12 (3] 714] Optical detection generally does not

of today’s biological science.
affect the system under study significantly, given the irradiation power and de-
posited dose is limited, as is typically achievable. Furthermore, for any detection
method, its usefulness increases with our ability to integrate the measurement

setup into other systems.[15]

In the case of proteins, the systems that we use to
efficiently contain and manipulate dissolved proteins are increasingly micro-
fluidic ones, making integration with microfluidic systems and operation on
microfluidic volumes a key requirement.[lé]

Proteins, however, remain challenging to observe optically for several reas-
ons. First, they are small, typically smaller than 10 nm. Second, they have low
refractive index contrast (dn/dc = (1.899 + 0.003) x 10~*Lg~! for the human
proteome[m). Both of these facts combine to give proteins a small scattering
cross section, making them nearly transparent in aqueous solutions. In stan-
dard light microscopy, they appear invisible unless present in high concentration.
When measuring a protein solution in bulk, the commonly used techniques to
quantify optical extinction within cuvettes (UV-VIS spectrometers) require a

large (millilitre-scale) volume of sample to yield a sufficiently long optical path-
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1.1 Motivation

length and in turn a strong enough signal. However, protein measurements
often happen at both low concentration and low volume, such that their optical
detection remains challenging.

To overcome these limitations, fluorescent detection with labels is arguably
the gold standard of protein science, and its impact on the field can hardly be
overstated. "8 The advent of highly optimised fluorophore labels that can be
added as stains or dyes, yet even more so the advent of the green fluorescent

protein beginning some three decades ago[lg]

that spawned many engineered
derivatives!”?l have unlocked a level of specificity and sensitivity that was not
possible before. Where the proteins to be studied are synthesised artificially,
these fluorophores can be genetically incorporated, making the label an integral
part of the protein under study:.

These approaches, in turn, bring new challenges. Recent literature has shown

20]) [21]) [22] Specifically,

that the addition of fluorophores alters protein behaviour.!
studies show that labels bind to positions that are important in different protein
aggregation or misfolding pathways, leading to steric hindrance. 2242 Deg-
pite the great sensitivities and specificities afforded by labelling, this has lead to
increased interest in using label-free methods for the study of protein-protein
interactions.

One possibility to perform label-free measurements is to use the fact that
proteins can contain natural fluorophores. Of these, the most significant one
is the amino acid tryptophan.[26] With an abundance in the human proteome
of ca. 1%, most proteins (which are typically hundreds of amino acids in
length) are likely to contain at least one tryptophan and hence can be detected
by their intrinsic fluorescence. On the other hand, intrinsic fluorescence (unlike
the purposely engineered highly-optimised labels) has a low quantum yield
and is easily quenched. The excitation wavelength of tryptophan (280nm) is in
the deep ultraviolet, where many (especially polymer-based) materials exhibit
background fluorescence. Even regular (non-quartz) glass effectively blocks
these wavelengths, complicating experimental design.

Similarly, techniques commonly used in larger volumes such as UV-VIS extinc-
tion measurements do not necessarily translate easily to microfluidic sizes. Since
extinction-based measurements scale with optical pathlength, measurements
across a microfluidic channel will have pathlengths on the order of 10 um, and
hence signals, of 1000x less than standard cuvettes at 1 cm. If measurements are

instead done along the channel instead of across it, a plain microfluidic chan-
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1.1 Motivation

nel will not guide light and therefore incur losses that scale with length. This
counteracts the attempted increase in signal by extending the pathlength, besides
adding engineering constraints of providing perpendicular optical access at both
ends of the channel.

These challenges of translating macroscopic techniques to microfluidic ones,
detecting proteins label-free at both low volumes and concentrations, form a
demand for new approaches. Furthermore, no single technique will be suitable
for all experiments. Instead, many different techniques are required, and in
particular there is a need for those that are versatile and easily combined to
become an integrated sensing platform.

Hollow-Core Photonic Crystal Fibres (HC-PCFs) are a candidate for this. As
optofluidic waveguides, HC-PCFs collect and confine light in microfluidic chan-
nels by microstructured sub-wavelength features surrounding a hollow core.
The HC-PCF as used in this dissertation forms antiresonantly-guiding 30 pm
microfluidic channels, which we use in lengths of over ten centimetres, an aspect
ratio of more than 1000. Through the low-loss guidance of HC-PCFs, which
unifies the light-guiding and liquid-flowing channels to be the same region of
space (an inherently optofluidic system), high light-matter interaction can be
achieved. Offering the potential to enable higher sensitivities and new detection
mechanisms, HC-PCF are being explored as new sensing platforms in a variety
of research fields. This dissertation and its research aim to explore and apply
HC-PCFs for developing new measurement techniques in biophysics, and in
particular to the label-free detection of proteins in microfluidic systems.

The structure of this dissertation is as follows. In the remainder of this chapter,
we expand on these thoughts and review key literature with a view towards
the label-free, optical detection of proteins within HC-PCF. Next, is
devoted to the theoretical underpinnings and experimental methods of our work,
before the following four chapters detail different experimental studies conduc-
ted during this PhD. There, we develop and demonstrate the experimental use
of HC-PCF in the ultraviolet for the collection of intrinsic protein fluorescen-
ce (Chapter 3)) or the measurement of optical extinction of nanosized protein
aggregates (Chapter 4)), a technique that we show to be adaptable to minimal
requirements of sample volume (Chapter 5). Finally, we demonstrate a combined
application of these techniques by monitoring the aggregation of a silk protein
solution over several days in both extinction and fluorescence (Chapter 6)).
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1.2.1

1.2 Literature

Biophysical
sensing in
HC-PCF

Optical
sensing of
proteins

label-free
optical
detection

This work
Label-free protein
sensing in HC-PCF

Fig. 1.1 Venn diagram outlining the scope and structure of the literature
review, identifying the position of this dissertation. Sizes are qualit-
ative. (Fig. first referenced on p.[25))

Literature

To give context to our work, we now review the literature systematically as
laid out in We begin by reviewing methods for the label-free optical
detection of proteins, followed by HC-PCF for optical sensing with applications
in biophysics. These two topics then meet, which narrows down the scope to
the label-free optical detection of proteins in HC-PCF, which is the topic of this
present dissertation.

Label-free optical detection of proteins

The interaction of light with biological macromolecules, and proteins in particular,
can shed light on a number of physical properties.[zg] [29] Optical measurements
are able to probe proteins in a native environment, i.e. freely suspended in liquid,
which in turn allows the study of the dynamic, stateful nature of proteins.[30]
The light-matter interaction interrogates their internal conformation in addition
to their molecular orientation. In this part, we consider the label-free detection
of proteins, first outside of HC-PCF (which will be treated later in [Section 1.2.3)).
We do, however, review the literature with a view to how amenable the methods

are to be performed within a HC-PCF geometry.
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In this section, we include works that use all-optical methods for the label-free
detection of proteins in liquids. In other words, we explicitly exclude from this
the use of optical methods adjunct to a non-optical measurement (e.g. optical
methods to read out another sensor, or to photo-activate molecules for a different
measurement>!)), methods that use fluorescently labelled proteins or otherwise
require them to interact with another object (e.g. SERS), and any methods that
do not operate under standard room temperature and pressure inside a water or

buffer solution.

Motivation for label-free protein detection methods

Labels have significant advantages in terms of sensitivity and specificity over
label-free methods, which we discuss and quantify later in this chapter. If labels
are of generally better optical brightness and contrast, the need for label-free
methods must be motivated by the shortcomings of these labels. It is therefore
prudent to first ask what these shortcomings are. Three key reasons can be
identified why one might not use labels: because of their potentially complex
interactions with the system under study; to avoid the added system complexity
incurred by the labelling process (e.g. genetic engineering); and to keep the
proteins unmodified since the environment requires it (e.g. detection in-vivo).

Of the systems where labels interfere with protein behaviour, we focus on
protein-protein interactions in the form of aggregation. Aggregation is the process
of proteins forming larger complexes that are more energetically favourable. We
focus on the aspects relevant to motivate label-free methods, but note that the
mechanisms, detection, and (possibly pharmacological) control of aggregates
is an active research field.®2 For the case of silk protein, as used in our own
aggregation experiments, these mechanisms are discussed in more detail in
[Chapter 6] where these experiments are carried out.

In general, the primary motivation for detecting low concentrations of aggrega-
tion-prone proteins is to allow their aggregation kinetics to be monitored from

earlier stages of nucleation. 22/ B4

In turn, this can yield new insights into what
triggers these initial events that set off aggregation, or accelerate its progress
significantly.

The dominant mechanism by which labels interfere with aggregation is steric

23|

hindrance./2¥) When a label is present at (covalently attached or electrostat-

ically bound to) a site that contributes to the protein’s aggregation kinetics, a
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aggregation
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Fig. 1.2 The effect of labels on protein aggregation studied by Saar et al 2%
The method schematically shown on the left side was performed in
an automated fashion in microfluidic chips, leading to the results
on the right. The authors measured the aggregation state of insulin
protein using an aggregation-indicating fluorophore label. The
label is added either to an aliquot just prior to each measurement
(blue), or at the start of the entire aggregation experiment (red).
The difference shows that labels interfere with aggregation kinetics.
Figure compiled and adapted from [20]]. (Fig. first referenced on p.

difference in aggregation between labelled and label-free proteins can occur. This
effect has been shown to exist for a range of relevant labels. !

To quantify this influence of labels on aggregation, Saar et al. performed the
following experiment (Fig. 1.2)).2% Insulin was aggregated in basic conditions
at pH 2, with 5 % of the protein added as pre-aggregated and fragmented (by
sonication) fibrils to act as seeds for the aggregation process. Accelerating the
kinetics in this way, the aggregation took place over 10h. During this time,
aliquots were taken from the protein solution, and aggregation measurements
performed either manually every few hours, or continually using their automated
microfluidic chip.

The aggregation measurements were performed using thioflavin-T (ThT), a
commonly used fluorescent probe to measure aggregation state. ThT binds to
p-sheets, the relative abundance of which are an indicator for the presence of
fibrils, i.e. aggregation.”®l When this dye was added at the beginning of the
aggregation experiment, the measurement was referred to as in-situ; when the
dye was added just prior to each measurement, it was ex-situ.

The ex-situ measurements were performed both manually, taking individual ali-
quots at different timepoints (approximately every hour), and with a microfluidic
chip. The chip was designed such that the aggregating mixture was brought into
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co-laminar flow with the dye solution, and allowed to mix by diffusion before a
fluorescence reading was obtained downstream of the dye—protein junction.
Comparing these two kinds of measurements, the aggregation (i.e. the ThT
fluorescence) was seen to increase less quickly with the in-situ measurements
compared to the ex-situ measurements. Hence, the authors conclude an effect of
the labels on the aggregation process.
Protein aggregation forms the physical basis of several clinical disorders, such

1 8139

as Alzheimer’s disease and Parkinson Proteins are found to have states of

lower free energy when forming aggregate pseudo-crystalline structures known
as amyloid fibrils.2] The formation of these fibrils, known as fibrillogenesis,[40]
follows an interdependent multiple-stage one-side-leaning equilibrium process.
Under carefully controlled laboratory conditions, the individual steps of nuc-
leation, seeding, growth and multiplication can be modelled independently to

[41) while in-

understand their relative contributions to the aggregation kinetics,
vivo many factors such as active regulatory systems complicate the kinetics that
determine the speed of aggregation.[42]

Then, in a laboratory-setting aggregation experiment, the simplest model of
aggregation is as follows. First, some initial nucleation occurs to create seeds.
Then, a cycle begins of repeat multiplication (aggregates fragmenting into smal-
ler pieces) and growth (aggregates growing by the addition of monomers or

oligomers) [

This leads to a competition in mechanism, where the overall rep-
lication rate is the product of growth and multiplication rates. This forms a
self-catalytic process with kinetics more complex than those seen in common
chemical reactions.[*)

Protein aggregation causes changes in the fluorescence signature of the proteins,
as discussed in more detail later. While there are examples of amyloids developing
visible fluorescence during aggregation,[44] these are unsuitable to track the
early stages of protein aggregation kinetics dominated by mono- and oligomers.
Generally, the fluorescence signature will change both in intensity and spectral
signature, possibly developing new fluorescence peaks as aggregation progresses.

Despite continued research on protein misfolding and aggregation, there
remain many questions unanswered on both a theoretical and experimental
level.?] The many different molecular mechanisms®® that play a role in protein-
protein interactions require a correspondingly wide range of different exper-
imental approaches to cross-validate results. Increasingly, machine learning

15

approaches[ are used to tackle the large sample space of protein conforma-
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tional states, but these approaches nonetheless require large amounts of ground
truth training data to reach their stated goals, only adding to the motivation for

high-throughput experimental methods.

Non-fluorescence label-free optical methods

We now review a range of label-free methods commonly used in bulk, with
a discussion on how each of them would translate to a microfluidic HC-PCF
environment.

When we hold up an object against the light to look at its colour, we are per-
forming an extinction measurement. Extinction is the combination of absorbance
and scattering. Scattering is in the r <« A Rayleigh scattering regime for proteins
(~ 5nm « 280 to 400 nm), and hence the scattering cross section scales as AL
In the context of label-free protein sensing, the absorbance at 280 nm, if present,
will generally dominate over this scattering component (we refer to our experi-
mental data of later chapters, for example[Fig. 6.4). Measuring the absorbance
at 280nm is a widely used standard assay for protein concentration due to its
simplicity.[46] Nonetheless, there can be reasons to prefer using wavelengths
other than 280 nm.

First, the strong absorptivity at 280 nm can be a disadvantage when the ab-
sorbance (the product of absorptivity and pathlength) is high enough to leave
the transmitted light beneath the noise floor of the experiment, i.e. when the
dynamic range of the measurement setup becomes exhausted. If concentrations,
as is typically the case, must be chosen according to some biophysical process of
interest (and cannot be diluted to reach ideal optical density), this is likely to be
the case (as in[Fig. 6.4)). Using wavelengths that have lower extinction can then
actually lead to more sensitive measurements with a higher dynamic range.

Second, as discussed in detail later, the intrinsically fluorescent amino acid
tryptophan is a sensitive indicator of its local environment, esp. hydrophobicity.
While this has many experimental uses, having a scattering-dominated mea-
surement can be less affected by these changes. If this is the case, this opens up
the possibility of using a non-tryptophan wavelength measurement an in-situ
reference for the tryptophan fluorescence. This forms the motivation behind
developing the experimental techniques of in turn leading up to allow
this reference to be used for the experiments of [Chapter 6|

We refer to review articles for the wide range of measurements in HC-PCF that

are outside the label-free protein sensing scope of this section. /1 B 501 (51]
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To the best of my knowledge, no label-free extinction-based measurement on
proteins in HC-PCF is currently published in the literature. We present our own
experimental data in and (6]

A related but different approach is transmission spectroscopy on proteins in
HC-PCF, where proteins adsorb onto the HC-PCF surfaces and change their
geometry and hence guidance (transmission) characteristics. Extinction and
transmission spectroscopy share the same experimental measurement, but are
based on a different sensing principle (Section 1.2.3)).

Raman spectroscopy is a widely used spectroscopic technique, in particular
when combined with engineered Raman-enhancing structures, known as surface-
enhanced Raman spectroscopy (SERS).[SZ] Non-SERS, direct Raman scattering is
typically weak, whereas SERS can boost signals over many orders of magnitude,
making the technique sensitive and versatile in application, albeit reproducibility
remains a concern.*?!

For the sensing of biomolecules, a wide range of SERS substrates has been
developed to reach enhancement factors exceeding 100154 Differently-fabricated
gold nanoparticles can serve as the Raman equivalent of labels, giving specificity
through their different Raman-spectroscopic signatures. These remain distin-
guishable even in complex local environments, such as within living organ-

[55] Sensing a range of proteins with Raman is possible in the same way.[56]

isms.

HC-PCFs have several favourable characteristics that make them useful for
Raman spectroscopy. Since HC-PCFs guide light with little overlap of the sur-
rounding glass, the silica Raman background signal is strongly suppressed (in
our work, we use the same advantage, where ultraviolet-excited background
fluorescence is suppressed). Our group has recently shown this application for
monitoring of battery electrolyte chemistry, where the all-optical measurement
has the key advantage of leaving the battery’s electrochemistry undisturbed, al-

lowing for in-operando studies.™

Furthermore, strong light-matter interaction
gives rise to higher signals. Applied to the sensing of the antibiotic moxifloxacin,
Yan et al. show that a HC-PCF had a 20 times higher sensitivity compared to a
non-fibre measurement, giving a limit of detection of 1.7 nM.B¥ The HC-PCF in
this work was partially collapsed by fusion splicing to selectively infiltrate only
the core. This leaves the cladding holes air-filled, which produces a step-index
fibre of broadband guidance.

If using SERS, the substrate that enables the enhancement in Raman scattering

can become an integral part of the HC-PCEF, for example by functionalising its
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inner surfaces. Xia et al. have shown HC-PCFs to reach over 5000-fold enhance-
ment over planar geometries in comparable SERS measurements.””) While SERS
enhances the effectiveness of Raman spectroscopy across many orders of mag-
nitude, it requires proteins to be close to a surface (either a channel wall or a
co-suspended nanoparticle). This carries many of the same concerns that labels
have when altering protein behaviour, a point which will be further discussed in

Chirality, i.e. a non-mirror-symmetry on the molecular level, is commonly
found to exist in proteins. As polypeptides, they are particularly likely to exhibit
chirality through one of their two main elements, the a-helix, which generally

forms right-hand spirals.[60]

When such a chiral molecule interacts with light, the
interaction cross section depends strongly on the polarisation of the light relative
to the molecular orientation. On the ensemble (bulk) scale, this can be analysed by

polarisation spectroscopy.l®X/[¢2]

In the most common form, circularly-polarised
light is used, and the resulting measurement is known as a circular dichroism
(CD) spectrum. The use of circular dichroism for protein characterisation is a
sufficiently established technique for there to be compiled reference databases to

compare against.[63]

While UV light circular dichroism remains the most popular
form, the underlying principle translates to other parts of the electromagnetic
spectrum, where different molecular energy scales can be probed.[64] In addition
to direct absorbance circular dichroism, the technique can also be applied to the
fluorescence emitted when excited by polarised light,[(’S] which can be combined
with intrinsic fluorescence measurements of proteins.[66]

Circular dichroism is being explored in HC-PCF, both in kagome-type HC-

08119 o1 nested

PCFE7 or by creating specialised fibres through twisted drawing[
antiresonant elements”? that prevent cross-coupling between guided polarisa-
tions. The use of circular dichroism for this dissertation was not explored further
as we did not have access to a polarised ultraviolet light source (or one bright
enough to polarise its output by rejecting all but one polarisation); and the pola-
risation-maintaining nature of our particular HC-PCF is expected to be poor due
to modal mixing.

Photon correlation spectroscopy (PCS) is a common technique to determine
the size distribution of particles in solution.”/”2I”3] The technique is based on
autocorrelation, where the self-similarity of the signal over time can be related to

the particles” diffusive movement over time.

1 Context Page 31 of 245

Circular
dichroism

.. in HC-PCF

Photon
correlation

spectroscopy:
PCS, DLS, FCS



1.2 Literature

The correlation being analysed is generally either from a scattering signal, where
the technique is known as dynamic light scattering (DLS); or from fluorescence
intensity fluctuations, known as fluorescence correlation spectroscopy (FCS).
The underlying concept and numerical analysis remain substantially the same,
but the physical measurement being recorded differs between the two.

An application of FCS using a HC-PCF is shown by Ghenuche et al. " In their
work, the HC-PCF remains air-filled and serves to deliver and collect light, with
a polystyrene bead at its tip used to focus light into a sample solution reservoir.
Since the sensing does not take place within the HC-PCEF, their approach differs
somewhat from the one described above, but remains a valuable demonstration
of the concept using HC-PCFs.

To study and evaluate the suitability of performing FCS on proteins inside
HC-PCEF, a diffusion simulation for our experimental conditions was written. It
simulates and plots the diffusion of particles, tracks the change in signal over time,
finds the autocorrelation, and finally fits the measured signal to an exponential

decay. The discussion of this simulation work is deferred to the following chapter

covering molecular transport in HC-PCF, [Section 2.3.2

Single molecule approaches

For label-free optical measurements of proteins, single molecule microscopy
forms a large and varied field. While a full review is beyond the scope of this work,
we will review some recent developments and consider the different meanings
of ‘detection sensitivity” in this context as they relate to our own research.

The first optical label-free single molecule observation of a protein in solution
was achieved by the creation of a technique known as iSCAT (interferometric
scattering microscopy) 5] on the motor protein myosin 5a.7%1 The technique uses
the backreflection from a coverslip, which in standard (darkfield) microscopy is a
source of background noise, as a carrier wave onto which the light scattered from
particles is superimposed by interference. As long as this background remains
static (which can be achieved post-experiment through averaging at the cost of
temporal resolution), the scaling of the iSCAT interference term (~ oy, - o) is
more favourable at lower sizes than direct scatter (~ 052).[77]

iSCAT has since been applied to the label-free imaging detection of cancer
marker proteins”® and integrated with other techniques!” Recent improve-
ments in the technique have allowed quantitative calibration of the interfero-

metric contrast, which can be correlated to the proteins’ masses. Young et al.
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experimentally validate this technique, known as interferometric scattering mass
spectroscopy. They demonstrate a linear relationship between contrast and pro-
tein size down to streptavidin-biotin complexes (ca. 55kDa), with a mass error

of below 10%, and in the single-digit range for larger proteins.[80]

This technique
relies on the specific refractive index of proteins being nearly constant (cf.
fion 1.2.3), which makes the scattering signal scale linearly with its size (number
of peptides).®

While iSCAT is generally known as an imaging label-free microscopy technique,
its principle can be adapted to non-imaging measurements. For example, per-
forming interferometric backscatter analysis downstream on an electrophoresis
microfluidic chip to inject and separate protein mixtures, Wang et al. show a
label-free detection of 7.5 uM bovine serum albumin protein, and estimate the
resulting limit of detection as 240 nM for a SNR of 3.8

Single molecule label-free microscopy is, in some sense, the ultimate level of
sensitivity that can be achieved. However, all measurement approaches come
with different trade-offs. In the case of highly-sensitive single molecule measure-
ments, data is only obtained from a small fraction of the sample under study.

For example, in the approaches described below, the detection volume is within
a few wavelengths of a surface (typically a microscope coverslip) and within
the lateral field of view of a 100x objective-based microscope. Even for small
microfluidic volumes (say, a channel of 50 pm height), this detection volume will
be less than 1% of the sample volume for the ideal case where the lateral extension
of the field of view matches the microfluidic channel length without edge effects,
i.e. the whole channel is observed at once (estimating as A ~ 500nm /d ~
50 um = 0.01). If the measurement can be done continuously, diffusion will
increase the fraction of molecules that have crossed the detection volume and
are potentially observed, but the fact that only a tiny fraction is observed at any
given time remains unchanged. Conversely, if the system is operated with the
sample flowing past in a microfluidic channel, most of the sample will remain
unobserved.

For many experiments, these points notwithstanding, single molecule mea-
surements remain an invaluable experimental tool in biophysics, such as for
performing time-resolved studies of proteins as they bind to an antibody, change
in conformation or undergo protein-protein interactions. Generally speaking,

single molecule approaches are ideal for in-depth mechanistic insights from a
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single part, but less so for quantifying the concentration of a solution as a whole,
as we do in this work.

Finally, we note that (trivially) single molecule experiments are inherently
single molecule sensitive, and consequently a large body of work concerns itself
with optimal surface and sample preparation strategies to avoid even minute
contamination on a molecular level and improve reproducibility.[sz] Trace contam-
ination can persist even after application of aggressive cleaning techniques.[83]

Even if the above limitation of only observing a small fraction of the sample
is acceptable, there is another consideration regarding extended investigations
over time. At the nanometre lengthscale defined by proteins, Brownian motion is
unavoidable when working in a near-room-temperature liquid.[84] When a laser
beam is focussed down, the focal volume will capture a part of the sample volume
(without exact boundaries). Except for very short measurements, proteins will
diffuse in and out of the focal volume. If the detector being used supports fast
acquisitions, the exposure time can be reduced to limit the proteins diffusive
motion to within the field of view. However, the amount of light captured dur-
ing an exposure is inversely proportional to the exposure time. This, in turn,
requires increased illumination (if possible) to retain the same amount of sig-
nal. Increased irradiation must be balanced with the risk of phototoxicity and
photothermal heating. Finally, the most commonly used single molecule tech-
nique is fluorescence microscopy, which is further limited in useful brightness by
photobleaching of the fluorophores, known as the ‘photon budget’.[ss]

[B1187) This allows the same

One solution would be to trap proteins in place.
proteins to be imaged repeatedly, revealing time dynamics. However, trapping
proteins conflicts with the goal of performing measurements on proteins natively
in solution. Where trapping is achieved by geometrical confinement, surface
interactions become dominant; where trapping is achieved by forces, for example

(88] [89]

in optical tweezers enhanced by nanoapertures, using tether—beads,[go]

or driven by active feedback, P12

native-state protein-protein interactions are
generally altered from their native behaviour, requiring extra consideration when
studying such phenomena.

If the flow is constricted to a volume smaller than the detection volume at
some point, then all sample passing through this point can be detected over
time, even if the sample volume on either side of the constriction is much larger.

93] [

This is the principle behind Coulter counters.”2 41 On much smaller size scales,

nanopore-based sensing uses constrictions on the same lengthscale as biomo-
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lecules such as DNA or proteins. >/

While nanopores typically operate as a
electrical (transconductance) measurements, recent research combines them with
plasmonic nanostructures that greatly enhance light-matter interaction strengths,
enabling label-free optical measurements in-situ at the nanopore opening.[97]

Finally, if the proteins are to remain freely diffusing over long periods of obser-
vation time (2v/Dt « channel size), the detection volume has to be increased to
accommodate the entire region explored by the protein via diffusive movement.
This is one of the reasons that motivates the use of waveguides in microfluidics,
where their long-pathlength guidance increases the detection volume to some
large fraction of the sample volume compared to point-focussed imaging. As
discussed and simulated in the lengthscale of protein diffusion
compared to the length of the irradiated HC-PCF length is negligible. Hence,
proteins in the centre of a HC-PCF several centimetres long will stay confined to
the irradiated detection volume practically indefinitely, with free diffusion only
limited by the diameter of the microfluidic channel.

Intrinsic fluorescence

Fluorescence spectroscopy and microscopy are highly effective methods for the

optical detection and study of proteins.[%] BA100]

Fluorescent labelling of proteins
allows for both high specificity and sensitivity. The fluorophore label is either
covalently attached, van-der-Waals bonded, or directly incorporated into the
protein by genetic modification, such that the fluorophore is expressed during
protein synthesis.[lg]

However, as discussed in [Section 1.2.1, recent research has shown that fluo-
rescent labelling can significantly alter protein behaviour, such as inhibition of
aggregation. This is of particular importance for the study of small proteins,
where the relative label size becomes non-negligible and affects their mobility
and reactivity.

Many proteins exhibit intrinsic fluorescence (synonymous: autofluorescence)
due to their chemical structure.?
include one or more of the aromatic residues listed in [Table 1.1} with their indi-
vidual fluorescence characteristics given in[Fig. 1.5/ For the main fluorophore of

this dissertation, the chemical origin of the fluorescence is shown in

Most commonly, these will be proteins that

While these aromatic acids offer a conveniently “intrinsically labelled” means of
detection, they are naturally-present fluorophores. Unlike the extrinsic artificial
labels, they do not benefit from the decades of targeted research and industrial

1 Context Page 35 of 245

... by increasing
the detection

volume

Fluorescence for

protein detection

Origin of
intrinsic

fluorescence



1.2 Literature

Absorption characteristics Fluorescence emission

Amino acid (molar absorptivity € and \.,.) (quantum yield and A,,)

Tryptophan 5600 mol™' cm~! @ 280 nm 0.20 @ 348 nm
Tyrosine 1400 mol~! cm™! @ 274 nm 0.14 @ 303nm
Phenyl alanine 200mol~! cm™! @ 257 nm 0.04 @ 282 nm

Tbl. 1.1 Fluorescence properties of aromatic amino acids. Tryptophan is the
most widely used source of intrinsic fluorescence due to its com-
paratively strong fluorescence (the highest product of absorptivity
and quantum yield), comparatively large spectral separation of ex-
citation and emission (reduced inner filter effect), and the highest
excitation wavelength, where generally brighter light sources are

available. Data are from [26]]. (Table first referenced on p.
\
' o
L OH
HN NH2
‘Y L a L b

Fig. 1.3 Chemical structure of tryptophan, showing the two electronic ab-
sorption transitions involving the aromatic ring system that give it
its fluorescence. Adapted from [26]]. (Fig. first referenced on p.

development to improve their suitability for fluorescence experiments, such as
high brightness, resistance to photobleaching, large spectral separation between
excitation and emission, convenient wavelengths in the visible range, specific
attachment, and others.

To understand the magnitude of this difference, we can compare the commonly
used commercial fluorescent label atto488 with tryptophan (as a first estimate,
as the act of labelling will change the fluorophore’s activity). The brightness of
a fluorophore can be specified as the product of absorptivity and its emission
quantum yield, which taken together give the fraction of light emitted as fluo-
rescence relative to the incoming light (ignoring re-absorption, also known as

inner filter effect) at a given concentration and pathlength, as described by the
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Fig. 1.5 Absorbance and fluorescence spectra of the intrinsically fluorescent

amino acids. The values are plotted normalised, but differ signi-
ficantly in absolute value (tabulated in[Table 1.1). Adapted with
permission from Labbot (Probation Labs Sweden AB) (link).

(Fig. first referenced on p.

Beer-Lambert law. The comparison then becomes:

for the extrinsic label atto488: ref. [[101]]
900 000mol ' em~! - 0.80 = 72000 mol ' ecm 1, (1.2.1)

for the intrinsic fluorophore tryptophan: ref. [26]]
5600mol ' em™! - 0.20 = 1120mol " em ™!, (1.2.2)

making the extrinsic, engineered fluorophore atto488 over fifty times brighter
than the intrinsic fluorophore tryptophan. This is a conservative estimate, as
atto488 further benefits from the fact that light sources, optics and detectors will
all be much more widely available and (cost-)effective at the visible wavelength
of atto488 compared to the ultraviolet wavelengths of tryptophan. Furthermore,
extrinsic labelling density is under the control of the experimenter, such that the
concentration of atto488 relative to the concentration of the target protein can be
increased manyfold compared to tryptophan, which occurs naturally at a fixed
relative abundance. The achievable extrinsic labelling density is only limited by
the protein-label chemistry, with the important caveat that the system under
study will be increasingly affected by the labels, as discussed in [Section 1.2.1]
From this back-of-the-envelope comparison, it can be concluded that extrinsic

labels are at least two orders of magnitude more sensitive than intrinsic labels.
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Another advantage of labels is that the experimenter is not limited to using a

102

single type of fluorophore as with intrinsic fluorescence. ] By attaching differ-

ent labels, specificity can be achieved at the same time as increasing sensitivity,
limited primarily by spectral bandwidth. The number of suitable labels is large

103]

and well-characterised, especially for super-resolution imaging,[ and spec-

tral bandwidth can be increased further by using two-photon excitation.!%/
By using DNA as a carrier for the fluorophore label, such as in DNA-PAINT
super-resolution imaging, ligand-binding specificity and number of possible
targets becomes increasingly large, limited in practice only by synthesis costs and
number of washing steps.[wS] [106]

In addition to much lower sensitivities, as naturally occurring fluorophores, the Scarcity of
fluorescent aromatic acids in proteins are irregularly distribute across the

protein’s molecular structure in both number and position. Different positions

intrinsic

fluorophores

lead to buried or solvent-exposed fluorophores that alter or quench fluorescence.
Notably, the actual number of intrinsically fluorescent proteins in biology is

13] However, this statistic

less than one percent when compared on a molar basis.|
is not representative for the proteins commonly studied in a laboratory context,
as the proteins of high scientific or medical interest are typically more complex

(large) and therefore likely to contain one of the above aromatic acids.

Out of the aromatic acids inTable 1.1} tryptophan-induced intrinsic fluorescen-  Tryptophan as

. . . . th t
ce in particular is used to probe conformation. The tryptophan’s exposure to ">
suitable intrinsic

the solvent (quenching) and reachability by the excitation light strongly affect ~ fiuorophore

[107]

fluorescence."=~ This allows information on the location of tryptophan within

the protein to be extracted from fluorescence intensity and wavelength shift,

[26]] [[108]] [[109] Using a pH far

thereby revealing the protein’s conformational state.
from physiological values (highly basic or acidic) is also seen to increase fluore-

scence intensity by an order of magnitude,[no] but is of less biological relevance

as the proteins are in a denatured state.

When using ultraviolet light (280 nm for tryptophan excitation), many ma-  Engineering
terials will exhibit a fluorescence signature even if they are non-fluorescent at CZTt”rj\]fi t°f
higher wavelengths. Polymeric materials in particular show this effect, which  fluorescence
includes plastics. In particular, the polydimethylsiloxane (PDMS) polymer in

microfluidic chips shows strong fluorescence, posing particular challenges to

note 1 ‘Irregular’ if, for the purposes of optical detection of a given protein, we remain naive as to the
biological origins for this distribution. Of course, the question as to where and why aromatic
acids exist in a particular protein can be studied to give meaning to this distribution, and is key
to a functional understanding of proteins and their molecular dynamics.

1 Context Page 38 of 245



1.2 Literature

intrinsic fluorescence measurements in microfluidic systems produced by soft
lithography.

While polymers are especially strong absorbers of ultraviolet light, even regular
glasses that are not pure quartz (fused silica) absorb strongly below 300 nm. This
makes HC-PCFs particularly well suited to UV applications, as the guided mode
has only small overlap with the surrounding silica, leading to significantly re-
duced light-silica interaction. Furthermore, since the HC-PCF in this dissertation
are manufactured entirely from fused silica, whatever light does enter the glass
results in relatively low background fluorescence.

Finally, ultraviolet light sources, detectors and optics are generally more ex-
pensive and less performant than their visible-wavelength equivalents.

All of the above combine to form engineering challenges in designing suitable
experimental setups for intrinsic fluorescence measurements on low volume
and concentration protein samples. Different strategies have been employed to
overcome these challenges.

