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Abstract

Biosensing is one of the most important current areas of research with the COVID-
19 pandemic highlighting the need for easy to use, reliable, and portable biosensors.
Whispering Gallery Mode (WGM) lasers have been a popular choice for biosensing
research due to their capability for label-free sensing, rapid detection response, high
sensitivity, and high signal to noise ratio when operating above the lasing threshold.
Colloidal Quantum Dots (CQDs) are an important class of new material and are at-
tractive for use in lasers due to their high density of states, high photostability, and high
quantum yield. In 2018, the fabrication of microspheres consisting entirely of CQDs,
called supraparticles (SPs), which could demonstrate WGM lasing was first published
and inspired a new area of research due to their promising use as tiny lasers. In this
work, the focus was on the use of these CQD supraparticles (SPs) as laser biosensors
because the microscale size of these SP lasers would enable their integration into a mi-
crofluidic chip to create easy to use and portable devices. First, the fabrication of these
SPs was achieved using an emulsion templated fabrication, along with two additional
variants, yielding SPs with laser thresholds as low as 4.1 4+ 0.4 mJ/cm? under free
space excitation. To be able to use these SPs as laser biosensors, SPs were modified
with the protein Neutravidin and a DNA aptamer with 15 bases called the Thrombin
Binding Aptamer (TBA-15). Both Neutravidin-coated SPs and TBA-15 coated SPs
(TBA-SPs) retained lasing functionality post- functionalisation with thresholds of 25.1
+ 3.5 mJ/cm? and 19.8 + 2.7 mJ/cm?, respectively. Finally, a crude study to demon-
strate biosensing capabilities of TBA-SPs for the protein thrombin in solution, with a
possible detection limit around 1.5 mg/mL. This is an exciting new development which

can act as a platform for further study and to create a lab on a chip sensing device.

ii



Contents

Abstract

List of Figures

List of Tables

List of Abbreviations

Acknowledgements

Mitigating Circumstances

1 Introduction

1.1
1.2
1.3

14

1.5

Aims and Objectives . . . . . . . ...
Motivation and Rationale . . . . .. .. .. .. ... ... .. ...
Colloidal Quantum Dots . . . . . . . . . ... .. ... ... .......
1.3.1 Background . . . . . .. ...
1.3.2 Lasing in Colloidal Quantum Dots . . . . . . .. ... ... ...
Whispering Gallery Mode Resonators . . . . .. ... ... .......
1.4.1 Background . . . . . .. ..o L
1.4.2 Synthesis and Structure . . . . . . ... ... oo
1.4.3 Applications in Biosensing . . . . . . . . . ... ... ... ...
Surface Functionalisation of CQDs . . . . . . . . .. ... ... ... ..
1.5.1 Ligand Exchange . . . . . . . ... .. ... ... ..
1.5.2 EDC/NHS Coupling . . . . . ... ... ... ... ... .....

iii

ii

vi

xii

xiv

XV

co w W N



Contents

1.5.3 Other Methods . . . . .. ... ... ... ... ... ... ... 40

1.5.4 DNA Aptamers . . . . . . . . . . .. 43

1.6 Conclusion . . . .. .. . . 45
References . . . . . . . . . 46
2 Materials and Methods 69
2.1 Introduction . . . . . . . . . . 69
2.2 Materials . . . . oL 69
2.3 Synthesis of CQD Supraparticles . . . . ... ... ... ... ... 70
2.3.1 Standard Emulsion Method . . . . . ... ... ... ....... 70
2.3.2 Three-surfactant Method . . . . . . .. ... ... ... ..... 70
2.3.3 Surfactant-free Method . . . . . .. ... ... L 71
2.3.4 Characterisation . . . . . . . .. ... 71

2.4 Surface Functionalisation of Supraparticles . . . . ... ... ... ... 71
2.4.1 Silica Shell Growth . . . . .. ... ... o0 L 71
2.4.2 Ligand Exchange with MPA . . . . . . . ... ... ... ..... 71
2.4.3 Neutravidin Functionalisation . . . . . . . . ... ... ... ... 72
2.4.4 DNA Aptamer Functionalisation . . . . .. ... ... ... ... 72
2.4.5 Characterisation . . . . . .. .. .. L 0o 72

2.5 Optical Characterisation . . . . . . . . . . . . . . ... ... ... .. 73
2.5.1 Optical Pumping Setup . . . . . .. .. .. ... ... ...... 73
2.5.2 Determination of Threshold . . . . . .. ... ... ... ... ... 73

2.6 Biosensing . . . . . ... L 75
2.6.1 Optical Setup . . . . . . . ... 75
2.6.2 Procedure . . . . . .. 76

2.7 Conclusion . . . . . . . . 76
References . . . . . . . . . L 76
3 Fabrication of Self-Assembled Lasers 80
3.1 Overview . . . ..o 80
3.2 Emulsion Methods . . . . .. .. .. . o 80

v



Contents

3.2.1 Standard Emulsion Method . . . . . . . ... ... ... ... ..
3.2.2  Other Emulsion Methods . . . . . ... .. ... .........
3.3 Optical Measurements . . . . . . . . .. ...
3.4 Conclusion . . . . .. . L
References . . . . . . . . .

4 Surface Functionalisation

4.1 OVerview . . . . ..o
4.2 Functionalisation with Neutravidin . . . . . .. ... ... ... .. ...

4.2.1 Comparison of SP Fabrication Methods . . . ... ... .. ...
4.3 Functionalisation with a DNA Aptamer . . .. ... ... ........
4.4 Optical Measurements . . . . . . . . .. .. . o
4.5 Conclusion . . . . . . . ..
References . . . . . . . . .

5 Biosensing
5.1 Overview . . . . . oL
5.2  Optical Setup and Characterisation . . . . . . . .. ... ... ... ...
5.3 Thrombin Sensing . . . . . . . . ...
5.4 Future Work . . . . . ..o
5.5 Conclusion . . . . ..
References . . . . . . . . . L

6 Conclusion

Appendices

A Data
A1l Chapter 3 . . . . . . . . . e
A2 Chapter4d . . . . . . .
A3 Chapter 5 . . . . . .

93
93
93
100
106
112
117
119

125
125
125
129
135
136
138

143

146



Contents

B List of Publications
B.1 Written Articles

B.2 Oral Presentations

vi



List of Figures

1.1
1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

1.11
1.12

1.13
1.14

Electronic structures of a bulk semiconductor and a Quantum Dot. . . .
Absorbance and photoluminescence spectra of the Colloidal Quantum
Dots used in thiswork. . . . . . . . . .. .. ... ... . ...

Effects of a core/shell structure on the properties of colloidal quantum

Biexciton properties of core/shell Colloidal Quantum Dots with varying
shell thickness. . . . . . . . . . . L
Schematic of a Whispering Gallery Mode propagating around a sphere.

Free energy profiles of emulsions with and without surfactants. . . . . .
Tllustration of the standard PVA emulsion method for supraparticle self-

assembly. . ... oL
Illustration of face centred cubic and hexagonal close packing crystal
structures. . . . . ..o Lo e
Mustration of the mechanism by which different physicochemical effects
can affect SP self-assembly. . . . . . .. ... 0oL
PL emission spectra characteristics of the first reported self-asssembled
CQD SP laser. . . . . . . . . e
Schematic of the thrombin biosensing mechanism with an SP laser. . . .
Microfluidic chip used for in-situ surface functionalisation and biosensing
experiments. . . . . ... ... e e
Images of a Whispering Gallery Mode Laser within cells. . . . . . . . ..
Schematic of how different types of ligands bind to a CQD surface. . . .

vii

10

11

14

15

16

18

20
23

26
28
34



List of Figures

1.15 Reaction mechanism for the exchange of oleic acid with 3-mercaptopropionic

1.16

1.17

1.18

2.1

2.2

3.1

3.2

3.3

3.4

3.5

4.1
4.2
4.3

4.4

4.5
4.6

acid on the surface of CQDs within SPs. . . . . . . ... ... ... ...
Effect of ligand length and temperature on the thermodynamics of ligand
exchange on Quantum Dots. . . . . . . . . . ... ... L.
Reaction mechanism for EDC/NHS coupling between MPA coated SPs
and the thrombin binding aptamer TBA-15. . . . . . . . ... ... ...

Structure of TBA-15 and the two types of binding to Thrombin protein

Illustration of the micro-PL setup used for the optical characterisation

Size distributions and average diameters of SPs produced using the
standard emulsion method with PVA and SDS surfactants. . . . . . ..
Size distributions and average diameters of SPs produced using PVA,
Three-surfactant, and the Surfactant-free method. . . . . ... ... ..
SEM images of SPs fabricated using the PVA, Three-Surfactant and
Surfactant-Free emulsion methods. . . . . . . ... ... 0000
PL Spectra and Laser Transfer Function plots of single PVA-, 3S-, and
SF-SPs. . . . . e
Box plots of SP laser diameters and thresholds of all PVA-, SF-, and
3S-SPstested. . . . . . ...

Scheme for the surface functionalisation of SP lasers with Neutravidin. .
FTIR Spectra of OA-, MPA-, and Neutravidin- SPs. . . . .. ... ...
Size distributions and average diameters of OA-, MPA-, and Neutravidin-
SPs.
SEM micrographs of SPs after each step in the Neutravidin functional-

isation procedure. . . . . . .. L. Lo

FTIR Spectra of SPs made using the PVA and Surfactant-free Methods.

SEM micrographs of Neutravidin-SPs assembled using the PVA, Three-

surfactant, and Surfactant-free methods. . . . . . . . .. ... ... ...

viii



List of Figures

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15
4.16

5.1

5.2

5.3

5.4

9.5

Al

Size distributions and average sizes of SP samples fabricated using dif-
ferent emulsion variants before and after surface functionalisation with
Neutravidin. . . . . . . . . . . e e 104
Chemical structures of surfactants used in the PVA and Three-surfactant
method. . . . . . . 106
Reaction scheme for the surface functionalisation of SP lasers with TBA-15.107
FTIR Spectra of OA-, MPA- and TBA-SPs. . . . . .. .. ... ..... 108
Size distributions and average diameters of PVA-OA, -MPA, and -TBA
SPsamples. . . . . . .. 110
SEM micrographs of samples and individual SPs at each aptamer func-
tionalisation step. . . . . . . . . L. 111
PL spectra and laser transfer function plots of SPs after each step in the
Neutravidin functionalisation procedure. . . . . . . . .. ... ... ... 112
Optical characterisation of SPs fabricated using different methods before
and after surface functionalisation. . . . . . . . ... ... ... ... .. 114
PL spectra and laser transfer function plot of OA-, MPA-, and TBA-SPs.116
Box plots of SP laser diameters and thresholds for all OA-, MPA-, and

TBA-SPs tested. . . . . . . . . . . . ..o 117
Image of the optical setup built for biosensing tests. . . . .. ... ... 127
Schematic of the setup used for knife-edge measurements. . . . . . . . . 128

Beam waist measurements used to calculate the beam spot size for the
biosensing setup. . . . . . ... Lo Lo 129
Biosensing plots of the changes in laser signals over time at three different
Thrombin concentrations. . . . . . . .. .. ... ... ... 131
Biosensing plots of the baseline corrected wavelength shifts over time for

1.5 and 5 mg/mL concentrations of thrombin. . . . . . . ... ... ... 134

Biosensing plots of the changes in laser signals over time for 5 mg/mL

thrombin. . . . . . . . . e 150

ix



List of Figures

A.2 Biosensing plots of the changes in laser signals over time for 1.5 mg/mL

thrombin. . . . . . . . . e



List of Tables

1.1
1.1
1.1

4.1

4.2

4.3

5.1

Al

A2

Summary of different types of biosensors within literature. . . . . . . . . 30
Summary of different types of biosensors within literature. . . . . . . . . 31
Summary of different types of biosensors within literature. . . . . . . . . 32

Zeta potential measurements for the Neutravidin surface modification of
SPs. e 97
Zeta potential measurements for the Neutravidin modification of SPs
fabricated with the three different emulsion variants. . . . . . . . .. .. 101

Zeta potential measurements for the surface functionalisation of SPs with

Measurements of diameter and laser thresholds used for ANOVA of SPs
fabricated using the three different emulsion methods. . . . . . . . . .. 146
Measurements of diameter and laser thresholds used for ANOVA of SPs

after each step in the fabrication and surface functionalisation procedure. 147

pal



List of Abbreviations

3S-SP
ANOVA
AR
BSA
CcQDb
DMF
EDC
FTIR
FWHM
HEC
LoD
LTF
MPA
MPA-SP
Neut-SP
NHS
OA
OA-SP
Oo/W
O/W/0
PBS
PDMS
PL

Supraparticle synthesised using the 3 Surfactant Method

Analysis of Variance
Auger Recombination
Bovine Serum Albumin
Colloidal Quantum Dots
Dimethyl Formamide
N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide
Fourier Transform Infrared Spectroscopy
Full Width Half Maximum
Hydroxyethyl Cellulose
Limit of Detection
Laser Transfer Function
3-Mercaptopropionic Acid
MPA-capped Supraparticle
Neutravidin-capped Supraparticle
N-Hydroxysuccinimide
Oleic acid
Oleic acid-capped Supraparticle
Oil-in-water Emulsion
Oil-in-water-in-oil Emulsion
Phosphate buffered saline
Poly(dimethyl siloxane)

Photoluminescence

xii



Chapter 0. List of Abbreviations

PVA
PVA-SP
QCE
SDS
SF-SP
SEM
SP
TBA-15
TBA-SP
TIR
WGM
W/0
W/0/W

Poly(vinyl alcohol)
Supraparticle synthesised using the Emulsion method
Quantum Confinement Effect
Sodium Dodecyl Sulfate
Supraparticle synthesised using the Surfactant Free method
Scanning Electron Microscope
Supraparticle
Thrombin Binding Aptamer containing 15 bases
Supraparticle capped with Thrombin Binding Aptamer
Total Internal Reflection
Whispering Gallery Mode
Water-in-oil Emulsion

Water-in-oil-in-water Emulsion

xiii



Acknowledgements

First and foremost I would like to acknowledge Dr. Nicolas Laurand for granting
me the opportunity to conduct this PhD. I would also like to thank him for his endless
patience, fantastic advice, and kind and relaxed approach to academic research and
supervision. Even with the difficult start during the pandemic, his skill for transmitting
support, knowledge, and guidance through a single zoom call remains unmatched. I
would also like to thank Dr. Charlotte Eling without whom I could not have got
through this PhD, she is truly a fantastic researcher and colleague who is always ready
to give out advice and guidance whenever it is needed.

I would also like to thank our research group. It has been a pleasure to work with such a
collaborative, open, and supportive group of people, particularly as moving to a whole
new city (and changing subjects!) is quite a daunting experience. I am specifically going
to name and shame Dillon Downie, Emma McCormick, and Becca Craig because the
daily coffee and chaotic chat was an integral part of my PhD experience and certainly
kept me (and I think all of us) going through the more frustrating research periods.
To my parents, Meg and Aidy, thank you again for all of the support you have shown
me throughout this PhD and beyond. My mam in particular for the good natured
nagging at the final push to finish this thesis. To my dad, I hope this thesis acts as
a sufficient replacement for getting a real job. To my partner Reece, thank you for
putting up with me, moving to Glasgow, and showing up daily to provide all the love
and support I could ever need. To our cat Terra, thanks for the 6 am wake ups and
near constant yelling while writing this thesis.

Finally, to my grandfather Tony Edwards for showing me that common sense is not a

requirement to complete a PhD.

Xiv



Mitigating Circumstances

This project was started in October 2020 during the COVID-19 pandemic. This
meant that due to lockdown restrictions and workplace capacity restrictions, the labor-
atory work detailed in this thesis could not begin until August 2021. After 2021, it
took another few months for these restrictions to ease further, meaning that for that
period of time the laboratory could only be accessed for up to two days a week due
to five people needing to conduct their own experiments. The majority of time during
this PhD was spent working on the different methods of producing SPs and developing
the subsequent surface functionalisation procedure. Building the optical setup for the
biosensing tests along with the experiments themselves was done towards the latter 6
months of the project, with other delays due to the pump laser (along with the backup)

breaking down for 2-3 months and needing to be sent away for repairs.