For example, Challa et al. were able to achieve a limit of detection of 500 nM
for bovine serum albumin (BSA) in a custom-built fluorescence microscope

observing PDMS microfluidic chips.[m]

The microscope used a 280nm LED
collimated to provide the excitation light, and the resulting intrinsic fluorescen-
ce was observed via a dichroic. To enable their detection, two improvements
were key. First, they developed and employed custom background-subtraction
algorithms that produce a pseudo-static average over time. Second, they added
carbon black powder to the PDMS to reduce its fluorescence signature. The latter
makes the PDMS polymer much less adhesive to the glass surface (by adding
impurities that interfere with the plasma-activated bonding process), which leads
to frequent device failures, while also making the handling and inspection of the
now opaque microfluidic chips more difficult.

By comparison, at much higher concentrations and in aggregated states (fib-
rils), 6.9 mM lysozyme was observed label-free using a similar experimental
setup but without the need for background subtraction, enabling real-time obser-
vation. Aggregation was performed over at least 10 h of incubation at 60 °C in a
microdroplet array, which was then imaged directly by a UV microscope.[zl]

When the absorbance of a sample does not need to be measured absolutely,
but only its relative concentration across a region of space is required, the above
approach can be adapted without the need for carbon black or background-

subtraction algorithms. Saar et al. used this for the label-free detection and
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sizing of BSA and lysozyme proteins in a microfluidic chip by combining an
electrophoretic separation step with a diffusional sizing element.[!!? The fits the
diffusion profiles observed by label-free intrinsic fluorescence at different points
of the microfluidic channel, corresponding to different amounts of time during
which the protein was allowed to diffuse orthogonally to its flow direction. This
has the advantage of not requiring an absolute concentration measurement, but
only a concentration gradient which can be background-subtracted locally. The
measurements were performed at comparatively high concentrations of 100 uM,
with the authors assessing that their setup should still perform acceptably at a
tenth of this concentration.

While tryptophan fluorescence is the most widely used, it is possible to target
the other fluorophores of with added complexity. Using a custom-
designed compound objective that integrates the laser delivery, and a fused-
silica microfluidic chip, Schulze et al. were able to perform intrinsic fluorescence
measurements at 266 nm excitation.['*¥] In this wavelength range, tryptophan
fluorescence combines with tyrosine fluorescence due to overlapping emission
bands and by FRET coupling (discussed below in[Section 1.2.1]). Lysozyme was
detected label-free at 900 nM.

Finally, we mention that proteins aggregated into a fibrillar state can develop

30][

intrinsic fluorescence at visible Wavelengths.[ 4 For example, one study finds

that using an excitation of 405 nm, a fluorescence emission centred around 460 nm

"4 These can be investigated for spectroscopy in HC-PCF, but do

is observed. !
not benefit from UV guidance specific to our HC-PCFE.
As discussed above, tryptophan combines several favourable characteristics to

make it the most commonly used intrinsic ﬂuorophore,m]

and quantifying the
concentration of proteins using their ultraviolet (mostly tryptophan) extinction
and/or fluorescence is a widely used standard laboratory assay.[HS] It is also used
in the purification of proteins via crystallisation, before labelling can usefully
occur. 1]

Arguably an intermediate between label-free and labelled fluorescence, there
exist ways of enhancing the fluorescence of tryptophan. A straightforward way is
to denature the protein. This decreases the exposure of tryptophan to the solvent
and hence reduces quenching, leading to an increase of fluorescence that can be
over an order of magnitude.[llo] However, denaturing proteins is unsuitable to

study their native-state behaviour.
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[27]

Metals can enhance the fluorescence of tryptophan,”~ and this method trans-

[117

lates to entire proteins.[*!”] Ray et al. show how an aluminium layer beneath

a 5nm silica spacer layer that avoids direct contact can enhance the intrinsic

fluorescence of BSA by a factor of 12.[117]

Their experiments show an even greater
effect on some proteins, which the authors explain as relating to the location of
tryptophan within the protein relative to the aluminium surface. This variable
enhancement is a result of two counteracting effects: the metal providing non-
radiative decay pathways (i.e. quenching) but also electric field enhancement
leading to enhanced fluorescence. 18I [119]

Whether such methods are suitable for a given experiment depends on whether
the proteins are to be studied in the bulk or in proximity to the surface, possibly
even covalently or electrostatically bound to it. Furthermore, the question of
whether these methods are label-free depends on the information sought from the
experiment, and the specific implementation of the enhancement (nanoparticle or
subsurface layer). Since the detection mechanism remains based on an intrinsic
fluorescence, these methods can be understood as sensitivity enhancement at the
cost of added fabrication complexity.

Besides quantifying changes in protein concentration, tryptophan can also be
used to observe changes in protein conformation at a constant concentration.
Several standard laboratory protocols exist for performing such experiments. 2
The location of tryptophan within the protein affects the fluorescence emission

[110]

in strength, spectrum and lifetime."=" It is through this mechanism that changes

in pH lead to significant changes in the intrinsic fluorescence of proteins.[lzl]
Tracking conformational changes helps to understand protein dynamics and
thereby elucidate functional relationships. Akbar et al. show that tryptophan
fluorescence can be used as an assay inside cells, where a protein conformation
change within an organelle membrane is detected by tryptophan fluorescence
quenching.[lzz] The authors use this to observe the toxic action of insecticides on

mitochondria.

[123] [124]

The fluorescence lifetime of tryptophan in solution**** and within proteins
varies according to their environment, and can be understood as a linear super-
position of pure-hydrophobic and pure-hydrophilic lifetimes. The excitation—
emission mechanism of tryptophan fluorescence in proteins can be modelled
based on the electrostatic interactions of the tryptophan with its local environ-
ment, and semi-classical molecular dynamics simulations, which then predict

the fluorescence wavelength correctly for a range of proteins.[*
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Forster resonance energy transfer (FRET) plays a role in the fluorescence of
tryptophan.?l When tyrosine and phenylalanine enter an excited state, this
yptop y pheny

[117] Hence, while the

can transfer to an excitation of tryptophan through FRET.
fluorophore tryptophan is already the brightest of the three kinds found in
proteins (Table 1.1)), FRET increases its relative contribution to the total intrinsic
fluorescence of proteins even further. This again confirms tryptophan as the
target fluorophore of choice for intrinsic protein fluorescence measurements, as
any excitation of the lower-wavelength tyrosine and phenylalanine residues will
still emit significantly via tryptophan fluorescence.

As used in the experiments of this dissertation, the common model protein
BSA has a sequence length of 583 polypeptides, of which number 134 and 213 are

108]] [[125]

tryptophans.[ Of these, one tryptophan is close to the surface (where it

can experience solvent-induced quenching), and the other tryptophan is buried

inside the protein in a hydrophobic environment.[1%

HC-PCF for biophysical sensing

In this section, we include works that use HC-PCF for in-situ, liqguid sensing on
biologically-relevant samples. In other words, we explicitly exclude from this the
use of HC-PCF as ex-situ sensors (i.e. the HC-PCF only serves for light collection
or delivery and the sample is outside the HC-PCF), for non-liquid samples (e.g.
gases), or without a demonstrated application relevant to biophysics. Meanwhile,

HC-PCFs for protein sensing are treated separately in the last part of the literature

review, [Section 1.2.3

Introduction

We briefly note that this literature review focuses on HC-PCFs for sensing. The
physical principles underlying their properties, together with a motivating his-
torical discussion, will be covered in the next chapter ([Section 2.T)).

By enabling low-loss light guidance over long pathlengths in water, HC-PCF
increase the detection volume to many orders of magnitude more than a point-
focussed Gaussian beam would achieve in a standard microscope, while also
possibly capturing a much larger fraction of the sample volume for detection.”)
At the same time, compared to non-waveguiding geometries (i.e. light freely
traversing homogeneous media), enhanced pathlengths[48] and the efficient col-

lection™1 B of light in HC-PCF enable higher sensitivities, reaching down to
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attomole levels for fluorimetric detection of fluorescein.>!) Finally, mode-based

126]) [[127]

light guidance[ allows for a more well-defined determination of optical

interactions and spatially-resolved measurements. By virtue of their low sample

volume and in-situ continuous-flow operation, HC-PCF can integrate with a

range of microfluidic applications.[lzs] [129]

HC-PCFs have been applied to problems in different fields, (130N IS1IT132] (133 134]

General overview
To mention a few selected examples that fall outside the scope of this review :;;I:;:::S
but cover relevant experimental techniques, HC-PCF have been applied in ex-

periments on photochemistry, 1211361 1157]

57]] [138]] [[139]] [140]

Raman spectroscopy with reduced

micro—endoscopy,[141] photothermal gas sensing,[142]

[47]] [74] [143]

background,[

strongly enhanced fluorescence collection, mass spectroscopy integra-
tion that enabled low-volume rapid screening,[128] 2] biomechanical studies on
(144

cells,™ and the delivery[145] or generation[l%] of high-power laser light.

HC-PCFs for studying whole biological organisms

HC-PCFs can be manufactured in a wide variety of designs (detailed in [Seci  Tracking whole
fion 2.1.7), and this includes size scales large enough to accommodate entire ~ °%"*"
biological organisms, especially phages, viruses, and cells As microsco-

pically-visible objects (even if only as point sources below the diffraction limit),
these organisms can be imaged optically, making tracking of individual objects
possible.

To this end, HC-PCFs have been applied by Forster et al. as homogeneously-  Medium-sized:

147| Phages

illuminated microchannels.!'* By imaging their contents orthogonally over a
long distance (aspect ratio » 1000), the Brownian motion of A -phages (ca. 100 nm,
ellipsoidal) inside HC-PCF was detected by direct observation of transverse
Rayleigh scatter through the glass cladding using a high-speed camera (Fig. 1.6)).

The authors argue the case for HC-PCF as acting effectively like light-line
illumination, irradiating the field of view evenly and over distances orders of
magnitude longer than the diffusion lengthscale of their object under study. The
system results in a sample volume of 400 nL and a light intensity of 20 uW pm~2.
With their technique applied to d = 41 nm gold nanoparticles, they find a 17 %
relative error in the diameter by diffusional sizing. Data was acquired by localising
and tracking individual particles from a single 10s, 1000 frame capture. The

authors note the need to correct for liquid flows within the HC-PCF, which they

note 2 We leave aside the question of whether phages or viruses constitute independent organisms or
inanimate functional matter.
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Fig. 1.6 HC-PCFs for optical tracking of Brownian motion by Forster et al.
Gold nanoparticles (d = 41nm) and A -phages (dpeaq = 60 nm, non-
spherical) were tracked by observing scattered light through the
cladding of a HC-PCF. The resulting trajectories were analysed to
yield the particle diffusion dynamics. Figure from [[147]].

(Fig. first referenced on p.

do by subtracting the average motion of all tracked particles, although a more
detailed analysis could also take into account the non-uniform flow profile within
microfluidic channels.

For tracking of even smaller biological particles such as individual viruses,
tapered or nanochannel fibres have been used to observe and track viruses (below
30nm) 18] However, these non-HC-PCF geometries use sub-wavelength
nanochannels that do not support light guidance, with light transmission inher-
ently leaky. To counteract this, the excitation light is coupled into a much larger
total internal reflection fibre core surrounding the nanochannel. Attempts to
advance to single-molecule biophysics in waveguides are explored but not yet
successful 1) Tapered fibres suffer from large manufacturing variability, low
throughput (usually filled only once by capillary action) ), and reduced signal
transmission as they are leaky waveguides.

As a continuation of the above work, observing even smaller particles inside
a optofluidic fibre waveguide was achieved very recently by Wieduwilt et al.
by translating the approach to a waveguiding geometry. With a custom
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antiresonantly-guiding fibre design gold particles down to 9nm were
tracked. They do not apply this technique to biological molecules, which would
need to be several times larger to have the same optical cross-section (visibility)
as gold nanoparticles of this size.

On the large end of the lengthscale, entire cells have been observed inside  Larger: Whole
HC-PCF. Building on their earlier work, ™ Khetani et al. have used HC-PCF to cell
measure surface-enhanced Raman spectra (SERS) of leukaemia cells mixed with

silver nanoparticles. [154]

In the spectra, the authors identify a set of broad spectral
features with different features, in particular those of lipids and DNA/RNA
bases.

While the authors conclude an enhancement factor of 2700 when using the HC-

PCF compared to a cuvette, this number was derived from comparing the HC-PCF
measurement with nanoparticles to a cuvette measurement without nanoparticles.
Hence, the enhancement will be dominated by the SERS enhancement and no
immediate conclusion can be drawn as to the advantage of using a HC-PCF for
this measurement.

As a related application, rather than using whole cells, HC-PCF have been  cell Iysates for
applied to cancer detection by screening for target proteins in cell lysates,[122] ~ cancer detection
Padmanabhan et al. used a fluorescently labelled sandwich antibody configur-
ation to detect target proteins in cell lysates infiltrated into HC-PCE.[ Based
on tagged antibodies and protein immobilisation, this approach is neither la-
bel-free nor does it allow for continuous-flow measurements where the proteins
would leave the HC-PCF again, but nonetheless shows the small sample volumes

required by HC-PCF (in this work, 50 nL of sample representing 20 pg of protein).

Optical trapping in HC-PCF

Optical forces can become significant at microscopic scales, and optical mani- Optical tweezers

pulation and trapping has become an established tool in biology in the form of

(186] [[157] [158] [[159] [[160]

optical tweezers. Besides manipulation and trapping, mechan-

ical properties such as the elastic modulus of cells can be probed by stretching

[T61]) [[162]

them under a known force. Amongst the smallest trapped objects in free-

note 3 Elaborated on in the definition of what qualifies as a “photonic crystal’” to have a
fibre be named a (HC-)PCF varies across the literature, and with a single capillary providing the
guidance in this work, this fibre is arguably not a HC-PCF. Indeed, the authors also do not use
the (HC-)PCF terminology, instead denoting their design a ‘single antiresonant element fiber’.
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Fig. 1.7 Deformation of red blood cells in HC-PCF by Unterkofler et al. A red

blood cell is propelled along the HC-PCEF, where optical gradient and
viscous forces deform it. This was tracked by direct side-imaging
(shown here for different powers), and by an optical Doppler mea-
surement to record a change in terminal velocity as the deformed
cross-section leads to a change in viscous drag. Figure from [|174].

(Fig. first referenced on p.

space optical tweezers are viruses with particularly high polarisability due to
their molecular structures.®]
In microfluidic geometries, the concept of optical-viscous force balance is

163] [1641[163) \ficrometer-sized polystyrene

166] [[167]

referred to as optical chromatography.[

I or the relative particle
168] [[169] [170]

and silica particles can be separated and sorted, !
concentrations between differently-sized species can be controlled!

171]]

and separated !, Lower particle sizes are accessible by similar techniques in

more recent research, reaching down to 100 nm for polystyrene particles (or gold
nanoparticles half the size due to their much higher optical cross-section) [172){173]

Within a HC-PCF, optical manipulation can be used for both movement and
measurement of microscopic particles. For large enough objects, such as cells,
completely optical control and trapping is possible.[126] (L44] (274 1275 [176]

For example, applying this technique to biomedical measurements, Unter-
kofler et al. showed how red blood cells can be deformed and their force response
studied in HC-PCF (Fig. 1.7) "% They used a bandgap HC-PCF (see[Section 2.1.2))
at 1064 nm in D,O (due to its lower absorption compared to plain water). The
7.5 pm red blood cells fill around half the diameter of the 17.5 pm core, before
deformation and at coplanar orientation.

A single red blood cell from a dilute solution was moved to the incoupling side
HC-PCF core inlet by a standard external optical tweezers microscope, before

being propelled through the fibre by the laser beam. The backreflected light from
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the red blood cell exits the HC-PCF on the laser incoupling side, where a Doppler
measurement is performed to record its velocity.
While a rigid particle would move at constant terminal velocity for a given

optical power after a short acceleration phase,[lm

the red blood cells change
their cross-section as they are deformed by the optical (and, to a lesser extent,
thermal) forces. This results in a shift of the equilibrium between viscous drag
and photon pressures, leading to a change in terminal velocity. This, in turn, was
tracked by the above-mentioned Doppler measurement, giving an experimental
indicator of deformability (and re-orientation).
After demonstrations by Guck et al. in 2001,

ies have gathered increased interest as label-free and non-destructive (if the

similar cell deformability stud-

elastic deformability limits of the system under study are understood) micro-
fluidic methods for high-throughput cell-level medical diagnostics.[178] [179] 280}
For smaller, microscopic particles in microfluidic environments including HC-

PCEF, a force balance between optical and viscous forces allows particle sizing.[lm

(18] (182} 18S]T184] 1 g5 particles are being actively held inside a HC-PCF, they are
still affected by external forces such as temperature or magnetic fields, meaning
they can be used for indirect sensing of the environment, 5/ [15¢]

However, at the even smaller nanometre lengthscale of biomolecules, none
of the above techniques succeed due to low interaction cross-sections. One of
several methods for enhancing light-matter interaction can be used to overcome
this limitation.’® For example, nanoapertures show thousand-fold enhancement
of field strengths, sufficient to enable optical tweezing.[sg] However, for the label-
free optical detection of proteins as done in this dissertation, the optical forces

involved are negligible.

Ultraviolet absorption spectroscopy

Ultraviolet absorption spectroscopy in HC-PCFs has been used by Nissen et al. to
detect drug molecules at low micromolar concentrations.™ Shown in
their experiment butt-couples a solid-core multimode delivery fibre to a HC-PCF
inside a microfluidic chip. A HC-PCF length of 1m is used for the absorban-
ce measurement, the output of which is again butt-coupled into a solid-core
multimode fibre connected to a spectrometer.

The microfluidic chip used in their experiments to couple the fluidics and
optics, i.e. the optofluidic interconnect, was manufactured from two glass plates

that were etched and then glued together to form an enclosed channel of 128 pm,
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Fig. 1.8 UV absorption spectroscopy on drug molecules in HC-PCF by Nis-
sen et al.'==* Using a microfluidic coupling chip, a solid-core fibre is
used to deliver UV light to an antiresonant HC-PCF by butt coup-
ling. The transmission through the HC-PCF filled with the drug
sodium salicylate, which has an aromatic residue resulting in an
absorbance peak in the UV, is shown in simulation (dashed lines)
and experiment (solid lines) for different concentrations. Figure

from [[187]]. (Fig. first referenced on p.

a few microns larger than the HC-PCF diameter. These channels feature a small
undulation to ease fibre movement and alignment when positioning them against
the solid-core multimode fibres. Finally, the inlets and outlets to the resulting
channels were fabricated by ultrasonic drilling.

The authors measure two drugs, with respective absorption maxima in the UV-
Cband (< 280nm) and the UV-B band (up to 315nm). For the UV-B band, the
authors measure sample sodium salicylate (molar absorptivity of 2450 M~! cm™!
at 303nm), shown in With this extinction measurement, Nissen ef al.
experimentally find a limit of detection of 230nM, based on a 30 distance from
the blank control.

The UV absorption spectroscopy setup utilised by Nissen et al. uses solid-  Discussion of
Nissen et al.

core multimode fibres at either end of the HC-PCF for in- and outcoupling of

transmission

light. As these move (on the lengthscale of \), light coupling conditions will  spectroscopy
change, resulting in a change of signal. In their results, experimental (solid) dota
and simulated (dashed) results disagree increasingly at shorter wavelengths,
with an approximately periodic modulation appearing on the data. If incoupling
and outcoupling conditions were held perfectly unmoving, any spectral artefacts

resulting from imperfect incoupling can be subtracted by referencing to a blank
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control, but the mechanical rigidity needed to fix light coupling conditions is
difficult to achieve in practice.

This apparent beating pattern in the data could originate as the interference
between two modes, i.e. from significant coupling into higher-order modes. Sim-
ilar effects are commonly seen in our experiments when the optical setup is
misaligned. Modes that couple more strongly to the silica cladding will show
increased absorbance. This is especially true at shorter wavelengths (<300 nm),
where silica (and impurities) absorb strongly, potentially explaining the increased
absorbance seen in the data. Finally, for the setup used by Nissen et al., the optical
alignment is provided entirely by the etched-channel optofluidic chip. Since
there are no manual degrees of freedom that could be used for fine translational
or angular alignment, such a setup relies on highly coplanar cleaves and tight

tolerances in channel and fibre diameter.

Label-free detection of proteins in HC-PCF

In this section, we include works that demonstrate the label-free, all-optical de-
tection of proteins in HC-PCF. However, as discussed below, the term label-free
carries different meanings. We also note that the form factor and biological inert-
ness of HC-PCFs (and fibres in general) allow them to be embedded minimally-
invasive into live organisms, which can enable in-vivo sensing.!**¥] These in-vivo
applications, most commonly for medical diagnostics on the tissue level, are argu-
ably sensing proteins. However, this is not considered as a biophysical application

in the context of this review (laboratory experiments on protein solutions).

Refractive index sensing of proteins and surface adhesion

One possibility of detecting label-free proteins is by their effect on the refractive

index of the liquid they are dissolved in, IIIEOIN we have already discussed

interferometric scattering approaches in[Section 1.2.1 which study single mol-
ecules by the interference of light scattered by the proteins with back-reflected
light from a static surface. In bulk, the change in refractive index of the solution
can be measured directly.

However, proteins have a generally low refractive index contrast, i.e. the re-
fractive index of a solution of proteins in some solvent will not be substantially

192 [193

different from that of the solvent alone. | A study by Zhaol et al. investigates

a variety of proteins and individual residues, finding a mean refractive index
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change with varying concentration of dn/dc = (1.899 + 0.003) x 10~* L g~ for
the human proteome.™”) To put this into our measurement context, consider the
nanomolar concentrations typically of interest in biophysical studies, and bovine
serum albumin (BSA) as a common model protein with molecular weight of
Mggp = 66.5kDa. Each change of 1 nM of BSA would therefore require a refract-

ive index measurement precision of dn/dc - (Mgg, - 1 nM) ~ 1078, This precision

(194]

is at the edge of what available techniques can achieve. Furthermore, at this

level, even small temperature variations and other environmental differences

have to be corrected for, adding experimental complexity and limitations.

[[195]] [1196]]

Many highly sensitive refractometric measurements are based on sur-

face adsorption of the analyte, such as surface plasmon resonance (SPR) sensors.

NI pCEs for performing measurements based on SPR have been developed

98] or outside.!?

189]] [200]]

by coating the fibre with metals (esp. gold) on the inside!
SPR sensors have also been based on planar photonic crystal slabs, | and
femtosecond laser-machined solid-core fibres have been used to perform in-liquid

201 .
01] However, even these advanced refractometric

Mach-Zehnder interferometry.!
measurements do not reach the sensitivities described above.

Instead of measuring the refractive index change of the dilute solution directly,
HC-PCFs enable an indirect way of performing this measurement. The surface-
binding of proteins to the core walls changes the transmission properties of the
HC-PCF, with the magnitude of this effect governed by the proteins’ refractive
index. A uniform film on the HC-PCF walls can be understood as increasing the
effective strut thickness, shifting the transmission properties of the HC-PCF.

Based on the resonance condition (discussed fully in[Section 2.1.2), which has

as its parameter the cladding strut thickness d,

ad

— 2
res,m 2%m. nsilica n

core

m e N, (1.2.3)
when a biofilm forms on the struts, it changes the effective thickness to be

d— dsilica + dbioﬁlm ) M (124)

silica
The resulting change in the transmission spectrum of the HC-PCF can then be
related back to the thickness of the adsorbed protein layer, typically by tracking

transmission minima or maxima over time as proteins adsorb onto the surface.
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Fig. 1.9 Measurement of proteins inside HC-PCF using transmission spectro-
scopy by Giovanardi et al. As the proteins bind to the functionalised
wall surfaces, the thickness of the HC-PCF cladding changes. These
features define its waveguiding characteristics, and the change in
effective thickness can be quantified by transmission spectroscopy.
Adapted from [206]] © 2019 IEEE. (Fig. first referenced on p.

Functionalisation of the core of HC-PCF can be used to increase specificity,
similar to how many biosensors (e.g. quartz crystal microbalances)
can be used with and without functionalisation. However, this approach conflicts
with the goal of label-free detection, adds to the complexity of fibre preparation,
and will cross-contaminate samples if used multiple times.

Based on functionalising the surface of HC-PCFs, Giovanardi et al. simulate
and experimentally demonstrate this effect using the biotin—streptavidin system
[208] With one of the strongest known non-covalent bonds in biology,
this pairing can give high surface coverage and consequently thick adsorbed
protein layers, with the authors measuring films as thick as 30 nm. The functional-
isation required multiple incubation-rinsing steps. For the protein measurement,
streptavidin solution was passed through the HC-PCF for 2 h at an unspecified
concentration.

Since this binding is (practically) irreversible, the sensor has a limited lifetime,
which ends with complete coverage of the binding sites by the target protein.
For non-functionalised surfaces, strategies exist to repeatedly remove and sub-

sequently rebuild protein coatings with an alkaline (pH 9) solution, and Er-
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matov et al. demonstrate this approach inside a HC-PCE.2%] By coating their
HC-PCF with a mix of tannic acid and BSA protein, up to 30 layers thick, and meas-
uring the change in the HC-PCF’s transmission spectrum, they detect the change
in number of bilayers formed by the BSA-tannic-acid mixture. The authors ex-
plore the use of this method less for the detection of the deposited proteins (and
do not specify the concentrations of the protein solutions used), but primarily for
creating ‘ultrasmooth’ (surface roughness 3nm) coatings that can be removed
and re-created as needed.

Pidenko et al. detect BSA via transmission spectroscopy in a HC-PCF at a concen-
tration of 1 g ™!, equivalent to 15 pM.2%l They also measure ovalbumin samples
and show an effect of pH on the transmission spectrum. As a short conference
paper, it does not provide the necessary details to further evaluate these data,
as only a single, normalised transmission spectrum at a single concentration is
shown. Furthermore, the authors show an electron micrograph of the HC-PCF
(an antiresonant negative curvature design with 18 capillaries surrounding the
central core), but provide neither a scale bar nor a dimension, such that the
sample volume cannot be ascertained.

Common to both functionalised and non-functionalised methods is the require-
ment to have the analyte (target protein) interact with a surface. Consequently,
biophysical analysis of the results is limited to surface—protein interactions. Pro-
teins in particular can change between folding states based on their local environ-

(B3I B8] BN R10) Hyowvever,

ment and especially through interactions with interfaces.
for surface-functionalised measurements, a key advantage is the relative simpli-
city with which specificity can be achieved through antibodies, and this forms
a key reason for their use in complex analytes for biosensing. Finally, surface-
adsorption removes the possibility to probe properties of proteins in solution that
rely on their mobility, such as diffusion measurements from which hydrodynamic

radius and ultimately conformation can be established.

Fluorescence sensing

To the best of knowledge of the author, there are currently no journal publications
other than the ones resulting from this PhD which show the label-free (i.e. in-
trinsic) fluorescent sensing of proteins in HC-PCE. There are related applications
of protein sensing in HC-PCF where the proteins themselves are not labelled; we
discuss an example of this here.
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Monro et al. used one of their own HC-PCF designs that has its core exposed
to the liquid sample solution to detect organic fluorophores and metal ions. 21
These suspended-core fibres are based on evanescent wave coupling of light to
analytes that are present within a few wavelengths of the surface in contact with
the sample solution.

In early work, the authors note that their approach can be adapted to proteins if
they are bound to the surface with antibodies that are fluorescently labelled. 22!
In this approach of Monro et al., the proteins themselves would remain unlabelled,
and then bind to fluorescently labelled antibodies for sensing to take place. The
study characterises the surface functionalisation and fluorescence collection
efficiency of the fluorescently labelled antibodies, but leaves the use for protein
sensing (where target analyte proteins would be bound to the labelled antibodies,
modulating their fluorescence emission) as future work. The labels are CdSe
quantum dots, which the research group shows in a related work to be detectable

in free solution down to picomolar levels in their experiments.[zm

Protein absorption or scattering measurements

To the best of knowledge of the author, there are currently no journal publications
which show label-free absorption or scattering based sensing (i.e. extinction) of
proteins in HC-PCF (a manuscript resulting from the research of this PhD is in
preparation).

To clarify this point, the studies covered in [Section 1.2.3|are extinction based
measurements. As such, they will inevitably have absorption and scattering
components from the dissolved proteins contributing to the measured extinction.
However, these studies explicitly use extinction not to measure the (weak) ab-
sorption or scattering of proteins in HC-PCF, but instead to measure the change
in HC-PCF transmission, which they then relate back to a protein concentration
(on the surface).

Labelled protein detection

If HC-PCF are able to detect weak label-free intrinsic fluorescence, they can
(unsurprisingly) also be employed to detect the much brighter labelled protein

fluorescence.[2141[15]

For example, Ruan et al. have measured CdTe—ZnS quan-
tum-dot-labelled IgG antibodies in a microstructured fibre that uses only evanes-

cent coupling.?®! The fibre guides light in a central glass core connected to the
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jacket with three thin (relative to the wavelength of light, leading to inhibited
coupling) glass struts, forming three microfluidic channels around it (sometimes
called a ‘Mercedes’ fibre). These are then infiltrated with sample solution and
the shallow (~ \) layer close to the solid core probed evanescently. With this
setup, the authors were able to detect fluorescently labelled IgG antibodies in
the 50 nM range at a signal-to-noise ratio of 4.

Immobilisation and adsorption

In the studies discussed as label-free protein measurements in HC-PCEF, in two
different ways, proteins were immobilised. The proteins either underwent ad-
sorption to a surface, or binding to a functionalised surface (anchored antibodies).
Both approaches are therefore surface-based. It is worth discussing the term
‘label-free’ in light of these experiments.

In the strict sense of not using fluorophores to label the proteins, these ap-
proaches are undoubtedly label-free. In the case of Giovanardi et al. performing
transmission spectroscopy, no labels were used in the experiment. In Monro et al.,
the surface-bound antibodies were fluorescently labelled with quantum dots,
while the proteins (if their approach were realised experimentally) would remain
unlabelled.

One of the key motivations for label-free measurements was to enable insights
into how labels affect the proteins under study. This information can only be
obtained by a label-free control measurement that, to the largest extent pos-
sible, leaves the proteins in the same conditions otherwise, i.e. freely diffusing
in solution. Surface-adsorbed (partially reversible) proteins, and even more so
antibody-bound proteins (effectively irreversible) will change their behaviour
compared to freely-diffusing proteins, and hence their contribution to the ag-
gregation process will change or cease entirely. Depending on the questions
asked by an experiment, this might limit the applicability of such surface-based
approaches.

Nonetheless, any sensor will experience protein surface adsorption, even if
it does not rely on this surface adsorption as its sensing principle. Surface oc-
cupation can be quantified by adsorption to nanoparticles of a known size and
number. For example, lysozyme was found to adsorb onto silica surfaces with
a density of 1.5mgm~2, at a pH of 7.5.2%! The adsorption varies strongly with
concentration at values below ca. 0.2gL™!, but then plateaus to increase only

very slowly, remaining nearly constant to within around 10 %. This measurement
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was taken without the presence of salt which, if present, can shift the equilibrium
towards lower protein adsorption, depending on the pH of the solution.

To perform such measurements online, the end facet of a solid-core fibre pre-
pared with a glass spheroid can be used to measure adsorption changes continu-
ously by the shift of a resonant microcavity, which has been shown for biomole-
cules.27] Adsorption onto surfaces follows an equilibrium process, but a large
part of the adsorption remains irreversible when changing back to water. For
example, in a study of a culture-medium protein mixture in contact with silica,

the irreversible component of adsorption was found to be around 60 %.[218]

Summary

This concludes the review of the literature with regards to related studies, with
the next chapter discussing the theoretical background and physical principles
relevant to our work. As mentioned in the introduction to this chapter, we
discussed the label-free optical detection of proteins, then covering HC-PCF for
biophysical sensing, and before combining these two fields to narrow down the
scope to become the label-free optical detection of proteins within HC-PCF. The
relative scarcity of works that fall in this latter category is where this dissertation
hopes to contribute to with the experimental work that follows.

1 Context Page 55 of 245



1.3 Practical considerations

1.3 Practical considerations

We finish the Context chapter with brief mention of the circumstances that shaped
this PhD, outside the scientific considerations that are the focus of this disserta-
tion.

Availability of light sources

The original PhD proposal was fundamentally based on a 280 nm ultraviolet laser  No 280nm laser
that had been successfully used in prior experiments. Shortly after the beginning avallable
of the PhD, this laser started experiencing lasing failures and power fluctuations.
Eventually, the laser would not start, or only lase intermittently. Company service
technicians inspected the device remotely, and — while the issue was known to
the engineers — no repair was available for this recently out-of-warranty laser.
The company also stopped selling this product line entirely around the same
time, offering no sub-350 nm lasers in their product lineup since. Anecdotally, at
a conference, the present author asked a sales representative about this at the
company’s booth. After a brief moment of silence, the question was met with a
deadpan, “Yes — We don’t sell that one anymore’.

For this PhD, the absence of a suitable high-brightness, good mode quality
280 nm light source meant that the planned PhD project had become impossible
in its original form. Considerable time of the PhD was spent devising alternative
approaches to fulfil the stated goal of this work, which are now presented in this
dissertation.

COVID-19 pandemic

This PhD work coincided with the time of the COVID-19 pandemic, meaning  Effects of the
COVID-19

no or only restricted experimental laboratory work was possible for the time :
pandemic

of the pandemic lockdowns and self-quarantine periods. Besides the direct
impact on the work of this dissertation, the resulting delays also affected planned

collaborative projects, which reflects in the projects attempted and completed.
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Optofluidics combines optics and microfluidics. We review the theory and phys-
ical principles underpinning our work: how light propagates in waveguides, the
hydrodynamics of microfluidic flows within them, and finally how macromolec-
ules such as proteins move through them.
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2.1.1

2.1 Optical waveguides

Optical waveguides

In this part, we explain the optical theory and methods that underlie our exper-
iments. Specifically, we discuss the optical properties of hollow-core photonic
crystal fibres which exhibit through-liquid light guidance beyond the limits of tra-
ditional optical fibres, and a Materials and Methods section that covers concepts
common to all HC-PCF-based experiments in the later chapters.

Light propagation through media

In our experiments we use hollow-core photonic crystal fibres to confine and
guide light through water. Photonic crystal fibres are optical fibres that use
phenomena other than total internal reflection (TIR) to attain their waveguiding
properties. It is therefore of interest to begin by revisiting total internal reflection
and thereby understand where the limitations that motivate the use of photonic
crystal fibres come from.

The ‘traditional” optical fibrel2”] operates via TIR occurring between the fibre
core, and the region just outside the core, known as the cladding. Both materials
are typically silica, but can be doped with other elements (e.g. GeO, ) to vary their

220]

optical properties, namely their refractive index.?20 A core (having refractive

index ng,,) inside a cladding (ng,qding) Will support TIR and guide light given
that

Neore > Neladding  (Necessary condition for TIR). (2.1.1)

Then, all light at angles shallower than the critical angle,

0. = arcsin (ncsdding ) : (2.1.2)
is prevented from leaving the core by TIR, i.e. the light is guided. The arrangement
of two concentric, continuous silica regions of different refractive indices is known
as a step-index fibre.?2!) The critical angle defines the acceptance cone (a solid
angle) of light that is guided through the fibre. For light that is guided, the loss
through the fibre is governed by material absorption, as well as the smoothness
of the core—cladding interface that leads to Rayleigh scattering. Fibres which
use only a single base material (typically silica) benefit from all interfaces being
inherently lattice-matched, except for defects introduced by the dopants.
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2.1 Optical waveguides

Material Refractive index Comment

Air 1.000 Generally true for gases

Low-n formulations of

Fluoropolymers 131...129 amorphous fluoropolymers

[222]

Water 1.33
Ethanol 1.36
Polydimethylsiloxane,
PDMS polymer 14 used in microfluidic chips[223]
Glass around 1.5 Up to about 1.8 for specialised
(various types) ' optical glasses[22% bl 261]
Diamond 24

Tbl. 2.1 Refractive indices of some common materials or material classes.
While, for example, the optical industry has produced a large array
of glasses with varying n for different applications, there are very
few solid materials that are less optically dense than water. All
values are approximate around visible wavelengths and standard
temperature and pressure. (Table first referenced on p.

As seen above, light guidance by TIR fundamentally requires the light-guiding  Limitations of
TIR for

medium to be more optically dense than its surroundings. In practice, this ,
waveguides

severely limits the choice of materials available for the construction of liquid-
tilled, i.e. optofluidic waveguides. While it is feasible to find practical material
combinations (cf.[Table 2.1)) that confine light in a solid and optically dense ma-
terial (doped glass) surrounded by another solid but optically less dense material
(undoped glass), the same is not true for a liquid within a solid. Only specialised
PTFE-derived polymers have refractive indices below that of water, but even then
only by a narrow margin of less than 3 %. PTFE-based waveguides are typically
constructed by internally coating glass capillaries, and are found in applications

[222]

of channel diameters larger than 250 pm. Hence, for channel sizes typical

in microfluidics (50 pm and below), water-filled total internal reflection fibres

remain impractical

note 1 For a suitably general notion of ‘fibre’, a stream of water could be understood as a realisation of
a total internal reflection optical fibre. Water jets have been explored as waveguides, where a thin
stream of water flows vertically downwards through air, resulting in water being surrounded
by the optically much less dense air. However, most of the convenient engineering properties
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Propagation of light through waveguides

Consider now the guidance of light through a general waveguide. Light, as
an electromagnetic wave, is described by a wavevector k, governing the spatial
oscillation period of its (by convention) electric field component,

E=E e kT (2.1.3)

where the symbols have their usual meanings.[ZZS][z%] It follows that when
propagating in the vicinity of interfaces (discontinuities in refractive index),
boundary conditions apply and impose certain conditions on £, giving rise to
distinct solutions which correspond to propagation along a waveguide. We
introduce the interpretation of these solutions in the context of optical fibres (re-
commended literature: [[131]][[132]][144]][227]][228]]) but more general treatments
exist ([[229]][230]][231]][232]][233]]).

Now consider any point in space within a fibre core. & can be decomposed into
a component k(z) along the fibre axis, and a radial (i.e. transverse) component
k(7). For a fibre invariant along its axis (and of sufficient length > \), symmetry
dictates that k; (2) is constant everywhere. This constant of propagation 3 := k;
forms an invariant in the description of waveguides.

More accurately, 3 as used here applies to perfect (lossless, non-absorbing) wa-
veguides. If absorption were to be included, 8 would become a complex number

indicating loss,[234]

similar to how the refractive index n can be generalised to be
a complex number to include material absorption.

In geometrical optics, each possible propagation path for a ray through the fibre
corresponds to a given 3. For TIR guidance, 3 can be understood as governing
(252] 1y step-index TIR fibres, 5 > n

bound or refracting rays. kq gives the

ko

cladding

cut-off for propagation in the cladding, and hence only light with § < n
[235]

cladding
is guided in the core.

In an electrodynamic description of waveguiding, each (3 corresponds to a mode
supported by the fibre. A mode is supported in the waveguide if it can satisfy
the existing boundary conditions, namely at the core-cladding interface. These
supported modes are then understood as electromagnetic standing waves with & |
quantised in the transverse direction, and k| as a wave propagating along the fibre.

The solutions to Maxwell equations for a fully rotationally-symmetric geometry

that make optical fibres successful are lost in such an arrangement. See |Section SL6|for more
discussion.
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2.1 Optical waveguides

are given by Bessel functions.?] Ultimately, for arbitrary fibre geometries, the
mode shape generally cannot be solved analytically.

Origin of losses in capillaries

Consider the origin of losses in plain capillaries, where 7o < 72¢,dqing and hence Losses in
no TIR guidance. Clearly, even without TIR, the light does not pass from the "V
core through the glass as though the glass were nonexistent. Instead, light moves
along the capillary with losses due to repeated partial (non-total) reflections. The
amount of reflection from the glass back into the core with each such reflection,
and hence the loss, will depend on the refractive index difference of the interface

for a given angle of incidence 6,. This is quantified by the Fresnel equations, with

the reflection coefficient (in terms of power) given by[zzg]
n; cos(;) F n, cos(6,)\”
R — (Micost 214
sIp (nz cos(f,) + n, cos(6,) ( )

for s and p polarised light. The i,¢ subscripts refer to incoming and transmit-

ted angles relative to the interface normal.Using Snell’s law and trigonometric Reflection

coefficient

relations to eliminate 6, yields an expression for the incoming angle 6; only,

2
n; cos(6;) F nt\/l — (Z—t sin(6;))?

R
n; cos(6;) £+ n, \/1 — (3t sin(6;))?

(2.1.5)

slp =

The fraction of light reflected back into the core is light that remains in the
core; in other words, it is guided. Thus, large R will lead to less loss through
the waveguide Note that the condition for TIR guidance (Eq. (2.1.2)|
6 = arcsin (n, / n;)) follows from this equation by setting the root’s radicand
to 0, giving R = 1.

note 2 More accurately, this will reduce guidance loss, which is one component of transmission loss.
Other losses due to material absorption inside the core are mostly desirable for our application,
as they correspond to light-matter interaction with the sample under study. Contrast this to solid
core step-index fibres, where light is guided by TIR, and losses are almost solely by (undesirable)
material absorption or scattering, especially from defects and impurities.[132]
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A derivation from Maxwell’s equations for a capillary of bore radius a leads to

propagation constant /3,,,,, and attenuation constant «,,,,, given by

2m 1w, A2
=—|1—=(= 2.1.6
Frim A ( 2 ( 27a > ) ’ ( )
u 272 241
= () ——— 2.1.7
Apm ( o1t ) a3 2m7 ( )

where u,,, is the m™ zero of the n™ Bessel function J,,, and v = ngaqding/Mcore 18
the refractive index ratio of the fibre material to the liquid in its core.[BU 3] The
length over which a mode decays to 1/e of its initial intensity is 1/«,,,,, o< a®/\?,
making losses of capillaries increase rapidly with diminishing size, by the third
power of their inner diameter.

Photonic crystal fibres

Given this fundamental limit for TIR-guiding channels and high losses in small
capillaries, what principle do hollow-core photonic crystal fibres use to achieve
waveguiding in microfluidic geometries?

A photonic crystal is a spatially-periodic structure where the refractive index
varies with position. For such periodic arrangements, the propagation of photons
underlies additional boundary conditions compared to isotropic media. The
concept of photonic crystals was coined in analogy to electronic crystals when
first discussed in 1987.123¢/(257] [Fig. 2.T|shows several examples of photonic crystal
structures that have been used to produce PCFs which confine and thereby guide

light in different ways.[148]

Notably, many living creatures use photonic crystals
to produce their structural colouration (Fig. 2.2)).

There are two distinct but related classes of photonic crystals that are used to
form waveguiding optical fibres: photonic bandgap fibres (PBGFs) and antiresonant
hollow-core fibres (AR-HCFs)."% The fibres used in this dissertation are of the
latter type.

Historically, the first PCFs were photonic bandgap fibres, proposed in 1995
based on simulations which showed that the refractive index difference between

[246][247) 11 ccessful real-

silica and air would be sufficient to manufacture them.
isation was reported one year later with a PBGF that consisted of air holes in a

hexagonal lattice, with light guided in the central solid-core defect.*¥] Soon, the
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2.1 Optical waveguides

(a) SOLID CORE (b) SUSP. CORE  (c) HC-PBG (d) KAGOME

SCANNING SCHEMATIC
ELECTRON SKETCH
MICROGRAPH

MODE IMAGE
(NORM. INTENSITY)

o
o

100
80
— 60
& 40
20

TRANSMISSION
OVER | METRE

600 1000 1400 600 1000 1400 600 1000 1400 600 1000 1400
wavelength [nm] wavelength [nm] wavelength [nm]  wavelength [nm]

Fig. 2.1 Examples of photonic crystal structures used to produce PCFs, with
their resulting light guidance properties. Their working principle
varies: a) and b) are by (modified) total internal reflection; c) is
by establishing a photonic bandgap in the area around the core,
preventing light from leavmg the core; and d) is by antiresonance
and inhibited Couplmg between core and cladding. Adapted
from [[130]. (Fig. first referenced on p.[62))

tirst guidance in a hollow core was reported in 1999, fundamentally based on the
same principles, but advancing fabrication to higher air-filling fractions. [249]
Light guidance in PBG fibres is explained through the existence of bandgaps
in their photonic density of states, which prevent light from entering certain
regions (propagation modes). There exists a direct analogy to bandgaps in
electronic semiconductors, and similarly a density of states plot can be used to
identify guided wavelengths. However, the semiconductor analogy does have
its limitations related to the differences between photons and electrons (e.g.
conservation of charge and their nature as fermions or bosons) [250)
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o

SE 07-Jul-09

(a) Opal (b) Kingfisher feathers

Melanin

(c) Duck feathers

ig. 2.2 Photonic crystals producing structural colouration, appearing in
Fig. 2.2 nature both inorganic (a) and biological (b, c) in ori in.
Opeals are closely-packed colloidal silica particles. 22T The irides-

cent blue colouration of bird feathers generally stems from photonic

crystals. The kingfisher combines diffuse orange pigmentation and

iridescent blue photonic crystal nanostructures to produce its strik-

ing camouflage colouration. 2 (a, ¢) adapted from [242

243]]. (b) Image credit Robert Heck. (Fig. first referenced on p.
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PBGFs have a narrow transmission spectrum ([Fig. 2.1)), necessitating a close link
between fibre design and a given target application. Furthermore, their intricate
photonic crystal structure, commonly made of sub-micron glass web structures,
complicates fabrication and increases their surface-to-volume ratio such that they
exhibit high hydrodynamic resistance and act as porous filters, accumulating
particulates on their end facets. These properties have to be considered for

integration with microfluidics.

Antiresonant hollow-core fibres

The HC-PCFs in our experiment, known as antiresonant hollow-core fibres (AR-
HCFs), do not employ photonic bandgaps. Instead, they rely for their light
guidance on a combination of principles, most importantly antiresonant reflection
and inhibited coupling. Despite exhibiting higher losses than PBGFs, their simpler
geometry results in a number of advantages for our experiments. These advant-
ages motivating their use over other geometries is discussed in more detail in
Section 2.1.5)

The idea underlying AR-HCFs can be understood by drawing a comparison
to antireflective coatings on lenses. These reduce reflections by thin-film interfer-
ence, where reflected and transmitted light undergo destructive and constructive
interference, respectively.] AR-HCFs use the inverse principle to reduce the
intensity of light transmitted out of the core relative to that reflected back into it,
confining the light to the core.

Consider an optical cavity, such as the space between the optical flats of a Fabry
— Pérot etalon ([Fig. 2.3)), or the core of our fibre surrounded by the cladding

capillaries.[254]

We say that antiresonant reflection confines the light to the cavity
when the geometry and wavelength are such that light destructively interferes
when it would otherwise be transmitted to the outside, and constructively inter-
feres when it is reflected back into the cavity. Vice-versa, in the resonant case,
light is confined inside the struts, where material absorption causes high loss.
While AR-HCF are broadband-guiding, they exhibit the lowest losses at anti-

resonance wavelengths[255]

id .
)‘a—res,m - m ngﬂica o ngore ) mc ZO? (218)
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(a) Fabry — Pérot etalon (b) Transmittance through a Fabry - Pérot etalon as a func-
formed by optical flats tion of phase difference ¢ parametrised by different re-
flectances R of the optical flats.

Fig. 2.3 The Fabry - Pérot etalon. The transmission and reflectance through
two coplanar optical flats varies with optical path difference (phase
shift). When this phase shifts is an even multiple of 7, transmission
is maximal, with the sharpness of the resonance peaks being defined
by the reflectance R of the optical flats.  (Fig. first referenced on p. [65)

while loss peaks occur at the resonance wavelengths

4d
= —/n2 N2re 5 m € N, (2.1.9)

res,m om silica

which are functions of the cladding strut thickness d. These relations can be
derived from imposing constructive interference on the reflected or transmitted
rays in respectively. Note that|Egs. (2.1.8)|and|(2.1.9)|differ in the domain
of m.

Evaluating [Eq. (2.1.8)|for the HC-PCF in this dissertation (d ~ 320..390 nm,
taking d ~ 380 nm as the modal value) filled with water yields the lowest-loss

operating wavelengths at

A — {1054, 351, 211, 151, ...} nm (2.1.10)

a-res,m

when using an averaged refractive index (a first estimate which will be refined
below). Crucially, our operating wavelength of 350 nm lies close to a transmission

maximum (antiresonance condition) at 351 nm. We will explore this with a full
ARROW model simulation in[Section 2.1.3 below.
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Inhibited coupling

In addition to the antiresonant guidance mechanism of AR-HCFs, there is another
necessary property, inhibited coupling, without which the low loss guidance of
AR-HCFs could not be achieved.

As the science of fibre drawing progressed (see [Section 2.1.6)), the smallest

features within the fibres (the struts) approached ) in size. Since a guided mode
has a mode area on the order of several ), these small struts do not support
modes themselves. When a core is connected to the surrounding solid silica only
by thin struts, light is prevented from leaving the core by inhibited coupling. In
the suspended core fibre guides light by inhibited coupling to the solid
silica surrounding it.

All PCFs require some form of inhibited coupling, as otherwise modes would
enter the silica cladding. The importance of this effect was studied especially
in connection to kagome fibres. Found by serendipity in a photonic bandgap

fibre drawing,[144] [130]

([144]] [256]] [257]

the kagome guidance mechanism was at first unclear,
when it was discovered that small changes in the strut thickness

had a significant effect on their transmission properties irrespective of their

(258

exact photonic crystal structure. The explanation was found in antiresonant

reflection, prompting research into AR-HCF geometries.[259] [260]

ARROW model simulation

In general, [Egs. (2.1.8)|and|(2.1.9)|can be understood as a family of curves parame-

trised by m. The strut thickness d is targeted to a specific value during fabrication,
defining the HC-PCF’s transmission spectrum. In practice, it underlies manufac-
turing tolerance and thus spans a range of values. Electron micrographs of the
HC-PCF from which these strut thickness values were taken is shown in

IEgs. (2.1.8)|and [(2.1.9)|are simple to evaluate if the refractive indices are as-

sumed constant, i.e. independent of wavelength. This is how the numbers in
[Eq. (2.1.10)| were arrived at as a first estimate. However, in general, the refractive
index being dependent on wavelength (n — n(\)) means the equations need to
be solved recursively, where the result for A with some initial guess for n is fed
back into n(\) to arrive at the next iterative solution.

The wavelength-dependent refractive index data of fused silica was acquired
from a material database.2*!l A program was written to perform a one-pass

recursive solution of A. The results are shown in In this figure, the grey
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Fig. 2.4 Geometry of the HC-PCF used in this project. Left: HC-PCF with
overlaid geometry, identifying the jacket outer diameter, jacket inner
diameter, and the hollow core surrounded by the cladding capil-
laries. Right: Higher magnifications of the cladding capillaries
responsible for the waveguiding properties of the HC-PCF. SEM
images provided by Michael Frosz during fibre fabrication at the
Max-Planck Institute for the Science of Light, Erlangen.

(Fig. first referenced on p.[67))

band indicates the range of cladding strut thicknesses of the HC-PCF used in
this present work, as found from electron microscopy images ([Fig. 2.4)). The
range of values comes about from tolerances of the production process, and will
vary along the length of a draw (spool) of HC-PCE, as well as surface roughness
variations on shorter lengthscales.

Fig. 2.5[shows that higher orders of (anti-)resonances fall closer together, as is

expected by [Egs. (2.1.8)land |(2.1.9), which corresponds to the classical model of

harmonics of standing waves across a fixed length. The fact that antiresonances
(high transmission) and resonances (low transmission) lie closer together for
higher orders explains why the zeroth order has the strongest transmission peak

when measured experimentally in [Section 2.4.3

Modes in HC-PCF

The waveguide propagation theory discussed in also applies to

HC-PCFE. However, the arrangement of cladding capillaries (or more generally,
photonic crystal microstructure) that dictates their modal guidance properties is
typically too complex a geometry to be solved by basic analytical methods.

Our group’s previous PhD student Ralf Mouthaan has worked on simulating
modes in HC-PCF using a finite difference frequency domain model.2%2] These
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Antiresonant simulation printout

Simulation completed for: HC-PCF used in this dissertation, filled with water
Antiresonances (- - -) and resonances (—) of order m for a given wall thickness
The wall thickness tolerance for this fibre is indicated by the grey band

1400+

12001

10001

800 1

600 -

mth (anti-) resonance / nm

400 -

200~

o m= 0
et antiresonance

Fig. 2.5

200 300 400 500 600 700
Wall thickness d / nm

Fabry — Pérot resonance and antiresonance wavelengths as a func-
tion of the HC-PCF strut thickness, found by recursively solving
IEgs. (2.1.8)|and |(2.1.9)|to second order. Maximum guidance occurs
when the antiresonance confines the light in the core. Conversely,
guidance is minimal at a resonance. The vertical grey band indicates
the range of strut thicknesses in the HC-PCF of this dissertation.
Wavelength and material-dependent refractive index data retrieved
from [261]]. (Fig. first referenced on p.[67)
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50 pm
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Mode 05 Mode 06 Mode 07 Mode 08
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Mode 09 Mode 10 Mode 11 Mode 12
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Fig. 2.6 Mode simulations for the HC-PCF used in this dissertation. Yellow
represents fused silica geometry, whereas dark blue is the solvent
(water). Simulations performed by Ralf Mouthaan using a finite
difference frequency domain model. 22 (Fig. first referenced on p.

simulations, based on the HC-PCF geometry used in this dissertation, were also
used in our co-authored publication [[1]], and are shown in

Throughout this dissertation, these modes appear in our experiments. Core
guidance is generally seen to be dominantly in the fundamental mode (Mode 01
in [Fig. 2.6]), with other higher-order modes (Mode 02 and higher) present as
superpositions, creating a more uniform top-hat-like mode profile. We also
see modes extending to the interstitial spaces between capillaries (Modes 09
—15) when the incoupling conditions, i.e. the optical alignment matching the
incoming light’s wavefront to the HC-PCF’s core mode(s), are suboptimal. These
are caused by the antiresonant properties of the capillaries still being fulfilled
for the space in-between two adjacent capillaries, just like in-between opposite
capillaries with the core in the middle, which is the fibre’s intended waveguide

operation.
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contrast-
enhanced

Fig. 2.7 Higher-order modes observed in a water-filled HC-PCF. To excite
these higher-order modes, light was coupled-in off-axis, which also
results in the direct coupling into the glass of the brightly lit-up
capillaries. The capillaries labelled A, B, and C exhibit a range of
higher-order modes, which are shown in contrast-enhanced versions
on the right. For comparison, the HC-PCF geometry (same scale
and rotational alignment) is reproduced on the left, with the white
area being filled with water. (Fig. first referenced on p.

While experiments aimed at exciting waveguide modes and using them for sens-
ing were not the focus of this dissertation, they were still commonly encountered
during alignment. shows how superpositions of many different higher-
order modes can be excited experimentally by mere off-axis incoupling. However,
which modes are excited is generally not reproducible and very sensitive to small

movements.

Comparison to other photonic crystal fibre geometries

The literature knows several pieces of related terminology concerning HC-PCF,
and no single consistent usage has emerged so far. 227 We briefly discuss some of
the most common terms here to serve the reader as a guide for literature search.

The antiresonant hollow-core fibres (AR-HCFs) used in this work and shown in
[Fig. 2.4|could also be referred to as negative curvature fibres (referring to the convex
features protruding into the core, such as the circular capillaries seen in [Fig. 2.4/
in contrast to some other HC-PCFs, e.g. kagome fibres that have hexagonal
(and hence flat) core walls, which nonetheless employ antiresonant reflection
as one of their guidance mechanisms); or as tube lattice fibres (which describes
specifically our fibre’s photonic crystal arrangement, which are synonymously
also termed revolver fibre for their appearance). Microstructured optical fibre (MOF)
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1. High overlap between fluid flow and light guidance (i.e. the clad-
ding bypasses a smaller amount of sample)

2. Less risk of blockage, due to no sub-micron cladding holes, and
much fewer cladding channels

3. For the same reason, quick infiltration of the cladding and hence
faster time-to-measurement after sample loading

4. Easier to manufacture compared to most other HC-PCF types that
have more complex cladding structures

Tbl. 2.2 Primary advantages of AR-HCFs compared to other HC-PCFs for
our experiments that motivate their use. Specifically, the compar-

ison is to the other HC-PCF realisations seen in but also
applies to other optofluidic architectures.

(Table first referenced on p.

is an alternative and more general term to PCF, with some authors limiting
the term PCF to photonic bandgap fibres. In planar geometries, possibly in
combination with microfluidic chips, the term ARROW (antiresonant reflecting
optical waveguide) is used for waveguides based on the antiresonant guidance

[264][209] 11, this dissertation,

mechanism, and sometimes also applied to AR-HCFs.
I adopt the most general definition of photonic crystal fibres as containing any
regular periodic arrangement (a crystal, in the solid state sense) of refractive
index differences.

(30T I144] ¢ eir strut

While kagome fibres were employed in many applications,
web structure makes them difficult to manufacture; bypasses a large fraction of
the infiltrated liquid through non-illuminated regions; and is liable to blockages
from impurities. More recently, the introduction of negative curvature geometries
enabled a realisation of AR-HCFs2%/27] with a much simpler photonic crystal
geometry compared to kagome. Resulting AR-HCFs (especially lattice-tube
tibre geometries) show improved manufacturability due to simpler geometries,
(28] combined with fewer thin struts and small-diameter holes that can lead to
blockages when impure samples (or samples strongly adhering to the walls) are
infiltrated. When compared to PBGFs, AR-HCFs can reach wavelength regimes
where no suitable photonic bandgap guidance could be found, such as in the UV

268] [269] T

or mid-infrared. able 2.2/ summarises the reasons why AR-HCFs are the

preferred choice for our experiments.
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Bragg fibres, also known as annular core fibres, are made from concentric rings of

different refractive index and also work on the principle of antiresonant reflection.

[270] they were first realised in 20041271 Several studies pro-

[272]) [273] [274] [275)]

First proposed in 1978,
pose and numerically or theoretically evaluate possible designs,
with possible applications in surface-functionalised biosensing!?®! or integrated
fluorescence excitation and emission filtering.[277] However, the difficulties in
manufacture arising from multi-layer heterogeneous materials to form the con-
centric refractive index profile makes fabrication for different target wavelengths
more challenging.[278] (279] (280}

Bragg fibres are not be confused with fibre Bragg gratings, where the Bragg
mirror is formed along the fibre axis by creating periodic variations of refractive
index along some part of the fibre’s length, often by post—processing.[zgl] Fibre
Bragg gratings are generally used for sensing the change of some environmental
measurand along the fibre, such as strain or temperature, and not for in-fibre

measurements.[zgz]

Manufacturing of HC-PCF

PCFs are made with a top-down manufacturing approach, where a macroscopic
version is assembled and then successively scaled down by melting the glass
(typically high-purity silica, possibly doped to alter its refractive index) and
pulling it in a fibre drawing tower at close to 2000°C (Fig. 2.8).*2” The first
PCFs to be realised already used this basic approach, known as stack-and-draw,

to produce a solid-core fibre with a hexagonally symmetric photonic crystal

arrangement of air holes. 4]

Fibre manufacture begins with a preform, which is hand-assembled from high-

285]| [269]

purity silica capillaries or solid rods.! Through successive re-drawing, the

geometry is scaled down to microscopic dimension. Fibre drawing is a continuous

and highly scaleable process, easily producing kilometres of fibre per day.mo]

While HC-PCF manufacture is in its early stages of becoming a commodity;, it
benefits heavily from the established body of knowledge and process technology
from telecommunication fibre.[2*

Application of tension and air pressure differentials between fibre sections
allow further fine-tuning. An essential piece of physics governing the scaling-
down during the drawing process is surface tension acting to drive geometry

[286]

into an equilibrium. The tendency for surface tension to close air gaps (and
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(a) The preform, a hand- (b) The cane, a millimetre- (c) HC-PCF leaving the

assembled capillary stack sized intermediary to be furnace, ready to be
(for kagome fibre). [283] re-drawn. [283]] coated. [284]

Fig. 2.8 Basic steps for manufacturing photonic crystal fibres. In a fibre
drawing tower, a preform is heated until it becomes viscous. As it
lengths by stretching, it simultaneously narrows in the transverse
plane. The resulting scaled-down cane then undergoes the same
procedure again, until the fibre geometry is scaled down by a factor
of around 1072 to reach microscopic (sub-millimetre) dimensions.

Figure from [283, 284]. (Fig. first referenced on p.

therefore reduce the surface area of the glass) can be balanced with an applied
over-pressure of air within the fibre cane.

Surface capillary waves form the ultimate limit to surface roughness even in
the absence of any material defects. 2] Heated to its liquid state, the viscously-
flowing silica exhibits phenomena that are familiar from liquid streams. Take, say,
a thin stream of water running from the tap. As the volume flow is successively
lowered, just before the transition from a steady stream to individual droplets
occurs, the phenomenon of surface capillary waves is easy to observe. The stream
thins and thickens periodically, with the bulges eventually separating and forming
droplets. The same happens during the fibre drawing process, except that these
periodic variations are frozen into the material as it cools down and solidifies.
As the fibre being drawn cools down, temperature-dependent viscosity changes
become significant, which adds to the complexity of this phenomenon. Model
calculations show loss contributions of this phenomenon to be on the order of
30dBkm™! for hollow-core photonic bandgap fibres, 28] and about an order
of magnitude less for solid-core versions.222) AR-HCFs are more sensitive to strut
thickness variations, hence their guidance properties are expected to be affected
even more by this effect.

(HC-)PCFs are still a relatively young technology, and new generations such

as the AR-HCFs we use continue to appear. Future developments include multi-
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hollow-core fibres that would enable simultaneous dual polarisation analysis,[zgl]
and conjoined-tube AR-HCFs with improved transmission properties by adding

another surface to the Fabry — Pérot etalon.®?
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2.2 Microfluidics

Microfluidics

Moving on from the optical theory, we cover next the fluidics in the microscopic
regime. The largest channel size of our HC-PCF is 30 pm in diameter, putting it

tirmly into the field of microfluidics.

General theory

Inert fluids behave according to Newtonian mechanics, whose laws are therefore
sufficient to describe its behaviour. As with classical mechanics, while an ab-initio
simulation of every particle (molecule) in the system is conceptually simple to
state mathematically, the number of objects required to reach any useful precision
quickly becomes infeasible. Fluid mechanics is the theory concerned with a
reformulation of classical mechanics in terms of continuum mechanics using
vector calculus, such that solutions to such problems become accessible, either
numerically or analytically.

The forces acting on a fluid volume element at any point can be categorised
into forces proportional to volume (e.g. gravity), pressure gradient forces, and

293

friction. 2 In this Newtonian picture of fluid motion, the net force on any fluid

volume element gives its acceleration

Do Ov

ﬁt = a + (U . V)U, (221)

a=
where ¥ = 9(t, ) is the velocity field, and 2 is the material derivative, taking
into account the fact that the infinitesimal fluid element itself is moving.[294] The

corresponding equation is known as the Navier-Stokes equation, which we write
as (adapted from [295]])

Do

PDr = Z(all forces), (2.2.2)

0 .
p (E + (U~ V)) 0=nV* —Vp+ F, (2.2.3)
where 7 is the dynamic viscosity, p = p(t, &) the pressure field, and F = F(t, Z)

any external forces that might be present. It acts as the fluid-mechanical refor-

mulation of Newton’s second law.

2 Concepts in Optofluidics Page 76 of 245

Fluid mechanics

Fluidic laws of

motion

Navier-Stokes
equation



2.2 Microfluidics

2.2.2 Theory of microfluidic flows and the Reynolds number

As noted above, it is, in general, not feasible for[Eq. (2.2.3)]to be solved directly.
Nonetheless, in the microfluidic regime, a powerful theory exists and enables
understanding beyond simulation results./2%

While there is no single definition of where the boundary between microscopic  Reynolds number
and macroscopic flows is to be drawn, one key feature of microfluidic flows is
that they are of low Reynolds number, exhibiting laminar and not turbulent flow
throughout. The Reynolds number Rk is a measure of the ratio between inertial

and viscous forces, i.e. inertial effects dominate at low Re. It is given by

RE = —, (2.2.4)

n
where v is the flow speed (take, say, a flow of one fibre traversal per second,
17cms™!), d is a characteristic lengthscale (take the diameter of our fibre core,
d ~ 30 um), and 7 is the kinematic viscosity of the fluid (n = 1.00 x 10~ m? /s for

(297, Tbl. B2]) " Given these conditions, Re ~ 5, which is much less than 2100,

water
an empirical cutoff typically chosen®l to distinguish turbulent and laminar flow
regimes. Hence, throughout our system, inertial forces are negligible; there is
laminar flow without turbulence; and consequently the fluid can be assumed to
conform immediately to the geometry and forces it is exposed to.

The fluid-mechanical regime that neglects inertial forces is known as Stokes Stokes
flow.2) Inertial forces correspond to the left-hand side of [Eq. (2.2.3))24 such ~ (fietiontess) flow

that our governing equation becomes
0=nV2—Vp+F, (2.2.5)

leaving only a balance of viscous, pressure and external forces, respectively.
Connecting this equation to our experiments, we generally apply a pressure
gradient with a syringe, and external forces are negligible (we discuss future
applications based on external forces in the conclusions of[Chapter 7)). The viscous
force, however, is generally a fixed property of the particles under study. We
reflect this by rearranging the equation one more time, such that our experimental
control amounts to varying the right-hand side of our final equation:

nV25 = Vp — F,. (2.2.6)
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Laminar flow profile

The equation above can be solved analytically for certain combinations of geo-
metry and boundary conditions. Take a cylindrical channel as an illustrative
example. Given no external forces, we can argue from the infinite rotational
symmetry that all /06 terms must vanish. Furthermore, steady-state conditions
in an established flow enforce that 35/9z = 0, but not similarly for p. This enables

us to perform separation of variables,
Vp(z) = const. = nV2i(r, 0). (2.2.7)

Translational invariance means that the pressure gradient must be linear across
the channel length L, and so the constant is determined to be Ap/L, giving rise

to a Poisson equation (a Laplace equation with non-zero constant),

1Ap
=—_—. 2.2.

-~ (228)

The velocity field that solves the Poisson equation under no-slip boundary
conditions is known as Poiseuille flow ([Fig. 2.9)), with a smooth, parabolic velocity

distribution, 2281 (2%

v(r)=——=—" (R*—1r?). (2.2.9)

For our experiments, this means that the flow will be strongest at the centre
of the fibre core, although the effect is weak since the aspect ratio of length L
to core size 2r is large (see[Fig. 2.9). Nonetheless, the fact that the fundamental
mode in HC-PCFs concentrates the light power density (and hence light-matter
interaction) to the same area where the analyte is exchanged most quickly, i.e. at

the centre, is the ideal case for continuous-flow analysis.

Hydrodynamic resistance

In the microfluidic regime, the dynamic resistance presented by a channel is due
to friction with the channel walls (as opposed to macroscopic flows which exper-
ience an additional friction from turbulence). Applied pressure will command a

flow inversely proportional to the hydrodynamic resistance.
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Radius r across cylindrical channel / unit length

0.1 0.2
Flow velocity v along cylindrical channel / (unit length / unit time)

Fig. 2.9 [lustration of Poiseuille flow. This parabolic flow velocity profile is
typical of pressure-driven flows, where the no-slip boundary condi-
tion requires the liquid to be stationary at the wall. As the channel
aspect ratio L/ R approaches infinity, the flow becomes relatively

more uniform, such that in microfluidics it can be considered as a
plug flow. In our HC-PCF, L/R > 1000.) (Fig. first referenced on p.

Despite the HC-PCFs in our experiment posing a complex cross-section to  Derivation of
the flow, a combination of dimensional analysis and perturbation theory allows hyij:é:ir:ic
a purely analytical derivation of the resulting hydrodynamic resistance. Due
to its length, this derivation is presented in the supplementary information, in

Quoting the key result, the ratio of flow through the core relative to
tlow bypassing it through the capillaries is 0.55, i.e. slightly more than half the

flow through the HC-PCF goes through the core.
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2.3 Molecular mass transport

Molecular mass transport

Any particle or molecule within the fibre will experience diffusion and convection.
Understanding their relative contributions gives insight into the experimental

environment we create by using HC-PCF.

Diffusion theory

As seen above, microfluidic flows such as those present in our experiments are
well within the laminar flow regime, meaning turbulent effects do not complicate
their analysis. However, instead diffusion becomes significant. To understand
the relative strength of diffusion and convection, the dimensionless Peclet number

Pe characterises this by their timescales, 1441 3001 (301]

Tar _ E/D (2.3.1)

P — =
: /v D’

Tconv

where [ is a characteristic lengthscale and v the fluid velocity. HC-PCFs are
inherently designed to combine long pathlengths with microfluidic channels,
giving aspect ratios of 2r/L ~ 100 pm/10 cm ~ @O(10~3) or more. It is therefore
required to consider the transverse and axial directions separately.