XV



Chapter 1

Introduction

1.1 Aims and Objectives

The main aims and objectives of this PhD was to be able to produce self assembled
supraparticle microlasers using emulsion templated self assembly, and be able to suit-
able alter the surface chemistry to be able to use these SPs in sensing applications.
A further original aim was to be able to integrate these SP microlasers into optical
substrates, with creating flexible, wearable devices as a possible goal. The objectives
of this project did evolve as more time was able to be spent in the laboratory where
the main goal ended up being focused on demonstrating successful surface functional-
isation, which took longer than expected due to difficulties with the stability of SPs
in buffer solutions and at higher pHs required for EDC/NHS coupling in addition to
some difficulties collecting suitable characterisation data. Initially, the idea was to
functionalise the SP surface with Neutravidin to be able to exploit the avidin-biotin
interaction for the sensing mechanism, however limiting the size of molecules attached
to the surface of SPs became a concern, meaning this objective altered to functional-
ising SPs with a DNA aptamer using EDC/NHS coupling. Before this research, surface
functionalisation of SPs such as these had not yet been demonstrated and makes this a
scientific contribution that can act as a platform from which functional laser biosensors
from these SP microlasers could be developed. In terms of demonstrating successful

biosensing, this goal was not fully realised, with these experiments would requiring an
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improved design, for example encasing SPs in a small chamber within a simple micro-
fluidic cell to be able to introduce different sample solutions more effectively and obtain

more stable PL spectra.

1.2 Motivation and Rationale

For decades, the development of rapid and reliable testing for cancer and various
other diseases has been a major research focus, particularly as a result of the pandemic
and the longer waiting time for diagnoses. As a result of growing healthcare needs both
nationally and globally, biosensing is a huge area of research potential and innovation.
A recent innovation in photonics with the potential for biosensing is the fabrication of
optically active microspheres constructed entirely of colloidal quantum dots (CQDs),
hence the name supraparticle (SP) lasers. [1] These SPs could be used as tiny lasers
in solution and in lab on a chip configurations. These microsphere lasers work using
whispering gallery modes (WGM), where the high refractive index of the CQDs that
make up the microlaser comparative to the surrounding environment means light can be
‘captured’, then travels around the equator of the cavity through total internal reflection
and becomes in phase with itself to produce whispering gallery modes. As a result of
the CQDs acting as both the resonant cavity and the gain medium, these microspheres
can act as tiny, free floating laser which can be optically excited by a remote light
source rather than the precise excitation usually required for passive whispering gallery
mode resonators in photonics. The strong resonances produced by WGMs in such
small volumes enhance light-matter interactions and through their evanescent field
are very sensitive to changes at the surface and immediate surrounding environment
of WGM resonators, making them suitable for sensing applications. In addition to
the high sensitivity that can be achieved using WGM sensors, the ability to pump
these lasers from a remote source opens up new possibilities for creating microscale
biosensing chips with multiple microsphere lasers being excited simultaneously to sense
for different biomarkers that may be present in single samples, for example testing for
multiple protein biomarkers that may be present in blood. Using WGM microsphere

lasers made entirely out of CQDs also streamlines and simplifies the cavity production
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process which, until now, has meant fabricating the cavity, then incorporating the
optically active gain medium into the cavity separately - a less efficient strategy that
can also limit the optical performance of such microsphere lasers. At time of writing, no
literature has been published demonstrating the use of self-assembled CQD microsphere
lasers for biosensing. In this context, this thesis investigates colloidal quantum dot
supraparticle microlasers and their bio-functionalisation with the aim to assess and
progress their capability for biosensing. The rest of this Chapter gives an overview of

the key concepts, elements and state-of-the-art research within this field.

1.3 Colloidal Quantum Dots

1.3.1 Background

Quantum dots (QDs) are semiconductor nanocrystals with a diameter in the order
of a few nanometres that were first synthesised in the 1980s. Due to their size, QDs
exhibit quantum confinement in all three dimensions which gives QDs unique physical,
electronic and optical properties. One of the most well documented properties is the
ability to alter the band gap, and from that the emission wavelength, by controlling
the size of the crystal which allows QDs to be used in a wide variety of different
optical applications. Since the first publication regarding QDs, there has been tens of
thousands of articles published on QDs as they are an important class of new material
with huge scope for future applications. [2] The importance of these nanocrystals was
further acknowledged in 2023 with the Nobel Prize in Chemistry awarded to Yekimov,
Brus and Bawendi for their discovery of QDs and the Quantum Confinement Effect
(QCE) [3,4] and development of colloidal quantum dots (CQDs). [5]

High temperature colloidal synthesis of quantum dots was developed to create mon-
odisperse colloidal quantum dots (CQDs) with a high level of control over the resulting
size of the CQDs produced. This simple and scalable method paved the way for wide-
spread studies on the properties and applications of CQDs with CQDs now readily
available from a variety of different suppliers in a full range of colours. [6] Another

class of QDs are epitaxial quantum dots that are synthesised using epitaxial crystal
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growth where thin crystal layers are formed on top of a thick substrate. [7,8] CQDs
are, in many cases, the favoured class of QD because of the low cost further solution
processing capabilities, and the resulting crystal being better quality for optical ap-
plications. [8] By altering the conditions of the colloidal synthesis, alternative CQD
structures can be obtained, including nanorods [9], dumbbells [10], nanoplatelets [11],
and even tetrapods. [12]

QDs are also attractive for use in lasers due to their high density of states, lower gain
temperature dependence, high quantum yield and great photostability. [13] Achieving
the population inversion required for lasing proved more complex in CQDs than ori-
ginally thought with stimulated emission only being reported for the first time in 2000.
Since this demonstration, research into CQD lasers has increased dramatically due to
the potentially superior laser performance with lower thresholds and low-cost solution
processability. CQD lasers have a huge scope for future applications in photonic cir-
cuits, ultrathin and flexible displays, and sensing. [14] Until recently, using CQDs as
gain material for lasers has involved separate fabrication of the lasing cavity using
expensive top down methods, such as lithography, and the resulting cavity is often dif-
ficult to manipulate. Fabricating lasers on a microscopic scale with few defects is also
challenging when using a top-down approach. A recent development in the field of CQD
lasers has been the bottom-up fabrication of spherical supraparticles (SPs) through an
emulsion technique where the SP acts as both the lasing medium and the cavity to
demonstrate whispering gallery mode (WGM) lasing which is extremely promising for
sensing applications. [1]

QD nanocrystals are comprised of hundreds to hundreds of thousands of atoms that
display a mixture of solid-state and atomic properties due to their mesoscopic scale and
are often referred to as artificial atoms. Due to the quantum confinement effect, the
wavelength of light emitted and absorbed from CQDs depends on the radius of the crys-
tal. [15] Confined structures are classified by dimensionality. In the case of CQDs, elec-
trons have no degrees of freedom, or experience confinement in three dimensions, there-
fore CQDs are classed as O-dimensional structures. This means the motion of the elec-

tron in the CQD is localised within the nanocrystal, resulting in the breakdown of con-
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tinuous energy bands of a bulk semiconductor into discrete, quantised energy levels. [7,
15]

This phenomenon is known as the

quantum confinement effect (QCE) and A L =2n=1

explains why the optical properties of 1pe

L=1n=1

QDs depend on the size of the crystal.  Conduction A Ise| o=
band b ate

When an electron is excited from the T

ground state to an excited state, a posit- E,

ively charged ‘hole’ is formed in the state

that the electron had previously occu- T t\ ) : - ™ =0, n,=1
pied. In nanocrystals, the electron and pand % ™ =1, =1
Y 1
hole are physically close enough to each A h=2nm=1
— ldh —

other to experience coulombic attraction

Figure 1.1: Electronic structure of a bulk
semiconductor (left) and the electronic
known as an exciton. The Bohr radius of structure of QDs with electronic transitions
between the electron and hole states that

can be calculated using equation 1.2. Re-
interaction between the electron and hole produced with permission from [6].

and can be therefore treated together —
an exciton is determined by the coulomb

that make up the exciton. [2,15] QCE is

exhibited in nanocrystals because at this size, the crystal is comparable to the de Broglie
wavelength of the electron and hole wavefunctions and the Bohr radius of the excitons.
Calculating the spacing and value of the energy levels in a QD cube can be done using

the particle in a box model giving the equation:

272 2 2 2
mhe [(n n n
E(ng,ng,n,) = — | =+ 24+ =2 1.1

(n, 1) 2me<d% d%, d? (1.1)
where m, is the effective mass of an electron and n,, n, and n, are the integer quantum
numbers specifying the quantized levels in three dimensions. Adapting and simplifying
this equation for spherical dots by using spherical polar coordinates and solving the
radial Schrodinger equation generates equation 1.2 below, showing that electron energy

levels are proportional to % , which demonstrates the relationship between the energy
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levels and the radius of the CQD nanocrystal. C,,; is a constant and these values for the
bound states in a spherical QD can be found within literature. [7] Quantum numbers n
and [ of the electronic states in QQDs are shown in Figure 1.1, along with corresponding

allowed transitions. [7,15,16]
" om. R2

(1.2)

For absorption spectra, the particle in a box model can also be used to obtain an expres-
sion for the absorption edge which is the energy difference between the first confined
states of the electron and hole, corresponding to the transition with the shortest arrow
in Fig. 1.1:

— Eeg (1.3)

where g is the exciton reduced mass, dogp is the diameter of the CQD, E, is the
bandgap of the bulk material and FE., is the exciton binding energy. This equation also
demonstrates the relationship between the energy of the absorption edge and the CQD
size. [7] It is also important to note that the fluorescence of CQDs can also be tuned
by altering the crystal diameter. Fluorescence in CQDs mostly comes from the lowest
transition, however there is a Stokes shift, as shown in Fig. 1.2. This Stokes shift arises
from the energy difference between bright and dark excitons, arising from the excitonic
fine structure of the lowest transition and spin selection rules. [17]

The electronic properties of CQDs can be improved by coating the surface with a
layer of an inorganic semiconductor that has a wider bandgap which can passivate the
CQD surface and prevents electrons or holes being trapped in the orbitals of otherwise
unsaturated surface bonds. Surface passivation increases quantum yields because when
electrons and holes are less likely to be trapped at the surface, the probability of
radiative decay occurring increases. The shell also acts as a physical barrier which
makes the CQD less prone to changes in the surrounding environment and surface
chemistry. CdSe/ZnS and CdSe/CdS CQDs are among the most popular of these
core/shell structures and have reached quantum yields of 50% and 85% respectively. [2]

For optical gain to occur in CQDs, a population inversion needs to be achieved where

more electrons are in the excited state than in the ground state. CQDs can be treated
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Figure 1.2: Absorbance (blue line) and photoluminescence spectra of the 630 nm CQDs

used in this work. The noise between approximately 425—450 nm is an artefact from
removing the PL peak of the pump laser from the spectrum.

as a two-level system where both electrons from the ground state must be excited,
therefore optical gain in CQDs originates from dots containing a pair of excitons, also
referred to as a biexciton. [15] One of the factors that has hindered the development of
CQD lasers is the increased rate of Auger Recombination (AR) in CQDs. AR is a non-
radiative decay process where an exciton recombines and the energy released is absorbed
by an electron or hole in the other exciton instead of being released as a photon. This
process is present in bulk semiconductors, however the problem is exacerbated in CQDs
as a result of the proximity between excitons in the nanocrystals. [14] The rate of AR is
inversely proportional to the volume of CQDs because the rate depends on the strength
of the coulombic interaction between the carriers and the degree of spatial overlap

between the electron and hole wave functions. At small volumes, several excitons can
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occupy a volume comparable to or smaller than the volume of the bulk exciton, which
leads to the forced overlap of wave functions. [18,19] Another hindrance in achieving
optical gain in CQDs is that the AR rate also rapidly increases with the number of
excitons; a problem due to the fact biexcitons are required to achieve net optical gain.
Biexcitons in CdSe CQDs were found to have interaction energies in the order of tens
and hundreds of meV in comparison to the binding energy of 4.5 meV in bulk CdSe ,
demonstrating the huge increase in coulombic exciton-exciton interactions induced by
quantum confinement. [20] As an overall result of both of these factors, AR occurs on
10-400 ps timescales depending on dot size and design, whereas radiative decay occurs
on approximately 20-30 ns timescales. However, the requirement for both AR and
optical gain is the presence of a biexciton in the CQD core meaning AR will always be

a limiting factor on optical gain lifetimes. [15]

1.3.2 Lasing in Colloidal Quantum Dots

Suppression of AR rates in CQDs was first demonstrated with giant shell CdSe/CdS
CQDs in 2009. These core/shell dots achieved biexciton lifetimes of 10 ns compared
to as low as 6 ps from core only CdSe dots, demonstrating the importance of the
shell when attempting to achieve optical gain. In this study, Garcia-Santamaria et.
al. used dots with a 3 nm CdSe core with a CdS shell up to 19 monolayers thick.
One of the major factors in the demonstrated AR suppression was the reduced spatial
overlap of the electron-hole wavefunctions because the hole is confined to the core of
the CQD while the excited electron can delocalise and move freely throughout the shell,
reducing the ease of exciton recombination. After the shell was deposited on the core,
a large photoluminescence (PL) redshift was observed which was also attributed to
this delocalisation of the electron and confinement of the hole. This also contributes
to an increased absorption cross-section at higher energies where the high-frequency
absorption is dominated by the shell. Amplified spontaneous emission measurements
also indicated a very large bandwidth of optical gain which is a result of contributions
from high order multiexcitons, in some cases as high as N > 13 where N is the number of

excitons per CQD, further demonstrating the remarkable suppression of AR, decay rates.
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Garcia-Santamaria et. al. noted that the factors of increased volume, reduced electron-
hole overlap and exciton-exciton repulsion were insufficient to explain the observed
reduction in AR rates hence posited that interfacial effects of the CdSe/CdS CQDs
also play an important part in this suppression in a similar way to epitaxial QDs. [21]

A later study confirmed the importance of the core/shell interface in the suppression
of AR rates in CdSe/CdS core/shell CQDs and built on the evidence of the factors
contributing to AR suppression. Using fluorescence line narrowing studies, the presence
and growth of the alloyed CdSeS layer can be detected and monitored. An alloyed layer
was formed between 2 and 9 monolayers of shell thickness as a bridge between the core
and shell layers of the CQDs, and increased biexciton lifetimes were observed as the
shell thickness exceeded 9 monolayers. A band alignment diagram was constructed and
showed that there is a large valence band offset between the core and shell along with
a small confinement potential in the conduction band. This, together with the small
electron effective mass, causes the delocalisation of the electron wavefunction into the
shell as shell size increases. Therefore, as the shell size increases, the electron becomes

more delocalised, redshifting the emission band and causing the absorption to become
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Figure 1.3: (a) Probability distribution of the electron (red) and hole (black) for
CdSe/CdS CQDs with thin (dashed) and thick (solid) CdS shells. (b) Absorption
(dashed) and photoluminescence (solid) spectra of CdSe/CdS CQDs with increasing
shell thickness. Reproduced with permission from [18].
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Figure 1.4: Left: Biexciton recombination dynamics of CQDs with increasing shell
thickness. Right: Biexciton lifetimes as a function of total CQD radius for two equi-
valent samples. Reproduced with permission from [18].