In the transverse plane, no flow is present and mass transport is purely diffusive
(Pe; = 0). Axially, we can find the flow at which diffusion and convection reach
the same timescale,

|

which evaluates to sub-pL min~! flow rates for BSA protein. For flow rates sig-
nificantly below or above this number, the limit of pure diffusion or convection
can be assumed. In practice, this number is so small that if any axial flow is
present, convective mass transport will dominate over diffusive mass transport
by orders of magnitude. In fact, even small temperature variations can drive
flows by thermal volume expansion that are orders of magnitude larger than
the diffusion component to mass transport (calculated in the supplementary,
Section 5i4).

Consider now an individual particle in a dilute liquid. Its Brownian motion

is modelled as a random walk, such that we can make statements only about
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B

average values. A particle moving within a medium for a time ¢ traverses a

mean-squared distance
MSD = (|#?|) =2 - dim - D¢, (2.3.3)

where D is its diffusion constant, and dim is the dimensionality of the problem
(since the movement in each Cartesian direction is independent, the MSD is a
geometric mean).

To illustrate, we will consider the example of a BSA protein diffusing radially.
This is of interest to understand over what timescales such a particle initially loca-
ted at centre of the fibre core will move around before it touches one of the fibre

1

walls at r,. ~ 15 pm. The diffusion constant is tabulated as Dgg, = 59 pm? s~

core
(20°C, water)."2] Over the course of 15, the root mean square displacement in

two dimensions will be
VMSD =2V Dt ~ 15 pm. (2.3.4)

Hence, we can expect such particles to come into contact with the fibre walls
when left undisturbed for several seconds.

Diffusion simulation

To further understand and visualise the movement of proteins within our system,
a diffusion simulation was written. It performs a random walk of fixed distance
movement in all three spatial dimensions at every timestep, such that the move-
ment speed is (statistically) given by the empirical diffusion constant. The results
are shown in and the chosen simulation parameters can be seen in the

simulation terminal printout below.

Beginning simulation

Time step is 1 U s

Distance step is 11nm

Particle type: m=66463Da, r_h=3.5nm, D=59 YU m~2/s
Simulation progress EENENNEENNNENNNNENEEEEEEEEEEEEEE 1007
Finished after reaching maximum number of iterations: 2e+06
Simulation time elapsed: 2.0s

Wall time elapsed (simulation finished): 8.991859s

Simulation speed = simulation time / wall time = 0.22
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2.3 Molecular mass transport

Number of surface adhesion events: 1740
Evaluating optical intensity throughout the fibre...
Plotting diffusion particle trail...
(downsampled by a factor of 2000 for clearer visuals)
Saving .py
Saving .npz arrays
Saving .pdf
Script finished. Wall time elapsed (final output): 15.523609s

In brief, the simulation started off a particle at the centre (x =y =0, z = L/2),
and for each timestep, moved the particle along a fixed distance step in a random
direction for each axis independently. The distance step was calculated from
the specified hydrodynamic radius and mobility. After each iteration, the light
intensity at the particle’s position is evaluated and recorded as the expected signal
(which in experiments would be scatter, absorbance or fluorescence, which all

depend linearly on the light intensity for single-photon processes). The light

intensity profile was a normalised Gaussian scaled to a third of the wall radius.

Finally, if a particle movement were to transport the particle beyond the fibre
walls, it is instead kept stationary for a fixed configurable length (set to ten
timesteps), and then moved away in both x and y by a distance step. The surface
adhesion part of the simulation is considered to be a simple model of reversible
adhesion and does not consider specific surface interactions.

From the simulation, it can be seen that a protein such as BSA has a high
mobility relative to the HC-PCF core size (30 pm), but insignificant on these
timescales relative to the HC-PCF length (10 cm).

After having simulated the diffusion of a single BSA molecule in [Fig. 2.10} the

simulation was expanded to cover many particles with a view to being able to

perform photon correlation spectroscopy (see [Section 1.2.1)). The results are
shown in|Fig. 2.11

The diffusion simulation code was unaltered for each particle, but repeated
for many particles (n = 100). The light intensity profile changed to a second
order Bessel function, representing an LP11 mode. To explore what a feasible
system to be explored experimentally might be, a large particle (protein) of
r, = 100 nm was chosen. The number of iterations (simulated time) was reduced
to compensate for the large number of particles simulated. To limit the number
of points visualised, the number of points displayed (but not simulated) was

downsampled to a maximum of 100 per particle. The resulting simulation covers
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Simulation time / s

Fig. 2.10 Simulation of a single BSA molecule freely diffusing inside a HC-
PCEF core. The RMS displacement is v/MSD = 8 pms~! per axis. To
visually simplify the multidimensional data, only movement along
y is shown, and the diffusion trail is downsampled to 1/ 2000th.

(Fig. first referenced on p.
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Fig. 2.11 Diffusion simulation of proteins inside a HC-PCF, with autocor-

relation fit. The HC-PCF modal intensity profile was chosen to
approximate an LP11 mode. As proteins diffuse through the fibre
core, they experience different light intensity, which results in a
change in signal. By measuring the signal autocorrelation over
time, their diffusion behaviour can be studied.

(Fig. first referenced on p.
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five milliseconds of simulated time at 10ns timesteps, which was chosen to
correspond to the highest time resolution (pulse width) that the available PMT
supported.

As the particles move through the varying light intensity, the resulting signal
varies over time, and this variation is analysed with an autocorrelation. A com-
monly employed measure of the diffusion timescale is when the autocorrelation
reaches half its initial value, which is indicated in the plot. If this system could be
realised experimentally, this value could be used to identify changes in mobility
and characterised with known samples.

Experimentally, the main challenges are the weak scattering and/or fluorescen-
ce signals at dilute concentrations, and the simultaneously fast measurement
times required that prevent larger integration times. Meanwhile, concentrations
have to be kept dilute enough to be able to separate individual photon arrival
events. A major challenge is to correct for systematic offsets (transmission losses,
changes in light coupling, etc.) across sample changes.

The simulation was written primarily as a learning exercise and to explore
the idea. Ultimately, this work had to be paused after simulations and initial
experiments due to a lack of time. It remains a promising avenue for future
work to be implemented with the lessons learned since (discussed further in
the Conclusions chapter). While not used directly in the remainder of this
dissertation other than for building intuition, it is presented here nonetheless in
its current form for others to build on this idea.

We note that the simulation has known shortcomings that were not corrected,
as they would not change the results qualitatively. Most relevant are two points.
First, if proteins meet the HC-PCF wall, they are ‘unstuck’ by simply moving
them a short, random distance away. This is the cause of the unnaturally straight
trajectories of some proteins. Second, light transmission is not modelled, i.e.
photons can only scatter once in the simulation and are then losslessly transmitted.
Finally, the problem is ‘embarrassingly parallel” and could be accelerated orders

of magnitude by re-implementation.
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2.4.1

2.4.2

2.4 Materials and Methods

Materials and Methods

Concluding this background chapter, we characterise the HC-PCF and discuss
methods surrounding its use. More specific materials and methods are discussed

where used in the later chapters.

HC-PCF geometry

In [Fig. 2.12, we show a range of magnifications of the HC-PCF in brightfield

light microscopy. The microstructured geometry, including the size of the sub-
wavelength capillaries defining its waveguiding properties, has been shown
before in provided by Michael Frosz.

Additionally, further micrographs (Figs. 2.13|to[2.15]) were taken with a Hitachi
TM4000Plus tabletop-sized SEM, with kind assistance and training provided by

Tobias Négele of the Bioelectronics group.

HC-PCF preparation

To prepare a length of fibre for experiments, the HC-PCF was first cut to the
desired length plus an overhang of approximately 1 cm on each end. The HC-
PCF was then scraped with a fresh scalpel on all sides to remove the polymer
coating, consisting of UV-cured resin added during the fabrication process to
improve the HC-PCF’s mechanical properties (similar to how commercial fibres
are packaged into multi-layer plastic jackets that avoid sharp bends). Since this
polymer material is absorbent and fluorescent in the UV, it has to be removed for
our experiments.

Next, the HC-PCF is cleaved to the desired length. Since our HC-PCF is made
from fused silica glass, it cannot be cut in an ordinary way. With a hardness
on the Mohs scale of 7, the only (common) materials harder than quartz (and
therefore able to scratch it) are, in increasing order, topaz, corundum (known as
sapphire or ruby depending on inclusions), and diamond.

In[Fig. 2.15) a HC-PCF was cut with razor blade, and imaged with SEM. The
action of such a blade, when applied to the much harder silica fibre, does not
result in cutting (i.e. incremental material separation), but rather crushing and
shattering. This leaves end facet of the HC-PCF both ragged and uneven.

A HC-PCF with such a facet will perform poorly. First, the shattered pieces
of glass are likely to embed themselves into the HC-PCEF, later being released
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Fig. 2.12 Optical micrographs of a cleaved fibre facet. Top: side view and di-
gital close-up. Bottom: Two different magnifications of the cleaved
fibre facet. Note the symmetry of the fracture resulting from two
shockwaves propagating in opposite directions and meeting again
on the opposing side. (Fig. first referenced on p.
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Bioelectronics Cambridge Rl
TM4000 0064 5kV 10.7mm L-X1.20k SE L 03/03/2023 13:48

Fig. 2.13 SEMimage of a cleaved HC-PCF facet. The cleave gives a smooth,
planar surface for optical coupling. The comparatively clean
cleaved fibre facet contrasts with the outer surface, which was
scraped with a knife blade to remove the polymer coating added

during fabrication. See also[Fig. 2.14]  (Fig. first referenced on p.

W

fbnics Cambridge O
0064 15kV 10.7mm L-X5.00k SE L 03/03/2023 13:57 20.0pm

Fig. 2.14 SEM close-up of two HC-PCF cladding capillaries, corresponding
to a higher magnification of With a wall thickness of
ca. 380 nm, these capillaries provide the antiresonant guidance
properties of the HC-PCF (simulation: experimental con-
firmation: [Fig. 2.17)). At this tabletop SEM’s highest magnification
and acceleration voltage, the glass thickness is still somewhat
below the resolution limit. Note the charge build-up (bright re-
gions) resulting from the insulating fused silica imaged with a
high-vacuum mode. (Fig. first referenced on p.

2 Concepts in Optofluidics Page 88 of 245



2.4 Materials and Methods

Bioelectronics Cambridge e
TM4000 0064 5kV 11.7mm L-X2.50k SE L 03/03/2023 13:26

Fig. 2.15 SEM image of a knife-cut fibre facet, resulting in a rough, non-
planar facet. Correspondingly, the outcoupled light will not form
a well-defined mode, nor exit on-axis. Conversely, when used for
incoupling light, efficiency would be low.

(Fig. first referenced on p.

and causing blockages or scattering centres. Second, the out- or incoupling from
this facet will be of low efficiency, as matching a mode to a complicated, rapidly
changing surface is impossible without considerable technical effort (arbitrary
wavefront shaping). When outcoupling from this facet, the light leaving this
facet will exit off-axis and in ill-defined modes, reducing imaging quality and
leading to inferior light collection ability.

To cleave the HC-PCF, a handheld fibre cleaver (Fujikura CT-30) was typically
used, or a handheld ruby-bladed pencil. Holding the fibre still, ideally under
mild tension, a scratch is made with the blade. The fibre is then forced to fracture
at this point by bending. The handheld fibre cleaver automates this process with a
retractable blade that comes up against the HC-PCF held taut in rubber grippers.
As inspected with a light microscope, this procedure leads to well-cleaved fibre
facets with a success rate of around four out of five times.

To characterise the cleave quality, in addition to the SEM images presented
above, confocal microscopy was used to analyse the planarity of a cleaved fibre
facet. Shown with three images in a z-scan (along the axis of the
fibre, held vertically) in 500 nm steps was performed. In each image, the back-
reflection of the microscope’s illumination source is seen at a different position of
the HC-PCF. Correlating the position of this back-reflection to the movement in z
allows the tilt angle of the fibre facet plane relative to the microscope zy plane
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aZz=0pum 4.5 um 12 uym

Vertical to fibre facet

V4 / pm Across fibre facet
12 o ©®  ar/pm
0 —— —>
0 o 4 130

Fig. 2.16 Confocal microscopy z-scan of a cleaved HC-PCF. A back-reflection
of the (epi-)confocal illumination is seen moving across the fibre
facet as the z-axis is scanned. From the movement of this reflection,
the angle between the microscope reference plane and the fibre
facet plane for this cleave is calculated to be o = 4°.

(Fig. first referenced on p.

to be found, which was o = 4° for this particular cleave. The final data point
at Az = 12 pm is significantly above the others, suggesting a rough feature left
behind by the cleave near the edge, which is also visible in the confocal image as
two adjacent bumps.

Because transport and mounting the HC-PCF to the confocal microscope rigidly
enough to allow stable imaging is likely to introduce contamination (the HC-PCF
was glued with UV-curing adhesive in the confocal images), as well as taking
time for setup and imaging, confocal microscopy was only performed as a point
of interest. In the experiments of this dissertation, the HC-PCF was inspected
with a light microscope for obvious cleaving defects, namely: that there were
no detached capillaries; that all of the facet were simultaneously in the field of
view of a 20x objective, confirming that there is no strong tilt; that torch light
on the opposite end of the HC-PCF was transmitted through the core and no

scattering centres were visible along the fibre (which would indicate cracks); and
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Fig. 2.17 Comparing the theoretical and measured transmission spectrum
of the HC-PCF. The main guidance band corresponds to that used
for the intrinsic protein fluorescence used in the experiments of

and @, confirming the suitability of this HC-PCF for
our application. (Fig. first referenced on p.

that no obvious contamination was present. If this was confirmed, the HC-PCF

was mounted in the actual experiment to evaluate its waveguiding performance.

Transmission properties

The HC-PCF’s guidance properties were simulated numerically based on the
ARROW theory in We now confirm them experimentally, with a
side-by-side comparison of the transmission measurement and the simulated
theoretical transmission shown in

The transmission measurement was performed as follows. The light of a broad-
band halogen-deuterium light source (OceanOptics DH-2000) was butt-coupled
to a water-filled HC-PCF of 25 cm length using a UV-grade multimode fibre. A

water droplet was present to give a homogeneous interface between the two.
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The output of the HC-PCF was first imaged to allow alignment (using a setup
similar to the one described in [Fig. 3.2)), and then coupled to a spectrometer
(OceanOptics QE6500) using another multimode fibre of the same type.

As a confirmation of its design for the intended application of collecting intrinsic
protein fluorescence peaked at 350 nm, the HC-PCF indeed exhibits maximum
transmission close to this wavelength, at 362 nm. At 350 nm, the transmission is
still 80 % of the maximum. At higher wavelengths up to ca. 500 nm, the transmis-
sion shows a broad shoulder with around 30 % of peak transmission, after which
it drops to below 10 % from 550 nm and up.

The measured output of the HC-PCF drops rapidly above 900 nm, which is
surprising given that this is its zeroth antiresonance, where maximal transmission
would be expected. However, there are several reasons that can explain this
discrepancy and would suggest this could be a feature of the experimental setup
rather than the HC-PCF itself. Of these, the multimode fibre used to couple the
HC-PCF output to the spectrometer in particular can explain this effect.

This multimode fibre, transmitting through a solid glass core, suffers from
material losses that increase roughly exponentially from a local minima at 650 nm
towards shorter wavelengths (manufacturer data (link)). It is a high-OH type
multimode fibre, designed for UV applications. By comparison, the equivalent
low-OH fibre is one to two orders of magnitude more lossy at 350 nm, making
measurement at this wavelength difficult. Hence, the high-OH version was
preferred to confirm the HC-PCF’s guidance properties at its target wavelength
of 350 nm. Conversely, this means the high-OH multimode fibre performs worse
at higher wavelengths; specifically, its loss from 850 nm to 950 nm increases by
two orders of magnitude.

Finally, while the above effect dominates the losses, a further reason the guid-
ance is lower than expected at higher wavelengths is the fact that the HC-PCF
was aligned by imaging for the best achievable mode at 350 nm. The lenses used,
being single-element UV-grade lenses, have comparatively high chromatic ab-
errations, meaning alignment far away from the target wavelength of 350 nm is
expected to be poor. If maximum guidance at this wavelength range were of
interest, the optical setup would need to be re-designed with added complexity
to achieve broadband coupling.

The gold standard for testing the performance of a waveguiding fibre is to

[292]

perform a cutback measurement. It was attempted to perform such a mea-
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surement in our setup (specifically, in the design iteration used in[Chapter 4)).
Several difficulties were encountered, detailed below.

Crucially, the idea of a cutback measurement is to shorten the outcoupling
side of the HC-PCF by a known length without changing the incoupling side;
measuring the transmitted light; and then repeating this procedure several times
to plot the loss per unit length. In this way, the loss per unit length can be found
independently of the incoupling efficiency (which will be a non-zero offset in the
loss graph), as incoupling efficiency is prone to variation based on cleave quality
and the light source itself.

In our setup, knowing that the HC-PCF is sensitive to bending loss, much
design work was done to fix the HC-PCF in place rigidly and straight (described
in[Section 4.2.2)), such that physical access to the HC-PCF for performing the
cutback was significantly restricted. Furthermore, the experiments used a short
length (ten centimetre) to begin with, compared to how cutback experiments are
performed (metres). Nonetheless, a cutback experiment was attempted, but it
was not possible to cleave the fibre in place without disturbing the alignment.
If such a measurement were desired, it should be performed in a purpose-built
setup with sufficient access to the HC-PCF for in-place cleaving.

Comparison to non-waveguiding capillary

As a result, it was decided to not sink further time and resources into optimising
this characterisation measurement. Nonetheless, to answer a question often
raised during conference discussions, it is of interest to compare our HC-PCF (a
microstructured glass capillary) with an ordinary glass capillary (non-structured)
as a reference point for the advantage of a waveguiding geometry over a plain
microfluidic channel. A direct comparison of the HC-PCF to a simple capillary
in the setup used in|[Chapter 6 was performed. As the closest available match to
the HC-PCF’s size, a 50 pm inner diameter, outer diameter 130 pm capillary was
used. The best achieved mode out of a triplicate experiment is shown in

Taking into account that the LED power modulation was set to its maximum
setting, the light transmitted through this capillary was within a few percent
of that typically achieved in our HC-PCF in the same setting. However, capil-
lary waveguide losses scale as 72 ((Section 2.1.1)), and taking this scaling into
account, the 60 % larger capillary scaled down to the same size would guide only
(30 um /50 um)? = 0.22 times as well.
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Brightfield microscopy 365 nm transmission

50 pm
L L

Fig. 2.18 Fundamental mode image in a plain glass capillary. Asymmetry
of the mode is attributed to an imperfect cleave, which was the
best achieved out of several tries. See text for details.

(Fig. first referenced on p.

This single measurement does not represent a thorough characterisation, and
a like-for-like quantitative comparison would require further work (the current
setup was optimised for HC-PCF experiments). Nonetheless, the result is gener-
ally in agreement with the expected better optical performance of a waveguide

compared to a plain microfluidic channel.
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3 ‘ Label-free Intrinsic Protein

Fluorescence

Using the ability of a hollow-core photonic crystal fibre to collect and guide light
over an extended region irradiated with ultraviolet light, a system quantifying
protein solutions label-free is implemented. We show how such a system can

operate as part of a microfluidic circuit, flowing continuously over several hours.
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3.1 Motivation

3.1 Motivation

Following the general motivation presented in |[Chapter 1, we want to study  why develop

such a system?

proteins label-free at low volumes. For such a microfluidic system to achieve

high throughput, continuous flow operation is essential. Having the detection in

such a system occur label-free under continuous flow has two advantages. First,

it avoids the possible effects of labels on the system under study, as discussed in

Second, if the proteins do not need to be labelled, they can pass

through the system unaltered for downstream collection or further measurements,

and the lack of a labelling step simplifies in-circuit integration with other systems.
Translating these conditions into requirements, we want a label-free and in- Aims

situ, continuous flow method of measuring proteins at microfluidic volumes.

Here, we investigate HC-PCF for this purpose. Exciting the proteins” intrinsic

fluorescence around 280 nm as they flow past a 10 cm detection region, we use

the fluorescence emission to quantify the protein’s concentration as we change

samples over one order of magnitude. The system operates in continuous flow

over several hours.

In|Fig. 3.1} we conceptually sketch the operating principle for such a HC-PCEF- Concept

based system.
The HC-PCF serves as a microfluidic channel which is irradiated from the side
with ultraviolet light. This light excites the intrinsic fluorescence of proteins

detection

»» opfics

outflow
sample
inflow intrinsic
. fluorescence
profein emission

Fig. 3.1 Concept drawing for using HC-PCF for the continuous-flow label-
free detection of proteins under ultraviolet light side excitation.

(Fig. first referenced on p.
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flowing through it. As an optofluidic waveguide, the HC-PCF collects and guides
this fluorescence. The HC-PCF thereby acts as an extended detection volume,
integrating the signal over many centimetres, such that when the end facet of the
HC-PCF is imaged and analysed as in a standard fluorescence microscope, this
imaged, outcoupled light has been collected from an orders of magnitude larger
volume than the focal volume of the objective itself. This is the key principle by
which HC-PCFs increase detection sensitivity, in addition to their other favourable

characteristics stemming from having a waveguiding microfluidic geometry.

Experimental Method

In the timeline of the PhD, the work of this chapter represents the first major
completed piece of research. It was preceded by much explorative and preparat-
ory research, as well as learning of experimental skills in the laboratory, which
tind their way into this dissertation only indirectly. In part, this long lead-up to
the first piece of published research was precipitated by the absence of a 280 nm

laser (cf.[Section 1.3), which required new approaches to be found, evaluated,
and characterised, before the one described below was settled on.

Experimental setup

The setup, as an optofluidic experiment, consists of optical and (micro-)fluidic
parts, together with methods of data acquisition and analysis. An experimental
setup diagram is shown in with an illustrative photograph in
We first describe the main system components, before discussing various aspects

in more detail.

Optical setup

The optical train consists of the HC-PCF, embedded into optofluidic intercon-
nect cells on both sides to allow liquid infiltration while retaining optical access
through fused silica windows (described in detail in[Section 3.2.1)). Through a
set of UV-compatible optics and bandpass filters, this fluorescence is then imaged
by a camera (CAM), and the light intensity analysed by a photomultiplier tube
(PMT).

We refer toSection 2.4ifor details about the HC-PCF itself. Its ends are held and
sealed into the optofluidic interconnect cells on either side by threading it into
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Q= 275 nm LED array Q
J " L=10em = C ]

¢ AXZX 3 ooq

\
HC-PCF (L =20 cm) gpp WP for power

Fig. 3.2 Experimental setup, described in detail in the text. In brief, a protein
solution flows (Q) through a HC-PCF while being irradiated by
ultraviolet light (A, = 275nm), causing the emission of intrinsic
fluorescence (A, = 350nm). This fluorescence light is collected
and guided by the HC-PCEF, where it can be imaged at the fibre end
facet (20x objective and several lenses), band-filtered (BPF1,2), and
analysed with a camera (CAM) and photomultiplier tube (PMT).

(Fig. first referenced on p.[97)

short (3 cm) sections of PEEK (an inert polymer) tubing, which are fastened into
the stainless steel cells by by screw fittings tightening a conical ferrule seal. The
HC-PCF was inserted until it was within less than a millimetre of the fused silica
window, such that the working distance of the objective is sufficient to focus on
the fibre end facet through the 1 mm thick window.

Optics in the UV are generally of lesser performance, and higher cost, than
equivalent ones in the visible wavelength range. Since the dopants used to lower
the melting point and adjust refractive indices in commonly-used optical glass
(e.g. borosilicate, such as BK7) absorb strongly in the ultraviolet, the performance
of regular lenses drops rapidly below the visible (400 nm). For example, transmis-
sion through 1 cm of BK7 is below 30 % at 300 nm, dropping rapidly for shorter
wavelengths (the manufacturer does not specify transmission for even shorter
wavelengths) 21 More importantly, even if the longer wavelength fluorescence
light might be transmitted sufficiently well, any residual excitation light will be
absorbed strongly and partially re-emitted as fluorescence at wavelengths sim-
ilar to intrinsic protein fluorescence. This leads to additional background noise,
which can quickly reach levels comparable to the intrinsic protein fluorescence
signal. Hence, all optical components are made of fused silica substrate. Where
available, lenses had an anti-reflective coating for the UV wavelength band.
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Fig. 3.3 Photograph of the experimental setup’s HC-PCF section, where
intrinsic protein fluorescence is excited within the HC-PCF. The
275nm LEDs are mounted on the underside of the black heatsink
in the middle. A piece of paper has been added to visualise the UV
light through the paper’s visible blue fluorescence. On the left and
right, the optofluidic interconnects are mounted on pitch-roll stages,
which in turn sit on a position-indexed removable breadboard to
transport the assembly for fibre preparation. The right side of the
HC-PCF is imaged by an UV objective (see[Fig. 3.2).

(Fig. first referenced on p.[97))

We refer to [[1]] for a detailed component list of the optics and equipment part
numbers. In brief, one end facet of the HC-PCF is imaged by a 20x imaging
objective and passes through a set of discrete single-element lenses that form a
beam-expanding 2 f telescope. The collimated beam is then bandpass-filtered and
distributed by a 50:50 beamsplitter to both a camera and a photomultiplier tube,
detailed below. The optical beampath from HC-PCF to PMT is designed such
that the ~ 30 pm HC-PCF core is imaged onto the 50 pm multimode fibre (MMF)
via the M = 30cm/20 cm = 1.5 magnification of the 2f telescope. The camera
has a variable-focus 5x beam expander in addition to this magnification. The
telescope also serves to give a focal plane where spatial filtering by an aperture
is possible, which was useful during optical alignment but not used during the
experiments described here.

Before being distributed to the camera and PMT by the beamsplitter, the light
travels through the (357 4+ 22) nm bandpass filter BPF1 to select the fluorescen-
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ce light. The suitability of this bandpass filter for the target intrinsic protein
fluorescence spectrum is quantified and discussed below in The
filter was placed into infinity space of the optical beam path, as required to avoid
angle-dependent spectral shifts in the bandpass.

This means the camera sees only the fluorescence light, up to the rejection ratio
of the filter (specified as better than OD 4 at 275 nm by the manufacturer |(/ink)),
as does the PMT. The two measurements therefore correspond to each other.

The PMT has an identical BPF2 in front of it. This was done primarily such
that the PMT would not be oversaturated by room lights when uncovered, and
because another filter was available and thus increased the rejection ratio at the
cost of a small amount of reflection losses.

Positioned next to the HC-PCEF, a photodiode (PD in[Fig. 3.2)) covered with a
(280 + 5) nm bandpeass filter (BPF3) continuously measures the excitation power.

Nominally, the power setting remains unchanged and the LEDs are only switched
off and on when changing samples (to avoid exposure of the experimenter with
ultraviolet radiation when removing the light shielding). However, LEDs change
in power efficiency (and spectrum) with temperature. Hence, to quantify and
correct for this effect, the above photodiode was installed, in addition to pre-
heating the LEDs before the first measurement.

In the normalised signal from this photodiode is shown in blue. This
signal, corresponding to the irradiation power (as seen through the bandpass
tilter), is seen to vary by no more than 5 %. While small and close to the noise,
the above effect can be seen in the measured fluorescence light, where the output
power of the LEDs is temporarily higher when turned on again as they cooled
down slightly while turned off and the light shielding opened, allowing ambient
air to enter.

The impact of turning the light source on and off was visible at a few percent, but
quickly diminished if the light source was already preheated and only switched
off briefly. This is in part due to the system being driven by a constant-current
power supply. As a first approximation, the power output of an LED is propor-
tional to the current flowing through it (and not its power dissipation), as each
electron passing the semiconductor junction’s bandgap has a certain probability
of causing the emission of a photon. A constant-current source counteracts most
of the temperature-driven changes in LED efficiency by increasing the power (via

increasing the voltage) to maintain the same current and hence radiant flux. As
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a conclusion from these results, in the experiments of later chapters, the power
reference was omitted in favour of system simplicity.

The camera used was a 16 bit sSCMOS Photometrics Prime 95B |(link). It was
selected based on availability, its large-area sensor ((11 pm)? pixels), and relat-
ively high quantum efficiency down to the UV (QE 40 % at 350 nm). The camera
exists in a UV version, which would increase sensitivity by around 75 %.

Camera exposure time was chosen to fill the dynamic range available (16 bit).
For the experimental data shown in this chapter, the exposure time was 1s. The
light sensitivity of the camera is evaluated quantitatively later in

The photomultiplier tube (PMT) used to measure the fluorescence light was
a Hamamatsu H1068201 (l/ink). Its peak sensitivity is at 400 nm, and it retains
a sensitivity greater than 2 x 10° s~! pW~! at the wavelength of interest, 350 nm.
The dark count rate is negligible in our experiments at below 1 x 10° s~!. This is
confirmed by the signal dropping to close to zero when turning off the excitation
light (Fig. 3.10).

The noise floor in our measurements ([Fig. 3.10]) therefore corresponds to 400 fW,
with the lowest concentration measured (100 nM) corresponding to an increase
of 75fW. The probable source of the background (noise floor) is residual fluore-
scence of optics, and the long-wavelength tail of the excitation light.

Microfluidic setup

In overview, the microfluidic setup consists of a glass syringe driven by a syr-
inge pump, fed through fused silica tubing into the HC-PCF via optofluidic
interconnect cells on both ends, and then led into a waste outlet via more tubing.

Throughout, all wetted surfaces were either glass, steel or PEEK polymer. The
syringe was a glass barrel, PEEK plunger syringe for minimal protein adsorption,
and fused silica tubing (typ. 350 wm inner diameter) was preferred over polymer
tubing for its stiffness resulting in better hydrodynamic compliance, i.e. more
directly transmitting pressure changes.

The optofluidic interconnect cells (also referred to as pressure cells) were
manufactured by the Cavendish Laboratory workshop after a CAD design made
by the author, shown in [Fig. 3.4l The optofluidic interconnect design was limited
by the working distance of the objective. Thicker glass is preferred to reduce
bending when liquid pressure is applied, as bending leads to wavefront distortion
and focal shifts. The window used was cut to size from a 1 mm thick fused silica

microscope slide using a diamond tile cutter, and glued onto the metal cells with
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a large contact area, leaving only a small channel for liquid to flow through from
tubing to HC-PCE, visible in the last photograph of

To exchange the sample solution, the syringe was switched for an identical
syringe with the new solution. Between the syringe and the HC-PCF, a four-way
valve was used to stop the flow during the change of syringes. This valve was
also used to pre-flush tubing after a syringe change to counteract air introduced

into the system when opening a line.

Protein sample

Bovine serum albumin (BSA) was chosen as the protein for this study. It is
a commonly used model protein thanks to its well-characterised nature,*%
which in turn is a result of its ready and inexpensive availability. It is an inert
125] [4s

hydrodynamic radius is 7, ~ 3.5nm at a molecular weight of 66463 Da, with
304] [305]

plasma protein that has a long shelf life and can be readily freeze-dried.!
its shape being ellipsoidal.[ However, in solution it can form complexes,
primarily dimers and trimers.% The extent of complexation depends strongly
on the solvent properties and concentration. The relative abundances in a specific
system studied by Young et al. were found to be 88.63%,9.94%, 1.18% and 0.25%
for the mono-, di-, tri- and tetramer, respectively, using interferometric scattering
mass spectrometry (see[Section 1.2.1)). 5

Protein solutions were freshly prepared on the day of experiment from lyophil-
ised BSA powder dissolved into PBS buffer. A stock solution (few micromolar)
was prepared from a measured mass and volume, vortexed for approximately

55, and then aliquoted into the desired concentrations.

Characterisation of excitation light

The intrinsic fluorescence for BSA protein has its absorption peak at 280 nm, and
the same wavelength would therefore be the expected choice for the excitation
light source. However, a slightly different wavelength of 275 nm was used instead.
As discussed in[Section 1.3} the preferred choice of excitation by an ultraviolet
laser was not available. Two different UV LEDs were experimentally evaluated
instead (Bolb, S6060-DR250-W275-P100 and Roithner Lasertechnik, UVR280-
SA3P), and the choice for the 275 nm ones used in these experiments is explained

and experimentally confirmed below.
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[mm] 5 MM

(a) Top view (c) Isometric view

(d) Photograph (e) Photograph

Fig. 3.4 Optofluidic interconnect design and realisation. Top row: CAD
drawings of the cell showing design and dimensions. Bottom row:
Photographs of the cell with a HC-PCF (inside the yellow poly-
mer sleeve) connected to fused silica microfluidic tubing (green).
The flow from the tubing reaches the HC-PCF through a reservoir
formed between the metal and a quartz slide, which also provides

optical access. (Fig. first referenced on p.|101))
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From a search of suitable LEDs available on the market, it became clear that
LEDs at 275 nm were available at much higher irradiance (100 mW) than 280 nm
LEDs (10mW), as well as being sold in more favourable lensing characteristics.
The higher power is likely a result of what semiconductor material combina-
tions are commercially mass-produced, and their respective bandgap energies.
However, since the intrinsic fluorescence of tryptophan has its excitation peak
at 280nm, the 275nm LEDs will excite the fluorescence less efficiently. Since
emitted fluorescence is the product of incoming optical power with absorptivity
and quantum efficiency at that wavelength, the loss of fluorescence emission by
using a 5 nm off-peak wavelength was quantified in[Fig. 3.5 A UV-VIS absorption
measurement alone would have not been sufficient as not all absorption leads
to fluorescence with the same quantum yield, and hence measurements were
performed in a commercial cuvette fluorimeter instead. The sample was the same
BSA protein solution as used in the experiments, at the highest concentration also
measured in HC-PCF (1 uM). This concentration results in 10 % transmission
through the 1 cm cuvette at 280 nm, avoiding a strong inner filter (re-absorption)
effect and reducing stray scattered light.

From [Fig. 3.5, the measurements showed that the peak fluorescence emission

shifted down by 12 % when using the off-peak excitation wavelength at 275 nm.
The peak shift was not significant at the resolution of the instrument. The sharp,
narrow peaks on the left of the spectrum correspond to stray excitation light
scattered into the detection arm of the instrument.

Using peak values, the 275 nm LEDs are therefore

(1—12%) - (100mW/10mW) = 8.8 (32.1)

times as efficient at producing intrinsic protein fluorescence than the on-peak

280nm LEDs, and were consequently chosen for the experiments.

The spectrum of the UV LEDs was measured in [Fig. 3.6, An UV-compatible
multimode fibre (50 pm, 0.22 NA) was placed in the fibre plane facing the LEDs.

The multimode fibre was moved far enough away (ca. 5cm) such that the light

intensity was within the spectrometer’s dynamic range. This approach was
tavoured over dimming the LEDs to remain close to experimental conditions
(esp. the LED equilibrium temperature), and the LEDs were preheated over at
least an hour for the same reason.

3 Label-free Intrinsic Protein Fluorescence Page 104 of 245

Excitation at
275 nm vs.
280 nm

Relative
fluorescence

intensity

Excitation

spectrum



3.2 Experimental Method
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Fig. 3.5 Comparison of 280nm and 275nm fluorescence excitation
wavelengths in a cuvette for intrinsic fluorescence of BSA protein.
This graph confirms the suitability of using 275nm excitation
in our setup, despite the absorption peak being at 280nm. In
particular, much stronger LEDs are available at 275 nm, more than
compensating for the weaker fluorescence efficiency.

(Fig. first referenced on p.(104))

The LEDs were seen to have a nearly symmetrical emission spectrum around a
peak at 274nm. The FWHM was 11 nm (the manufacturer specifies the FWHM
in close agreement at 10nm, varying with temperature), such that the LEDs
have ca. 50 % of their peak intensity at the fluorescence absorption maximum of

280nm. For more detail, a spectral comparison is given in the supplementary,

O A
O

After evaluating the spectral properties of the LED, its irradiance power and
spatial homogeneity thereof were measured. Again, the measurement was per-
formed in the fibre plane as above. Measurements were taken with a calibrated
photodiode power meter of circular 1cm? active detector area. A (280 + 10) nm
bandpass filter was mounted on top. This setup is the same as the one used for
power reference measurements (Section 3.2.1)), but placed in the position of the
fibre instead of adjacent to it. The detector is moved in small increments and
measurements taken at each position, giving a z-axis line scan. The resulting
irradiation profile is shown in
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Fig. 3.6 Spectrum of the 275nm LEDs used to excite intrinsic protein fluore-
scence. Since the spectrum will vary with temperature, the LEDs
were preheated to equilibrium temperature before measurement.

(Fig. first referenced on p. (104])
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Fig. 3.7 Linescan of the irradiation profile at the HC-PCF plane to assess the
absolute irradiance impinging on the HC-PCEF, as well as the spatial
irradiance profile. A calibrated photodiode power meter with a
(280 + 10) nm bandpass filter was moved in increments along the
z-axis where the HC-PCF is situated during the experiments. The
central LED is inactive (see text). (Fig. first referenced on p.
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The LEDs are placed with their heatsinks flush against each other, creating
a string of five LEDs with emitters spaced 2cm apart. Note that the middle
LED was not active either here or in any other experiments, making it a HECEE
pattern, creating a dip in the irradiance profile at the centre. This was for two
practical reason: the available power supply could only supply enough current
per each of its two outputs for up to two LEDs in series, such that adding the
middle LED would have required using two power supplies. This would have
made synchronised on/off switching more complex. Furthermore, the current ar-
rangement allowed easy switching between proximate and distal side irradiation
to check for inconsistency, and was intended to be used for cross-referencing of
the signal. For example, by alternating the two sides, larger fluorescent objects
flowing through the HC-PCF could be identified by the time taken for them to
traverse a certain distance. However, these capabilities were not implemented for
lack of time.

We note that the HC-PCE, as a microstructured cylindrical piece of glass, also
acts as a lens. A geometrical optics ray diagram explaining this effect is shown
in[Fig. 3.8 Since the LED excitation light was of wide angle and not focussed, a
study of the effect of HC-PCF rotation on the experiments is expected but was
not explored further, as the effects of alignment and rotation cannot be isolated
from each other. For experiments that rely on side observation (cf. Section 1.2.2)),
this effect would need to be taken into consideration.

Results

Two measurements form the key results of this experimental investigation: a
spectral comparison of intrinsic protein fluorescence measured in HC-PCF, and a
dilution series to test the system performance in terms of linearity and hysteresis

for detecting proteins via their intrinsic fluorescence.

Spectral comparison

First, the fluorescence measured in the HC-PCF was compared to a reference
large-volume cuvette measurement. The results are shown in [Fig. 3.9

The question asked in this experiment was if the intrinsic fluorescence would
be significantly altered spectrally in the HC-PCF compared to the bulk cuvette.
For example, a hypothesis would be that surface adsorption in the high surface-
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Fig. 3.8 Ray optics diagram for the effect of cylindrical lensing on the HC-
PCF, at the outer surface air-glass interface and the inner glass—
solvent interface. Assuming a water-filled core (i.e. ncore < Nglass),
light is concentrated into the fibre relative to if the lensing effect
were absent. Note that the cladding capillaries are not considered,
and would cause aberrations and scatter if the light were not to pass
entirely in-between two capillaries. Drawing not to scale.

(Fig. first referenced on p.(107))

area-to-volume HC-PCF geometry might have significant effects on the intrinsic
protein fluorescence spectrum.

To compare the free-space cuvette measurement with the waveguiding HC-PCF
measurement, both measurements were scaled to the same peak height, and the
cuvette data was normalised by the HC-PCF transmission spectrum ([Fig. 2.17)).
The uncorrected spectra are published open-access in the supplementary inform-
ation of [[1]].

The cuvette measurement was already described in The HC-
PCF measurement was performed as described in the experimental setup above,
except that the PMT was replaced by a spectrometer (OceanOptics QE6500),
and the bandpass filter was removed. Since the spectrometer is significantly
less sensitive than the PMT, a relatively high concentration of 10 puM and long
integration time of 5s was used. The use of multimode fibre coupling allowed
this adjustment to take place without significantly disturbing the alignment of
the setup.

3 Label-free Intrinsic Protein Fluorescence Page 108 of 245



3.3.2

3.3 Results

» 60

£ , . . r50 _.
2 5o fibre cuvette x fibre transmission -
c I\
L 40- e
O 2
o -30 3
O 30+ -
2 2
() -20 <
© 201 g
3 3
N -10 5
© 10+ S
S FIuorescen_ce ™
T . bandpass filter et ()

300 350 400 450 500
Wavelength / nm

Fig. 3.9 Spectral comparison of the intrinsic protein fluorescence of BSA
measured in cuvette and HC-PCF. To compare the free-space cuvette
to the waveguiding HC-PCF, the cuvette data has been normalised
using the HC-PCF’s transmission spectrum.

(Fig. first referenced on p.|107))

As seen in|Fig. 3.9, the HC-PCF (fibre) spectrum matches that of the cuvette
closely. The deviation of the two measurements takes the form of the cuvette

spectrum being slightly more narrow, with the FWHM of the cuvette spectrum
being 80 % of the HC-PCF spectrum. A peak shift, if present, is within the
measurement uncertainty.

From these measurements, we conclude that apart from the HC-PCF’s trans-
mission spectrum (as characterised separately in [Fig. 2.17)), the intrinsic protein
fluorescence is of very similar spectral shape as in bulk measurements.

Key experiment: Label-free quantification of intrinsic protein
fluorescence in HC-PCF under flow
As the key experiment to evaluate the stated research aims of this chapter, namely

the continuous flow detection of proteins by their label-free intrinsic fluorescence

inside HC-PCEF, the following experiment was performed.
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Fig. 3.10 Intrinsic protein fluorescence of BSA protein recorded inside a
HC-PCF under continuous flow by a bandpass-filtered PMT. As
detailed in the text, different concentrations of protein were meas-
ured in increasing and then decreasing order, and the PMT signal
(grey) was normalised by the excitation power (blue), yielding
the green curve. Data extracted at the red points are used in the
next figure to discuss these results.  (Fig. first referenced on p.

Over a total of ca. four hours, the HC-PCF was under continuous flow with dif-
ferent sample solutions, and the fluorescence resulting from ultraviolet excitation
measured as described above. The sample solutions were changed sequentially,
beginning with an hour of buffer flowing through the system, followed by a
dilution series of different concentrations of BSA over two hours, before ending
with another hour of buffer flowing. The concentration series was chosen to
increase to a maximum of 1 uM and decreases back down to 0 nM to understand
possible hysteresis effects; the concentration steps used were, in order: 0, 100,
200, 500, 700, 1000, 700, 500, 200, 100 and 0 nM. The resulting trace of the PMT
signal is shown in

As discussed above, the raw PMT signal (grey data points) representing the
measured fluorescence was referenced to the excitation power (normalised, in
blue), resulting in the excitation power corrected PMT signal (green). Where this
signal abruptly drops to zero, the excitation was turned off to allow a change of
the sample syringe. After restoring the flow and turning the excitation light back
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Fig. 3.11 Label-free quantification of BSA protein under continuous flow
inside a HC-PCF using intrinsic protein fluorescence. Over two
hours, the system shows good linearity (average R? = 0.996) and
small hysteresis (fit of increasing and decreasing slopes differ
by 7%). The filtered fluorescence images are discussed in the

text. (Fig. first referenced on p.(111|)

on, the system requires some time to reach equilibrium, both because the liquid
infiltration takes some time, as well as the pressure buildup changing alignment
back to the original (optimised) state. The sample change procedure consisted of
manually changing syringes in a syringe pump, and the initial pressure applied
to the system was not well controlled, explaining the difference in time taken to
reach equilibrium (plateau) again after a sample change. These shortcomings
motivate the flow characterisation experiments of the next chapter.

In particular, the resulting variability in flow conditions made the time taken to
reach a steady state signal change (at which point a reading of the fluorescence
signal was taken), with the chosen time points indicated in[Fig. 3.10| The steady
state was determined during the experiment as five minutes of no observed
variation in the PMT reading beyond the signal noise, but since this procedure was
not automated, it was still liable to experimenter error. If an automated sample
change mechanism were implemented, this would greatly reduce variation in the
time taken to reach steady state, and a moving average over the past few minutes
could be used to establish whether the signal has stabilised.

The linearity and hysteresis of the HC-PCF measurement were quantified
by plotting the data points from the above experiment, indicated in
as a function of concentration. The data were split in two, corresponding to
the increasing and decreasing halves of the dilution series, to evaluate possible
hysteresis between the two. The results are shown in
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The linearity of the fits was found to be R? = 0.994 for the increasing series,
R? = 0.997 for the decreasing series, or an average of R? = 0.996 for both.

Hysteresis was small, with the difference in the linear fit slopes being 7 %. This
suggests that adsorption onto the core walls was either highly reversible, does
not strongly affect the measurement, or was simply weak. In any of these cases,
as the experiment showed, the system can perform as intended over extended
periods of time (hours).

Reproducibility has therefore been shown for the intensity—concentration rela-
tionship within a continuously-operated setup without re-calibration (i.e. without
re-adjusting the subtracted background reading). If the experiment were set
up again with a fresh HC-PCF, or otherwise altered significantly between runs,
re-calibration would be required in the form of a background reading before
measurements are taken, adding a factor of variability across experiments.

Different definitions of the limit of detection exist, and we adopt the standard

definition of

3.30(from intercept of linear fit)

Lob= slope of linear fit

: (33.1)

resulting in a limit of detection of 22nM in the present system.

The fluorescence-filtered images show that the intrinsic protein fluorescence
is guided not only in the central core, but also in the side capillaries. This is
explained by the fact that the guidance mechanism of this HC-PCF is defined by
the thickness of the capillary walls, and consequently, the guidance criterion is
tulfilled not only in the core surrounded on all sides by the capillaries, but also
within the capillaries themselves.

Interestingly, the capillaries show a LP11 mode guidance, which is seen to be
always aligned such that the axis of symmetry (i.e. the line of minimal intensity
in the LP11 mode) points towards the centre of the HC-PCEF. Since the cylindrical
capillaries are rotationally symmetric, one might assume there to be no preferred
direction in this system. However, we explain this effect by the coupling of the
modes inside the capillaries to the surrounding jacket least strongly when the
LP11 mode is aligned as shown; hence, LP11 modes oriented differently are
coupled more strongly to the jacket, causing the light to be coupled into the much

larger jacket, where it can leak away.
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3.4 Discussion and outlook

Discussion and outlook

This concludes the first experimental chapter. We finish by summarising the

findings and possible improvements to the system.

Summary of findings

We have shown that it is possible to use HC-PCF in a continuous flow micro-
fluidic circuit to quantify the concentration of BSA protein label-free, using the
intrinsic tryptophan fluorescence of the BSA. An emphasis was put on showing
that the system could operate long-term, with measurements performed con-
tinuously over hours. Despite this long operation, the system showed a sensing
performance of good linearity and low hysteresis. Measurements of the label-free

protein solution was shown over an order of magnitude of concentration.

Possible improvements

There are many possible improvements that could be made to the system, and
we discuss a selection of them that were considered here.

A 50:50 beamsplitter was used in the experiments, as it gave the most flexib-
ility for different experiments. To optimise the system, a motorised flip mirror
could be implemented. Synchronised with the PMT and camera exposures, it
could alternate these two measurements, trading a 2x improvement in signal
for 2x decrease in achievable temporal resolution, as well as increased system
complexity.

Currently, one end of the HC-PCF (the left end in [Fig. 3.2)) remains unused

during the experimental data acquisition. When exciting from the side, fluore-

scence light is emitted isotropically (because the fluorescence lifetime is longer
than the rotational diffusion timescale), and either side or both could be chosen
for collecting outcoupled light. The favoured choice is to use the liquid outflow
side, as this is the low pressure side with less strain on the window which causes
wavefront distortion.

If light emerging from both ends of the HC-PCF were captured, a signal increase
by a factor of two could be expected, or a factor of four if the beamsplitter was
omitted, too. There are several reasons this was not pursued in our experiments.

In practice, the ‘unused’ end of the HC-PCF was used during initial alignment

prior to measurements. The intrinsic fluorescence was too weak to see by eye even
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when imaged with a piece of paper or fluorescent card. Hence, either a visible
light handheld laser pointer, or an ultraviolet torch were held against this window
to give sufficient brightness for aligning the optical beam path. Coupling light
into the HC-PCF modes like this without fine alighment was not reproducible (as
expected), but light transmitted through the solid-glass cladding was sufficient
to perform initial alignment and imaging. This made leaving one end of the
HC-PCF free desirable.

If both sides were to be used, as the simplest approach on paper, the entire
setup could be mirrored on both ends of the HC-PCEF. This would be prohibitively
expensive and double the size requirements of the experiment.

The most practical solution would be to move the PMT to the left end of the
HC-PCF. The PMT’s sensor area is large enough to capture the outcoupled light
without any optics, allowing it to be simply positioned flush against the window.
This would make the beamsplitter and PMT beam path unnecessary, increasing
signal by another factor of two for a fourfold signal increase in total.

Another approach would be to back-reflect the outcoupled light back into the
HC-PCF with either an objective and a flat mirror, or a shaped mirror corres-
ponding to the NA of the fibre. Since there are losses associated with each step,
the gain would be below a factor of two in this case.

All of the above approaches (excluding mirroring the entire setup) have the
disadvantage that the camera and PMT signals would not come from the same
optical beam. If unexpected features appear on the PMT trace, correlating them to
an image of the HC-PCF mode and facet (e.g. blockages or aggregates) becomes
impossible. Seeing is believing, and as a new system being explored, having cor-
responding images and PMT signals was the major motivation for not optimising
the system in this direction.

The current system was, approximately, imaging the HC-PCF core onto the
multimode fibre feeding into the PMT. As seen in the camera images ([Fig. 3.11)),
the fluorescence light is guided also in the capillaries and the cladding. When this
experiment was designed, to evaluate the HC-PCF’s intended use as an optoflui-
dic waveguide, imaging the core was preferred over imaging the entire HC-PCF.
This was done in anticipation of mode-based sensing, such as by autocorrelation
(Section 2.3.2)). If this research had been aimed at reaching the lowest possible
limit of detection — instead of the current approach targeted at understanding

the system without optimising for maximum performance — all fluorescence
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light should be collected irrespectively of whether it is guided in the HC-PCF, or
non-specifically transmitted through the glass.

The data points taken from [Fig. 3.10|to produce the calibration plot in [Fig. 3.11

were taken after the flow and therefore signal had stabilised after each sample
change. This point was determined during the experiment by observing the
signal change and taking a reading when the signal had been stable for some time
(approximately 5min). This procedure is liable to human error and experimenter
bias. As the system is studied and understood more closely, a more objective
criterion should be established. For example, during the experiment, a moving
average and moving standard deviation could be computed and after some
pre-defined threshold for stability has been reached, a reading would be taken.

In connection to the previous point, one of the most promising ways of im-
proving the system would be to implement a way of switching between sample
syringes without deadtime or introduction of air. Whenever a sample was ex-
changed, the pressurised system (i.e. under flow) began to relax, and the resulting
step changes in pressure could disturb alignment. The new syringe was not ne-
cessarily at the same pressure, leading to further step changes in pressure. Finally,
introduction of air when connecting a new syringe was reduced greatly by us-
ing the four-way valve to pre-flush tubing, but could not be entirely eliminated.
Taken together, all these issues associated with syringe changes were the least
controlled aspect of the experiments, and their (partial) remediation remained
one of the most time demanding challenges throughout the PhD.

Ultimately, the system as described in this chapter showed many opportunities
to be expanded into a versatile sensing platform for different use cases. Nonethe-
less, the decision was made to forego incremental improvements in favour of
prioritising a system-wide re-design. This takes the experience gained into ac-
count, and was done with a personal focus on learning further new experimental
techniques along the way.
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4 ‘ Label-free Ultraviolet
Extinction on Protein

Aggregates

Moving from side-excitation of fluorophores in the previous chapter, this chapter
explores through-fibre-excitation extinction measurements. These are complement-
ary approaches, and we will show their multiplexed combination in
In this chapter, to realise continuous flow optofluidic coupling, a new optofluidic
interconnect is designed and built. We characterise the setup and its microfluidic
behaviour by measuring the extinction of inorganic nanoparticle solutions, before
using the setup to quantify the concentration of aggregated fibrils made from
silk fibroin protein.
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4.1 Motivation

4.1 Motivation

HC-PCFs are waveguides, and while side excitation as in the previous chapter Extinction

is often used in the literature, the by far dominant type of experiment is to Ioi?:::;:fgr:hs
couple in light at one end of the fibre, and measure the light emerging at the

distal end. By observing the difference between these two, caused by the strong

light-matter interaction over an extended pathlength, sensitive measurements of
low-concentration analytes can take place.

This approach, i.e. performing extinction measurements similar to those com-  Extinction
monly done in cuvettes, probes different aspects of the sample proteins. In prob::r:'ij:rent
particular, if the extinction contains a significant contribution from scattering, properties
the measurement is sensitive to size (o 7**6). Furthermore, a common response
when presenting our research in the first chapter was whether this work could
also be adapted to non-fluorescent samples.

We note that the term extinction carries different meanings depending on
context. In our work, it refers simply to the light not transmitted (1 — 7, and
we use the term absorbance synonymously. Sometimes, an explicit distinction is
made between the two, with absorbance being from photon absorption (with or
without radiative emission, in particular as fluorescence), while extinction would
include both this component as well as non-absorptive losses such as scattering
or guidance losses. In our work, when we refer to extinction or absorbance,
the measurand is light received at the detector after it has passed through the
HC-PCF containing the sample or reference.

Taking these ideas into consideration, it was decided to study if an extinction- Adding

extinction to

based measurement could be added to the fluorescence-based setup, and there- "~
fore two different qualities of a sample could be analysed in-situ. As is very  measurements
generally the case in the experimental sciences, measuring several parameters at
once and correlating them leads to new insights, often by enabling the effects of
several entangled effects to be separated through ratiometric measurements.

Consequently, an extinction-based measurement was designed, built and char-
acterised, and the results are shown in this chapter. In addition to allowing the
measurements in this chapter to be carried out, it was also built with a view
towards enabling the multiplexed fluorescence and extinction measurements

that form the final experimental chapter on protein aggregation (Chapter 6)).
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4.2 Experimental Method

Experimental Method

Resulting ultimately in the version presented below, over several months, the
setup saw various improvements and re-designs compared to the previous
chapter. To understand the impact of these changes, several characterisation

measurements were performed. The most relevant of these are presented here.

Characterisation measurements
LED modulation linearity

First, the relationship of the 365nm LED to be used for excitation was charac-
terised to verify linear output power relative to the input modulation signal. A
signal generator was used to produce a stairstep modulation signal from zero
to 5V, which is the LED’s full scale modulation input. The results are shown in
Fig. 4.1

The LED output power was seen to be proportional to the setpoint (modulation
input) to within better than 2 % for all but the maximum power level. At this
point, the LED (and LED driver) operate near their maximum power, and this is
assumed to explain the non-linearity. Furthermore, for the highest power settings,
the output power is seen to decrease slightly (<1 %) with time, explained as a
temperature increase due to waste heat, reducing the LED’s efficiency. At the
highest power settings, the driver has less headroom to counteract this with more
current.

For the HC-PCF experiments, these findings led to three experimental decisions.
First, we did not operate the LED in the high power range. This was not needed
as the detector (camera, PMT or spectrometer) were saturated in their dynamic
range well before the LED was at its maximum power.

Second, due to the good (<2 % in the worst case) proportionality between
modulation and output power, the relationship was considered to be insignificant
to warrant referencing with an external detector as done in the previous chapter.

Finally, the LED was preheated for at least an hour before an experiment at a
medium power level, and then set to the desired power level for at least thirty

minutes before a measurement.
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Fig. 4.1 Characterising the 365nm LED output power linearity with the
modulation signal. The modulation input (red) agrees to within a
few percent with the LED output power as measured by a calibrated
photodiode (black), except at the highest power levels where the
LED power becomes sublinear. This is likely an effect of the LED
being driven close to its maximum; hence, this region was avoided
in the HC-PCF experiments. Plot points downsampled 10x.

(Fig. first referenced on p.|(118))

Using the camera for intensity measurements

One of the key changes to the previous chapter is that, unlike the weak intrinsic
protein fluorescence, the LED light used for the extinction measurements can
easily be made strong enough to oversaturate either the camera (or any other
sensor used in the experiments, which are generally less sensitive). While for the
weak intrinsic fluorescence a PMT was favoured over the camera for its superior

sensitivity, for the extinction measurements in this chapter, the sensitivity of

the sensor is of lesser importance compared to its resolution (dynamic range).

It was therefore assumed that the experimental setup could be simplified by
using only the camera, which would give flexibility for future experiments by
post-processing the spatially-resolved camera images, e.g. to select only the core
light, or to measure the light profile and compare near-surface measurements

with those done far away from any surfaces.
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This will only be possible if the camera’s pixel readings are linear to incoming
light intensity. Besides the manufacturer explicitly guaranteeing the linearity of
this camera, its CMOS technology is substantially the same as the photodiode
used for light power measurements, i.e. they rely on the same sensing principle.
However, unlike the photodiode powermeter, the camera is not calibrated to
absolute power, and hence the following measurement was performed.

The output of a multimode fibre connected to the LED (as above) was measured
as (424 + 2) nW with a calibrated photodiode at 365 nm. This fibre-coupled LED
output was then sent to the camera without optics, i.e. the multimode fibre
illuminated the camera as a point source a few centimetre away. The distance
was adjusted to be entirely within the field of view of the camera, and the output
power was confirmed not to saturate any pixels.

The camera image’s pixel values were summed to give 3.84 x 10° ADU/10ms
(ADU: analogue-to-digital units, i.e. the digital value out of 0 .. 216 — 1 reported
by the camera as pixel values). Hence, a single ADU of the camera corresponds
to 424nW - 10ms/3.84 x 10° ADU = 1.1 x 10~ '8JADU .

A dark background was taken under the same conditions, giving a read-
ing of (100 + 6) ADU/200ms = 0.5 ADUms ™! per pixel. Using the calibration
above, again per pixel, this corresponds to 0.8nW for the given exposure, or
100/ (2'6 —1) = 0.15%, and is thus insignificantly small for the extinction mea-
surements that can be carried out at higher power. The background was not
observed to vary significantly even when a torch was shone on the camera, sug-
gesting the dark noise is entirely due to electronic noise and not stray light.

Hence, taking the above measurements, the camera’s dynamic range is from

1200%px - 100 ADUpx ' - 1.1 x 107 JADU ! = 160p]J (4.2.1)
at the lower end (dominated by electronic noise), to
1200%px - (2'6 — 1) ADUpx ' - 1.1 x 10" ¥ JADU ' = 104n]J (4.2.2)

at the upper end where the camera’s well depth is filled, i.e. pixels saturate. This
is close to three orders of magnitude. In practice, this value is reached much
earlier as the incoming light is not uniform in intensity, and individual pixels
begin to saturate to become the limiting factor.

Based on these results, a script was written that takes a set of input image files,

reads out their pixel values and sums them, creating a timeseries of light intensity.
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Fig. 4.2 Stability testing of the input light source. The 365nm LED is free
space coupled to a 25 pm multimode fibre (the same as is used to
butt-couple to a HC-PCF), and measured with a spectrometer over
two hours. Signal variation is below 1 % (see text).

(Fig. first referenced on p.(121])

This allowed the camera to do double duty in our experiments, acting as both
the imaging needed for optical alignment, as well as providing the quantitative
measurement over time. The beamsplitter of previous experiments was replaced
with a mirror in this case, giving a 2x increase in signal. More importantly, system
complexity is reduced, with a view to making the system to more portable and

compatible with existing fluorescence microscopy setups.

Characterisation of the light source

Having characterised the detection side, the light input side was studied next.
shows a spectrogram of the 365 nm LED coupled with a 25 pm multimode
tibre (the same as used in the later experiments to couple into the HC-PCF),

measured over two hours to characterise its spectral drift.

Visually, no significant drift can be observed from [Fig. 4.2 To further quantify

this statement, a timecourse was computed from this experiment by integrating
the spectroscopic data over the wavelength range of (365 4+ 15) nm, which is nor-

malised by exposure time and spectral bandwidth. The results showed that the

integrated spectrometer reading increased from (3900 + 10) countsnm ! ms~!
1 1

linearly to (3950 + 10) countsnm™ ms™" over the course of 30 min, and then
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Fig. 4.3 Choice of light source optimised for HC-PCF transmission. The
365nm LED ( ) closely matches the transmission maximum
of the HC-PCF (red), and their product (black) shows that the
spectral shape of the excitation light is not significantly altered by
the HC-PCF transmission spectrum. (Fig. first referenced on p.

undulated irregularly in a band of (3960 + 20) countsnm~! ms~!, i.e. 0.5 % vari-
ation, over 100 min. This suggests the system is stable to better than 1 % after
reaching thermal equilibrium. It cannot be established for certain whether the
drift is in the output power of the LED, or in the spectrometer’s accuracy over
extended time, and ultimately will be a combination of both. Since the LED was
already preheated prior to the readings (and, contrary to the measurement, is
expected to decrease in light output with temperature), the spectrometer is likely
to be the source of drift. Similar spectrometer drift has been observed previously
in its dark (background) counts over similar timescales, in agreement with this
hypothesis.

In|Fig. 4.3 to study the suitability of our HC-PCF for guiding the LED light, the
multimode fibre coupled LED output spectrum was overlaid onto the HC-PCF
transmission spectrum (shown previously in [Fig. 2.17). The spectrum has its
peak at 365nm, with a FWHM of 11 nm, and is not affected significantly in its

spectral shape by the HC-PCF transmission spectrum.

The above results confirm the suitability of the tested light source in terms
of long-term stability (for aggregation experiments over hours to days), match
between light source output and HC-PCF transmission spectrum (reduced guid-
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Fig. 4.4 Experimental setup shown schematically. The individual compon-
ents are characterised and detailed throughout this chapter. In brief,
365nm LED light is butt-coupled to the HC-PCF within a liquid
reservoir by an add-on module stacked onto the HC-PCF mount,
which keeps the fibre indexed to ease alignment after mounting,
and straight to minimise bending losses. The imaging setup was
simplified to use only the camera for both imaging and intensity

measurements (cf.|Section 4.2.1)). (Fig. first referenced on p.|123))

i

CAM

ance losses which would increase background noise through stray light), and
linearity (allowing modulation to take place without re-calibration). Several
available light sources were tested, and the one shown here chosen as the best

match to the experimental requirements.

Experimental setup

describes the experimental setup schematically, and a set of photographs
in shows the different components making up the experiment. The
individual elements are discussed below.
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25 mm 25 mm

Fig. 4.5 Photographs of the optical bench and the HC-PCF insert module.
Top: The active (left, containing the light sources) and passive (right,
containing the fluorescence filtering and detection equipment) parts
of the experimental setup. They are separated and connected via a
small aperture to allow the detection side to remain fully enclosed
throughout the experiment. Bottom: HC-PCF module that holds
a 17 cm length of fibre (left; see schematic in [Fig. 4.4)), and the
stackable add-on module for in-liquid butt coupling (right).

(Fig. first referenced on p.|(123])
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Fig. 4.6 Photo of several earlier design prototypes that preceded the final
design used in the extinction experiments. (a) A short, circular
coupling cell with a rim to allow clamping. The clamping required
extensive forces to hold the cell in place as the HC-PCF is screwed
into its connector, causing slippage and mechanical failure during
lathe work. Hence, the final version used an orthogonal screw fitting.
(b) T-junction in-liquid coupling cell. It was hoped that coaxial
tixed incoupling MMF and HC-PCF would allow butt coupling,
but resulted in insufficient stability and lack of alignment control.
Hence, the final version used a micrometer stage inside a liquid
reservoir to give better control and stability.

(Fig. first referenced on p.(125))

Optofluidic interconnect cells

The optofluidic interconnect cell went through several design cycles ([Fig. 4.6).
The construction drawings for this design and other designs are given in the

supplementary information, [Fig. S-2|and [Fig. S-3|

Other optofluidic interconnects already existed in HC-PCF research and have

been successfully used for a variety of applications, including for early exper-
iments in this dissertation. Creating a new interconnect was in no small part
motivated by the learning and insight into microfluidics it would yield, for the
author to practice an experimental design cycle from concept to conclusion. As
part of this, new ideas could be tested, and an example of this is the vertical
mounting of the HC-PCF, which is nearly always done horizontally in the lit-
erature. The motivation for this was the realisation that setting up a HC-PCF
for an experiment was the limiting factor in the time required for experiments
to be performed (including fibre insertion, cleaving, cleaning of facets, sealing
and flushing of the microfluidic circuit). Mounting the fibre vertically addressed
this in several points, as it could simply be inserted from the open reservoir
on the top, significantly improving physical access to the HC-PCF during the
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mounting procedure. Another motivation was the future outlook to make such a
system compatible with existing microscopes as an add-on to standard commer-
cial microscope stages, which in horizontal setups would have required periscope
setups and additional optics to form additional focal planes.

The iterative construction-machining-testing cycles of the optofluidic inter-
connect cells helped the author gain a deeper, and often more intuitive, under-
standing of experimental design. In particular, it was a lesson in simplicity. The
construction drawing for the final design is given in the supplementary informa-
tion ([Fig. S-1)). It is a rotationally symmetric design that allows all manufacturing
steps to take place on a lathe without re-registration, giving good concentricity.
A blind hole on the side allows it to be mounted into a Thorlabs-standard cage
mount system. This gives flexibility in adjusting z independently, while also

giving the system rigidity that minimises movement.

A fused silica window was glued onto the cell as described in|Chapter 3| For

the inflow side (bottom), a short (~ 10cm) piece of fused silica tubing inser-
ted into a machined V-groove feeds in liquid from the side. On the outflow
(top) side, a short (~ 2cm) piece of transparent acrylic pipe was glued on to
form an open reservoir in which the in-liquid butt coupling can take place (see
[Fig. 4.5). The volume of this reservoir (several millilitre) is much larger than
the HC-PCF volume, such that the concentration of this reservoir is assumed
to be near zero always, even if sample solution is being flushed into it. For the
longest measurements, if the total volume flushed during the experiment was in
the millilitre scale, the reservoir liquid was regularly replaced and evaporated
liquid topped-up. Since the reservoir is open to air, this could be done without
disassembly of the experiment. This reservoir was typically filled with a dilute
(~ 40 %) solution of ethanol to decrease surface tension and reduce air bubble
formation.

Having the in-liquid butt-coupling module as a separate stackable add-on
allowed for much improved experimental access and mounting of the HC-PCEF,
which could be slid in from the top through the series of motion-guiding PEEK
sleeves. Next, after the HC-PCF has been mounted, the top reservoir is filled
with liquid and illuminated with an UV torch to confirm in-focus imaging and
(qualitatively) satisfactory guidance. Finally, the butt-coupling module with the
orange multimode fibre is stacked on top ([Fig. 4.5)). It contains an zyz micrometer
stage to move the multimode fibre output close to the HC-PCF with approximately

5 um accuracy.
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A useful technique for establishing the z = 0 contact plane between the mul-
timode fibre and the HC-PCF is described as follows: First, the multimode fibre
is lowered to within less than a millilitre of the HC-PCF by eye. Next, the mul-
timode fibre is moved down in z towards the HC-PCF in small increments and
moved slightly in 2y at each step. Once the coupling of light into the HC-PCF was
not seen to change with zy movement anymore, the two were in physical contact
and moved in unison (for small translations). When this happened, the z axis
was retracted by a small amount until the two parted again, and re-approached
by half the distance. This served as reliable way of finding the ideal z position
for light coupling. With only two degrees of freedom left, aligning = and y could
be done reliably in less than a minute from this point.

Sample preparation

Different calibration and test samples were used. Of those shown in this disserta-
tion, the gold nanoparticles solutions were prepared from Sigma-Aldrich stock,
which is calibrated to an optical density of 1 cm™! at 520 nm. The gold nanoparti-
cles used in the experiments shown here were of 10 nm diameter. Cuvette UV-VIS
measurements were used to find the extinction at 365 nm, which was then used
to create dilutions. Polystyrene spheres from NIST (size standard nanospheres,
diameter (41 + 4) nm) were prepared in the same way. All samples were diluted
in water.

The silk fibril aggregates were produced with a microfluidic chip provided by
Zenon Toprakcioglu, and with his training and assistance. Shown in[Fig. 4.7, the
process consisted of one microfluidic and one manual sample processing step.