dominated by the shell. Overall, there is an increase in the Stokes shift between the
PL and absorption spectra and a decrease in the electron-hole wavefunction overlap,
illustrated in Figure 1.3a As the CdS shells grew to approximately 9 monolayers thick,
a reduction in the AR rate of three orders of magnitude was observed. Figure 1.3b
also demonstrates the decreased overlap between the absorbance of the QDs and PL
emission with increasing shell thickness. The thickness of the alloyed layer was shown to
remain constant as the shell exceeded 9 monolayers yet there was still an increase in the
biexciton lifetime, shown in Figure 1.4, which will have been a result of the reduction
of the electron-hole wavefunction overlap. These results are direct evidence that an
alloyed interface between the core and shell is an important factor in the reduction of
AR rates in CQD structures. [18] Synthetic methods have also been developed to control
the alloying of the core/shell interface in CdSe/CdS dots. Fast shell growth yielded an
abrupt interface and deposition of the alloy layer onto the core before the growth of the

rest of the shell resulted in a smooth interface. CQDs with the alloyed structure showed
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a significant AR rate suppression without impacting the photoluminescence energy and
quantum yield. The comparative study between the CQD structures with an abrupt
and smooth alloyed interface between the core and shell gives direct empirical evidence

of the importance of the interface when developing CQDs capable of lasing. [22]

1.4 Whispering Gallery Mode Resonators

1.4.1 Background

The understanding of the principle of whisper-
ing gallery modes can be traced back to the be-
ginning of the 20th century and has since been
adapted for use in modern optical cavities. WGMs
are generated when light at a specific wavelength
cycles around a cavity equator via total internal re-
flection due to the different refractive indices of the

cavity and the surrounding environment. [24] The

higher the contrast between refractive indices, the

smaller the cavity can be without losing confine-

Figure 1.5: Schematic of a spher-
ment. Total internal reflection occurs when a ray ical WGM resonator displaying the
propagation of a wave of light
around the equator of the reson-
the critical angle, defined as 6, = arcsin(=), ator. Reproduced with permission

of light has an angle of incidence that is larger than

Nm
) o ) from [23]
where N,, is the refractive index of the cavity and

Ny is the refractive index of the surrounding medium. Light that satisfies this condition
will propagate around the equator of the cavity, glancing off the surface of the sphere.
After one round trip, the light is in phase with itself and forms resonant WGMs. [25]
A WGM can be described by its polarisation and mode numbers n, m and [. The
polarisation state consists of the transverse electric (TE) and magnetic (TM) modes
and the mode numbers n, m and [ are integers that describe the number of maxima in
the radial, equatorial and polar components of the mode. [25-27] For WGM microres-

onators, such as the resonators used in this research and that pictured in Figure 1.5,

11
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the mode size is very small, as light can cycle millions of times around the edge of
the cavity through total internal reflection. Light interacts with the surrounding en-
vironment through the evanescent field of WGMSs (also called evanescent waves) which
decay exponentially from the cavity surface, therefore any change in the environment
close to the surface can affect the mode properties and leads to changes in the emission
spectrum, such as frequency shifting and linewidth broadening. When the mode size
and volume is small, there is a high energy density of the WGM within the cavity due
to an inversely proportional relationship between the two properties. A high energy
density inside the sphere indicates a strong interaction with the gain medium and is
beneficial for producing WGM lasers. [26-28] The resonant wavelength of a WGM res-
onator is affected by a change to either the cavity radius or the refractive index of the

surroundings, and can be described using the following basic approximation. [26,29,30]

AN AR AN,
=—+

A R N

(1.4)

Hence to be able to use WGM resonators as sensors, the addition of a target analyte to
the cavity must alter the radius or the refractive index of the surrounding environment.
Another property of WGM resonators which can indicate their suitability as sensors
is the quality factor, or Q factor. Q factor is a measure of the photon storage ability
of a microsphere, with a larger Q factor corresponding to a longer photon lifetime in
the cavity and a better cavity for optical gain. Q factor can be calculated from the
full-width-half-maximum (fwhm) of the resonant peak below lasing threshold and can

be estimated using the following equation

Q- (15)

where A is the centre wavelength of the resonant mode and d\ is the fwhm of the
resonant mode. [28] WGM resonators made of certain materials can have minimal
losses when light is reflected around the surface and they can reach very high Q factors
of up to 10', however a Q factor as high as this is not always desirable for sensing

applications. [25,31] WGM microcavities are also promising as lasers due to the low
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threshold exhibited in the various cavity geometries that have been produced. WGM
resonators that contain a gain medium and exhibit lasing are referred to as active
WGM resonators. This gain medium can be coated on [32,33], embedded in [34, 35]
or used to create the resonator, [1,36,37] with both organic and inorganic gain media
widely used. Quantum dots are a popular choice of gain medium due to their wide
availability, controllable emission, ease of excitation and the high refractive index of
CQDs; the refractive index of CdSe/ZnS QDs that will be used in this research is
approximately 1.7-1.8 for a solid-state film of CQDs. [38] Using CQDs as gain media
for active WGM lasers means the only requirement for excitation is that the pump
wavelength must be shorter than the band gap and threshold fluences as low as 0.5
mJ cm~2 have been demonstrated. [39,40] Characteristic behaviour of WGMs in active
resonators is the rapid increase in mode intensity, high signal to noise ratios, and Q

factors above lasing threshold. [25,41]

1.4.2 Synthesis and Structure

WGM resonators with a wide range of different geometries have been produced,
including microring, microdisk, bubbles, droplets and goblets. Many different materi-
als have been used to create these resonators, with polystyrene and silica microspheres
being particularly popular for biological sensing. [28,39,42] WGM lasers made from
the emulsion-templated self-assembly of CQDs are a relatively new development, with
the first example published in 2018. [1] Emulsions have been studied extensively and
have been used for a huge range of industrial and household applications for decades.
An emulsion is defined as a mixture of two immiscible liquids that often require the
presence of an emulsifier to form and stabilise the mixture of liquids. An emulsifier is
an ampiphilic molecule, or polymer, that lowers the interfacial tension to create stable
emulsions. There are three main types of emulsions that can form: water-in-oil (W/0),
oil-in-water (O/W), and complex emulsions such as water-in-oil-in-water (W/O/W) and
oil-in-water-in-oil (O/W/O). Most emulsions do not form spontaneously and require an,
usually mechanical, energy input to disperse one phase in the other. Formation of an

emulsion depends on four main factors; the method of emulsification, temperature, im-
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Figure 1.6: Free energy profiles of an emulsion without (left) and with (right) the pres-
ence of a surfactant. G/ is an emulsified system, G! is two separate phases before
mixing and GV is a kinetically stable emulsion, all of which are figuratively represented
below the energy profiles. AGoq and AG fio¢. is the Gibbs energy of emulsion break-
down through droplet coalescence and flocculation respectively. Adapted from [47].

miscibility of solvents, and presence of surfactants. [43] Surfactants are most often used
as an emulsifier as they lower the interfacial tension between the two phases, reducing
the energy required to form smaller droplets. [44] In some cases, solid particles can
also act as surfactants and arrange themselves at the interface between droplets and
the continuous phase to create a Pickering emulsion. [45,46] Figure 1.6 is a schematic
showing the free energy profiles of an emulsion with and without a surfactant and acts
as a visual demonstration of the thermodynamic stability the presence of a surfactant
brings to an emulsion. On the left, the free energy profile shows that the route to
emulsion breakdown, for example through droplet coalescence, without a surfactant is
a continuous line demonstrating the natural instability of emulsions. Surfactant mo-
lecules, when present, are able to stabilise emulsions through the lowering of interfacial
tension because the hydrophobic tails remain in the solvent while the hydrophilic head
groups stay in the main phase, shown on the right of Figure 1.6, and an energy barrier
is created meaning energy input is required to cause the emulsion to break down. [47]
Emulsions are not thermodynamically stable due to the large interfacial area of droplets
within a continuous phase, however emulsions can be considered stable if they are res-
istant to physical processes such as flocculation, sedimentation, and coalescence over

a significant length of time. [45] For the production of supraparticle lasers detailed in
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STEP 1

Chloroform

Toluene

+
MeOH

Figure 1.7: The emulsion method used to assemble supraparticles assembled entirely
from CQDs.

2018, CQDs are dissolved in an organic solvent that is immiscible in water, such as
cyclohexane or chloroform, then emulsified with a solution of water and surfactants,
such as sodium dodecyl sulphate (SDS) and poly(vinyl alcohol) (PVA). The emulsion is
stirred at a temperature high enough to evaporate the solvent, reducing the droplet size
of the oil phase to confine the QDs and forming solid, spherical supraparticles (SPs).
SPs in this work refers to micron scale spherical structures consisting entirely of nano-
metre sized CQDs. For larger supraparticles to grow, the temperature must be such
that the evaporation rate of the solvent is slow enough so the concentration increase
inside the droplets allows the QDs to assemble in the minimum energy configuration. [1]

Fabrication of self-assembled supraparticles has been studied for at least two dec-
ades, however producing self-assembled lasers using this emulsion method was first
demonstrated in 2018. [1] As shown in Figure 1.7, the emulsion assembly method be-
gins with CQDs dissolved in chloroform (or any other suitable hydrophobic organic
solvent) to create the oil phase which is then dispersed within a solution of poly(vinyl
alcohol) (PVA) in water - the water phase. The resulting emulsion is then stirred
as the solvent evaporates which forces CQDs within the oil phase closer together un-
til they self-assemble into spherical structures consisting entirely of CQDs referred
to as Supraparticles (SPs). The potential of microlasers produced using this emul-
sion method has also inspired efforts to understand the underlying interactions present
within these emulsions to be able to tailor the resulting supraparticles for specific

applications. In situ X-ray scattering studies have shed light on the crystallisation
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mechanism of such SPs. During nucleation and early growth of the supracrystals,
CQDs and ligands behave as traditional hard spheres in a liquid phase, then during
the latter stages before permanent assembly, there is an instantaneous transition from
a liquid to a crystal phase. The crystals are then compressed by the shrinking emul-
sion droplet as the solvent evaporates and the ligands on the surface of the individual
CQDs are pushed close enough together to experience van der Waals attraction which
aids in the crystallisation process. [48,49] Measured interparticle distances in fully as-
sembled SPs indicate that oleate ligands on CQDs slightly interlock during the process,
therefore the latter stages of SP assembly is governed by balancing attractive van der
Waals forces and steric repulsion between the ligands on the surface of the CQDs.
Nucleation of SPs within droplets also occur at much lower volume fractions than
predicted using the traditional hard sphere model, which is attributed to the contribu-

tion of the attractive van der Waals forces between the ligands to the system. [50, 51]

FCC HCP For the crystal structure of SPs, these

- studies found that the preferred structure

' \
7 } \ is a majority face-centred cubic crystal

structure, however some hexagonal close

packed structure was also present at nuc-

leation. This is due to the free energy
Figure 1.8: Illustration of face centred cubic

and hexagonal close packing crystal struc- of these two crystal structures being very
tures of CQDs within supracrystals. Repro-

similar and both can stabilise the crys-
duced with permission from [48].

tal nuclei within the emulsion droplets.
[48,51] Examples of these packing structures are shown in Figure 1.8. The ability to
control the structure and properties of SPs produced using this emulsion method is
also incredibly desirable, and there is a myriad of different factors that can have an
effect on the resulting SPs. The surfactant, solvent choice, drying rate, and emulsion
formation and are considered the variables with the most impact on the structure,
mechanical and optical stability of SPs. [52,53] Droplet formation has been achieved

using many different methods, such as stirring, placing single droplets on a supderhy-

16



Chapter 1. Introduction

drophobic surface, spray drying, and, possibly the most popular method, microfluidics.
It is also possible to design the self-assembly of nanoparticles to occur spontaneously
by controlling the different interactions between the nanoparticles and the surrounding
environment. [54] Surfactant choice is important, as it impacts the interfacial tension
between droplets and the continuous phase, which can in turn alter the pressure with
the emulsion droplets as described by the LaPlace pressure equation Apy, = 2+ /r where
~ is the interfacial tension of the droplet and r is the droplet radius. Altering the pres-
sure within emulsion droplets affects the attractive forces between the nanoparticles
contained within, resulting in surfactant-dependent SP structures. [55,56] One such
example is the ability to control the formation of crystalline ordered, core/shell and
Janus SPs by altering the length of hydrophilic tails in the surfactants used to affect the
interfacial tension and from that alter the LaPlace pressure within the emulsion droplet
and affect the attractive forces between the NPs. [55] Lowering the interfacial tension
by increasing the surfactant concentration was found to increase the crystallinity and
size of CQD SPs, however this was not found to alter the crystal structure of the SPs.
This was attributed to an emulsion with a lower interfacial tension between the two
phases producing a more flexible interface which can accommodate growing crystals,
resulting in the larger and higher quality crystals observed. [48,51,56] Using multiple
surfactants can also produce high control over the results of the emulsion assembly.
Using ionic surfactants produced smaller SPs as the electrostatic repulsion between
the surfactant head groups results in the molecules being able to pack over a tighter
curvature producing smaller droplets and therefore smaller SPs. This phenomenon is
called the hydrophilic-lipophilic balance (HLB) balance where higher electrostatic re-
pulsion between head groups means the surfactant has a higher HLB. High ratios of
ionic surfactants paired with a nonionic hydrophobic surfactant produced porous SP
structures as this combination was able to stabilise W/O/W emulsions. These are
illustrated in Fig. 1.9, along with the effects of the stirring speed, or shear rate, dur-
ing emulsion formation. [57] Overall, blending these surfactants introduces electrostatic
and steric barriers to droplet coalescence and emulsion breakdown which in turn leads

to improved SP homogeneity. [56,57] Using no surfactant has also been demonstrated,
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Figure 1.9: Illustration of the effect that shear rate (A), CQD concentration (B), and
surfactant ratios (C) has on the structure of SPs produced using the emulsion method.
Reproduced from [57] with permission.

with emulsion formation possible by tailoring the solvent choices for both the oil and
water phase. The main example within literature used DMF for the water phase, and
hexane for the oil phase. In this case, resulting SPs had a Wurzite hexagonal close
packed crystal structure. [58,59] Evaporation rate is one of the main factors to control
during emulsion self-assembly, which can be achieved through temperature moderation
or choosing solvents with a desirable boiling point. Controlling the evaporation also
sets the rate of change of volume fraction of CQDs within emulsion droplets which is
important for controlling crystallisation of SPs. Decreasing the rate of change of volume
fraction increases the ability of CQDs to rearrange and find the minimum energy struc-
ture, allowing for more ordered and higher quality SP crystals. [48,51] Temperature and
solvent choice affects SP assembly because van der Waals forces which, as established
earlier, play a significant role in the crystallisation process are temperature dependent
and also affected by the ligand-solvent interactions within the emulsion. [60] Using a

solvent with a high boiling point to reduce the evaporation rate which allows CQDs
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more time to be able to arrange into the lowest energy configuration produces ordered
and highly crystalline SPs. In addition, a solvent with a lower interfacial tension
compared to water, such as chloroform, can mimic the effects of increased surfactant
concentration and produces favourable SPs. [51] Low boiling point solvents, and there-
fore a higher evaporation rate, have been found to produce the smallest and lowest
quality SPs, even though the mechanism of crystallisation was found to remain the
same. [48,51] On the other hand, other studies have concluded that a higher temper-
ature, and therefore an increased evaporation rate, can produce more ordered SPs as
the increased thermal energy allows CQDs to move more and also increases the van der
Waals attraction between the ligands on the surface of the CQDs. This compensates
for the loss of configurational entropy that occurs when producing ordered fcc crystal
structures. [61] Finally, polydispersity of the CQDs has also been found to affect the
structure of assembled SPs, with polydispersity as low as 15% beginning to introduce
unfavourable amorphous structures into SPs. These differing conclusions demonstrate
the difficulty in understanding the complex interrelation between different physiochem-
ical effects that alter the structure and properties of the produced SPs.

Spherical CdSe/CdS CQD SPs recently demonstrated WGM lasing, shown in Fig-
ure 1.10. [1] WGMs had previously been observed in SPs [36], however lasing from
microspheres made purely of CQDs had not been demonstrated until this publication.
The SPs in this work were synthesised using the emulsion technique described earlier
and final microspheres had average diameters of 10.2 pm. Figure 1.10a demonstrates
typical photoluminescence (PL) emission spectra for a WGM laser taken at different
pump laser fluences, with the spectra in red and orange showing the laser operating
above threshold and the spectra in blue and green showing the laser operating below
threshold. Below threshold, the general PL emission is broad and has a low intensity,
whereas above threshold three sharp and intense modes appear, which indicates las-
ing. WGM peaks were exhibited in the microspheres made possible due to the high
refractive indices of QDs relative to air. To estimate the pump fluence at which these
WGM lasers begin operating in the laser regime, the average emission peak area is

plotted against the pump fluence to get the laser transfer function, shown in Figure
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Figure 1.10: Left: Emission from a single SP at different pump fluences with picosecond
scale pulse duration: 18 pJ em~2(blue), 48 pJ cm™2 (green), 100 1J cm~2(orange) and
145 pJ cm™? (red) at low spectral resolution. Left inset: High spectral resolution
spectra which shows the substructure of the lasing peaks. Right: Analysis of the
peak areas of the lasing peaks to determine lasing thresholds. The coloured arrows
correspond to the pump fluences the spectra in (left) were taken at. Reproduced with
permission from [1]

1.10b. There are two clear regions of differing gradients below and above threshold
which can be fit to straight lines, the intersection of which is the estimate for the laser
threshold of the WGM laser. Lasing was observed at a low threshold of 58 pJ cm™2
(340 fs pulses) and the SPs were shown to maintain their properties without stability of
degradation issues over weeks of experiments. Lasing from the shell was also observed
in SPs consisting of thick shell CdSe/ZnS QDs along with multimode lasing from SPs
with two more modes observed when pumped at fluences of 83 pJ cm™2 and 110 pJ
cm 2. Different coloured lasing from the shell and the core of thick shell QDs has also
been demonstrated with the ability to switch between colours also exhibited, albeit
using a different microring cavity geometry. [62]

More recently, this knowledge of emulsions has been used in nanotechnology to
produce microscopic three-dimensional assemblies of a wide variety of different nano-
particles, polymers, and proteins. For example, the emulsion method can be used with
many different materials such as polystyrene [63—66], proteins such as BSA, pectin and
cellulose [67], latex [68], gold nanoparticles [55,69], PMMA [70], and silica. [71] On top

of these materials, emulsion self-assembly has been used with many different types of
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CQD, however not all of the microspheres have been able to act as lasers. [50, 60, 72]
Self-assembled microsphere lasers consisting of blends of different colours of CQDs has
since been demonstrated. Green and red CQD blends have been used to improve the
quality factor and red laser emission intensity. This is due to the reduced density of
red CQDs due to the presence of the green CQDs and these could also act as donors
for the red CQDs to contribute to the improves optical properties. [73] Blends of red
and yellow CQDs have also been used to produce microspheres lasers which could lase
in the red and yellow regimes both separately and simultaneously to produce orange
lasing. [40] Blending red, green and blue CQDs together has also been demonstrated
to reduce inter-CQD energy transfer losses and enhance the emission intensity [74],
and to produce white light emission [23,59] that could be used to improve the colours
of backlight liquid crystal displays. [58] The emulsion method has also been adapted
to produce CQD microspheres in-situ with silica precursors to produce SPs embedded
within a silica matrix. Such lasers achieved lasing with Q factors of up to 3500 which

were also stable to continuous pumping for up to 40 minutes. [37]

1.4.3 Applications in Biosensing

Biosensing is an increasingly important area of research as we try to improve on
the speed and accuracy of diagnoses for a wide range of diseases, such as cardiovascular
diseases and cancer. In particlar, the COVID-19 pandemic demonstrates the demand
for highly sensitive and rapid benchtop sensing to be able to track and control the spread
of the disease. Thrombin is an anticoagulant protein which is a popular target in the
treatment and detection of cardiovascular diseases and blood clots. [75-77] Quantum
dots and Whispering Gallery Mode resonators have been studied for around two decades
for their biosensing capabilities [78-80], and biosensing has yet to be demonstrated for
CQD supraparticle lasers. Basic requirements for biosensors include the detection time,
high sensitivity, high specificity and selectivity, and high signal to noise ratio. [25] WGM
lasers can meet all of the above criteria favourably: quick signal response allows for
real-time analyte detection, are highly sensitive due to the evanescent field at the cavity

surface [26], can be made highly selective with suitable surface functionalisation, and
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finally high signal to noise ratios can be achieved using WGM lasers operating above
threshold. [25] WGM lasers are often spherical or ring cavities made of high refractive
index material that can ‘capture’ and contain light which then propagates along the
equator of the cavity through total internal reflection and have been studied for decades.
[24] After light cycles around the cavity, it undergoes constructive interference with
itself and creates resonant modes that extend outside of the cavity as an evanescent field
decaying exponentially from the cavity surface. [26,28] Molecules binding to the surface
of a WGM resonator are polarised by the evanescent field which can alter the local
refractive index and increase the effective cavity diameter, resulting in alterations to the
resonant modes observed as wavelength shifting, intensity changes, and line broadening.
[26, 27, 34] Therefore, consideration must be given to the surface functionalisation of
the biosensor because the target analyte must be within the penetration depth of the
evanescent field for the molecule to be polarised and induce the wavelength shift. [81]
The observed shift in wavelength also depends on the number of molecules within
the field and their polarisability. The sensitivity of this evanescent field makes WGM
resonators incredibly promising for biosensing applications [26], however the short tail
of the evanescent field also hinders the ability to achieve the optimum sensitivity WGM
biosensors are capable of. [82] WGM lasers are an even better option for sensing due to
the increased signal to noise ratio and faster response to analyte binding when operating
above threshold in the lasing regime. [27,31]

There are several cavity properties that can be altered to improve the sensitivity and
limit of detection (LoD) of WGM sensors. [28,83] The limit of detection is defined as
the lowest concentration of target analyte a sensor can reliably detect. [24,84] Here, the
main factors which will be discussed are the cavity diameter and the Quality factor,
which are both linked. The quality factor, or Q factor, describes the lifetime of a
photon travelling around the cavity, or the ability of the cavity to store light, and has a
significant impact on the threshold of WGM lasers. [26,27,31,41,85] Q factors are mainly
limited by scattering from surface defects, contamination, radiative losses, and material
absorption. [25,28] The diameter of WGM resonators can also have a profound impact

on its optical properties, namely by smaller diameter microcavities having an extended
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evanescent field for a given mode outside of the cavity and therefore an increased
evanescent field intensity near the cavity surface. This both increases the sensitivity of
a WGM biosensor and increases the losses from the cavity, resulting in an inevitable
trade-off between cavity quality and sensitivity. [27, 81, 86, 87] However, because the
WGM lasers used in this work are on the micron scale with diameters between 3 and
20 microns, this trade off means that it is not necessary to have unachievably high Q
cavities to be able to demonstrate biosensing. Lower Q factors also provide the added
benefit of producing fewer lasing modes, making wavelength shifts easier to track even
though the modes that do lase have higher thresholds. [31] Finally, particularly when
discussing microfluidic sensors which require samples to be pumped through channels
containing WGM sensors, the sensing efficiency could also be controlled by altering the
rate at which a sample is pumped through the channels, called the sample flow rate. [82]
One of the most common detection mechanisms is tracking the shift in lasing wavelength
over time as target analytes bind to the functionalised cavity surface. This is normally
observed as a redshift [88-91] as the effective cavity radius is increased by the layer of
analyte molecules on the cavity surface which increases the wavelength of the resonant

mode, shown in Figure 1.11. [81,85] In addition to this, the layer of analyte increases the

Figure 1.11: Left: SP laser with DNA aptamer TBA-15 coated onto the surface. Right:
TBA-SP after Thrombin addition which increases the diameter of the SP and the
effective refractive index of the mode, resulting in an observed redshift.
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effective refractive index (nsf) of the mode in turn increasing the optical path length,
which can be approximated using n.r 27 R, and contributing to the observed redshift.
The magnitude of the wavelength shift observed for WGM sensors has also been found
to inversely proportional to the cavity radius and the surface density of the analyte
bound to the cavity surface, which of course is linked to the coverage of the detection
molecules attached to the surface. [26,92] Within literature, many of the wavelength
shifts seen with WGM biosensors are often on the order of picometers requiring complex
light coupling and a high resolution spectrometer to observe. [91,93,94]

Using WGM lasers for sensing is often favoured over fluorescent sensors due to
the increased signal-to-noise ratio when operating in the stimulated emission regime.
[27,31,83] Francois & Himmelhaus produced Nile red doped polystyrene microspheres
and reported an eightfold increase in signal-to-noise ratio above threshold. These micro-
spheres had a diameter of 15 pm and were fixed to a glass substrate with polyelectrolyte
then subsequently attached to a PDMS microfluidic cell to be used for the detection
of bovine serum albumin (BSA) in PBS buffer. This study also found that the speed
of data acquisition and the detection limit also improved dramatically above the stim-
ulated emission threshold. [31,95] Developing label-free WGM laser biosensors does
come with issues due to non-specific binding of molecules to the laser surface meaning
false positives can be an issue when testing complex biological samples. Reynolds et.
al. tackled this issue by using two Nile red doped polystyrene microspheres with dif-
fering surface chemistry and emission wavelengths. The reference resonator detected
the signal contribution from non-specific binding and environmental fluctuations while
the sensing resonator, functionalised with biotin, sensed the presence of Neutravidin
in undiluted human serum. [96] Silica WGM microspheres have been used as part of
a fibre ring laser cavity for Thrombin detection by using dithiol modified Thrombin
binding aptamer (TBA-15). First, the silica spheres were modified with thiol groups
to allow the aptamers to bind to the microsphere using a NapCO3/NaHCOj3 coupling
buffer. Binding of Thrombin was detected through wavelength shifts and broadening of
the resonant peak, which could be plotted against each other. Specificity was demon-

strated by testing the spheres in a solution of BSA and testing bare microspheres in
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a solution of Thrombin. These data demonstrated the high specificity of the sensors,
showing that aptamer functionalised WGM microspheres can be effective for sensing.
However, these WGM microspheres were used as part of a laser cavity rather than as
single solid-state lasers. [93] A similar method of using an aptamer functionalised WGM
microsphere laser within a single closed cavity containing sample solution has also been
used to detect mercury ions down to 50 nM concentrations through an aptamer dis-
placement mechanism at the microsphere surface. [97] To further enhance the limits of
detection for WGM microlasers, gold nanorods have been attached to the surface of
WGM microlasers to create optoplasmonic sensors capable of being able to detect and
measure enzyme reaction kinetics and single molecules. [98] For example, Yu et. al.
demonstrated single DNA strand sensing in solution by attaching a single gold nanorod
on the interior wall of a WGM microbubble cavity. The WGM microbubble laser also
formed part of the microfluidic setup with samples as small as 10 pL passed through the
optoplasmonic cavity itself and the sensor could detect single DNA molecules within
80 seconds. [82]

Microfluidic chips with WGM laser biosensors integrated have also begun to be
trialled with a few different approaches to chip design. Guan ef. al. used a quartz
micropillar array to trap the dye-doped polystyrene microspheres onto the surface of
the chip. The PS microspheres were functionalised with antibodies for Influenza A and
were also incubated with a blocking reagent to stop non-specific binding to the sensor
surface. The sensing chip was left open to allow sample to flow through the micropillars
with an evaporation driven process and further modification of the chip surface to alter
the sample flow pattern was able to improve the sensing performance. Overall, this
setup demonstrated high specificity and could detect Flu A at pg/L concentrations in
a 3 pL sample within 15 minutes. [100] A slightly different chip design was used by
Alvarez Freile et. al. using dye doped polystyrene microspheres. A chip containing six
closed channels was used, with each channel containing 1000 16 x 12 pm wells, each
containing one laser microsphere functionalised to sense for Epithelial Growth Factor
Receptor (EGFR). Wavelength shifts were detected with analyte concentrations as low

as 0.5 nM within 20 minutes. [101] Figure 1.12 shows another microfluidic chip design
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Figure 1.12: (a) Schematic of the microfluidic chip design used in the study carried
out by Ouyang et. al.. The chip contains the WGM microdisk lasers on a substrate
with optical fibres embedded within to collect the signal. The PDMS microlfuidic
chip contained a spiral mixer to mix two of the reagents and eight different inlets
for injecting reagents for surface functionalisation and cleaning of the microdisks, the
sensing solution, and an outlet for the solutions to be collected. (b) The reaction scheme
for the surface functionalisation carried out in-situ to prepare the microdisk lasers for
ELISA. Reproduced with permission from [99]

used by Ouyang et. al. with multiple inlets to be able to carry out in-situ surface
functionalisation of the WGM microdisk lasers and subsequent biosensing experiments
all on the same chip. The microdisk lasers were fabricated using 3D p-printed resin
and coated with Rhodamine 6G dye. Using a popular biochemical sensing method,
enzyme-linked immunosorbent assay (ELISA), on-chip sensing of the popular biomarker
vascular endothelial growth factor (VEGF) was achieved with a limit of detection of
17.8 fg/mL which is an order of magnitude more sensitive than current commercial
ELISA kits. This was achieved with a pump laser energy of 44.83 nJ/mm? at 532 nm
with a pulse duration of 10 ns and a 10 Hz repetition rate, demonstrating the huge
scope of this technology for early disease diagnosis using cheap and simple fabrication
methods. Sensing of VEGF was detected through a reduction in the WGM laser sig-
nal intensity as the concentration of VEGF in solution increased, a slightly different

method to the wavelength shift detection methods used in the previous two studies
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mentioned. [99] Cognetti et. al. were able to go further with these microfluidic sensor
designs and were able to fabricate a tissue chip with integrated antibody-functionalised
ring resonators. They were able to incubate small human cell cultures on top of the
chip and use the ring resonators to sense for specific cell secretions in real time. [102]
Wang et. al. were able to use self-propelled liquid crystal (LC) WGM microlasers
functionalised with antibodies to sense for specific protein exosome biomarkers within
a simple three channel microfluidic chip. Self-propelled motion of the microlasers was
induced through using surfactants above the critical micelle concentration which pro-
duces a surface energy gradient at the L.C surface, producing internal convection within
the droplet, which then produces motion through the Marangoni effect. The method
required pre-treatment of samples to label the target analytes with Nile red (NR) dye,
as the detection mechanism was based on the NR labelled biomarkers binding to the
surface of the microlasers and, due to the spectral overlap of the microlaser emission
and the absorption of the NR dye, as more of the target analyte bound to the laser
surface, red laser emission was detected with the emission intensity proportional to the
number of NR-labelled target analytes bound to the laser surface. Detection of protein
biomarkers associated with cancerous tumour cells within complex media was achieved
with a sensitivity of approximately 1.1 x 10* particles/pL. [103] Suo et. al. fabric-
ated aptamer functionalised polystyrene microsphere lasers which could discriminate
between exosomes secreted from different cells to aid with cancer diagnosis. This group
were also able to study these microlaser probes on the blood plasma of four breast
cancer patients and were able to estimate the number of cancer exosomes present in
the blood of the patient. To further enhance the study, five different aptamer func-
tionalised microspheres were used to screen for multiple proteins present on the surface
of exosomes secreted by tumour cells. Using this method, the blood from the breast
cancer patients could be distinguished from a healthy sample, and due to being able
to measure the ratio of the different biomarkers present on the surface of the exosomes
within the plasma samples, the type of tumour present could even be speculated. [104]

Using spheres fabricated from biologically incompatible materials has not been a

barrier to achieving WGM lasing inside cells for cell tagging and tracking experiments.
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Figure 1.13: Confocal laser scanning microscopy images of the cell types tested where
red is the cytoplasm, blue is the nucleus and green is the microsphere. Left: A mac-
rophage where the top is the maximum intensity projection and bottom is the cross
section along the dashed line. Right: Maximum intensity projection images for the
three other cell types tested: NIH 3T3 fibroblasts, Human Embryonic Kidney 293 and
primary mouse microglia. Scale bars are 20 pm. Reproduced with permission from [105]