First, silk fibroin protein solution was made to aggregate quickly in a micro-
fluidic droplet maker. Silk and its material properties will be discussed in more
detail in the aggregation experiments of the next chapter, In the
droplet maker, the aggregation occurs through the combined encapsulation of
ethanol and the silk solution into water-in-oil droplets. This mixture would
aggregate on an hour-to-day timescale in bulk, but does so nearly instantaneously
in microfluidic droplets due to mixing and exposure to interfaces. The size is
tuneable by choosing different flow rates of the aqueous phase (protein solution
and ethanol) relative to the oil, resulting in different amount of protein encapsu-

lated in each droplet. The concentrations and flow rates used were: silk fibroin
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(a) setup photo (b) droplets forming (c) resulting emulsion

Fig. 4.7 Microfluidic production of nanosized silk aggregates. A silk fibroin
protein solution is encapsulated into droplets (a, b) to induce ag-
gregation, with a protocol similar to [307]]. The resulting liquid (c)
is then de-emulsified by repeated addition of surfactant-free oil,
displacing the surfactant and leaving the aqueous protein aggregate

solution. (Fig. first referenced on p.|127))

solution of 1gL~! at 100 uL h™!, ethanol (96 %) at the same flow rate, and FC-40
oil with surfactant at 200 uL h~!.

The output of this microfluidic chip was collected in a container, where it
separates into an emulsified phase containing the droplets, and surplus oil. By
repeatedly adding surfactant-free oil and extracting the oil phase, the surfactant
is gradually displaced, finally leaving the protein aggregates dissolved in the
aqueous phase.

To characterise the aggregates in terms of size and morphology, SEM imaging
was performed ([Fig. 4.8). Just prior to SEM imaging, the silk aggregate solution
were left to evaporate in air and then sputter coated with platinum to increase
contrast and electrical conductivity.

The silk fibrils were seen to form fibrillar patches (networks) when imaged.
The shape of these patches varied significantly, and they were typically of a few
microns in extent. The thickness of individual fibrils were below the resolution
limit of the SEM, with the thickest fibrils estimated at 500 nm but most much
below this number.

We acknowledge that SEM imaging, i.e. the sample preparation, especially
drying and exposure to vacuum, can affect the aggregates. It can therefore not be
concluded with certainty that the samples measured in solution are of the same
morphology as seen in the SEMs. The fact that imaged aggregates can differ from
those in solution is fundamentally a motivation for the development of in-situ and
label-free measurements. However, since quantitative ground truth to compare

the HC-PCF measurements against was obtained by extinction measurements
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SM: RESOLUTION WD: 4.80 mm MIRA3 TESCAN

SEM MAG: 37.9 kx View field: 7.30 pm | 2 um
Det: SE SEM HV: 3.0 kV

SM: RESOLUTION WD: 4.80 mm MIRA3 TESCAN

SEM MAG: 32.8 kx View field: 8.44 pm |2 uym
Det: SE SEM HV: 3.0 kV

(b)

SM: RESOLUTION WD: 4.80 mm | MIRA3 TESCAN|
SEM MAG: 22.3 kx | View field: 124 ym |2 um
Det: SE SEM HV: 3.0 kV

SM: RESOLUTION WD: 4.80 mm | MIRA3 TESCAN

SEM MAG: 68.8 kx | View field: 4.02 ym |1 um
Det: SE SEM HV: 3.0 kV

(c) (d)

Fig. 4.8 SEM images of the silk fibril aggregates produced with the process
shown in [Fig. 4.7] The micrographs (a), (b), (c) show different
fields of view, with (d) being a higher magnification of the area in

(). (Fig. first referenced on p.

in solution in cuvettes, any possible change from SEM imaging does not carry
through to the graphs shown below.

UV-VIS measurements in a cuvette were performed on the silk fibril aggregates
(Fig. 4.9). The UV-VIS spectrum shows the absorbance close to 280 nm increas-
ing strongly, attributed to tryptophan absorbance. At higher wavelengths, and
specifically at our measurement wavelength of 365 nm, no peaked absorbance
features are seen, indicative of non-specific scattering. The extinction at 365 nm
was measured as OD 0.0104 cm™! for the 2x diluted solution produced as de-
scribed above. Insufficient volume was available to measure the undiluted stock
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Fig. 4.9 UV-VIS absorbance spectrum of the silk aggregate solution (2x di-
luted stock). The extinction at 365 nm was used as the reference
(ground truth) measurement to compare the HC-PCF measure-
ments against. Further dilutions were reaching the noise floor of
the UV-VIS, and their extinction was therefore calculated from the
known dilution factor. (Fig. first referenced on p.

in cuvette, and further dilutions reached the noise floor of the cuvette UV-VIS
measurements. Hence, extinction was calculated from this value divided by the

known dilution factor.

Characterisation of the microfluidic circuit

The microfluidic circuit was characterised with experiments such as the one
shown in Microfluidic systems have a compliance time, which is a
timescale for a step change in pressure to re-establish the new equilibrium flow
rate. In our system, as syringes are exchanged, the system changes from flowing —
stopped flow (static) — flow of new sample solution. The new sample will then
infiltrate the HC-PCF over time, which we label as the exchange time. This
exchange time, i.e. the time taken to replace existing solution inside the HC-PCF,
is expected to depend linearly on the flow rate (and the system dead volume
fixed by the experimental design).

To test this behaviour, in [Fig. 4.10} several steps were taken in sequence. First,

the flow rate of an already-flowing system was changed. Since this did not

require manually re-connecting a syringe, the signal is seen to increase as a step
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Fig. 4.10 Microfluidic compliance testing of the system. While water is
already flowing, the flow rate is increased to identify the compli-
ance time required to re-establish equilibrium. Next, syringes are
exchanged to infiltrate a sample (AuNP calibrated to " = 75 %
through the HC-PCF), before changing back to water at a faster
flow rate, leading to proportionally faster exchange.

(Fig. first referenced on p.

change. While the exact mechanism is not clear, it was generally observed that
transmission increased with more applied pressure. Three explanations are likely
to contribute to this effect: the pressure change affecting the alignment due to
movement, surfaces bulging and creating lensing, and reduced guidance losses
by straightening the HC-PCF under pressure.

As the system re-establishes equilibrium at the new flow rate, the signal returns
to the same baseline. Next, a change of syringe to a gold nanoparticles solution
was performed. The solution was calibrated in a commercial cuvette UV-VIS
to have T = 75 % when scaled to the HC-PCF length (17 cm) at 365nm. The
transmission reaches a value of ca. 85 %, for an error of 13 %.

Next, the flow was changed back to water, but at 3 /2 times the flow rate.
This resulted in a proportionally faster exchange time, at 2 / 3 the duration, as
expected.

Following the tests on different flow rates, in|Fig. 4.11| four sample changes and

measurements performed in succession. This tests the experimental protocol for
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Sample: Size calibration standard (NIST) polystyrene nanospheres (241 + 4 nm)
calibrated to T = 86% through the HC-PCF length (17 cm)
by large-volume UVVIS measurement (OD 0.004/cm)
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Fig. 4.11 Reproducibility testing of the system, showing the extinction mea-
surement procedure repeated four times in sequence. The flow
through the HC-PCF was briefly stopped to change the sample
syringe, alternating between a polystyrene nanospheres sample
(see inset) and water. The transmission (= 1 — extinction) is cal-
culated for each sample as shown. (Fig. first referenced on p.

reproducibility. The sample used was a thousandfold diluted NIST size standard
of polystyrene nanospheres (diameter (41 + 4) nm), which was measured by
cuvette UV-VIS to have an extinction of OD 0.004cm™!, or T' = 86 % over the
HC-PCF length (17 cm). The flow rate in this experiment was 1050 pLh=1.

The transmission in HC-PCF was T' = 85.3 %, 86.8 %, 85.8 %, and 86.0 % for the
four measurements, or 7' = (86.0 4 0.6) %, which is within the uncertainty of
the UV-VIS measurement. The maximum deviation from the mean was in the
second measurement, at 1 %.

This shows a good reproducibility of the measurements for the given conditions
and measurement time (85 min). The water baseline did not change significantly
during this time (<5 %). More variation was seen in the time required for the
signal to reach a new equilibrium after each transition between sample and
water. This is attributed to the variation in manual handling of the change in
syringe, already discussed before in[Section 3.4.2] In addition to variations in time
required to perform the procedure, re-connecting the syringes into the syringe
pump lead to different initial pressures on the syringe plunger, and therefore
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different starting pressures when switching the inflow valve. These points are
discussed further at the end of this chapter.

Finally, using an IMPLEN NP80 ‘nanodrop’ cuvette-less spectrometer, we
studied how a comparable (i.e. operating on similar volume scales) commercial
device performs with our samples. The device is operated by pipetting a solution
onto a flat glass window, which is then sealed with a metal lid, forming a liquid
volume with a defined pathlength in back-reflection of 0.67 mm. The sample
requirement is one drop, ca. 2 pL. The machine then uses a broadband flash of
light to take the spectroscopic reading.

The result was that all measurements fell below the detection limit of the ma-
chine, showing no significant absorbance above the noise (measured in triplicate).
This agrees with the manufacturer’s specifications (/ink), which state a lower
limit of OD 0.02cm™~!, whereas our samples measured in HC-PCF are below
OD 0.01 cm™! at 365 nm. Such machines are typically used to measure protein
concentration via their absorption at 280 nm, where tryptophan absorbance is
much higher. For measuring sample absorbance at other wavelengths, this and
similar machines are not suitable, and offer no means of quantifying the intrinsic

fluorescence from the absorbed light.

Results

Before discussing the experimental results, we note that the arguably key achieve-
ment over the experiments of the previous chapter was the ease with which a
HC-PCF could be mounted, aligned, and experiments started. This improvement
in experimental setup is ultimately difficult to quantify or compare objectively,
but at the same time the major result of this chapter. By cutting down the time
required for experimental preparation to a fraction of the time compared to how it
was performed before, more experiments could be attempted. Equally, achieving
stable and good mode quality (coupling to the core only in a near-fundamental
mode) was more reproducible and less sensitive to movement. A typical mode
of 365 nm light butt-coupled into a HC-PCF and transmitted over 17 cm of water

is shown in |Fig. 4.12
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100 um
I

A =365 nm
17 cm water
in-liquid coupling

Fig. 4.12 Typical mode image of 365 nm light transmitted through 17 cm of
water by in-liquid butt-coupling under continuous flow, as used
during the extinction measurements. On the left side, where the
inter-capillary distance is larger due to fabrication tolerance in
capillary size and spacing, light can be seen leaking out from the
central core. The imaged HC-PCF mode (in colour) is overlaid on
a brightfield microscope image of the HC-PCF geometry.

(Fig. first referenced on p.|(133])

4.3.1 Gold nanoparticles

Gold nanoparticles were chosen to run a complete dilution series to test the
system, based on their well-characterised nature and availability. First, a single
dilution of 1/200 compared to the stock concentration is measured (Fig. 4.13)).

The measurement procedure was as described above in Sample
changes were performed when a new baseline was established for the previous
sample, typically after 10 min. To find the transmission (or extinctionas 1 —17), a
moving average (Savgol filter, window size 21, polynomial order 2) was overlaid
on the data, and the points at which readings were taken are marked with green
circles.

To establish a reference measurement, a tenfold dilution of the gold nanoparticle
stock was measured in cuvette (i.e. 20 times more concentrated than the highest
concentration in HC-PCF, which was of 200-fold dilution), and used as the base
from from which all other samples were made. Based on this measurement, the
stock (1x) is calculated to have an extinction of OD 1.0 cm_1 Scaling this

note 1 It is a coincidence that the stock solution, calibrated by the manufacturer to have OD 1.0 cm !
at the plasmon resonance maximum (around 520nm), also has the same OD 1.0cm ™! at our
wavelength of 365nm far away from this resonance. The lack of a resonance happens to be
compensated by higher scattering due to the shorter wavelength at exactly our target wavelength.
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Fig. 4.13 Ultraviolet extinction measurement of a 1/200 gold nanoparticle
solution in HC-PCF. The measured transmission in HC-PCF is
T = 84.4%, which is close to the value measured in cuvette and
scaled to the HC-PCF length (error 3 %).

(Fig. first referenced on p.|134))

value to a 200-fold dilution and a 17 cm pathlength gives an expected transmission
of

T — 10—1,Ocm’1~17cm~(1/200diln.) — 82%. (431)

For the 1/200 trace, the value measured in HC-PCF was T' = 84.4 %, in close
agreement with an error of 3%. As a simple measure of baseline drift, three
points as marked in the graph were compared at regular intervals, which had
differences of 99.0 % and 100.2 %, respectively. This suggests a drift over one
hour of less than 1 %.

Next, it was decided to run a whole dilution series as a single experiment,
carried out continuously over eight hours ([Fig. 4.14). Every concentration was
measured in triplicate before progressing to the next concentration. (For the
initial 1/200 dilution measurement, yours truly the author only did a duplicate
instead of a triplicate by sheer oversight, which is why a third measurement was
done separately for this concentration.)
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Fig. 4.14 Complete signal trace of the gold nanoparticle dilution series meas-
ured in HC-PCF. The sample syringe is changed between different
dilutions (black vertical lines) and water (blue). When the signal
stabilises, a reading (green) is taken based on the moving average
(red) to calculate the change in transmission.

(Fig. first referenced on p.

Following the same procedure as before, readings were taken to measure the
extinction of the gold nanoparticle dilutions in the HC-PCF, which are plotted in
rig. 4.15

The cuvette reference value was determined by measuring the extinction in a
commercial cuvette UVVIS spectrometer using a stock solution that was then
diluted at least twenty times further for measurements in HC-PCF. Since the
cuvette measurement would have resulted in insufficient sensitivity at the lowest
concentrations (highest dilutions), the horizontal axis in extinction
values are computed from this measurement divided by the known dilution
factor (given on the top axis). This resulted in conservative estimates for the
standard deviation in the horizontal axis, as the error is simply compounded by
each dilution. Further analysis regarding the instrument’s sensitivity and the
comparatively low error introduced by series dilution would lead to a reduction
in these error bars.

Notably, there is an apparently linear downward drift of the entire signal, and

specifically the water baseline at the end of the eight hour experiment was down
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Fig. 4.15 Quantification of gold nanoparticles inside a HC-PCF using long-
pathlength ultraviolet extinction measurement under continuous
flow. As the flow through the HC-PCF is alternated between
successive dilutions of gold nanoparticles (measured in triplicate)
and water, the 365 nm light transmitted through the HC-PCF is
measured. Taking the ratio between light transmitted when the
sample is present and water flushed after results in the extinction,
which is compared to cuvette reference values.

(Fig. first referenced on p.(136))

by —16 %. Since the measurement procedure was chosen to reference each sample
transmission against the transmission with water flushed just after the sample,
the effect of this drift on the extinction measurements is diminished. Nonetheless,
to explore this drift further, a water-only run was carried out without sample
changes, shown in

The extinction of the gold nanoparticle dilutions as measured in HC-PCF
compared to the ground truth from large-volume, high-concentration cuvette
measurements in[Fig. 4.15|showed different behaviour for different concentrations.
At the lowest concentrations (extinction less than OD 0.025 on the horizontal
scale), scatter is high and adjacent concentrations could not be distinguished,
indicating the limit of detection of the method. For the next higher concentration
at OD 0.05, values are close to the reference value, which is also true for the value
near OD 0.1, except for an outlier. Finally, the high-concentration measurements

cluster within their standard errors and on average 14 % away from the ground
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Fig. 4.16 Long-term test of the system. Water is flown through for an ex-
tended time (see inset) to study system drift. Despite the sample
being only water, the signal is seen to decrease linearly at a rate of
0.5%/h. The effect is explained as residual contamination of the
inflow tubing being slowly dissolved and re-deposited inside the
HC-PCFE. (Fig. first referenced on p.

truth. In terms of the linear fit, a slope of 0.70 4+ 0.05 and an offset of 0.024 4
0.003 indicate significant uncertainty and systematic error. Excluding the lowest
concentration points would improve the result, but leave relatively few data
points on which to perform statistically meaningful fitting, which is why this
was not done. From these values, the limit of detection, by the same definition as
in the previous chapter, is determined to be OD 0.11.

These results have to be seen in light of the baseline drift discussed above. In
particular, the data presented later in this chapter were measured with freshly
prepared tubing and cells, as well as the earlier polystyrene characterisation
measurements, show a noticeably better linearity and reproducibility. This sug-
gests contamination as the limiting factor of these experiments in particular, and
not inherent to the technique. Time constraints meant the gold nanoparticle

experiment could not be repeated, and the data are given as they are.
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Fig. 4.17 Quantification of silk fibril aggregates inside a HC-PCF using long-
pathlength ultraviolet extinction measurement under continuous
flow. As the flow through the HC-PCF is alternated between
successive dilutions of silk aggregates (measured in triplicate)
and water, the 365 nm light transmitted through the HC-PCF is
measured. Taking the ratio between light transmitted when the
sample is present and water flushed after results in the extinction,
which is compared to cuvette reference values.

(Fig. first referenced on p.|(139)

Key experiment: Label-free quantification of silk fibril

aggregates via extinction in HC-PCF under flow

The main experiment of this chapter aims to explore the use of HC-PCF in
biophysics for label-free extinction measurements. Nanosized silk fibril aggrega-
tes were quantified in concentration using their extinction at a non-tryptophan
wavelength at 365 nm. The measurements were performed in the same way as
the gold nanoparticle detailed above. The resulting raw data are given in the
supplementary information as and plotted in

The linearity of the data was seen to be much better than the previous gold
nanoparticle measurements. Discussed quantitatively below, the data points
show good agreement between the newly-developed HC-PCF extinction mea-
surement and the cuvette reference. For the triplicate above OD 0.1, the variance

of the measured extinction is seen to increase, but the mean is still close to the
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(b) (c)

Fig. 4.18 FPost-experiment brightfield microscopy of a HC-PCF used with
silk fibrils. The three images at successive focus heights show the
silk forming a three-dimensional hydrogel blocking the HC-PCF.
Images are 125 pm wide horizontally.  (Fig. first referenced on p.

cuvette reference value. However, the data for the highest concentration did not
follow this trend and deviate significantly by a systematic offset towards lower
extinctions, despite being the highest concentrations.

For these highest concentration measured (corresponding to the undiluted
stock solution), poor mode quality was observed during the experiment, as well
as low transmission that decreased further as the experiment progressed. At this
high concentration, where transmission is expected to be around 50 %, the silk
starts to form hydrogels and partial blockages leading to ill-defined transmission
changes. Since extinction values in the HC-PCF were calculated as transmission
ratio between sample and water flushed post-sample, if the transmission does not
recover after flushing water (because the HC-PCF is clogged with silk hydrogel
or aggregates), this ratio is close to unity i.e. low extinction. The raw data to
illustrate this effect is given in the supplementary With the HC-PCF
being occluded by these large aggregates accumulating, the high-concentration
values were considered to be outliers and excluded from the fit, as indicated in
the graph by a grey band.

To verify this hypothesis of hydrogels forming, a “post-mortem” microscope
inspection of a HC-PCF was performed after measuring several different high-
concentration solutions of silk aggregates ([Fig. 4.18). Similar hydrogels were
found when inspecting other HC-PCFs which had degraded performance after
used to perform many silk measurements.

As can be seen from the z-scan images, on the inflow side facet of the HC-PCEF,
a three dimensional gel structure has been deposited. Silk is known to form
hydrogels, and this effect can be seen macroscopically with cuvettes or syringes
gelling and solidifying after they have been left for hours to days with prepared
the stock solution (studying silk aggregation is the focus of the next chapter).
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4.4 Discussion and outlook

This effect, causing partial blockages of the HC-PCF in addition to likely depos-
its throughout the fibre, is ascribed as the main factor in reducing the HC-PCF
transmission slowly over time.

With these data points excluded, the fit gave a slope of 1.05 £ 0.09, i.e. unity
to within standard deviation and an error of 8.6 %. This shows good agreement
between the HC-PCF measurement and cuvette reference. The offset of —0.02 +
0.01 indicates a small systematic error. The uncertainty in the latter value can be
taken as an approximate indicator of the limit of detection, OD 0.01. This limit of
detection is comparable to that of commercial UV-VIS measurements (the noise
floor in for the same sample is around OD 0.005cm™!), despite using at
least two orders of magnitude less sample and not operating in continuous flow.

Discussion and outlook

This concludes the second experimental technique introduced in this dissertation,
which will be applied to additional research questions in the next two chapters.
We finish the chapter by summarising its findings and learnings connected with

the discussion of possible improvements.

Summary of findings

Through a re-design, the system improved in experimental handling and capab-
ility. Specifically, it was possible to build an in-liquid butt-coupling experiment
where 365 nm light is coupled to our HC-PCF. This made possible extinction
measurements to be performed at long (17 cm) pathlengths on dilute and weakly
absorbing solutions (OD <0.01 cm™!) of gold and polystyrene nanoparticles, as
well as silk fibril aggregates.

Possible improvements

Throughout the measurements, there was considerable variation in how repro-
ducible a measurement was and the amount of drift present in the system over
hours. Different hypotheses for the origin of this effect were explored and tested.

One suspected cause was heating of the entire setup, with the waste heat of the
camera (approx. 100 W) being the major cause. As optomechanical components

heat up, they can shift and cause changes in alignment, causing signal drift.
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Timescales of hours would be expected for such an effect, in agreement with
the data. Because the setup was entirely shielded to avoid stray light and UV
exposure, it formed a closed environment that reached about 5K above ambient.
An air exhaust was added to improve the situation, but an effect on the drift was
not observed. Hence, this effect was ruled out as a major cause of drift.

When designing the experiments, it was previously seen in [Fig. 3.11|that hyster-

esis between flushing different protein solutions was low. Hence, the assumption
was made that the fused silica tubing used to construct the microfluidic circuits,
if flushed through with many times its volume in water, would be suitably clean
for new experiments. For example, if an experiment ended with a water flush,
this was typically left running for several millilitres of dispensed volume after the
experiment had concluded on the basis that the tubing and HC-PCF would be
flushed clean. Furthermore, even if some contamination remained after flushing
water, it was reasoned that any contamination still undissolved after hours of
flushing was permanently adsorbed somewhere, and therefore would not be
introduced into any subsequent sample. With the learnings from this chapter, it
is now taken for granted that these assumptions were incorrect.

After the residual contamination of tubing was identified as the most likely
cause above, it became clear that there might have been cross-contamination
between experiments. This would explain why some of the early characterisation
measurements presented in this chapter showed much better reproducibility
compared to later measurements, where many different samples (and especially
protein-based samples) were studied and measured concurrently with inorganic
nanoparticle samples. It is likely that the measurements with low or negligible
baseline drift were performed shortly after a new piece of tubing was installed
(e.g. because the experiment was changed), and those showing strong drift were
done with tubing contaminated by other (esp. protein) samples.

Going forward, as a consequence, in the next chapter, all tubing was replaced
before a new measurement was started. This is a lengthy (and somewhat costly)
process, and future work should instead focus on establishing a cleaning protocol.
A notable advantage of fused-silica HC-PCF is their chemical resistance (when
used with equally chemically resistant optofluidic interconnects and tubing, as
was the case in our experiments). This would allow aggressive solvents to be
used in their cleaning, such as bleach or highly alkaline cuvette cleaning products,
which are typically necessary as mechanical cleaning is not an option within

microfluidic circuits.
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4.4 Discussion and outlook

There are two values that are fundamental to the performance of an extinction
measurement: sensitivity and dynamic range. Sensitivity dictates the smallest
signal above noise that can still be measured, while dynamic range gives the
maximum of transmitted light that can still be analysed quantitatively.

Perhaps most commonly, extinction measurements use a fixed-intensity light
source and measure the light transmitted through the sample. The above two
quantities are then defined primarily by the detector performance. However,
to increase the dynamic range, it is also possible to modulate the light source
intensity. Our system would allow for this approach, and evaluating its feasibility
was the primary reason behind the measurements on LED modulation linearity

Fig. 4.1).

To exploit the wide tunability of the light source intensity, instead of measuring
transmitted light from a fixed light source intensity, the light source intensity
could instead be modulated to maintain the same amount of transmitted light.
Tracking the modulation signal necessary to achieve this would then be an in-
versely proportional measure of transmission. The advantage of this closed-loop
teedback approach is that the detector can have a narrow dynamic range with a
high sensitivity. Different sensors, universally, trade dynamic range vs. sensit-
ivity (the discussion about the sensitivity of single molecule measurements in
Section 1.2.1]is precisely analogous to this). Hence, with this approach, a detector
with high sensitivity but narrow dynamic range could be chosen.

Last but not least, this closed-loop control further opens up the possibility for
lock-in measurements and non-linear transmission measurements by modulating

the input signal over time (faster than the sample would change).
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5 ‘ Capillary Action Infiltration

for Minimal Sample Volume

In the previous two chapters, we have shown the potential of HC-PCF for continu-
ous flow integration into microfluidic circuits, which can enable high-throughput
applications. This chapter is a short break from this, and represents a brief ex-
cursion towards the very opposite. Relating to a point often raised by other
researchers when presenting our work, there are also cases such as manual batch
processes where the most desirable feature is a minimal sample volume measure-
ment from a single drop of sample, without any need for microfluidic integration.
Here, we explore adapting our work to this challenge.

5.1 Motivationl . . .. ... ... ..

5.1.1 Note about availability| . . . . . ... .. ... ........
5.2 Experimentalmethod| . . . ... ... ... . ... .. .. .... 146
................................. 148

5.4 Discussionand outlookl . . . . . . . . . . . . L [151]



5.1

5.1.1

5.1 Motivation

Motivation

During discussions at conferences about possible collaborations, a frequent ques-
tion posed to me was the minimum sample volume required to perform a mea-
surement from start to finish. While our measurements operate on sub-microlitre
detection volumes, the required sample volumes are higher due to the continuous-
flow operation. While continuous flow brings many advantages, especially for
high-throughput applications and integration with other microfluidic compon-
ents, for research groups that synthesise proteins in small volumes and concentra-
tions for experimental use, this solution is not ideal. Motivated by this feedback I
received, this chapter explores the passive filling of HC-PCF by capillary action
to reduce the required sample volume to be close to the internal (or detection)

volume, enabling ultra-low-volume measurements.

Note about availability

As we develop the method of this chapter, there is a practical point to note first.
HC-PCF are a technology whose continuous-draw fabrication is inherently scale-
able to high-volume production, as evidenced by the global telecommunication
infrastructure being built on a backbone of solid-core optical fibre, which now sur-
passes 4 x 102 m (over three light-hours) in total length.[308] HC-PCFis produced
increasingly on an industrial scale, regularly reaching into kilometre lengths.[sog]
These numbers, and simulations confirming the possibility of hundred-kilometre
scale fibre draws,!% lend evidence to the view that the application presented in
this chapter would be viable in principle if demand existed.

Despite that being the case, the actual HC-PCF used in this research is a single-
spool custom draw, with its limited supply shared between all laboratory users
who depend on it for their research. Hence, using a large amount of HC-PCF to
demonstrate a potential use as a disposable item is undesirable and, consequently,
the decision was taken to limit the number of measurement repeats to that of a
proof-of-concept.

Often labelled as ‘dip sensors’, the use of capillary filling is commonly found in
HC-PCF applications.me’] 215 However, such approaches often do not consider
the ability to flush the HC-PCF, and are therefore less suitable for quantitative
extinction measurements, where a solvent and fibre loss reference is needed. This
is the area we want to explore with the work of this chapter.
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5.2 Experimental method

5.2 Experimental method

Any liquid—solid interface will see wetting effects that minimise surface energy, as  Capillary forces
determined by the material combination’s wetting angle 0, and surface tension
~. This causes liquids to be dragged up along the sides of any capillary they are
placed in, forming a concave meniscus (given that 6,, > 0, i.e. surface wetting
decreases surface energy. For water—fused silica, 0,, ~ 25°, dependent on surface

cleaning and treatment.*11]

With 6, # 90°, this spherical meniscus will have a
radius r, different to the capillary radius r, the ratio of which defines the wetting

angle by
cosf,, =r/r,. (5.2.1)

For a vertical rise, equilibrium height of the liquid column formed in the ca- Maximum
pillary will be reached when the pressure head due to gravity pushing down ¢ "™
becomes equal to the capillary force pushing the liquid up. In a laboratory setting,
where gravitational acceleration g and atmospheric pressure vary insignificantly
with height, the only variable determining capillary liquid rise h are the liquid
density p, wetting angle 6,,,, and capillary diameter 2r. Then, the equation known

as Jurin’s law gives the liquid rise as

b 4ycosb,, 1

b (5.2.2)

and is inversely proportional to the capillary diameter. For our fibre with r =
Teore = 10 m (as the lower-bound estimate, with the cladding capillaries and
interstitial spaces being even smaller), the rise is & ~ 90 cm, and therefore several
times longer than the fibre lengths typically used in our experiments. Further-
more, in a horizontal capillary, no force acts against the capillary flow (except
friction, which as a dynamic force can only act to slow the filling), thereby offering
a means of completely filling fibres of arbitrary length by capillary action alone,
albeit slowly.
To observe the capillary filling of HC-PCFs, a simple arrangement was con-  Timelapse of

. : : . HC-PCF fill
structed to record this process on a microscope, and a timelapse recording was e

made ([Fig. 5.1)).

When pipetting a drop of water onto the cleaved, empty HC-PCF facet, the
water is drawn across the HC-PCF to emerge on the other end. At first, indi-
vidual capillaries show a drop forming on their end facet. This agrees with the
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15,-55

18s 195s  20s

(a) Experiment (b) Resulting timelapse

Fig. 5.1 Measuring filling speed and uniformity by timelapse microscopy. A
5 cm HC-PCF segment is held ontop a brightfield microscope by a
magnet clamp. The distal top facet of the fibre is held inside a piece
of moulding putty, forming a small reservoir that a drop of water is
pipetted into at t = 0. (Fig. first referenced on p.

expectation that smaller capillaries are filled faster. The capillaries do not fill all
at the same time, but do so within a few seconds, closely followed by the core and
interstitial spaces being filled. Finally, a droplet encapsulating the entire HC-PCF
forms, which acts as a lens. This experiment was repeated multiple times to
confirm that the HC-PCF always did fill, as this would not be verifiable during
the actual extinction measurements, since the HC-PCF will be mounted in a
water-filled reservoir before imaging can take place. When illuminated from the
side, the meniscus could be seen to move during filling as a bright spot (scattering
centre) by eye. Occasionally, the HC-PCF failed to fill immediately by capillary
action. In this case, a small amount of agitation helped break the surface tension
and begin the filling process.

For the minimal-volume extinction experiment, it was found most convenient
to be able to fill the HC-PCF when already installed in the setup. This would
resemble the way such a setup might work in practice, with the sample to be
analysed pipetted onto a glass slide and infiltrated into the HC-PCF by immersing
one end into the droplet (Fig. 5.2)).
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5.3 Results

Fig. 5.2 Infiltrating the HC-PCF by capillary action. A drop of sample
is pipetted onto a cover slide, with an adhesive ring preventing

spillage. (Fig. first referenced on p.

A fibre length of 17 cm was used throughout. Once the HC-PCF had been
tilled by capillary action with the sample solution to be analysed, it was fixed
into the same measurement setup as described in Before the liquid
connector was fully secured, a small amount of water was pushed through to
create a sheath flow around the fibre facet to remove air bubbles introduced
during mounting. A low flow rate (3 uL min~!) was used to ensure that the
pressure inside the optofluidic interconnect was kept low and no significant
amount of flow would enter the HC-PCF, instead exiting through the loosened
connector with much lower hydrodynamic resistance. Finally, the HC-PCF was
secured and data acquisition began, again in the same way as described in the
previous chapter.

After leaving the system undisturbed for a few minutes to establish a baseline
(which will be the transmission through the sample solution), the HC-PCF was
flushed with water, resulting in a solvent reference transmission. The two mea-
surements are then compared against each other, yielding the desired extinction

measurement as sample transmission divided by solvent transmission.

Results

Two experiment are presented. In the first, to establish a control measurement,

the sample solution was simply water. In the second experiment, a 10nm gold
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Fig. 5.3 Water-water control measurement for minimal sample volume ex-
tinction measurements through capillary filling. A small (micro-
litre) drop of water fills the HC-PCF by capillary action, which is
then measured, flushed through with more water, and measured
again to understand the baseline accuracy via this water—water con-
trol measurement. (Fig. first referenced on p.

nanoparticle solution calibrated to 7" = 25 % transmission through the length of

fibre used was measured.

The water-to-water control measurement is shown in|Fig. 5.3, After ten minutes

of establishing a static baseline (blue line), fresh water was flushed through for
ca. five minutes. The initial static baseline is stable to within a few percent.
After water is being flushed through, the signal is seen to vary irregularly, first
dropping in steps and then spiking irregularly. This action is explained as air
bubbles introduced during the mounting procedure being flushed through the
system. After returning to static conditions, the system quickly settles to a new
baseline (red line).

Taking the ratio of these measurements gives a value of 106 %, or an error of
6 % between the water and water measurements. This number represents limit
of detection of this method, with the strong limitation that this remains a single

data point and should be repeated to acquire statistical confidence.
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Fig. 5.4 Exchanging a sample filled by capillary action with water as the
extinction reference. The sample, size standard gold nanoparticles of
diameter 10 nm, are diluted to an expected transmission of " = 50%
over the HC-PCF length. (Fig. first referenced on p.

Next, the measurement of the gold nanoparticle solution is shown in |Fig. 5.4,

For this measurement, the experiment was recorded with a spectrometer instead
of a camera. The measurement was performed in the same way as above. The
recorded signal trace shows a similarly irregular transition between sample and
water as the previous water-to-water measurement, suggesting the effects are
caused by trapped air in both cases.

A slow but steady fall of transmission (i.e. increase in extinction) was observed
at the beginning of the measurement. This could be a residual flow into the
HC-PCF, slowly exchanging the high-extinction sample with water.

The ratio of transmission between sample and water reference was 59 %. This
is an error of 18 % from the calibrated value of 7" = 50 %. A possible explanation
for the fact that the measured extinction was less than expected is that some of
the gold nanoparticle solution could have been inadvertently flushed out during

tibre mounting or sheath flow.
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5.4 Discussion and outlook

The above was a method developed to measure minimal sample volumes in Summary
the setup presented in[Chapter 4 Unlike the work shown there, aimed at high-
throughput integration with microfluidics, the work of this chapter looked at

the opposite end of system design, with one-off measurements for the min-

imal amount of sample and integration needed to perform a measurement. A

given sample can be measured simply by dipping the end of the HC-PCF into it,

using exactly the amount of sample required to fill the HC-PCF, and perform-

ing an extinction measurement as described in this chapter. Nonetheless, as a
proof-of-concept with limited experimental runs, much work remains needed to
characterise and optimise this applications.

The linear volume of the HC-PCF is 49 nL/cm, such that the volume of the
17 cm fibre is 830 nL. The fibre was filled from a drop pipetted onto a glass slide,
which needs to be of a certain size to allow filling of the HC-PCF by simple
dipping. Hence, a practical sample requirement would be around 2 pL. The
method therefore allows measurements on minimal volumes without need for
a complicated sample loading procedure. After capillary infiltration, the HC-
PCF is transferred to the setup of the previous chapter where the extinction
measurement is performed using the relevant solvent for reference.

The methods of this chapter show that it is possible in principle for the low- Future directions
volume measurements made possible by the HC-PCF to be carried out with
similar convenience of sample loading as a commercial cuvette UVVIS measure-
ment. The steps required after sample loading to take an extinction reading still
require the operator to have expertise in HC-PCF preparation, mounting, and
measurement. However, for example by designing a cartridge holder for the
HC-PCF similar to how many commercial machines operate, the goal of auto-
mating many of the steps appear achievable. As described at the beginning of
this chapter, the work presented here remains as a proof-of-concept.
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6 ‘ Towards Monitoring of
Protein Aggregation In-Situ

In this final experimental chapter, we combine the work of the previous
and [d] Working towards monitoring the aggregation of a protein within a hollow-
core photonic crystal fibre for over two days, we demonstrate the ability of the
system to multiplex both fluorescence and extinction measurements in-situ. This
allows both of these variables to be recorded over the multi-day timescales of
protein aggregation from the same microfluidic circuit.
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6.2.1 Silk fibroinprotein| . . . . . .. ... 0oL 154

16.2.2  Experimentalsetup| . .. ... ... ............. [156]
6.2.3  Datacollection| . . . . . ... ... ... ........... 162

63 Results . . . ... ... 164
16.3.1 Key experiment: Label-free monitoring of protein aggregation |

| via multimodal sensing in HC-PCF under flow] . . . . . . . . 164
64 Discussionand outlookl . . . .. ... ... ... ... ... .. 169]
6.4.1 Summaryof findings|. . . . .. ... ... 0oL 170

10.4.2  Possible improvements|. . . . . . ... ... . L. 170

Contributions This chapter corresponds to a publication currently in preparation. Zenon Toprak-
cioglu supplied the silk fibroin protein stock and provided advice on protein aggregation protocols.
Michael Frosz supplied the HC-PCF used in this dissertation. Tijmen Euser and Tuomas Knowles
supervised this work and provided guidance and advice throughout.



6.1

6.2

6.1 Motivation

Motivation

Protein aggregation is connected to several disease pathologies, such as the neuro-

(58] (3121 Key to a mechanistic understanding

degenerative Alzheimer’s disease.
of protein aggregation processes is the measurements of aggregation kinetics.
Among the most important in-solution measurements to characterise aggregation
are fluorescence, which is affected by conformation-mediated solvent quenching,
and extinction, which is the combined action of absorption and scatter. Since
scattering cross-section (in the Rayleigh regime r « \) scales as the sixth power
of particle size, it is an indicator of size but with an overlaid absorbance con-
tribution (such as fluorescence excitation) that complicates analysis. Similarly,
fluorescence changes with aggregation, but re-absorption and spectral changes
make this also a non-linear relationship. By taking measurements of different
sample properties, based on different physical principles, it is possible to correl-
ate and separate the different contributions. In this chapter, we implement both
fluorescence and extinction measurements in-situ on the same protein sample
(silk fibroin) in continuous flow (which eventually ceases as the aggregation
progressively increases viscosity), monitoring this process over 60 h.

While true of science in general, and ongoing work in particular, we nonetheless
want to stress the fact that the aggregation experiments in this chapter are work-
in-progress. The experiments in this chapter form an application intended to
leverage the individual techniques developed in this PhD. They enable an in-situ
combined measurement, and this work could only be begun in the final months
of the PhD as it builds on all techniques developed before it in the past chapters.

Hence, the experiments here are at an early stage. They lack repeats and
thorough characterisation of individual factors, and the study of silk protein
aggregation demonstrated here requires further work before biophysical conclu-
sions could be confidently drawn from it. Still, this chapter hopes to show the
possibilities opened up by combining different measurement modalities into a

sensing platform based on HC-PCF, with a view towards future research.

Experimental Method

The sample used in this chapter is the same as that used before to produce
the protein aggregates studied in Since, in this chapter, the silk is
allowed to aggregate slowly and while being monitored in HC-PCFE, we give the
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6.2 Experimental Method

sample more attention here and discuss it in additional detail before describing
the experimental setup. Silk was chosen as the target of protein aggregation
experiments for its availability and suitable aggregation timescale (especially by
induction through the addition of ethanol), while being more generally motivated

as a fascinating biomaterial with a long history of use by humans.

Silk fibroin protein

Natural silk’s primary proteins are silk fibroin (80%) and sericin (20%), where
the fibroin can be understood as the structural backbone and the sericin as

3131 The silk fibroin solution used in this dissertation was

a gummy coating.[
prepared by Zenon Toprakcioglu according to a published protocol.[314] In brief,
to extract the silk fibroin from the natural raw silk, Bombyx mori silk cocoons are
cut, boiled for 30 min in a dilute sodium carbonate aqueous solution, and the
undissolved remnants (now mostly silk fibroin) repeatedly rinsed in water. The
silk fibroin is then dissolved in lithium bromide and purified by dialysis and
centrifugation. The resulting silk stock at 50 g L~! can be frozen at —80 °C and
was stored in aliquots at 4 to 8 °C until use. The silk solutions used in this chapter
were prepared shortly before the experiment to a final protein concentration of
5gL~!. Ethanol was added to induce aggregation (discussed below) to a final
concentration of 40 % by a 1:1 (v/v) addition of 80 % ethanol solution to a silk
tibroin solution of twice the desired concentration in water. This method was
preferred over using less but more concentrated ethanol solution to minimise
the evolution of heat (from the enthalpy of solvation), and reduce concentration
gradients that can affect aggregation. Mixing of the silk solution was always done
by repeated gentle pipetting with a large-diameter tip to keep shear forces as
small as possible. Despite these measures, prepared solutions typically showed
macroscopic aggregates (or other insoluble components) large enough to be
visible by eye. Hence, solutions were filtered through a 450 nm syringe filter,
slowly over 30's, again in an attempt to minimise shear forces.

The silk used in the experiments of this dissertation is a naturally-derived
product that has significant variation in composition and resulting aggregation
behaviour. In nature, spiders form their solid webs from liquid silk. The ma-
chinery with which spiders are able to accomplish the storage of the precursors
and the intricate spinning of silk — on-demand, in water-based chemistry, at
high efficiency for extended periods of time with high reproducibility — are both
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astonishing and complex, and tightly controlled shear forces form the primary
mechanism behind it

Hence, silk protein aggregation in particular is strongly affected by shear forces,
as studied by rheology, and the variability of aggregation even under laboratory

S1][E17] Especially in microfluidic environments

conditions is generally accepted.[
where liquids meet high pressures and narrow flow constrictions, but also by
general handling and ageing, the aggregation of the silk is continuously affected
and can be difficult to reproduce between experiments. Even when protocols are
strictly controlled for, such as in medical applications, this remains the case. For
example, a study found that all pre-filled glass syringes for the administration of
therapeutic protein products had formed aggregates of many different shapes
and sizes.')

While these effects contribute to the variability observed in silk protein aggre-
gation, they also motivate the development of biophysical measurements where
the shear forces can be tightly controlled. Made from glass with tight tolerances
and supporting a wide range of flow rates and pressures, HC-PCFs could serve
as such a system.

Surfaces influence aggregation, in particular the different surface chemistries

319]

of plastic and glass.[ When preparing solutions, even the careful agitation to

mix solutions (which is difficult to quantify due to the often turbulent nature)

BEIE2T One mechanism is the adsorption

plays a role in inducing aggregation.
and desorption on the solid-liquid interfacel®2! as well as any air bubbles created
during agitation, which provide air-water interfaces in addition to the liquid’s
meniscus if kept in partially filled containers. !

Hence, to more reliably induce and study the aggregation of silk or other
proteins, it is desirable to use methods other than the ones above. In particular,
such a method should be more controllable in a laboratory environment, ideally
triggering a well-defined starting point for the onset of aggregation. Furthermore,
when aggregation happens over long timescales (days), methods for accelerating
the aggregation process become increasingly useful. For this reason, ethanol
is commonly used to induce aggregation in proteins.mz] The mechanism by
which ethanol induces aggregation are still being studied,®®] with the key roles

[324] [325]

being changes in protein conformation (3261 (e g. f-sheet formation) and

disulfide or other bond formation.*?

Besides ethanol, other commonly used chemicals include urea or arginine.[326]

Instead of chemical induction of aggregation, temperature also strongly affects
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6.2 Experimental Method

aggregation and can be used to accelerate it, but can also affect other objects
under study and is not as immediate a trigger as the addition of a chemical at a
single point in time.

Silk, by the discussion above, therefore forms an interesting target for the study
of protein aggregation. Its kinetics are most commonly studied by the addition
of labels (especially Thioflavin T, ThT), which gives aggregation timescales in
the range of tens of hours depending on concentration and condition, similar to
what is observed below in HC-PCF.F?8] At the same time, the cited study also
shows the variability of the aggregation process, exploring the effect of shear
forces in particular.

Label-free measurements on silk have been performed previously in the lit-
erature using the silk’s intrinsic fluorescence. For example, Toprakcioglu et al.
measured the kinetics of silk fibroin aggregation both via intrinsic fluorescence

and using ThT (under static conditions).2!

the literature review (Section 1.2.1).

The intrinsic fluorescence of silk (fibroin) is caused primarily by its tryptophans,

This paper was already discussed in

but their contribution and the overall fluorescence changes significantly with
aggregation, which can be deconvoluted to individual spectral features.? In this
present work, we focus on capturing the most prominent intrinsic fluorescence
peak as filtered to (357 + 22) nm, to demonstrate the general principle. Spectrally-
resolved measurements therefore become an obvious target for future work, as

this would allow the aggregation process to be tracked mechanistically.

Experimental setup

As a combined application of the techniques of previous chapters, the experi-
mental setup is substantially the same as that of[Chapter 4, with the side-excitation
added to it using the material from We describe differences and addi-
tions to these below. The resulting experimental setup is shown in

Only two of the LEDs from the side excitation setup were active due to size
constraints, irradiating ca. 5cm. Unlike in the approach of HC-PCF
access is now possible from all four sides equally, and a re-design would lever-
age this by positioning LEDs on different sides of the fibre. Alternatively, the
mechanical supports that have been added in to ensure straightness
of the HC-PCF and reduce bending losses (and associated variability) could be
removed or re-designed to give more side access to the HC-PCF.

6 Towards Monitoring of Protein Aggregation In-Situ Page 156 of 245

Aggregation

kinetics

Origins of
fluorescence in
silk

Side-excitation
LEDs



6.2 Experimental Method

Besides the addition of the 275nm LEDs from the previous side-excitation
intrinsic protein fluorescence measurements, the irradiated section was addition-
ally enclosed with reflective foil. This helped to increase both the amount and
uniformity of the LED light irradiating the HC-PCF. Furthermore, the PMT was
re-introduced to the setup, this time without fibre coupling.

Knowing that protein aggregation is affected by temperature, a temperature
probe was inserted into the enclosure. An increase in temperature is expected
from the LEDs (both convective waste heat and radiative). The local temperature
sensor was installed into the enclosure less than a centimetre away from the HC-
PCF suspended without contact to surfaces. Measurements showed that, after the
system had been pre-heated (without sample present) prior to experiments, the
temperature increased by (1.7 + 0.5) K above ambient in the experiment shown
in this chapter. The temperature environment of the HC-PCF then was around
26 °C, varying slowly with room temperature, which was measured by an ambient
temperature sensor.

The experiments in this chapter were first attempted in the same way as before,
using the camera for intensity measurements. This was seen to work well for the
initial stages of aggregation, but as the aggregating silk became both less intrins-
ically fluorescent and more absorbent, the camera began to reach its detection
limit. Hence, the system was again changed to measuring the signal with the
PMT while also imaging with the camera, both band-pass filtered as before. This
allowed measurements to carry on to later stages of aggregation. For silk before
aggregation, shows typical images obtained.

Fluorimetry was performed in a sealed quartz cuvette in a commercial right-
angle fluorimeter over one week ([Fig. 6.3)). The spectrum initially has a fluore-
scence emission peaked close to 350 nm, characteristic of tryptophan fluorescence
as expected. The narrow and comparatively weaker peak at 275 nm stems from
scattered excitation light.

As the silk solution aggregates, two spectral changes occur simultaneously,
with the resulting spectrum being a product of the two. One effect is the peak at
350 nm decreasing, while the other is an increase around 400 nm, growing first
into a shoulder of the 350 nm peak before eventually becoming a separate peak.

The inset of the figure tracks these peaks over time. After approximately 15h,
the newly-developing visible fluorescence peak overtakes the tryptophan peak

to reach a final value of around 40 % the intensity of the initial 350 nm peak.
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Fig. 6.1 Experimental setup showing how side-excitation is added to the
extinction setup from[Chapter 4 The HC-PCF, measured in trans-
mission at 365 nm, is alternatively irradiated from the side with
275 nm to excite intrinsic protein fluorescence. The enclosed area
serves to both increase uniformity and shield the deep ultraviolet

light from the experimenter.

(Fig. first referenced on p.|156))
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Dark Fluorescence Extinction
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background side-excited through-fibre

Silk fibroin protein (5 g/L) in HC-PCF
Fluorescence-filtered, intensity normalised per-image

Fig. 6.2 Multiplexing extinction and fluorescence measurements in HC-PCF.

By alternating between the methods developed in and
the intrinsic fluorescence and UV extinction of silk fibroin
protein can be measured in-situ and under flow. The silk in these
images was fresh, non-aggregated solution.

(Fig. first referenced on p.|(157))
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Fig. 6.3 Fluorimetry of an aggregating silk solution in cuvette. Aggregation
is induced in a silk fibroin solution with ethanol (5gL~!, 40 %).
Inset: The fluorescence at 357 nm and 400 nm is tracked over time,
showing the tryptophan peak (350 nm) to decrease and a new vis-
ible fluorescence (400 nm) to develop with aggregation.

(Fig. first referenced on p.|157))
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Meanwhile, the tryptophan fluorescence decreases continuously to a value below
20 % its initial value.

We have previously explained that tryptophan fluorescence is strongly depend-
ent on its exposure to the solvent. Since the solvent offers non-radiative decay
pathways (especially from collisional quenching) for excited tryptophans, and
aggregation is expected to increase burying by increasing the volume-to-surface
ratio, the tryptophan fluorescence is expected to increase with aggregation. How-
ever, the data shows the opposite trend.

Two factors can offer reasons for why this could be the case. First, while the
solvent offers non-radiative decay pathways, the aggregated structure can do
the same by coupling molecular vibrations. Second, the visible fluorescence
developing through aggregation will have a fluorescence absorption close to
350 nm, serving as an inner filter to absorb any emitted tryptophan fluorescence
and re-emit it at visible wavelengths.

From the given data, these effects cannot be separated, and for the purposes of
method development they are considered simply as indicators of aggregation
without pursuing a detailed mechanistic understanding. Further experiments
measuring both absorbance and fluorescence at different wavelengths could help
understand the contributions of these effects, which our HC-PCF experiments
would support in principle if the PMT were replaced by a spectrometer of similar
sensitivity.

UV-VIS extinction measurements were performed in a UV-grade plastic cuvette
(Fig. 6.4)). This experiment was started with the same solution prepared for the
HC-PCF experiment to run in parallel as a control. The cuvettes were covered
with parafilm to avoid evaporation for these long-term measurements. The room
temperature was measured to show no significant variations (below 3 K) over
this time.

The qualitative trend is the same as observed in the fluorimetry experiments. A
fast period of increased extinction is followed by a slow trend towards equilibrium.
However, unlike the fluorimetry results, the spectrum does not develop new fea-
tures. Instead, the extinction is monotonically increasing throughout aggregation,
and can therefore serve as an indicator of the progression of aggregation.

The increase in extinction showed a distinct slow onset at the beginning of the
measurement, then going through a fast phase, before again slowing down (while
still being monotonically increasing at all times). This results in a sigmoidal

curve characteristic of protein aggregation kinetics, which are dominated by a
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Fig. 6.4 UV-VIS extinction of an aggregating silk solution in cuvette. Ag-
. .. . . . . . . 1

gregation is induced in a silk fibroin solution with ethanol (5gL7",

40 %). Inset: The absorbance at 357 nm and 400 nm are tracked to

show similar, sigmoidal increases that are characteristic of protein
aggregation kinetics: a slow start, a fast transition, and again a slow

trend towards equilibrium. (Fig. first referenced on p.|160))

[55] By comparison, this effect was not

nucleation phase followed by fast growth.
as pronounced in the fluorimeter measurement, although a short plateau can be
seen at the beginning of the fluorimeter measurement. This suggests that the
aggregation had already started to proceed to a later stage compared with the UV-
VIS measurements. Since the fluorimeter measurements were performed with
a different sample solution, in a different laboratory using different equipment,
this variance can likely be attributed to the natural variation of silk aggregation,
as discussed in

We note that in the above cuvette measurements, and also below (especially
once the flow has stopped ), photobleaching will form a contribution to the change
in observed fluorescence, both in intensity and spectral shape. Furthermore,
tryptophan is liable to photo-ionise when exposed to ultraviolet light,[33o] which
can lead to secondary chemical reactions that possibly affect the sample’s fluore-
scence properties. The effect of photobleaching in the context of (tryptophan)
intrinsic fluorescence has been shown in the literature, such as when inspecting

[331]]

medical tissue samples,™ or giving rise to the yellow discolouration of wool

when exposed to sunlight.[332] [333]
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While a contribution of photobleaching to the observed changes in fluorescen-
ce and absorbance is certainly present, we note that the aggregation process
also results in a visible change in viscosity ultimately leading to the formation
of non-flowing hydrogels, even when samples were stored in the dark. Fur-
ther experiments performing dose-dependent fluorimetry (e.g. by scanning two
identical samples in a fluorimeter, one at a much higher interval than the other)
could quantity this effect. In flow systems, the effect is reduced by the sample
being continuously replenished.

Data collection

Collecting measurement data continuously over 60 h posed new challenges. Most
measurement equipment used did not support such long acquisition times. For
example, the PMT could only collect up to 27h = 10° s of data. It therefore had
to be manually stopped, the data saved, and restarted with a new acquisition. To
avoid this taking place during the night, the actual time the measurement was
restarted varied with the author’s schedule. When the acquisition was restarted,
this introduced a short time delay where no data points were recorded, and the
PMT and camera images incurred a small synchronisation error. However, since
the total time of these restarts were below a minute compared to tens of hours of
measurement, this effect was deemed negligible.

Next, the data taken (over 300000 data points, now in multiple files) had to be
collated. Unfortunately, the PMT software did not offer an option to timestamp
the measurements with absolute time, instead recording only time since start.
Hence, scripts were written that added offsets to subsequent data sets according
to when they were started. As noted above, the span of time during restarts was
too short to be noticeable in the plots, but we note the timestamps as 12.47, 40.24,
48.81 and 62.59h.

As expected, the PMT trace showed the signal to alternate between the extinc-
tion and intrinsic fluorescence measurements. However, as recorded, these two
measurements are not tagged as belonging to either the extinction or intrinsic
fluorescence measurement on the PMT trace. The recorded data is simply a signal
varying over time. Ideally, the PMT data would have been synchronised with
the excitation light and data points saved into two separate datasets according
to whether they belong to the extinction or intrinsic fluorescence measurement.

However, this was not possible with the existing software, and an alternate means
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had to be devised to separate unlabelled timeseries data into either fluorescence
or extinction measurements. The problem becomes evident when observing the
raw data (supplementary, [Fig. S-6)), as the signal goes through in-between states
and carries noise that prevent simple thresholding.

Instead, the PMT signal was separated into the extinction and intrinsic fluore-
scence datasets by post processing scripts. A simple approach tried initially was
to detect the edges where the PMT signal varied as a step change between the
measurements. However, this was found to not be a robust enough feature to
categorise the measurement data into extinction and intrinsic fluorescence due to
noise, and the step changes not being aligned with the time interval between data
points. Also, without success, a Hilbert transform was used to find the top and
bottom envelope of the system, but the envelope tracked the signal too closely
between state changes.

Finally, the following algorithm was devised and implemented. A state machine
records the state the system is in, i.e. whether the signal is on the low or high
level, which corresponds to extinction or intrinsic fluorescence measurements
(although the categories will switch if the signals cross over). The state is switched
IFF (if and only if) a significant (> 10 %) change in signal occurs where the run
was long enough (10s) to not be considered noise or in-between two levels. A
pseudocode implementation is given in the supplementary (Section SL3)).

This approach was found to give satisfactory results for almost the entire dataset.
Nonetheless, by statistical fluctuation, the algorithm still misdetected the state
at four points (out of over 300000). At these points, the algorithm was hard-
coded to switch to the correct state. In particular at the cross-over points between
fluorescence and extinction, the signal state (alternation between high and low
levels) becomes ambiguous and this manual intervention was necessary. For
completeness, these were at timestamps of 1.22, 2.97, 39.51 and 48.81 h.

The above allowed the shortcomings of the measurement equipment to be
overcome and measurements to be carried out. Still, to perform such long-term
measurements more frequently would demand automating all measurement
equipment, in the form of interfacing the equipment with APIs or reading out
the signals directly from the PMT, instead of using the provided measurement

software. This would be a key next step for this line of research.
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6.3.1

6.3 Results
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Fig. 6.5 Silkaggregating in HC-PCFE. All images are normalised to the same
intensity scale, except for the starred image due to much lower ex-
tinction of solvent (ethanol 40 %) compared to the protein (silk
fibroin 5gL~! in ethanol 40 %). Images are bandpass-filtered to
(357 £ 22) nm. In water, extinction is low and only weak back-
ground fluorescence is present. As the silk aggregates, its intrinsic
fluorescence decreases while extinction increases, until the trans-
mitted light drops below the sensitivity of the camera.

(Fig. first referenced on p.|164))

Results

The aggregation of silk fibroin protein was monitored in HC-PCF by in-situ mul-
tiplexed measurements of intrinsic fluorescence and ultraviolet long-pathlength
extinction. We show this through both imaging and light intensity measured by
a PMT, which were both bandpass-filtered to (357 + 22) nm.

Key experiment: Label-free monitoring of protein aggregation

via multimodal sensing in HC-PCF under flow

Images taken at different states of aggregation are shown in|Fig. 6.5/ In agreement

with the cuvette fluorimetry and extinction measurements ([Fig. 6.3|and [Fig. 6.4}

respectively), both are seen to decrease over time.

The transmitted light intensity (as an inverse measure of extinction), and the
intrinsic fluorescence, both as measured over 60 h in HC-PCF are shown in the
top graph of In the bottom graph, these two measurements are used to
calculate a dimensionless ratio of fluorescence divided by transmission, proposed
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exemplarily as a simple indicator of aggregation. Due to the large number of
data points recorded over 60 h, the data is downsampled before plotting. The
time resolution is fifteen seconds for the images, and one second of gate time for
the PMT.

Water (with ethanol added to 40 %, such that it matches the silk solution)
was allowed to flow through the fibre for over two hours prior to starting the
experiment, which also gave time for the LEDs to pre-heat the apparatus to
equilibrium temperature, besides verifying correct operation of the setup. About
an hour after starting the PMT recording in[Fig. 6.6} the flow is changed to the silk
sample, which was prepared fresh just before the switchover. Next, as the silk
displaces the solvent over the course of an hour, the transmission drops abruptly
by two orders of magnitude, while the fluorescence increases by nearly as much.

Next, both signals have a slow downward trend, approximately halving the in-
tensity over the next ca. 24 h. Interestingly, the extinction measurement shows an
overlaid periodic variation, apparently sinusoidal. Its amplitude is approximately
60 %, and its period of oscillation is around 6 h.

No definite explanation of the origin of this modulation can be given. Since it
occurs much more strongly on the transmitted through-fibre signal and not the
fluorescence signal, its origin is likely related to changes in incoupling. If its cause
were related to the outcoupling, such as blockages, it would affect both signals
equally. Furthermore, since it was not seen in the non-aggregation experiments
of the previous chapters, it is likely attributable to an effect of aggregation, rather
than the measurement setup in general.

A possible cause could be changes in the hydrodynamic properties of the
aggregating solution, which becomes more viscous, as well as forming small
aggregates of varying sizes. The syringe pump flowing the sample was a simple
teedbackless model that dispensed purely based on volume per unit time, using
a stepper motor driving a set of gears at a fixed speed. As the silk aggregates,
since the pump continued pumping the more viscous silk at fixed linear plunger
displacement speed, there might have been variations in the force applied to the
syringe. Consequently, the pressure in the system changes. Different pressures
have, in all iterations of the setup built during the PhD, been seen to strongly
affect HC-PCF transmission. This appears to be the most likely cause of this effect.
A more advanced microfluidic flow system with active pressure control could be
used to analyse these hypotheses further.
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Fig. 6.6 Silk protein aggregation measured inside a HC-PCF via fluorescen-
ce and extinction. Top: The effect of silk aggregation on its flu-
orescence (blue) and extinction (transmitted light shown in red)
are monitored in HC-PCF under continuous flow (30 pL/h) until
the increasingly viscous solution begins to stall. Bottom: Taking
the ratio of fluorescence to transmission (as an inverse measure of
extinction), a dimensionless variable indicative of aggregation is

plotted. (Fig. first referenced on p.|164))
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Another possible cause would be an air bubble growing and shrinking in
size, causing lensing effects on the in-liquid butt-coupling, in turn changing the
amount of incoupled light. However, the top reservoir was filled with ethanol to
reduce such effects. If a bubble had nonetheless been present near the incoupling,
it would have been moved away from the HC-PCF core by the flow streaming
out of it. With the flow ceasing as the pump stalls due to increasing aggrega-
tion (discussed below), this could potentially explain the periodic modulation
becoming less strong as the silk aggregates.

At around the 30 h mark, an instantaneous downward step change occurs in
both signals, although less strong in the (already much weaker) transmission sig-
nal. This could be an early large aggregate becoming loose and passing through
the system. Next, over the course of about ten hours, the fluorescence drops by
around an order of magnitude in a sigmoidal fashion (annotated in the figure).
This is in agreement with the cuvette fluorimetry data of which drops by
nearly the same relative change, on a comparable timescale. It therefore appears
that sigmoidal change is caused by aggregation within the HC-PCEF, albeit further
repeats should be performed to rule out other causes, such as aggregates passing
through the fibre or photobleaching, both connected to the stalling of the flow
(discussed below).

Notably, during this time at 38 h, the fluorescence signal becomes weak enough
to drop below the transmission signal, which is near-constant at this point, as
described before. After this cross-over, from the 40 h mark until the end of the
experiment past the 60 h mark, the fluorescence signal slowly approaches a final
limit value.

The experiments were started under continuous flow (30 pL/h), but at around
40 h, the pump stalled. The aggregation of the silk, visible in the syringe as gelling,
causes blockage of the microfluidics. This means that around this time, the flow
slowed down and eventually stopped, leading to static conditions. The exact time
cannot be specified with good accuracy, as the stalling of the pump is a gradual
process where the force applied by the pump increases until it stalls, at which
point it removes pressure on the plunger (it does not retract the plunger to reverse
flow). The pump is controlled by flow rate, not pressure, such that it does not
compensate for increased flow resistance. That the pump would eventually stall
was expected, and hence a webcam was set up to take timelapse photography of
the syringe pump to monitor its behaviour throughout the experiment. The pump

was seen to slow down and stop towards the 40 h mark. Besides substantially
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changing the experimental conditions, both for the measurement and the actual
aggregation process, this will also lead to an increase of photobleaching over
time as compared to the continuous flow system.

After the experiment had been completed, the different microfluidic compon-
ents were inspected. The silk in the syringe had visibly gelled (became more
viscous and cloudy), but was still able to be pushed out with relative ease. The
inflow tubing to the HC-PCF, however, was entirely blocked and even with manu-
ally applied pressure did not allow any flow to pass through. Bypassing this
tubing and connecting the syringe directly to the HC-PCF (with the last few
centimetres of tubing, which were separate) allowed liquid to be pushed through
the HC-PCF, suggesting it was not entirely blocked.

The conclusions from this require further study. Given the available evidence,
it appears that the inflow tubing (perhaps due to its longer length, around half a
metre) blocks before the HC-PCEF, such that the flow into the HC-PCF gradually
slows down and then stops, but the HC-PCF itself is not blocked. A possible cause
would be if aggregation happens in clumps, and when such a clump becomes
loose, it accumulates inside the inflow tubing before it can reach the HC-PCF, and
this process repeats until complete blockage of the inflow tubing occurs. Existing
studies have given consideration to the mechanisms of protein aggregation in
glass syringes for medical applications, which can serve as a starting point for
further analysis.[318]

To evaluate the usefulness of combining several different measurement prin-
ciples into a new predictive variable, an indicator of aggregation was plotted
(bottom of [Fig. 6.6]). In experimental science, one is driven to seek out unitless
measures instead of absolute (unitful) quantities, as ratios of measurements
become independent of all systematic errors or unknown effects as long as they
are shared equally by both measurands. For example, since both fluorescence and
transmission were measured by the same PMT at nearly the same time (seconds
apart), calculating a unitless ratio of the two serves to remove any slow drift of
the PMT, as long as the drift or noise is on a time scale much longer than two
adjacent measurements.

Calculated as the ratio between fluorescence and transmission, the indicator
of aggregation is meant to correct for the weakening of intrinsic fluorescence
(tryptophan peak at 350 nm) by referencing it to the absorptivity at 365 nm. The
weakening of the fluorescence is caused by self-absorption (inner filter effect)
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6.4 Discussion and outlook

from both higher scatter due to fibril formation (much larger than monomers), as
well as absorption from the newly-developing visible fluorescence (cf.[Fig. 6.3).

We want to explore the suitability of this value as a proxy for the progression
of aggregation, which is possibly more robust (as a dimensionless ratio of two
quantities with shared measurement equipment) than either of the two individual
measurements, i.e. fluorescence or transmission.

In terms of the aggregation indicator, the experiment presents itself as follows.
As the water/ethanol solvent is replaced by the silk, the indicator has a step
change over three orders of magnitude. This is due to the solvent producing
fluorescence only as a weak background, while being highly transmissive. When
the silk is infiltrated, it is comparatively highly fluorescent but not equally less
transmissive (prior to aggregation), such that the ratio increases. Next, the
indicator remains near-constant on a plateau, except for the periodic modulation
discussed before. As aggregation occurs, the indicator follows a sigmoidal curve
down, before reaching another plateau. In this way, the indicator tracks the
progress of aggregation as a dimensionless variable.

The usefulness of the aggregation indicator remains to be seen as more ex-
periments of this method are carried out. Since the transmission becomes near-
constant (with noise and slow variation) after about 24 h, i.e. very little light is
transmitted at all, the effect of the ratio becomes less pronounced. After this time,
with the denominator near-constant, the ratio closely tracks the fluorescence,
such that it could have been used on its own with only small differences.

Nonetheless, the dimensionless ratio does filter out noise and sudden jumps
which occur equally in both signals, as expected. This can be seen as small spikes
or drops in the fluorescence and transmission signal that are not present in the
aggregation indicator. Such changes that are present equally in both signals are
likely caused by alignment changes, e.g. by vibrations of the optical table, which
affect all light equally irrespective of origin.

Discussion and outlook

This concludes the final experimental chapter of this dissertation. As before, we
summarise the key findings and possible improvements to the studies presented.
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6.4.2

6.4 Discussion and outlook

Summary of findings

It was shown that the aggregation of silk fibroin protein could be monitored in
HC-PCF using a multiplexed combination of the techniques developed in the
previous chapters. Specifically, over 60 h, the extinction and intrinsic fluorescence
of the protein was measured in HC-PCF. Hence, the work of this chapter serves
to demonstrate the possibility of using HC-PCF for multi-modal biophysical
measurements over the long timescales required by protein aggregation processes,

and can serve as a starting point for further development.

Possible improvements

Due to the early stage of the experiments shown here, improvements that can be
made to the setup will undoubtedly present themselves as the system is explored
further. Rather than improvements per-se, further characterisation is required,
in particular related to the aggregation-induced flow restrictions. Nonetheless,
the experimental system offers interesting possibilities for future experiments.

As mentioned inSection 6.2.1, HC-PCFs present themselves as good candidates

to study shear induced processes such as protein aggregation. Made from rigid
glass (and not polymers, as in soft lithography microfluidics), they have excellent
hydrodynamic compliance, i.e. closely follow changes in applied pressure with
little hydrodynamic capacitance. For studying protein aggregation, it would be
of interest to run the experiments of this chapter at different flow rates, inducing
different amounts of shear. To differentiate the effects of shear forces induced by
pressure-driven flows from the effects of pressure itself, a comparison could be
made by sealing the reservoir on the top after infiltration, resulting in (nearly)

static conditions but under varying pressures.

Unlike in the horizontal, table-mounted arrangement of Chapter 3, the HC-PCF

is now mounted vertically and experimental access is unrestricted from all four
sides. This could be leveraged for a redesign of the side-excitation. Placing LEDs
on more than one side would allow an increase in excitation light intensity, while
also making the irradiation more uniform.

A limitation to this approach is the electrical and optical power of the LEDs
(convective and radiative) heating up the HC-PCF. Depending on the experiment,
instead of counteracting this effect, this could be seen as beneficial. Tests in the
current setup saw the temperature close to the HC-PCF increase by (1.7 + 0.5) K
above ambient, such that the temperature environment of the HC-PCF was
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around 26 °C. If more LEDs were added, this could be intentionally raised further
to keep the HC-PCF in the physiological temperature range around 30 to 40 °C.

Alternatively, temperature control could be added. Convective (fan-assisted)
cooling is generally disfavoured due to the vibrations induced. Thermoelectric
cooling is a solid-state solution to cooling (or heating) HC-PCF. Such a HC-PCF
stage has been built and demonstrated by the author in a Master’s project prior
to the PhD, and could be adapted to this use case.