Schubert et. al. demonstrated intracellular lasing using polystyrene divinylbenzene
(PS-DVB) microspheres doped with Firefli Green fluorescent dye. These spheres were
able to act as WGM lasers because the refractive index of PS-DVB is 1.60 compared
to the refractive index inside of a cell which is approximately 1.375. Microspheres were
found to be internalised by all four of the cell types tested, even cells which do not
have a particular capacity for endocytosis. Confocal laser scanning microscopy showed
the microlasers were fully contained within cells, as can be seen in Figure 1.13. One
of the smaller microlasers measured had a diameter of 13 pm, a lasing threshold of 5
nJ cm™2 and a Q factor calculated to be near 10,000 even below threshold. Optical
pumping was carried out using a pump source with a 10 Hz repetition rate and a pulse
duration of 5 ns. Cells were found to remain viable and mobile over the course of the
19-hour experiment with damage only being visible after several thousand continuous
pump pulses well above threshold energy. The study also experimented using different
microlasers within different cells for cell tracking and found that the dominant lasing
wavelength and the difference between the two visible TE peaks could be used to
identify and track specific cells as these characteristics were unique to each different
laser. [105] Fikouras et. al. realised non-obstructive intracellular microdisk lasers using
GalnP/AlGalnP quantum wells. The AlGalnP microdisk resonators had a very high
refractive index of 3.6 which allowed lasing to be achieved in resonators with diameters

as small as 750 nm. Lasing was demonstrated using a 473 nm wavelength pump source
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with 1.5 ns pulse duations and threshold was measured to be 30 pJ ecm ™2 with Q factors
of approximately 3000. These lasers were also found to be internalised by a range of
cell types with high uptake efficiencies even in very small cells such as T cells. [106]
Other biosensing methods using CQDs and WGM resonators have been widely
studied within the literature, as shown below in Table 1.1. For CQDs, these are of-
ten used alongside gold NPs and fluorescent dyes for FRET sensing which relied on
fluorescence quenching as the target analytes binds to the surface of QDs, replacing
and releasing the dye molecules into solution. This sensing mechanism has been used
for a myriad of different biomoleulces with a range of different surface functionalisa-
tion schemes. [39,107-114] CQDs are also very popular for electrochemiluminescence
biosensors. [115-119] Gold nanorods can also be attached to the surface of a WGM
laser to enable plasmonic sensing. [98] Using WGM cavities for biosensing often re-
quires coating in fluorescent dyes, polymers or proteins. [31, 87,94, 96] For example,
Humar et. al. used glass beads coated in fluorescent protein to monitor cell division by
tracking wavelength shifts from the changing refractive index of the surrounding me-
dium. [86] Biotin, aptamer, and antibody coated WGM biosensors for specific sensing
have also been demonstrated using different materials too. [90,91,96,120,121] On-chip
sensing has already been achieved with WGM microlasers integrated onto optofluidic
sensing chips. [99,122] In the study conducted by Ouyang et. al., the chip was designed
to make it possible to integrate multiple WGM lasers to achieve multiplexed sensing.
These demonstrations show the effectiveness and promise CQDs and WGM lasers have
for biosensing, hence it makes sense to combine the two to trial biosensing with CQD

SP lasers.
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Table 1.1: A summary of the different types of biosensors in literature referenced in Section 1.4.3. PS = Polystyrene, TBA
= Thrombin Binding Aptamer, PBS = Phosphate-buffered Saline, and PS-DVB = Polystyrene Divinyl Benzene, EGFR =
Endothelial Growth Factor Receptor, VEGF = Vascular Endothelial Growth Factor, FBS = Fetal Bovine Serum, 5CB LC =
4’-Phenyl-4-biphenylcarbonitrile Liquid Crystal, PEG = Polyethylene glycol, ECL = Electrochemiluminescence.

Target Recognition Sample Limit of Gain Sensor Detection ¢
Ref.
Analyte Element Matrix Detection Medium Material Method
Thrombin TBA DI Water 1 pg/mL n/a Silica glass Wavelength shift  [80]
Citrate Silica
Streptavidin Biotin 1 aM n/a Wavelength shift — [82]
buffer microbubble
BSA n/a PBS n.d.a. Nile red PS Wavelength shift — [31]
MS2 virus Antibody PBS 0.2 ng/cm? n/a Silica glass Wavelength shift  [83]
Neutravidin Biotin Serum ~25 nM Nile red PS Wavelength shift  [96]
Thrombin TBA Serum ~0.3 mg/mL n/a Silica glass Frequency shift  [90]
Firefli Fluorescent
Lysozyme protein n/a PBS/air 0.38 ng PS-DVB Wavelength shift  [95]
Red dye
Tris-MgCls )
Hg?* ions cDNA ~5 nM n/a Silica glass Wavelength shift — [97]
buffer
Influenza A Antibody PBS 20 pg/mL Nile red PS Wavelength shift  [100]
EGFR Protein G PBS 0.5 nM Coumarin 6 PS Wavelength shift [101]

Continued on next page
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Table 1.1: A summary of the different types of biosensors in literature referenced in Section 1.4.3. PS = Polystyrene, TBA
= Thrombin Binding Aptamer, PBS = Phosphate-buffered Saline, and PS-DVB = Polystyrene Divinyl Benzene, EGFR =
Endothelial Growth Factor Receptor, VEGF = Vascular Endothelial Growth Factor, FBS = Fetal Bovine Serum, 5CB LC =
4’-Phenyl-4-biphenylcarbonitrile Liquid Crystal, PEG = Polyethylene glycol, ECL = Electrochemiluminescence.

Target Recognition Sample Limit of Gain Sensor Detection
Ref.
Analyte Element Matrix Detection Medium Material Method
Laser peak
VEGF Antibody PBS 17.8 fg/mL Rh6G SU-8 resin [99]
intensity
C-reactive protein  Antibody Serum 3.1 ng/mL n/a Silica nitride Wavelength shift [102]
1.1 x10% Coumarin 6
Exosomes Antibody FBS 5CB LC Wavelength shift [103]
particles/pL /Nile red
MUC1 40 particles
Exosomes PBS Nile red PS Wavelength shift [104]
Aptamer /resonator
Adenosine Tris acetate 50 pM Fluorescence
Aptamer n/a QDs/AuNPs [107]
/Cocaine buffer /120 pM Intensity
Thrombin TBA PBS ~10 nM n/a QDs FRET [108]
Thrombin TBA Buffer ~ 1M n/a QDs FRET [109]
Methamphetamine  Antibody PBS 6 ng/L n/a CdS QDs FRET [112]
Tris-HCI CdS QDs
Thrombin TBA 0.38 nmol/L n/a FRET [113]
buffer /AuNPs

Continued on next page
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Table 1.1: A summary of the different types of biosensors in literature referenced in Section 1.4.3. PS = Polystyrene, TBA
= Thrombin Binding Aptamer, PBS = Phosphate-buffered Saline, and PS-DVB = Polystyrene Divinyl Benzene, EGFR =
Endothelial Growth Factor Receptor, VEGF = Vascular Endothelial Growth Factor, FBS = Fetal Bovine Serum, 5CB LC =
4’-Phenyl-4-biphenylcarbonitrile Liquid Crystal, PEG = Polyethylene glycol, ECL = Electrochemiluminescence.

Target Recognition Sample Limit of Gain Sensor Detection ¢
Ref.
Analyte Element Matrix Detection Medium Material Method
diluted
Thrombin TBA 1 nM n/a QDs FRET [114]
serum
nanoporous
Thrombin TBA PBS 3.8 pM n/a FRET [77]
PEG
TAE PL
Thrombin TBA 1 nM n/a PbS QDs [79]
buffer quenching
CdSe QDs
Thrombin TBA PBS ~3 ng/mL n/a ECL [115]
/ITO electrode
) CdSe/ZnS CQDs
Thrombin TBA PBS 2.72 nM n/a ECL [116]
/Au electrode
CdS
ATP/ 30 nM
Aptamer Buffer n/a PbS CQDs ECL [119]
cocaine /50 nM

/Au electrode
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1.5 Swurface Functionalisation of CQDs

Surface functionalisation is imperative for being able to utilise CQDs and SPs for
biological applications. This is because CQDs on their own are often cytotoxic which
is generally attributed to the release of heavy metal ions used in QDs, such as Cd
and Se, into the surrounding environment. Therefore, if CQDs are used in vivo, this
leaching can alter the morphological and biochemical properties of cells, leading to loss
of functionality, chromosome damage and eventually cell death. [123] Cytotoxicity can
be mitigated by using CQDs that have ligand shells and even just by coating QDs
in an inorganic shell, such as ZnS. [124] Tailoring CQD structure, composition, and
surface can further reduce cytotoxicity, and some meta-analyses of literature studies
have indicated that toxicity is closely linked to the surface chemistry of CQDs. [118,125]
Surface functionalisation can also be used to tailor the optoelectronic properties of
CQDs, as even a single molecule binding to the CQD surface can cause distinct changes
to the electronic structure. [118, 126, 127] The reason why ligands can have such a
large effect on these properties of CQDs is due to surface trap states that exist in
the electronic structure of CQDs. These states arise from ‘dangling’ bonds at free
surface atoms in the QD crystal which creates energy states within the band gap that
quench luminescence due to non-radiative combination. As ligands bind to these surface
atoms, the energies of these states are shifted outside of the band gap and reduces this
quenching effect. [128,129] Ligand length and denticity have been shown to impact the
quantum yield (QY) and PL quenching in QDs. [130,131] On top of these optoelectronic
benefits, ligand exchange can also be carried out to make CQDs water-soluble and to
introduce moieties that can be used for further functionalisation. [132,133] For colloidal
synthesis of CQDs, long bulky hydrophobic ligands are required to aid dispersion in
organic solvents and stability in solution. [134] For this work, the hydrophobicity of
CQDs is necessary for the emulsion technique as CQDs need to be soluble in organic
solvents which are immiscible in water. However, for biological applications, the SPs
produced need to be water soluble for both post-fabrication surface functionalisation

and biosensing tests.
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1.5.1 Ligand Exchange

Surface functionalisation is often a process requiring several steps, starting with
obtaining the required functional groups that can then be used in further reactions to
generate specific surface functionality for the desired application. [137] As a result of
colloidal synthesis, CQDs have a shell of ligands bound to their surface which affects the
solubility of the crystals, along with other physical and optical properties. Often, these
ligands are hydrophobic organic molecules, such as oleic acid or oleylamine, therefore
they need to be replaced with hydrophilic molecules suitable for use within biological
matrices along with functional groups that are able to undergo further reactions for
suitable surface functionalisation. Use of bulky ligands that cannot pack as efficiently,
such as oleic acid, have been shown to improve the colloidal stability of CQDs as the
space between ligand chains allows solvents to intercalate between them. This is also
the case with smaller ligands, such as 3’-mercaptopropionic acid (MPA). [126,128] The

space between ligands may also result in the attachment of small, common ligands like

Z-type,
e.g. Cd(O,CR),, CdCl,

o = metal Q
o = nonmetal

Figure 1.14: Schematic demonstrating the three different types of ligand coordination
to CQD surfaces. Reproduced from [135] with permission

Z
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Figure 1.15: Reaction mechanism for ligand exchange of oleic acid with MPA at the
surface of CQDs within SPs. Adapted from [136]

OH™ and Cl~ to passivate the remaining free metal ions at the CQD surface which could
aid solubility. [128] Direct ligand exchange where the new hydrophilic ligands have a
higher affinity for the CQD surface and can replace the hydrophobic ligands is a popular
surface modification method for CQDs. Ligand exchange on the surface of CQDs
has been widely studied over the last two decades due to the importance the ligand
shell has on CQD properties and for biological applications. Some comparisons have
been made with self-assembled monolayers (SAMs) on gold films to aid understanding
of the ligand system on CQDs which, while a good place to start, does not paint
the full picture. For example, CQDs have a large, spherical surface allowing ligands
more space to pack, resulting in higher ligand densities compared to SAMs. [128] For
surface ligand exchange to occur, a large excess of the replacement ligand is required.
Ligands can be categorised into three different types characterised by the number of
electrons donated by the binding group of the ligand to the CQD, as shown in Fig
1.14. [135,138] Popular functional groups for ligand exchange include thiols, amines and
carboxylic acids, with thiols typically classed as X-type ligands as they often appear
deprotonated in solution. [139] As these ligands are negatively charged in solution,
they can bind to the positively charged surface metal ions [128,140], and thiol ligands
are further stabilised by the formation of disulfide bonds with surface sulphur atoms
present in Zn§S shells and can become part of the crystal itself. [141-143] Using thiol
ligands does require consideration of the functionalisation methods used after ligand
exchange because at low pH, thiols can be protonated and removed from the CQD
surface. [144] Multidentate ligands, such as bidentate thiols and oligomeric phosphines

and even polymers can also be used for functionalisation of QDs and have been shown
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to enhance stability and quantum yields. [145] Ligand choice is incredibly important
when functionalising a QD surface because the quantum yield is significantly affected
by surface states. [144]

The reaction mechanism for the exchange between oleic acid and MPA is shown
above in Fig 1.15. The exchange occurs at a 1:1 stoichiometry and occurs through an
associative mechanism. [136] Oleic acid and thiol exchange is spontaneous because of
the stronger binding thiols have with the CQD surface in comparison. [136,144] The
thermodynamics of ligand exchange is a very complex and varied picture of binding in-
teractions, enthalpic and entropic contributions from ligand-ligand and ligand-solvent
interactions. [146] Elimelech et. al. conducted a thorough study of the thermodynam-
ics of this class of reaction by using isothermal titration calorimetry to measure the
enthalpy and equilibrium constant of an exchange between oleic acid and a series of

alkylthiols on the surface of CdSe CQDs. [136] Enthalpy measurements showed that
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Figure 1.16: (a) CdSe CQDs ligand length dependence of the (a) enthalpy, (b) entropy,
(c) (i) Gibbs free energy, (ii) equilibrium constant and (d) the reaction stoichiometry,
n with different CQD diameters: d = 2.3 nm (blue), d = 4.0 nm (green) and d = 6.0
nm (orange). Temperature dependence of the (e) enthalpy, (f) entropy, (g) (i) Gibbs
free energy and (h) n for ligand exchange between oleate and C12-SH (blue triangle
with CQD d = 2.3 nm) and C8-SH (d = 2.3 nm, blue circle; d = 4.0 nm, green circle).
Reproduced with permission from [136]
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ligand exchange becomes more exothermic with increasing alkyl chain length which is
compensated by the loss of entropy due to ligand packing on the surface. Called the
enthalpy-entropy compensation effect, this is the result of longer alkyl chains forming
stronger van der Waals interactions, increasing the enthalpy, while also restricting chain
movement, reducing entropy, when the ligands are packed onto the QD surface, creat-
ing a near-constant Gibbs free energy for these reactions. These data are highlighted
above in Figure 1.16a-d. This study also found that the smaller the QD, the higher the
Gibbs energy because of the increased curvature and higher surface reactivity. As tem-
perature increased, a significant increase in both enthalpy and entropy was observed as
a result of different heat capacities of the reagents and different packing densities of the
ligand shell respectively. The equilibrium constant, K4, was also found to increase as
the temperature increased (Figure 1.16e-h), meaning that replacing the oleate is still
favoured at higher temperatures, demonstrating a non-Le Chatelier’s dependency of
K4 because ligand exchange is exothermic. Overall, this study concluded that replace-
ment of oleic acid ligands is possible with alkylthiols due to the increased van der Waals
forces from better packing and increased entropy of the alkylthiol-QD system compared
to that of the oleic acid-QD system. This is because the oleic acid chains contain a
double bond which deforms the chain and makes ligand packing less efficient on the
QD surface. Presence of a double bond in oleic acid also results in a lack of rotation
of the alkyl chain which, unfavourably, reduces the entropy of the system. A further
study by this group studied ligand exchange between oleic acid and both linear and
branched alkylthiols. This study found that the exchange becomes less exothermic and
has a reduced loss of entropy for branched alkylthiols, attributed to the increased steric
hindrance from ligand packing on the QD surface due to the presence of a single methyl
group on the carbon backbone. On top of this, the position of the branching group on
the carbon backbone and the length of the chain was also significant due to the im-
portance of ligand packing on the thermodynamic viability of the exchange. [147] Some
simulation studies have suggested that the loss of conformational entropy has a higher
contribution to the thermodynamic picture of exchange than changes in the amount of

van der Waals’ forces present between ligands. [146-148] Overall, studies have found
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that exchange rate increases as the ligand chain length decreases, temperature increases
and QD size decreases. [136,145,147] When designing a ligand exchange, solvent choice
also requires consideration as some, such as THF, can coordinate to CQD surfaces and
replace the desired ligands. [126] Ligand exchange is a widely used method for the first
step of biofunctionalisation procedures, but it is also possible to use this method to
improve optical characteristics. For example, the surface ligands of CQDs within SPs
were replaced with a bidentate ligand diaminooctane, a ligand with two binding sites
per molecule, to be able to pack CQDs more tightly within SPs. This significantly
improved the optical characteristics of these SPs, which also demonstrated lasing in
vitro and in vivo. [149] It is possible that MPA, the ligand used within this work, could
act as a bidentate ligand however it is likely that the ligand chain is too small to be
able to do this due to repulsion between CQDs.

Ligand exchange is often just the first step in the surface functionalisation of QDs
as it is often used to make QDs water soluble and to introduce moieties to the surface
that can undergo further chemical reactions. Achieving surface functionalisation for
specific biological applications usually involves conjugation with biomolecules and re-
cognition elements key to enabling QDs to recognise and target specific biomolecules.
Covalent and non-covalent binding of biomolecules are the two main strategies utilised

to functionalise a QD surface for biological applications. [118§]

1.5.2 EDC/NHS Coupling

EDC/NHS coupling is a popular method for the conjugation of biomolecules to
the surface of biosensors. N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide (EDC)
and N-Hydroxysuccinimide (NHS) are used to couple between molecules containing
carboxylic acid and amine groups with high reaction rates without the insertion of
crosslinking or spacer groups. [118]. The reaction mechanism for the coupling is shown
in Fig 1.17. In the first step, the carboxylic acid group on the SP surface courtesy of
the MPA ligands is activated by EDC to decrease the nucleophilicity of the carboxyl
carbon. This allows NHS to attack this more electron deficient carbon and complete

the activation of the carboxylic acid. The biomolecule containing the primary amine is
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Figure 1.17: Reaction mechanism for the EDC/NHS coupling of DNA aptamer TBA-15
to the surface of SPs. In the first step, EDC activated the carboxylic acid at the SP
surface. The second step shows the dispacement of EDC by NHS, followed by the third
step of TBA addition to the SP surface and displacement of NHS to covalently couple
the TBA to the SP surface, shown in the final step. Adapted from [150]

added to the solution and can then suitably attack the carboxyl carbon to covalently
attach to the SP surface. [150] Due to the popularity of this reaction the optimal
coupling conditions have been studied comprehensively, however the conclusion is not
unanimous. A general estimate would be that the optimal conditions are the addition of
NHS/EDC at a 2:1 ratio, the use of a buffer solution, and a pH of between 7 - 8.5. The
lower the pH, the longer the reaction time and no reaction will occur at all if the pH is
3.5 and below. The activation step can take anywhere from 5 minutes up to 2 hours and
coupling can take from 15 minutes up to 24 hours. [108,150-152] Alongside this, full
consideration must be given to the molecule being attached to the SP surface because
if there are any primary amine groups available, coupling may take place at these sites
as well as those desired. For the aptamer used in this work, TBA, the DNA chain is
made up of guanine and thymine bases. Of these bases, guanine has one primary amine
group attached to its aromatic ring, and one of the guanine bases is relatively accessible,
however the mechanism of aptamer binding to thrombin does not involve that particular
guanine therefore if EDC/NHS coupling occurs here it may not have an impact on the
biosensing functionality of these SPs. [150,153,154] More detail on the structure of TBA
is in Section 1.5.4. Arnold et. al. used EDC/NHS coupling to functionalise silica WGM
microspheres with anti-MS2 antibodies to detect single MS2 virus. The technique used
with these WGM microspheres was able to discriminate between specific binding of MS2

and non-specific binding of a different virus, Phix174 by washing with PBS buffer after
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addition of the viruses and monitoring the shift in the resonance wavelength. [83] Suo
et. al. used EDC/NHS coupling to attach DNA aptamers to the surface of polystyrene
microlasers to sense for specific cancer exosomes, which can be incredibly valuable for
early detection of the disease in addition to uses for cancer therapy. [104] EDC/NHS
coupling can also be used for surface functionalisation of QDs. Masteri-Farahani &
Mosleh functionalised CdS CQDs with anti-methamphetamine antibodies to produce a
turn-on fluorescence sensor for methamphetamine detection. For this functionalisation
process, MAA capped CQDs were synthesised using a one-pot colloidal synthesis. EDC
and NHS were then used to activate the carboxylic acid moieties on the CQD surface to
couple antibodies to the surface. [112] Another strategy for attaching biomolecules to a
QD surface is to exploit the avidin-biotin interaction. The avidin-biotin interaction has
a high affinity, is highly selective and stable over a wide pH range. [155] Streptavidin is
an analogue of avidin that is preferentially used instead of avidin in functionalisation
procedures because it does not contain carbohydrates, is not charged and is a highly
stable reagent that reduces non-specific binding which can affect sensor efficacy. [156]
Streptavidin modified QDs are commercially available along with protein biotinylation
kits, making this interaction remarkably easy to use for attaching functional groups
and molecules to surfaces. Iyer et. al. attached three different enzymes, hen egg
white lysozyme, alkaline phosphatase and acetylcholinesterase, by first biotinylating
the enzyme then incubating the enzymes with streptavidin-modified QDs to generate
quantum dot-enzyme bioconjugates. All three enzymes retained full catalytic activity
after conjugation while the optical stability of the QDs also remained, demonstrating

the suitability of biotin-avidin interactions for modifying a QD surface. [155]

1.5.3 Other Methods

There are other methods for surface functionalisation of QDs and WGM biosensors
that are as widespread as the ones detailed above. One example of a covalent surface
functionalisation technique is the use of click chemistry. Click chemistry describes a set
of highly selective reactions that can be carried out in mild, aqueous conditions with

high yields and reaction rates, first coined by Sharpless et. al. in 2001. [157,158] Some
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examples of click chemistry reactions include: the Diels-Alder ring formation, succinim-
idyl ester-amine coupling, thiol-ene, and Michael addition. [158-160] Functionalisation
of QDs using click chemistry or functionalisation with clickable moieties for cell tagging
and imaging has been demonstrated. Chen et. al. modified a CdSe/CdS QD surface
with a norbornene ligand that can undergo click reactions with tetrazine due to nor-
bornene being a highly strained bridged cycloalkene. This click reaction was used to
attach PEG chains to the surface to make the QDs water soluble and further functional-
isation of the dots with functional groups that could be attached to the other terminus
of the PEG could be achieved. Azide functionalised QDs were synthesised using this
approach and used in the labelling and imaging of 4T1 cancer cells. Cells were treated
with a dibenzocyclooctyne (DBCO) bearing unnatural sugar that can be expressed on
cell membranes through metabolic pathways within cells. When these pre-treated cells
were incubated with the N3-QDs, an azide-alkyne click reaction occurred between the
QDs and the DBCO to attach the QDs to the cell surface for fluorescent labelling. [160]
Mao et. al. exploited the same azide-alkyne click reaction to fabricate glucose detectors
using DBCO modified glucose oxidase (GOx) and azide modified-CdTe:Zn?* to create
a GOx-QD complex. These complexes were used for rapid blood glucose detection
and determination of blood glucose concentration within range of commercially avail-
able analysers. These QD-GOx complexes detected glucose based on the production
of HyO4, from the GOx-catalysed oxidation of glucose, which quenches QD fluores-
cence. [161] Picard-Lafond and Morin synthesised carbon nanoparticles (NPs) using a
bottom-up synthesis that leaves residual alkyne moieties on the surface. Photoinitiated
thiol-yne click chemistry was used to attach a fluorescent pyrene ligand to the surface
of carbon NPs to make the particles fluorescent for imaging as no photoluminescence
was observed from the NPs before pyrene functionalisation. [162] These are but a few
examples demonstrating the versatility and ease of click chemistry. However, for click
chemistry to be used in biological applications, samples often require pre-treatment to
attach clickable moieties to the target therefore quick, in vivo, detection would not be
possible. These click reactions listed above would also result in the insertion of bulky

spacer groups in addition to thiol-ene click chemistry between thiols and C=C double
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bonds requiring a copper catalyst or photoinitiation for the reaction to proceed, making
this method unsuitable for use with QDs and where consideration of the size of the mo-
lecules immobilised on a surface is required. [159] In particular, alkylthiol coated QDs
have been found to be unstable upon exposure to light as this can initiate the form-
ation of disulfide bonds between ligands and cause ligand dissociation and maleimide
groups required for the thiol-ene reaction are prone to hydrolysis in alkaline aqueous
conditions which is unsuitable for biological applications. [163,164] That being said,
click chemistry is still a useful method to use for attaching functional molecules and
biorecognition elements, such as GOx, to the surface of QDs for further use.

Other options include coating SPs in silica or polymer containing the required func-
tional groups before further functionalisation. [140] Silica coating has been a successful
SP functionalisation route within this group and further functionalisation was achieved
through the attachment of a photocleavable ligand using EDC/NHS coupling. [88, 89]
PEG, PVA, and PVP are possible polymers that could be used for surface modification
of SPs as variations of these polymers with moieties suitable for further functionalisa-
tion are often commercially available. [124,132,165] Well-known biointeractions such as
the biotin-avidin interaction can also be exploited for conjugation with the SP surface
and has been used to attach enzymes and other biomolecules to QD surfaces or even
as the method of attaching analyte to the QD for biosensing capabilities. [107,155,166]
This interaction is well studied and has a high affinity, is highly selective and stable
over a wide pH range which is favourable for the application of biosensors within human
samples. [155] This method, however, does still involve introducing bulky molecules to
the surface which could prove an issue for biosensing with WGM lasers. [118] Another
option often used in literature is taking advantage of non-specific adsorption of large
molecules to a QD surface, made possible due to the large surface area of QDs. Un-
fortunately, this interaction is weak and may be detrimental to the stability of SPs in
different solutions. [118]

Overall, there are many cases of the avidin-biotin interaction being exploited to pro-
duce aptamer modified QDs for protein detection. However, QD-aptamer sensors are

often used in conjunction with other particles, for example with fluorescence quenchers
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to make Fluorescence Resonance Energy Transfer (FRET) sensors [77,107,109,111] or
molecularly imprinted polymers for a double recognition sensing method. [167] Whis-
pering gallery mode resonators have also been modified with aptamers for sensing
applications, however these are often made of silica or glass [168] and there has been
no literature published at time of writing that involves the surface modification of
self-assembled QD microsphere lasers with aptamers and subsequent testing of such

Sensors.

1.5.4 DNA Aptamers

Aptamers are engineered specific DNA and RNA sequences that can have high af-
finity and selectivity towards chosen target analytes. They are often preferred over
antibodies for sensing applications due to their small size, ease of production, stabil-
ity and easy modification. [90] These biomolecules owe their high selectivity to their
3D structure and binding mechanism, often described as a ‘lock and key’ mechan-
ism. [24] Aptamers are also incredibly versatile and can be tailored to detect certain
genes [24], proteins [76], and even metal ions. [97] Aptamers are discovered using a slow
and expensive process called SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) which would be the main drawback of designing and manufacturing bi-
osensors for biomolecules which do not have an already discovered and commercially
available aptamer sequence. [24,169] The 15-base Thrombin Binding Aptamer (TBA)
was among the first aptamers to be discovered in 1992 and is one of the most studied
within research. [169,170] The structure of TBA-15 is shown below in Figure 5.2 and is
described as a chair-like G-quadruplex structure because of its shape and two quartets
of guanine (G) bases in the DNA chain. [75] This structure is also the reason TBA-15
is relatively stable in solution as the type of hydrogen bonds between bases and the
m-7 stacking of the aromatic rings in the guanine bases mean the structure is more
resistant to degradation. [169] There is also a central cation between the guanine quar-
tets - usually potassium - which also enhances the structural stability of TBA-15. [170]
A popular target analyte for aptamer-modified biosensors is the protein Thrombin.

Thrombin is involved in many pathological diseases, such as thrombosis and athero-
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Figure 1.18: (a) Diagram of the quadruplex structure of TBA-15 and the interaction
between TBA-15 and Thrombin exosite I according to (b) X-ray crystallography and
(c) NMR spectroscopy studies. Reproduced with permission from [154].

sclerosis and functions as a coagulation factor; its presence in blood can indicate the
presence of a blood clot. Thrombin protein has two different binding sites, generally
referred to as exosite I and exosite II. Studies have shown that thrombin generally
binds to TBA-15 through exosite I, shown in Figure 1.18, by the TT and TGT loops
acting like pincers around the section of exosite I that protrudes slightly. [75]. Current
methods of Thrombin detection are limited by the lack of antibodies available and can
be time-consuming. [90,168] For the post-synthesis modification of QDs with aptamers,
four different strategies can be used: self-assembly between DNA and QDs, biospecific
interactions, covalent interactions and nucleic acid hybridisation. For example, the
biospecific interaction between avidin and biotin can be used to attach aptamers to
a QD surface. [117] One of the first pieces of literature detailing the use of aptamer
functionalised QDs for Thrombin sensing was by Choi et. al. in 2006. In this case,
aptamer modified near IR emitting PbS QDs were produced in a one-step synthesis
and were used to successfully detect Thrombin. Detection was via PL quenching and
had a detection limit of approximately 1 nM. However, this binding was found to be
irreversible which is an important factor to consider when trying to develop facile and
reusable Thrombin sensing devices. [79] Ligand exchange has also been used to attach
aptamers to a QD surface. CdS and PbS QDs capped with organic thiol ligands were

synthesised and ligand exchange carried out with two different thiol-modified aptamers
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to produce aptamer modified QDs. These conjugates were used for the detection of
ATP and cocaine with detection limits measured to be 30 nM and 50 nM respectively,
showing the promise of aptamer-based sensing. [119] Click chemistry has also been used
to covalently bind aptamers to the surface of different types of QDs, NPs, and mater-
ials for biosensing applications. [158] Azide click reactions have been used to attach
aptamers to the surface of metal-organic frameworks (MOFs) for drug delivery [171],
and in the functionalisation of silica NPs for Thrombin detection. [172] Thiol-ene click
chemistry has also been used to produce aptamer functionalised NPs for BSA protein
sensing [173] and the functionalisation of different colloidal NPs for cell tagging [174].
EDC/NHS coupling is another method that has been used to covalently bind aptamers
to the surface of QDs with Li et. al. using this technique to produce an aptamer-
modified electrode as part of an electrochemiluminescence biosensor for the detection

of Thrombin. [115]

1.6 Conclusion

In summary, this introduction has outlined the main motivations behind the re-
search undertaken in this work and taken a brief tour of the basic scientific concepts re-
quired to understand the main points and conclusions of the thesis. The key takeaways
of this chapter are how the the QCE results in CQDs being able to be used as an optical
gain material, the basic principles of how WGM lasing works, and the thermodynamics
behind ligand exchange at the surface of CQDs. This chapter also looked at the current
state of the art technology within the literature, particularly with surface functionalisa-
tion techniques and the integration of WGM laser biosensors in microfluidic chips. The
rest of this thesis will begin with the materials and methods used in this work, followed
by a study to determine whether the emulsion used to fabricate SPs has an effect, if
any, on the stability of SPs towards surface modification with the protein Neutravidin.
Carrying on from this is the main results chapter which details the successful attempt
to functionalise the surface of SPs with a Thrombin Binding Aptamer (TBA-15) to be
able to create laser biosensors. Finally, a very simple proof of concept study was carried

out to test whether SPs functionalised with TBA-15 could be used as biosensors for
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the protein Thrombin.
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Chapter 2

Materials and Methods

2.1 Introduction

This chapter is a description of all of the chemical materials used in the fabrication of
SPs and their surface functionalisation, along with the different methods of fabrication
and surface alterations used for this research. The method of optical characterisation of
SPs before and after functionalisation and the method for estimating the laser threshold
of SPs is also detailed. Finally, the optical setup built for the biosensing tests, along

with the method used, is also described.