Silk, compared to the previous protein sample BSA, has a more complex fluore-
scence signature. A visible (400nm) fluorescence peak appears with increased
aggregation, in addition to a decreased tryptophan fluorescence peak. Our HC-
PCF has a weaker but not insignificant transmission in this wavelength range of
30 % compared to its transmission peak at 350 nm ([Section 2.4.3)). Hence, both
fluorescence peaks could be captured at the same time, and their ratio over time
could be tracked. When connected with molecular dynamics simulation, the
tryptophan and visible wavelength fluorescence could be correlated to changes
in solvent exposure or burying of fluorophores, which ultimately would serve to

parametrise models of aggregation kinetics.
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7 ‘ Conclusion and outlook

The final chapter summarises the conclusions from each previous chapter, and
suggests an outlook for which findings from this PhD could be built upon in

future research.
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7.1 Summary of results

7.1 Summary of results

The first chapter reviewed the context of this work. The literature was reviewed, Chapter 1

showing a large body of relevant work, with selected works discussed in more
detail. It was seen that HC-PCF have been applied to biophysical applications
and protein detection before, but not for the label-free analysis by intrinsic protein
fluorescence or extinction, as explored in this dissertation.

In chapter two, both background theory and methods were discussed. A brief Chapter 2

introduction to HC-PCF as optofluidic waveguides was followed by microfluidic
theory and methods relevant to the later experiments of this dissertation. Cover-
ing the HC-PCF used in this dissertation completed the chapter.

As the main currently published experimental work resulting from this PhD,  |chapter 3

chapter three demonstrated experimentally how HC-PCF as optofluidic wave-
guides can be used for the label-free monitoring of proteins by their intrinsic
fluorescence. A focus was put on showing that the system can operate continu-
ously as part of a microfluidic circuit, performing measurements as a label-free
protein sensor over several hours.

After the intrinsic fluorescence measurements of the previous chapter were Chapter 4

completed, chapter four turned the attention to using the HC-PCF as a wave-
guide for the incoupled light, instead of collecting the (isotropically) emitted
fluorescence. As such, much work was devoted to designing and building a
suitable optofluidic setup that allowed continuous-flow coupling of a HC-PCF
into a microfluidic setup. This was achieved and demonstrated experimentally
by measuring silk fibril aggregates by their UV extinction.

Chapter five represented a brief excursion, exploring a question that was often Chapter 5

posed to me by potential collaborators: Instead of continuous-flow operation,
could your method be adapted for much smaller sample volumes and one-off
measurements? Or, in other words: can the advantages of a HC-PCF be combined,
at least partially, with the simplicity of well plate or cuvette measurements?
Albeit with few data points (to limit the use of available HC-PCF stock), our
results show that it is possible to fill a HC-PCF passively and then measure the
extinction of less than a microlitre of sample with a pathlength of tens of centi-
metre. Further development in the form of engineering an automated mounting
and measurement setup could take place using this chapter’s proof-of-principle

as a starting point.
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7.2 Outlook

In the final experimental chapter six, a newly-developed work in progress
on studying protein aggregation in-situ inside a HC-PCF was presented. It
combined in a multiplexed fashion the experimental capabilities developed in
chapters three and four. The aggregation of silk fibroin protein over 60 h was
monitored label-free through fluorescence and extinction. Thereby, this final
piece of work demonstrates how HC-PCFs can serve as a sensing platform, where
different experiments are carried out on the same specimen in-situ, opening up

pathways to new kinds of multimodal analysis.

Outlook

Throughout the dissertation, possible future improvements and potentials for
further development have been discussed at the end of each experimental chapter.
Here, we offer thoughts on more general points and future directions.

As this work set out to do, HC-PCF have been demonstrated for biophysical
measurements. The present work focussed on methods development, such that
its key contributions fall into the demonstration and characterisation of HC-PCF-
based techniques for the label-free measurement of biomolecules. As a more
general point, the suitability of HC-PCF as glass-based optofluidic waveguides to
work at ultraviolet wavelengths for biophysical analysis has been demonstrated
on both protein solutions and aggregates, with a view towards monitoring the
entire aggregation process in-situ. Some further avenues to continue this line of
research are explored below.

HC-PCFs, as optofluidic waveguides, can play to their unique strengths if their
waveguiding modes are used. In the present work, coupling was either uniform
(side-excitation), or optimised to be close to fundamental (through-fibre). If
modes are excited in a controlled fashion, or resolved in the measurement by
analysing the spatial profile of light, this opens up new kinds of experiments.
The Optofluidics group is actively working on enabling such lines of research.

Exciting well-defined modes in our experiments is made more challenging by
working in the ultraviolet for the same technical reasons (material absorption
and background fluorescence, plus light sources and detectors) as discussed
in Furthermore, shorter wavelengths mean shorter length scales,
putting more stringent requirements on the tolerances of (opto-)mechanics and

vibration management.
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Instead of exciting specific modes, the output light intensity distribution re-
solved into modes can be studied. If the proteins in the HC-PCF diffuse across
the core, the coupling of scattered (extinction) or emitted (fluorescence) light
to the different waveguide modes changes, and this variation in signal can be
measured as a temporal and spatial component of light intensity over time. In
turn, these can then be connected to the protein diffusion dynamics as per the
ideas discussed in[Section 2.3.2]

Time-resolved measurements are another promising direction to explore. While
not employed in the work of this dissertation, a fast (sub-microsecond rise time)
LED driver was built and tested for photochemistry experiments. It could be
employed for lock-in measurements to reduce signal noise. Even this is not
fast enough to probe the fluorescence lifetime of tryptophan (3 ns).2% Other
means of gating light or recording its variations faster could be used, or the finite
rise time of the LED subtracted if the system remains sufficiently reproducible
between measurements. However, these approaches all incur considerable system
complexity.

Another way of exploring time-resolved measurements of protein fluorescence
are fluorescence recovery after photobleaching (FRAP) experiments. The diffu-
sion of proteins can be explored through FRAP by measuring the time taken for
the irradiated region to become absorbent or fluorescent again. To learn about
and explore these ideas, a flash as used in photography was purchased, and its
acrylic windows removed. The exposed flash tube was confirmed to not only
provide very intense, very short bursts of light, but also contain large amounts of
deep ultraviolet light, which in normal use would be filtered out by the acrylic.
Initial tests of performing FRAP in a HC-PCF were done with this setup. The
challenge of this approach lies in shuttering the PMT during the flash (which
would be oversaturated by even small amounts of stray flash light), and opening
it again for measurements to commence immediately afterwards. Doing this in a
way fast enough to reach FRAP timescales was deemed infeasible without more
expensive equipment.

Further to analysing diffusion dynamics in HC-PCF, applying time-varying
electric fields to the HC-PCF can induce motion of proteins via their electric
charge, and the time-resolved motion can be studied to measure mobility. Using
the simulations of [Section 2.3.2]as a starting point, the relationship between signal
variation over time and protein mobility could be quantified. An electrophoresis

stage was built during the PhD to explore this idea, together with adding elec-

7 Conclusion and outlook Page 175 of 245

Time-resolved
measurements

Electrophoresis
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trophoresis into the above simulation, as well as finite element modelling of the
electrophoresis within the HC-PCF.

However, before effects on a system can be studied, the system itself must
tirst be understood thoroughly. Hence, the electrophoresis work, too, had to be
postponed in favour of improving and understanding the experimental system
before the effects of external stimuli could be studied as a modulation on top of
any present baseline variation. This line of research could now continue with the
improved experimental setups and knowledge resulting from this PhD.

As part of a Master’s project prior to the PhD, a thermoelectric (solid-state
heat pump) temperature control system for HC-PCF has been designed, built
and characterised. As the research presented in this dissertation moves from
methods development to new applications, more experimental control over the
sample conditions becomes desirable. In particular, temperature has an effect on
a wide range of physical phenomenon, including protein mobility, morphology,
fluorescence and aggregation, to name only a few. The more tightly it can be
controlled, the more reproducible measurements become.

Adding this temperature control to the HC-PCF experiments of this disserta-
tion would allow further investigations to be carried out. Of particular interest
would be temperature-dependent aggregation studies. Another line of research
is thermal desorption spectroscopy, which was demonstrated experimentally in
a non-biophysical context when the HC-PCF temperature control stage was built.
The equilibrium process that causes proteins to adsorb reversibly on surfaces
is temperature dependent, and by active temperature control, the amount of
adsorbed protein could be controlled. Combined with the techniques for label-
free concentration measurements demonstrated in this dissertation, the rate of
sorption can be quantified as a function of temperature, yielding insights into
protein-surface interactions and surface coverage.

Finally, perhaps the most promising direction to explore would be to enable
through-fibre coupling of 280 nm light. This was in fact one of the initial ideas
the PhD proposal was based on, but could not be attempted due to equipment
failure (see|Section 1.3)). In the later stages of the PhD, initial trials of coupling
280 nm light through a HC-PCF were conducted using the setup of
For coupling light from the 275 nm LEDs through the 25 pm multimode fibre,
only very weak excitation light could be obtained (below the calibrated photo-
diode powermeter sensitivity). The causes are primarily material absorption

in the multimode fibre, and etendue mismatch between LED emission and the
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7.3 Closing statement

multimode fibre. While this does not rule out that sufficient photon counts for the
PMT to detect the light could be obtained, the HC-PCF used in this dissertation
has a loss resonance at 280 nm, making it unsuitable for these experiments. Other
available HC-PCFs showed guidance at 280 nm observed using the now-defunct
laser, but the fibre-coupled LEDs proved too weak light source for characterising
and aligning them.

Nonetheless, with the lessons learned and experience gained from this PhD,
approaching this challenge again seems feasible now — even in the absence of a
bright 280 nm laser. The extinction setup of requires little re-alignment
after mounting different HC-PCFs, and would open up the possibility of revisit-
ing this line of research again. Since protein absorbance at 280 nm is orders of
magnitude higher than at longer wavelengths, much more dilute solutions could
be measured in extinction. At the same time, co-coupling different wavelengths
would allow the different contributions of tryptophan absorption and scatter-
ing to be separated. Finally, exciting the fluorescence by through-fibre coupling
would allow the fluorescence to be detected from the side, instead of the excitation
taking place from the side.

At the low concentrations achievable by 280 nm excitation, this then finally
connects our work back to the diffusion simulations presented much earlier
(Section 2.3.2)). Single molecule photon emissions observed from the side could
be combined, in-situ, with bulk extinction measurements that determine the
concentration of the entire HC-PCF volume. In this way, the combined ability
to measure both the bulk properties of the entire analyte, while simultaneously
being able to perform single molecule functional studies, would open up new

experimental insights into biophysical processes, label-free.

Closing statement

Thank you for reading my dissertation. Much work has been done, yet much
more remains to be done, to realise fully the ideas and research contained within
it. If you plan to use any of the data, findings, or concepts in this document, or
otherwise think I might be able to share advice, I would be delighted to hear
from you and assist as much as I can. Hence, I close by repeating once more
and wholeheartedly my invitation for you to contact me and ask questions, at
jan-heck.net/phd.
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Construction drawing of the optofluidic T butt-coupling intercon-
nect. The design was tested and subsequently rejected for lack

of degrees of freedom in aligning the two fibres relative to each

other.

Fig. S-2
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Construction drawing of an alternative version of a low dead
volume optofluidic interconnect, with different design goals and

Fig. S-3

the fibre intended to be held centrally by co-laminar sheath flow. It

was not extensively tested due to lack of time.

(Fig. first referenced on p.(125])
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Fig. S-4 Absorption spectrum of BSA (10 pM) measured in cuvette com-
pared to the excitation LED spectrum (normalised). While the LED
excitation spectrum is centred ca. 5nm below the absorption max-
imum of BSA, it is preferred over 280 nm LEDs due to its higher
power (quantified in the main text).  (Fig. first referenced on p.
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S1.2 Silk aggregates measurement data

Dilution = Ratio of PMT Ratio of PMT Cuvette
signal to water signal to water  transmission scaled
pre-sample post-sample to HC-PCF length
1 0.81 0.96 0.66
1 0.69 0.87 0.66
1 0.85 0.74 0.66
2 0.83 0.82 0.81
2 0.72 0.88 0.81
2 0.75 0.78 0.81
4 0.92 0.90 0.90
4 0.84 0.90 0.90
4 0.86 0.91 0.90
8 091 0.95 0.95
8 0.92 0.97 0.95
8 0.91 0.95 0.95
16 0.98 1.01 0.97
16 0.99 0.99 0.97
16 0.96 0.99 0.97

Thbl. si.1 Experimental data for the silk aggregates in Measure-
ments were performed as described ibid. In brief, silk aggregate
solution and water are flushed alternately through the HC-PCF,
and the extinction of the sample is calculated as the ratio of transmit-
ted light when sample is present relative to when water is flushed
through after. For comparison, values resulting if taking the ratio
with water before sample infiltration is also shown.

(Table first referenced on p.|184))
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Fig. S-5 The first of the triplicate undiluted solution of silk aggregates being
measured in HC-PCF (corresponding to the first line in [Table SL]).
Starting from water in the beginning, the undiluted solution of
silk aggregates is flown through, resulting in a decrease in trans-
mission as expected. However, as water is flown through again
afterwards, there is almost complete lack of recovery to the pre-
sample water baseline, suggesting incomplete removal of sample.
This was confirmed by microscopy to be due to gelled aggregates
forming in the HC-PCF (Fig. 4.18)) at these comparatively high con-
centrations, leading to exclusion of this triplicate measurement in

(Fig. first referenced on p.|140))
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SI.3 State machine algorithm to separate multiplexed

measurement data
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Fig. S-6 Categorising plain PMT data into different categories for multi-
plexed measurements. Since a single PMT signal measured both
the extinction and intrinsic fluorescence emerging from the HC-PCF
as a single time trace (grey dots), a method of sorting each datum
into these two measurements had to be devised. The state machine
algorithm identified these measurements and sorted them into ex-
tinction (blue) and fluorescence (red). (Fig. first referenced on p.

1 |# PARAMETERS

> |# Discard runs shorter than this as noise or as transitions between states
s |MIN_RUNLENGTH = 10

4+ |# Relative threshold to detect a step change between states

5 |MAX_VARIANCE_FRACTION = 0.1

7 |# GLOBAL VARIABLES
s |[state =1

o |k =1

10 |runlength = 0

11
1 |# MAIN

13 |# For all points k in the PMT data set y
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SI.3 State machine algorithm to separate multiplexed measurement data

while k < len(y):
# Find the fractional change from the previous datapoint
dy = y[k]/y[k-1]

if |dy - 1| < MAX_VARIANCE_FRACTION:
# Run starts or continues

runlength += 1

else:
# Run stops after $runlength steps
if runlength < MIN_RUNLENGTH:
# Discard this run as too short (noise or in-between two states)

runlength = 0

k += 1
continue
else:

# omit boilerplate code for saving the data together with timestamps

saveDataIntoCategoryWithTimestamp(y, k, state)

# toggle state

state *= -1

k += 1
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SI.4 Flows from thermal volume expansion

Generally — with some few but notable exceptions, such as water below 4 °C —
liquids expand in volume as they are heated. If the liquid remains confined in a
tixed-volume reservoir, a temperature change will therefore induce a pressure
difference to keep Nk,T' = pV constant. This pressure difference can then drive
flows.

The simplest model of this, corresponding to a first-order expansion of more  Linear model of
complete theories, apply when the temperature change d7'is small enough that ei';ea:z:n

non-linear effects are negligible. Under these assumptions, a proportionality
exists between relative volume expansion dV'/Vand temperature change d7T as

dv

Assuming perfect compliance, the volume change dV corresponds to the flow
driven through the system. With compliance in both the heated reservoir, as well
as all other liquid circuitry, the driven flow will be less than this quantity. It is
also important to note that thermal expansion occurs everywhere along the liquid
circuitry, and is balancing pressures in equilibrium. It is therefore important to

maintain stable temperatures throughout the system.

The compressibility 3 of a liquid is defined as Compressibility 3
10V
=——— 1.4.2

where the negative sign is by convention to indicate an increase in volume upon
an increase in pressure. The inverse of 3 is also known as the bulk modulus. As

the volume V of the liquid is constrained by the reservoir, we can write

dV
— = —pV. S1.4.3
= (51.4:3)

Note that this equation now considers an infinitesimal change of volume dV' Numerical
while the volume is kept constant; hence, this equation is only valid when dV' « V. example
To evaluate this assumption for our experiments, consider a reservoir of 1mL
that experiences a temperature increase of 1 K as might occur from local room
temperature variations. Assume, in a first approximation, all other parts of the

system to be at the same temperature (negligible d7'compared to the reservoir).
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Water has a volume expansion coefficient of « =2.14x 107* K™, resulting

vol, water
in a volume expansion of dV' ~ 200 nL.

This is a small multiple of typical linear fibre volumes (49nL cm™1), and of the
same magnitude as the fused silica capillary that is used for the fluidic circuitry
(ID = 150 pm, with linear volume 7 (ID/2)? ~ 180nLcm™!). Hence the effect is
large enough to drive a significant flow (but three orders of magnitude less than
the reservoir volume, validating the initial assumption that dI « Vunderlying
the calculation).

Instead of the numerical example above, by rearranging and substituting in
Eq. (S1.4.1)| we arrive at an expression which is independent of the reservoir

volume,
1dV . Aol

PETEV T T8

dr. (SL4.4)

The ratio of material constants appearing in this equation gives the pressure
change of a confined liquid upon a change in temperature, which is evaluated
for water as

j—? - —% ~ 500kPa K. (SLA.5)

This number exemplifies the immense forces that can be caused by thermal ex-
pansion of incompressible liquids in sealed containers, which are often implicated
in structural failures throughout engineering.

It is important in all of the above to distinguish between apparent and abso-
lute expansion of the liquid, where the former refers to relative volume changes
between container and contents, which are likely to have different thermal ex-
pansion coefficients.

In the above analysis, we assumed that the reservoir was fully filled, as any
trapped air would be highly compressible, thereby reducing the system’s com-
pliance, and consequently add non-linear terms to the pressure-temperature
dependence. For this reason, the outgassing of water has a strong effect on the
fluid dynamics of any microfluidic system, even if the air bubble itself does not
obstruct any flow.
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SI.5 Microfluidic device fabrication protocol

One of the most common ways to manufacture microfluidic circuits is the use of a
lithographic process to pattern a photopolymer with micrometer-sized channels,
known as soft lithography. A typical workflow protocol that was used is described

below.

Lithographic fabrication of the microfluidic master wafer Onto a Si wafer, SU-
8 photoresist (SU-8 3025, MicroChemP*) js spin-coated to a desired thickness
(which will become the microfluidic channel height), typically 25 pm. After a
soft-bake step on a hotplate (95 °C, 5min), the photoresist is selectively exposed
to UV light (365nm, 1000 mW, 30s) by use of a mask to pattern the desired
microfluidic circuit onto it.** In this negative photoresist process, the exposed
parts of SU-8 will become cross-linked, while the remainder stays soluble. A
post-bake step (95 °C, 15min) is used to accelerate this conversion. The solvent
propylene glycol methyl ether acetate (PGMEA) is used to wash away the soluble,
unexposed SU-8. This completes the creation of the wafer template known as
the ‘master’, which can be re-used multiple times for the device fabrication step
detailed below.

Fabrication of PDMS devices from master A master wafer is placed into a
Petri dish for containment. The epoxy polydimethylsiloxane (PDMS) is prepared
from a 10:1 (w/w) mixture of elastomer to crosslinker (Sylgard 184223 ), stirring
vigorously for three minutes. The ratio can be adjusted for different elastic
properties. The PDMS is then poured onto the wafer to cover it to a height of
approximately 1 cm. Being placed into a vacuum desiccator, at least 30 min are
allowed for any trapped air to gas out. The device is then transferred to a 65 °C

oven to cure for at least several hours, typically overnight.

Bonding of device to form microfluidic chips Once ready, the devices are cut
out to the desired size using a scalpel. Care is taken to cut at a shallow angle
relative to the master to avoid point contact between scalpel and master, leading
to excessive forces and breakage. Biopsy punches are used to create vertical
channels to the inlet structures (wells), to which tubing can be attached.

With the channel side facing up, the devices and thin (1 mm or less) glass

coverslips are placed into a plasma bonder (40 % power setting, 30s). This
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S1.6 Other approaches to light guidance through water

forms radicals on the surfaces, which enable covalent bonding between the two
materials. Within a few seconds of removing the tray from the plasma bonder,
the PDMS devices are pushed channel side down onto the coverslips, ensuring
even pressure over their entire surface area to ensure bonding. Failed bonding
is indicated by air bubble formation. This completes the fabrication to yield the
tinal microfluidic chip.

The Petri dish containing the master and unused sections of PDMS can now
be re-used as per the fabrication steps above. Old PDMS does not need to be
removed first. For aqueous samples, the device is first flushed with a hydrophobic
coating agent (Aquapeel) prior to use, reducing adsorption onto the PDMS and

coverslip surfaces.

Other approaches to light guidance through water

Even though practical considerations do not allow their use in our experiments,
for interest, we also give brief consideration to some other novel approaches that
enable waveguiding through water. By comparing and contrasting, they can offer

an insight into what criteria a functional optofluidic platform must fulfil. >

Water jets

While there are almost no solid materials of refractive index lower than that of
water, a stream of water (n = 1.33) in air (n = 1.00) has a large refractive index
difference of about 0.3, supporting TIR. In fact, light guided inside a stream
of water streaming out of a hole near the bottom of a water-filled bucket is a
common educational demonstration of TIR. Light, e.g. from a laser pointer, can
be seen travelling inside the stream by being totally internally reflected multiple
times.

Modern implementations using pressurised, vertical jets have been used for
fluorescence collection under UV excitation, using a solid-core fibre in the stream

for fluorescence collection.2>

Fluorescence and Raman spectroscopy are often
limited by the fluorescence background that glass or polymer materials intro-
duce, which water jets can avoid.P*] While water-based liquid jets are the most
common version, since all liquids have a refractive index higher than air, any

solvent can be used in principle.
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S1.6 Other approaches to light guidance through water

Despite being conceptually simple, there are drawbacks to the use of water-in-
air jet waveguides. They do not offer the engineering flexibility and integration
potential that silica fibres or microfluidic chips offer and, even in a laboratory
setting, the use of pumps and reservoirs makes clean sample exchange without
cross-contamination difficult, and components are prone to biofouling. Most
importantly, the formation of stable water streams requires flow rates of the order
of mLmin~!, and corresponding large amounts of sample that are not compatible
with microfluidic experiments. Possible applications are expected in power-

efficient disinfection® and high-power laser delivery for machining,[339] where
the constantly-replenished water jet is more resilient against material offshoot

and debris than solid glass materials, while also serving as the machining coolant.

Mirror-coated capillaries

In|Section 2.1.2, we saw how anti-reflective coatings can be used to reduce trans-

mission losses in an otherwise lossy waveguide. Considering this solution, one
might be tempted to suggest an ever simpler one. By coating the inside of a
capillary with some highly reflective coating, a cylindrical mirror can be formed.
A motivation to this approach is that common mirrors are made by evaporating
metals onto glass substrates, and hence such a process can rely on existing techno-
logy (e.g. chemical vapour deposition), and is not entirely infeasible. However,
in practice, achieving a coating smoothness on the size scale of A is not possible
all throughout the capillary, and the light scatters off of any imperfections. Each
scattering event after a mean free path of A ~ A decreases the light intensity to a
fraction R. The ensuing exponential decreases the intensity to a fraction R~%/4
after a distance d. Since d is macroscopic and d/A ~ 10, high losses are unavoid-
able even for the most reflective (for a given wavelength) metal coatings, with
R > 99%.134 Hence, a mirror-coated channel does not transmit light efficiently.
Nonetheless, for very large core sizes (e.g. 0.75 mm diameter for infrared laser
delivery[31] ), these approaches can be a good engineering tradeoff.

In fact, what we described as a potential waveguide turns out to be the basis
for how high-power optical beam blocks are made. A large number of flat metal
blades are arranged in parallel with a small (sub-mm) separation between them.
Any light entering the beam block in-between two blades will reflect and scatter
back and forth repeatedly, quickly attenuating away as described above. Unlike a

simple shutter, this does not deposit the beam’s energy onto a single spot, which
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S1.7 Derivation of hydrodynamic resistance

allows high-power beams to be blocked. Furthermore, almost all reflections are

away from the source (glancing incidence), preventing stray light from escaping
the beam block.

Total internal reflection by coating

While silica is of higher refractive index than water, there exists only a limited set
of solids that have lower refractive index than water.**!] Specialised amorphous
formulations of PTFE polymer (2,2-bistrifluoromethyl-4,5-difluoro-1,3,-dioxole)
have refractive indices in the range n = 1.31...1.29, slightly below water at
n = 1.33.222) This allows for TIR-based optofluidic waveguides to be constructed,
such as by coating the inside of a glass capillary with molten PTFE polymer.

4] Drawbacks of such approaches are their large diameters (250 pm) required

for coating, leading to multimode-guidance; high material costs*2; and low

numerical aperture due to the small refractive index contrast: by [Eq. (2.1.2

6t = arcsin (M) = 1.36, (s1.6.1)

MNinner

or a numerical aperture of NA = n,, - sin(§ — 0.;;) = 0.28.

Derivation of hydrodynamic resistance

S8134] ¢4 find the functional de-

Dimensional analysis is a powerful technique[
pendence between a complete set of physical variables that are known to be
dependent on each other (and only on each other).

Consider what physical quantities are expected to contribute to the hydro-
dynamic resistance along a straight channel. We will build a functional relation-
ship between the hydrodynamic resistance R}, 4 and its dependent variables until
we can use dimensional analysis to complete the relation.

Hydrodynamic resistance is the fluidic equivalent of Ohm’s law . In a fluid
flow, potential energy from a pressure differential Ap is dissipated between inlet
and outlet to drive a flow of volumetric flow rate (). Then, the channel is said to
present a hydrodynamic resistance of

Ap
Rhyd = 5 (5171)
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S1.7 Derivation of hydrodynamic resistance

From mechanics, frictional damping terms are proportional to velocity. Assum-

ing a purely axial flow, this leads to the relation
dRyyq o nu(r,0)drdfdz, (S1.7.2)

which gives the contribution of each infinitesimal cross-section dz along the
channel. Assuming translational invariance (i.e. a straight channel of invariant
cross-section), and if friction is a linear (local) phenomenon not affected by other
parts of the channel, the cross-sectional fluid velocity field v(r, #) must have no
z dependence. Then, each unit length of the channel contributes equally, and

integrating over z leads to
dRyyq o< nu(r,0)drdd - L. (S1.7.3)

For an incompressible flow, the flow rate @) along the channel must be constant.
However, this does not imply the fluid velocity v(r, #) being a constant. Instead,
since () = const,, the fluid velocity v(r, ) inside the channel must be distributed
over its cross-sectional area A, such that @ is the normalisation of v(r, ) in the

form

Q= /{ } /{g}v(r, 0) dA. (SL.7.4)

It follows that a larger area A = f{r} f{e} dA must result in a smaller integrated
flow speed f{r} f{g} v(r, 0)drdd. However, these statements and the normalisation
condition above apply to the integrated cross-section; the form of v(r, ) remains
unknown and would need to be found by solving the Navier-Stokes equations
(Eq. (2.2.3)]) under the above constraints, combined with boundary conditions
(e.g. no-slip boundary condition v(r, #) = 0 at the channel walls).

Finding v(r, #) is possible only for geometrical shapes where symmetry allows
the problem to be simplified sufficiently to yield an analytical solution. More
complicated shapes are generally solved by numerical methods. However, at this
point, dimensional analysis allows us to find the functional dependence of Ryyq
on the variables introduced so far. What remains unknown is the dimensionless

factor between the solution from dimensional analysis, and that of a full analytic
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S1.7 Derivation of hydrodynamic resistance

or numerical solution. We refer to this discrepancy as the geometrical correction

factor a, as it will be determined by the form of v(r, #), and write

R
= (L.7.5)
Rhyd

where Rﬁ;rg is the result from dimensional analysis.

Now, considering that we argued that R4 o nL/A, we find that the factor
of proportionality required to satisfy this equation using dimensional analysis.
Denoting the dimension of a quantity by [],

[Riga] = [ %] (SL7.6)

mass mass “ b _an©
————— | =1-(————— | -(length)” - (length 7.7

<length : time) <length : time) (length) ( engt ) (817.7)
Solving for the minimal coefficients a, b, ¢ yields the proportionality for hydro-

dynamic radius, i.e. the result from dimensional analysis,
Rim =nLA2. (SL7.8)

We also note that for some simple shapes, R4 can be found analytically. For
example, a cylindrical capillary has

8
Rhyd,O = 7—TT]LT'74, (8179)

in agreement with our result up to a small numerical factor. In general, any other
arbitrary shape can be treated numerically, e.g. using finite element modelling
(FEM). However, for building an intuition, analytical solutions are of higher
value.

For shapes that are more complex, a useful indicative measure of hydrodynamic

resistance is a dimensionless ratio known as compactness, defined ast¥l

o (channel circumference)?

S1.7.10
channel area ( )

For example, the compactness of a square is C; = 16, and that of a circle C, = 4.
In general, shapes can have non-constant compactnesses, e.g. C = 4(a+b)?/(ab)
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S1.7 Derivation of hydrodynamic resistance

for a rectangle. Higher compactness correlates with higher hydrodynamic res-
istance, with circles being the most compact and of the lowest hydrodynamic
resistance.

Even more complicated shapes can still be treated analytically by use of per-
turbation theory if they are similar enough to shapes for which R, 4 is already
known. Where this is possible, a geometrical correction factor o can be assigned
to the new shape relative to a base measurel® such that a = Ryya/(nL/ A?). In
other words, «a is the dimensionless correction factor between the hydrodynamic
resistance Rhyd = (nL/A?) found independent of any geometry (which can be
done with dimensional analysis), and the perturbed shape of interest. A series
expansion of a in terms of C'and the perturbation parameters then allows the

hydrodynamic resistance to be found.

Deriving the hydrodynamic resistance via a harmonically perturbed circle

A particular shape for which « can be found is a harmonically perturbed circle.2*]

We define this shape in polar (r, f) coordinates by the equations (adapted from
[345])

r=7(1+6,sin(k0)) (sL7.11)

6 e 0, 2n], (S1.7.12)

where 7 is the mean radius (equal to that of the unperturbed circle), & is the
number of perturbations along the circle, and 9, is the relative perturbation
amplitude, such that (1 + 6,.) r are the maximal radii.

In we overlay a harmonically perturbed circle on top of our fibre
geometry, showing that the perturbed circle is nearly congruent with the hollow
region between the capillaries, except for small regions that will not contribute
significantly due to their high surface-to-volume ratio. For simplicity, we will
refer to this region as the core for this microfluidic analysis, in contrast to the flow
through the five outer capillaries. Note that in other sections of this report, the
term ‘core’ is reserved to the central inscribed circle.

We are now in a position to approximate the hydrodynamic resistance of our
whole fibre without resorting to numerical simulation. The full fibre geometry is
assembled as a set of parallel liquid interconnects, i.e. the harmonically perturbed

circle and a set of five identical cylindrical capillaries.
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Fig. S-7 A harmonically perturbed circle overlaid on our fibre channel geo-

metry. The overlay is defined by the [Eq. (S1.7.11)|, with parameters
k =5 and 6, = 0.2. The free parameter r was scaled for best fit to

the fibre geometry. (Fig. first referenced on p.

Following the analysis of [345] adapted to our particular geometry, we find a
compactness of

C =4+ 2n(k? — 1)62 ~ 13.5, (s1.7.13)

and a geometrical correction factor

8 3_k
-_° o_38
11k iy

o +0(64) ~ 19. (S1.7.14)

Hence, for the perturbed circle,

nL

Rhyd, core — & Rﬁ;’rg = Ea (51715)
from which we find the hydrodynamic resistance per unit length as
an
Rhyd, core/L = @ (S1.7.16)

For our HC-PCF with C' = 19, r = 30 pm and filled with water, this evaluates to

Riyd, core/L = 0.4Pa/(cm - nL/min). (s1.7.17)
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However, the five capillaries offer additional flow paths to the fluid, thus the
flow rate through the core is less than this number. We will treat the capillaries
as circles with a radius of 25 um (Fig.[2.4). The analytical result for the flow
resistance of a circular channel yields

R
Do 814 1Pa/(em - nL/min). (s17.18)
L mrd
There are five capillaries in parallel, so that their combined flow resistances add
as1l/R=> 1/R,; to

Rhyd, capillaries

T ~ 0.22Pa/(cm - nL/min). (S1.7.19)

Comparing the five capillaries and the core, we find the core—capillary flow
rate ratio of

Qcore _ Rhyd, capillaries ~ 0.55, (51.7.20)

Qcapillaries Rhyd, core

which could be termed the bypass ratio if sensing happens predominantly in the
core, meaning that for every volume of fluid traversing the core, 1/0.55 = 1.8
traverse the capillaries instead.

Finally, we openly admit that for the HC-PCF used in these experiments, which
closely approximates individual circles in its geometry, the above derivation is not

far from being a rounding error on the back-of-the-envelope approximation that

would have been found by simply treating it as a circle (using R4 o = 8nL / mrt).

However, the above remains as a demonstration of the power of perturbation
theory, and could quickly be adapted to other HC-PCF geometries where more
microstructure exists.

As expected from the r~* scaling of hydrodynamic resistance, the combined
tflow resistance of the five capillaries and the core is only 65 % higher than the
core alone, despite the capillaries contributing 3.5 times as much cross-sectional
area (and hence linear volume).

To illustrate this number from an experimental perspective, consider how

atmospheric pressure drops with increasing altitude by approximately 11.3 Pa/m.

If the fibre ends differ in elevation by about 60 mm, gravity would drive a flow
of 1nL/(min - cm). In practice, this would require the outflow facet to be free of
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S1.7 Derivation of hydrodynamic resistance

back pressures, in particular from surface tensions by droplets that form. Surface
tension is the reason a filled fibre is not seen to leak when held vertically.

Similarly, another first comparison for this figure is the observation that a drop
of liquid left the fibre every few seconds when applying pressure with a syringe.
Neglecting the flow resistance of all other tubing in the first instance (since
tubing diameter/fibre channel diameter ~ 5), a typical manually-applied force
mg = 0.5kg - g pushing on a small glass syringe (plunger diameter d = 1cm)
would result in a flow rate of

Q= (%) L ”292 ~ 4pLmin~! (sL7.21)
(%)
through a 10 cm piece of fibre. The droplets were about 1 mm in diameter, such

that they each have a volume of 373 ~ 0.5 pL. Hence, Q ~ 8 drops per minute

or one drop every 8s, confirming the observation.
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,Hier konnte niemand sonst Einlaf erhalten, denn dieser Eingang war nur fiir
dich bestimmt. Ich gehe jetzt und schliefse ihn.” — Franz Kafka, Der Prozefs, 1925

The End.
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