2.2 DMaterials

CdSe1_4S;/ZnS alloyed core/shell quantum dots (CQDs) emitting at 575 nm and
630 nm were purchased from Cytodiagnostics and CD Bioparticles, respectively. These
CQDs are designed to have a diameter of 6 nm and the optical properties are tuned by
the alloy composition. Poly(vinyl alcohol) (Mw 13,000 - 23,000, 87-89% hydrolysed),
sorbitan monolaurate (Span 20), Sodium Dodecyl Sulfate (SDS), Hydroxyethyl cel-
lulose (HEC), 3-mercaptopropionic acid (MPA), Dimethylformamide (DMF), hexane,
N-Hydroxysuccinimide (NHS), N-(3-Dimethyl
aminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC), Thrombin, Bovine Serum
Albumin (BSA), Polyvinylpyrrolidone (PVP), tetroethyl orthosilicate (TEOS), and

Ammonia (2 M in ethanol) were purchased from Sigma Aldrich. Polyoxyethylene (20)
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sorbitan monolaurate (Tween 20) and Neutravidin were purchased from Fischer Sci-
entific. Thrombin Binding Aptamer with 15 bases (TBA-15) was purchased from In-
tegrated DNA Technologies with the sequence 5-NH-GGT TGG TGT GGT TGG -3’
where NH is a 6-carbon amino linker. Unless specified, all materials were used without

purification or drying.

2.3 Synthesis of CQD Supraparticles

2.3.1 Standard Emulsion Method

Procedure was adapted from literature [1,2] and carried out under ambient con-
ditions. A 20 mg/mL solution of CQDs was prepared in chloroform. 100 pL of this
solution was added to 450 pL of a 2.5 w% solution of poly(vinyl alcohol) (PVA) in
deionised water and stirred vigorously for up to 6 h. Where SDS was used instead
of PVA, the concentration of the solution used was 6 mg/mL. The time required for
complete evaporation of the chloroform oil phase was not consistent, therefore constant
monitoring of the emulsion was required after the first 2 h of stirring. The reaction
mixture was centrifuged at 8,000 rpm for 10 minutes, the supernatant discarded, the

resulting pellet was resuspended in DI water, and stored at 4 °C.

2.3.2 Three-surfactant Method

Procedure was adapted from literature [3] and carried out under ambient condi-
tions. A 160 mg/mL solution of CQDs was prepared in cyclohexane for the oil phase.
This method requires slower stirring speeds and used a lower volume of CQD phase,
therefore a solvent with a higher boiling point that chloroform was required. A higher
concentration of CQDs was used to follow the literature procedure. For the water
phase, a solution of DI water with 199 mmol Tween 20, 4.65 mmol Span 20, 18.6 mmol
SDS, and 25 pmol HEC was prepared. 50 pnL of CQD solution was added to 750 pL
of water phase and stirred at 230 rpm for 2 h to emulsify. After emulsification, the
solution was left stirring at 60 rpm for 20 hours to evaporate the cyclohexane. The

mixture was centrifuged at 5,000 rpm for 10 minutes, the supernatant discarded, and
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the resulting pellet was resuspended in a 20 mmol Tween 20 solution.

2.3.3 Surfactant-free Method

Procedure was adapted from literature [4] and carried out under ambient conditions.
A 20 mg/mL solution of CQDs in hexane was prepared. 25 uL of CQD solution was
added to 100 pL of DMF and vortexed. The emulsion was left standing for 20 minutes

until the hexane had evaporated.

2.3.4 Characterisation

Microsphere size distributions were measured with ImageJ software using images
taken from an optical microscope equipped with a Thorlabs”™ camera. Before samples
were pipetted on slides for imaging, 1 ul. of SP solution was diluted in 10 pL. water.
SEM images were captured using a JEOL JSM-IT100 operated at 20 kV.

2.4 Surface Functionalisation of Supraparticles

2.4.1 Silica Shell Growth

Procedure was adapted from literature. [5,6] Oleic acid coated SPs were redispersed
in 250 pL 70:30 ethanol/HoO mix. 80 pL of the SP solution was mixed with 20 pL of a
10 mg/mL PVP solution and sonicated for 20 minutes. This was repeated twice. The
reaction mixture was then centrifuged at 10,000 rpm for 10 minutes, the supernatant
discarded, and the SPs redispersed in 300 uL ethanol. 6.6 pL. of TEOS was added, the
reaction mixture was sonicated for 20 minutes, then 20 nL HoO and ammonia added
and sonicated for 1 h. After sonication, the mixture was centrifuged at 6,000 rpm for 10
minutes, the supernatant was removed and the final silica coated SPs were redispersed

in HQO.

2.4.2 Ligand Exchange with MPA

Procedure was adapted from literature to make it suitable for SPs instead of CQDs

alone. [7,8] 200 pL oleic acid-capped SPs were re-dispersed in 500 pL 3:1 HoO/EtOH

71



Chapter 2. Materials and Methods

mix. Excess MPA (500 pL) was added and the solution was stirred at room temperature
overnight. The reaction mixture was centrifuged at 8,000 rpm for 10 minutes and the
resulting pellet was washed with ethanol three times to remove unbound MPA. The

resulting MPA-SPs were redispersed in water and stored at 4°C.

2.4.3 Neutravidin Functionalisation

Procedure was adapted from literature. [9,10] 200 pL. of MPA-SPs were dissolved
in 500 pL DI water and 20 pL of a 5 mg/mL Neutravidin solution was added. The
pH of the solution was adjusted to 7-8 using 25 mM NaOH and left to stir at 450 rpm
for 1 hour. The reaction mixture was centrifuged at 8,000 rpm for 10 minutes, the
supernatant discarded, and the Neutravidin capped-SPs were redispersed in DI water

and stored at 4 °C.

2.4.4 DNA Aptamer Functionalisation

Procedure was adapted from literature. [11,12]. 200 pL of MPA-SPs were activated
by the addition of 30 pL of 40 mM EDC and 30 pL of 15 mM NHS with NaOH (10 mM
in H2O) added to increase the pH of the reaction to between 6.5 and 7 before leaving
the mixture to stir for 1 h. Then, 20 pL of 10 pm TBA-15 solution was added and the
solution was left stirring for 4 h with the pH of the reaction mixture maintained by the

addition of 1-2 nL of 10 mM NaOH every 20 minutes.

2.4.5 Characterisation

SP size distributions were measured with ImageJ software using images taken from
an optical microscope equipped with a Thorlabs’™ camera. SEM images were cap-
tured using a JEOL JSM-IT100 operated at 20 kV. Successful surface functionalisation
was determined using a Malvern Zeta Potentiometer and Fourier Transform Infrared

Spectroscopy (FTIR) using a Nicolet iS5 FTIR Spectrometer.
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2.5 Optical Characterisation

2.5.1 Optical Pumping Setup

Single SPs were pumped using a 355 nm, 5 ns pulsed Nd:YAG laser at a 10 Hz

2. The beam was focused on

repetition rate with a beam spot area of 2.6 x107° cm
the sample using a 10x magnification 0.25 mm x 160 mm microscope objective lens
(MO) onto a stage which could be moved in the xyz planes to be able to find single
SPs to analyse. To be able to image lasing SPs, the light from the lamp (Tungsten-
Halogen) is directed though a 50:50 beamsplitter (BS) to direct the light to a CCD
camera (DCC1645C, Thorlabs) and to the sample stage. Light from the pump laser,
the SP sample and the lamp is directed to the sample stage and to the optical fibre
using a dichroic mirror (DM), a flippable mirror (M3), a long pass filter to filter out
remaining pump laser light (LP) and a lens with a focal length of 50 mm (L4). An
Avantes AvaSpec-2048-4-DT spectrometer coupled to an optical fibre with a 50 pm

diameter core was used to acquire spectral data at a resolution of 0.6 nm between

200-1100 nm. A schematic of this setup can be seen below in Fig 2.1.

2.5.2 Determination of Threshold

10 pLL samples of SPs were drop cast on glass slides and left to dry. A variable wheel
neutral density attenuator was used to alter the intensity of the pump laser beam and
the photoluminescence spectrum of the SP laser was measured at every 10 degrees on
the ND filter. The integrated emission intensity of the lasing or PL peak at each beam
intensity was measured from the spectra and plotted against the beam fluence. This
produced a laser transfer function plot with two distinct sections of data corresponding
to PL intensity above and below threshold that can be fitted linearly. Laser threshold
could then be estimated at the intersection of the two lines. The error for the laser
threshold measurements were calculated using the propagation of error, taking into

account errors from the measured beam spot size and pump energies, with F being

73



Chapter 2. Materials and Methods

Lamp Iris

M2

|

I,

Spectrometer

xyz

Laser

M -
U H 4

L1 L2 P A/2 L3

Figure 2.1: Illustration of the optical setup used for optical characterisation of supra-
particles. The purple line represents the beam path of the pump laser and the sample
stage and the yellow line represents light from the lamp. LBS is the laser beam stop,
L1-5 are plano-convex lenses to manipulate and direct the beam from the laser. P is
the polariser (GL 10-A, Thorlabs), A/2 is the half waveplate, and ND is the neutral
density filter used to attenuate the laser energy. M1-3 are the flippable mirrors used to
direct the pump laser beam and SP samples. The optical fibre was mounted onto an
xyz stage to improve the signal acquisition.

the measured threshold fluence:

5FZZFZ¢(§5>:(3~5>2 )
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Q factor is used to estimate the quality of the laser cavity which can be calculated
using the simple expression: @ = ﬁ, where A is the centre wavelength of the resonant
mode and AX is the FWHM of the resonant peak. To get a more accurate estimate of

cavity quality, the Q-factor is typically calculated for PL emission below threshold.

2.6 Biosensing

2.6.1 Optical Setup

SP samples were prepared as described above and pumped with the same Nd:YAG
laser operating at 355 nm with a pulse duration of 5 ns and a 10 kHz repetition rate.
The same setup of the LBS, L1-3, polariser and half waveplate prior to the ND filter
shown in Fig.2.1 was used in this setup. SP samples were mounted on an horizontal
stage and the pump beam was directed onto the sample with a periscope and a dichroic
mirror, then focused with a 10x magnification 0.25 mm x 160 mm objective lens. The
light from the SP sample was directed through a lens with a focal length of 50 mm and
through a long pass filter to filter out any remaining pump laser light. An optical fibre
with a 50 pm diameter core coupled to a Avantes AvaSpec-2048-4-DT spectrometer

with a spectral resolution of 0.1 nm between 420-655 nm was used to acquire spectral

A==

Longpass f=
filter 50 mm

! MM U 1 Dichroic

Mirror

Spectrometer

10 x
Microscope
Objective

HE=

) 350 nm
ND Filter Nd:YaG laser

Figure 2.2: Ilustration of the optical setup used in this biosensing procedure. The blue
line represents the beam path of the pump laser and the red line represents the beam
path of the laser signal from the SP sample.
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data. An illustration of this optical setup can be seen in Fig. 2.2.

2.6.2 Procedure

Solutions of BSA and Thrombin were prepared in water with concentrations of
1.5, 5, 10, and 15 mg/mL to test the detection limit of the SP lasers. A lasing SP
was found on the setup while immersed in water, 50 pL of protein solution was cast
onto the sample, and the PL spectrum measured every five minutes until thrombin
addition, in which case spectra were often taken every minute for periods of up to 110
minutes. BSA solutions were tested first then the Thrombin solution was added to test
the amount of non-specific binding present. After the first sensing attempt, water was
added when needed to stop the solutions from drying entirely. The wavelength shift
over time was measured from the wavelength shift of the highest intensity lasing peak

measured from the PL spectra over time for each concentration of protein.

2.7 Conclusion

In summary, the materials used for the SP fabrication and surface alterations have
been detailed and the corresponding methods used to produce SPs with Neutravidin
and Thrombin attached to the surface have been described. In addition to this, the
optical setups used in the characterisation and biosensing tests of these SPs have been
described, along with the methods of optical and chemical characterisation used to

obtain the data discussed in the rest of this thesis.
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Chapter 3

Fabrication of Self-Assembled

Lasers

3.1 Overview

Ampiphilic molecules called surfactants have been used to stabilise emulsions for
a myriad of applications over a span of decades. Here, we use an emulsion method
to fabricate microspheres consisting entirely of colloidal quantum dots (CQDs) to be
used as lasers. In summary, CQDs coated in organic ligands are dissolved in organic
solvent and emulsified in water containing the surfactant poly(vinyl alcohol) and the
organic solvent is left to evaporate which causes CQDs to self-assemble into spherical
supraparticles (SPs). The choice of surfactant has a marked effect on the SPs fabricated
and in this work two additional methods are trialled using a mixture of three surfactants
and no surfactant at all to test whether the physical and optical properties of SPs can

be improved upon.

3.2 Emulsion Methods

3.2.1 Standard Emulsion Method

SPs were fabricated according to the emulsion method detailed above and within

literature. [1,2] The emulsion method was carried out with both PVA and SDS sur-
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factants with chloroform used for the oil phase solvent. Chloroform was chosen as
the solvent due to its low boiling point and interfacial tension allowing for more high
quality crystal structures without increasing the reaction time. [3] Alloyed core/shell
CdSej_;S;/ZnS quantum dots with an average size of 5.5-6.5 nm emitting at 575 nm
and 630 nm were used. These CQDs are coated in oleic acid ligands, a molecule with a
long 18-carbon chain with C=C double bond in the centre and a carboxylic acid group
at one end which binds to the surface of CQDs. Due to this chemical structure, the
CQDs coated in these ligands are insoluble in water which is vital for using this stand-
ard emulsion method. The evaporation time of these reactions could still vary from 2-6
h depending on the environmental conditions such as humidity and temperature. Due
to the inconsistency in the evaporation time, the emulsion required close monitoring
via optical microscopy. Often within literature, microfluidic chips are used for droplet
generation to reduce polydispersity of the SPs produced, however this step was simpli-
fied by vortexing the reaction mixture to generate the emulsion instead. Figure 3.1a is
the size distributions of SPs made with the two different types of quantum dot and two
different surfactants, PVA and SDS, which demonstrates the high polydispersity of SPs

assembled without using a microfluidic cell for droplet generation. Figure 3.1b is a plot
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Figure 3.1: (a) Size distributions of SPs produced using the emulsion method with PVA
and SDS and with the two different types of CQDs. Inset is a zoomed in portion of the
distributions showing SPs produced using SDS. For the distributions, lognormal fits
were used. (b) Average diameters of the SP samples shown in (a). Error bars represent
the standard deviations and the line between each point is a guide for the eye to show
the different in average diameter values more clearly.
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of the average diameters of the samples shown in Fig. 3.1a. SP diameters can be an
indication of the stability of the emulsion towards breakdown and therefore the quality
of SPs produced. In this case, PVA-SPs made with 575 nm and 630 nm CQDs had
average diameters of 7.2 + 5.5 and 5.9 & 4.8 pm respectively. For SDS-SPs made with
575 nm and 630 nm CQDs the average diameters were found to be 6.4 + 3.6 and 7.8 +
3.7 pm respectively. Analysis of variance (ANOVA) statistical analysis was carried out
on the size measurements of the SPs and found that the average diameters of the two
samples are statistically significant, indicating that the two types of CQDs used affect
the size of the resulting SPs. Both types of CQDs used are commercially available and
the stated size distributions of the 575 nm and 630 nm CQDs are both 5.5 - 6.5 nm,
which means this would not be a factor affecting the SPs produced. Diameters of SPs
produced with SDS and PVA can also be compared with ANOVA. The 630 nm PVA
and SDS SPs with average diameters of 5.9 4+ 4.8 and 7.8 4+ 3.7 pm respectively were
found to be statistically significant which would be expected due to the importance of
surfactant choice on emulsion-templated self assembly. The average diameters of the
575 nm SPs made with PVA and SDS had average diameters of 7.2 + 5.5 and 6.4 +
3.6 pm respectively, however these averages were shown to be statistically insignificant
using ANOVA. Figure 3.5b demonstrates the similarity in the average diameter val-
ues across SP samples. Although these data indicate similarities in the SPs produced,
when it came to attempting to alter the surface of the SPs for biosensing applications,
SDS-SPs were not found to be stable towards further solution processing hence the
focus moving forwards remained on SPs produced using PVA as the surfactant (for
full information see Chapter 4). This could be due to van der Waals’ forces between
the hydrophobic chains of the PVA and the oleic acid ligands contributing to higher
stability towards dissolution of the SPs back into CQDs. [4]

3.2.2 Other Emulsion Methods

Two other emulsion methods were trialled with the standard method to test whether
it was possible to improve on the SPs produced using the standard emulsion method.

The first synthesis trialled was the 3-surfactant (3S) method detailed within literature.
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[5] In summary, this method uses a 160 mg/mL CQD solution in cyclohexane as the oil
phase due to its higher boiling point than chloroform, which is a favourable factor for
emulsion templated self-assembly. [3] For the water phase, a solution with a mixture
of SDS, polyoxyethylene (20) sobitan monolaurate (Tween 20), sorbitan monolaurate
(Span 20), and a thickener, Hydroxyethyl cellulose (HEC), was made to be able to
control the hydrophilic-lipophilic balance (HLB) of the emulsion and therefore the
resulting SPs. The ratio of oil/water phase of the emulsion in this method was 1:15.
The HLB value of the surfactants solution with the concentrations used in this work was
calculated to be 18.5. In comparison, the HLB of SDS alone is 40 [5], as it is an ionic
surfactant, and the HLB of PVA is 18. [6] This implied the 3S synthesis would produce
similar SPs to those produced using the standard emulsion method. Emulsification
was carried out by stirring at a low rpm for 2 hours due to the viscosity of the water
phase and the evaporation phase required stirring at only 60 rpm for 18 hours due
to the higher boiling point of cyclohexane (80 °C) compared to chloroform (61 °C).
The other emulsion method that was trialled was a surfactant-frexle (SF) synthesis
found in the literature. [7] In this method, the oil phase consisted of a 20 mg/mL
solution of CQDs in hexane and the water phase was dimethylformamide (DMF) and

the oil/water phase ratio was 1:4. The emulsification was carried out by vortexing for
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Figure 3.2: (a) Size distributions of SPs produced using the emulsion method with PVA
and SDS, the three-surfactant, and the surfactant-free method. Inset is a zoomed in
portion of the distributions showing SPs produced using SDS and the SF method. (b)
Average diameters of the SP samples shown in (a).
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approximately 30-60s and the evaporation stage was complete within 20 minutes due to
the small scale on which this synthesis had to be carried out. Scaling up the assembly
was attempted, however the best results were produced using the small scale with a
total emulsion volume of 125 pL. In comparison, the PVA and 3S methods had total
emulsion volumes of 550 pl. and 800 pL respectively. The reason this emulsion can
work without surfactants is due to the interfacial tension between DMF and hexane
which is 21.7 mN/m. [8]

Figure 3.2 shows the size distributions and average diameters of SPs produced us-
ing the three different emulsion methods along with an SDS-SP sample. In all of these
samples, the 630 nm emitting CQDs were used. The average diameters of 3S-SPs and
SF-SPs were larger than the two samples produced using the standard method at 11.2
+ 6.4 pm and 13.7 £ 6.5 pm respectively. ANOVA also demonstrated that average dia-
meters of all the SP samples, PVA-, SDS-, 3S-, and SF-SPs, were statistically different
from each other. The larger average diameters demonstrated in the 3S-SP sample may
be due to the solution of CQDs used being 8x higher in concentration than that used
in the standard one-emulsion method, however the literature detailing the 3S method
suggests that CQD concentration does not impact the size of SPs produced using this
method. [5] Larger SPs produced could also be due to the emulsification process. As
detailed above, emulsification of the 3S synthesis is done over a longer period and lower
stirring speeds, or shear rate, which would produce larger emulsion droplets compared
to the other methods where droplet formation is achieved by vortexing the mixture
which has a higher shear rate. [9,10] SF-SPs also demonstrate a much larger average
SP size which could be due to the lack of surfactant making the emulsion less stable
to droplet coalescence, which can be seen in the SEM images in Figure 3.3 where there
are a lot more amorphous and large structures in the sample produced. The size distri-
bution shown in Figure 3.2a also shows a much lower yield of SPs from the SF method
and, as mentioned earlier, this will be mainly due to the reaction requiring a smaller
scale to be successful. This method was also found not to be consistently repeatable,
with two samples prepared at the same time producing one batch of suitable SPs and

the other consisting entirely of amorphous structures and could not be used. Figure
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3.3 shows SEM images of the wider sample and single SPs assembled using the PVA,
3S, and SF methods. Figures 3.3e shows the amorphous and large structures produced
in the SF method, which is much more noticeable than those that are produced in the
other two samples, indicating the possibility that the lack of surfactant reduces the
emulsion stability towards droplet coalescence. However, in the images of the single

SPs, the SF-SP pictured in Figure 3.3f has a much smoother surface than the PVA-

Figure 3.3: SEM images of whole samples and single SPs made using the different
emulsion methods. (a) and (b) are PVA-SPs, (c) and (d) are 3S-SPs, and (e) and (f)
are SF-SPs.
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and 3S-SPs above in 3.3b and d respectively. This could be due to the way the sur-
factants present in the emulsion would arrange themselves at the droplet interface to
lower the interfacial tension. As the solvent continues to evaporate in the emulsion, the
hydrophobic chains of the surfactant would stay within the CQDs in the assembling
SPs, therefore resulting in surfactants being packed within CQDs with the hydrophilic
sections of the surfactants at the SP surface. [4,11] Surfactants being on the surface
has an impact when attempting to alter the surface of the SPs which is detailed further

in Chapter 4.

3.3 Optical Measurements

As described in Chapter 1, due to the high refractive index of the CQDs compared
to the surrounding environment, light can be captured and contained within the SPs
through total internal reflection where the light cycles around the cavity equator and
can interfere constructively to produce whispering gallery modes (WGM). In this case,
a single SP contains both the cavity and the gain medium to produce lasing through
these whispering gallery modes. The lasing ability of these SPs is therefore tightly
linked to the quality of the SPs, as this determines the cavity quality of the lasers.
Surface smoothness therefore also plays an important role in being able to achieve
lasing. SPs were pumped with a 350 nm Nd:YaG laser with a ND filter used to control
the incident fluence, a setup schematic is shown in Figure 2.1. Figure 3.4a shows the
photoluminescence (PL) spectra of single SPs pumped above and below threshold and
3.4b is the laser transfer function (LTF) plots of the emission intensity integrated under
the laser peak against the pump fluence, used to estimate the threshold of the SP lasers.
Average thresholds of all of the SPs tested were found to be 20.1 + 13.9, 9.2 £+ 3.5, and
18.5 &+ 12.3 mJ/cm? for PVA-, 3S-, and SF-SPs respectively. It should be noted that
the pump spot size is 2.6 x107° cm? therefore only SPs with diameters of at least 28.5
pm will interact with all of the incident pump energy, which is only the case for two
3S-SPs with measured diameters of 29.6 and 36.6 pm. This size mismatch means that
not all of the pump laser light is absorbed by the single SP, therefore the threshold
values reported will be higher than the SPs could achieve. [12] ANOVA shows that
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Figure 3.4: (a) Photoluminescence Spectra of single PVA-, 3S- and SF-SPs pumped
above and below threshold. Spectra were normalised to the maximum signal and were
not used for the threshold calculations. The diameters of the SPs shown are 9.1 pm, 7.7
pm, and 9.1 pm for the PVA-, 3S- and SF-SP, respectively. Inset shows the PVA-SP
pumped above (top) and below (bottom) threshold, captured on the CCD camera. The
yellow circle was used to approximate the position of the pump laser on the sample.
(b) Laser transfer function plots of the SPs in (a) used to estimate the laser threshold
fluences. The thresholds of the SPs shown were 23.3 4+ 3.2, 4.7 4+ 0.6, and 26.1 + 3.6
mJ/cm? for PVA-, 3S-, and SF-SPs respectively.

there is no statistically significant differences between these average threshold values,
implying that the assembly method used does not impact the optical characteristics
as much as first thought. However, it is also important to note that the method for
optically characterising these SPs requires the ’selection’ of each individual SP in the
sample, therefore the measurements are often the best representatives of the wider
sample. The related box plots showing the laser diameters and thresholds found for all
lasing SPs found in PVA-, 3S-, and SF-OA samples are shown in Figure 3.5. There are
a myriad of factors that can affect the optical properties of WGM lasers, such as the
surrounding environment, cavity quality and the size of the cavity. [13] The size of the
cavity is particularly important as cavities which are too small are unable to confine
light as effectively, resulting in lossy cavities and higher thresholds. [14] Therefore, the
diameter of the lasing SPs was also measured and the average laser diameters were found
to be 9.3 + 3.2, 20.3 + 8.8, and 13.3 + 5.4 pm for PVA-, 3S-, and SF-SPs respectively.
The statistically significant average diameter was that of the 3S-SPs compared to PVA-

and SF-SPs. As stated above, larger cavities can lead to improved light confinement
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Figure 3.5: (a) Box plot showing the laser diameters of all SP lasers found in PVA-, SF-,
and 35-OA samples. The average laser diameters were 9.3 + 3.2 ym, 13.3 £+ 5.4 pm,
and 20.3 £ 8.8 ym for PVA-, SF-; and 3S-OA-SPs respectively. (b) Box plots showing
the corresponding laser thresholds of all SP lasers found in PVA-, SF-, and 3S-OA-SP
samples tested. Average thresholds were estimated to be 20.1 & 13.9 mJ/cm?, 18.5 +
12.3 mJ/em?, and 9.2 + 3.5 mJ/cm? for the PVA-, SF-, and 3S-OA-SPs respectively.
A full list of the measurements is in Appendix A.1, Table A.1.

within the SPs, therefore the large average diameter of 3S-SP lasers could be the factor
leading to the low average laser threshold observed. The higher concentration of CQD
solution used in the 3S method could also lead to more densely packed SPs which could

also contribute to lower thresholds.

3.4 Conclusion

In summary, three different variants of emulsion templated self-assembly methods
were trialled for the synthesis of SPs. For the standard emulsion method, two different
surfactants were used along with two different wavelength emissions of CQDs. The av-
erage diameters of SPs synthesised were compared to assess the results of each method.
The type of CQD used seemed to affect the average diameter of SPs even though poly-
dispersity and size of the CQDs was in a similar range for both solutions and would
not affect the properties of the emulsion. There are many other reasons that could be
behind this somewhat unexpected observation including slight solution concentration
changes, temperature, and humidity fluctuations between each SP fabrication. Alter-

ing the surfactant used in the standard emulsion method demonstrated a change in the
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average diameter of produced SPs, which was expected. Comparing the HLB values
of the two surfactants used, SDS and PVA, does not explain the increased average
diameter of SPs seen between PVA- and SDS-SPs as a higher HLB value surfactant
is expected to create smaller emulsion droplets and, by extension, SPs. [5] When it
came to attempts at further functionalisation, it was found that PVA-SPs were much
more stable towards chemical reactions and solution processing than SDS-SPs, mak-
ing PVA-SPs more suitable moving forward to biosensing applications. PVA-SPs made
with CQDs emitting at 630 nm were compared with SPs made from two other emulsion
methods, three-surfactant (3S) and surfactant-free (SF). Both new emulsion methods
were found to produce larger SPs, which was possibly due to emulsification being car-
ried out at a lower shear rate for 3S-SPs and the lack of surfactant reducing stability
towards droplet coalescence for SF-SPs. SEM images of samples and single SPs were
also compared between the three assembly methods which demonstrated PVA- and
3S-SPs have rougher surfaces compared to SF-SPs, which was attributed to surfactants
being present at the oil/water interface and the hydrophobic sections of the surfactants
packing between the CQDs during the evaporation stage. Optical measurements of the
SPs made with the different emulsion variants were taken to determine the effect, if
any, the fabrication method has on the optical characteristics of the SP lasers. Average
thresholds of SPs tested were estimated to be 20.1 £+ 2.8, 9.2 + 1.3 and 18.4 + 3.5
mJ/cm? for PVA-, 3S- and SF-SPs respectively. The lower average threshold observed
in 35-SPs was attributed to the, on average, larger diameters of lasing 3S-SPs which
can reduce losses in WGM cavities. [13] On top of that, there is a higher cross-section
at the pump wavelength and therefore a higher absorption of pump photons could also
be contributing to the lower threshold. [12] While the favourable optical characterist-
ics observed in 3S-SPs would suggest the 3S method would be preferred for SPs, the
stability towards further solution processing and surface functionalisation is even more

important for assessing the suitability of the fabrication methods.
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Chapter 4

Surface Functionalisation

4.1 Overview

Surface functionalisation is one of the main focuses of this thesis as it is incredibly
important to be able to alter the surface of SPs and carry out biosensing experiments
Achieving surface functionalisation of SPs is a novel contribution to the field and had
not been demonstrated until the publication of our paper in 2023. [1] First, SPs are
modified with the protein Neutravidin, a popular protein used for biological applications
by exploiting the avidin-biotin interaction. Neutravidin modification is also carried
out on SPs fabricated using the emulsion variants detailed in Chapter 3 to be able
to see if the fabrication emulsion has an effect on surface alterations. SPs were also
functionalised with a DNA aptamer, a short strand of DNA that can bind specifically to
a certain biomolecule, using the EDC/NHS coupling method to prepare SP for sensing
the protein Thrombin. Finally, the optical characteristics of SPs before and after
functionalisation were measured to establish the suitability of the different fabrication

emulsions and surface functionalisation methods for further biosensing tests.

4.2 Functionalisation with Neutravidin

The surface functionalisation procedure detailed in this section was chosen for two
main reasons. First, ligand exchange is necessary to make these SPs water soluble

and to replace the inert alkyl chains with carboxylic acids that can undergo simple
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and mild coupling reactions. Secondly, EDC/NHS is one of the more suitable coupling
reactions to attach TBA to the SP surface as it does not involve the introduction of
spacer groups. It is important to keep the surface chemistry within the evanescent field
of the WGM cavity as the binding of the target analyte to the SP surface must occur
within the evanescent field to produce any changes in the laser emission.

Synthesis of SPs was carried out using the PVA emulsion method detailed in
Chapters 2 and 3. Surface functionalisation, shown in Fig 4.1, was achieved by first
exchanging the inert and hydrophobic oleic acid ligands with MPA ligands to introduce
hydrophilic carboxylic acid moieties onto the SP surface to make them water soluble
and able to undergo further EDC/NHS coupling. Ligand exchange is able to proceed
as a result of a number of different thermodynamic factors at play. First and fore-
most, thiols are able to bind more strongly to the surface of the CQDs that make up
SPs [2,3]. However, the overall thermodynamic picture will be slightly less clear as the
reduction in van der Waals forces by replacing the long alkyl chains of oleic acid with
the three carbon chains of MPA will contribute to a reduction in enthalpy, even with
possible hydrogen bonding between the carboxylic acid groups of MPA. The entropy
would increase significantly after exchange due to the increase in conformational en-
tropy that will occur with oleic acid unbound and free in solution. The overall Gibbs
Energy would decrease, making the ligand exchange thermodynamically favourable. [2]

As detailed in Section 1.5.1, ligand exchange rate also increases as ligand chain length

Figure 4.1: Reaction scheme depicting the procedure used to functionalise the surface
of an SP with Neutravidin. The first step is a direct ligand exchange of OA with MPA,
and the second step is an coupling reaction between the MPA and an amine group
attached to Neutravidin.
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decreases. [4] After successful ligand exchange introduced carboxylic acid groups on the
surface, made possible due to the higher affinity of the thiol moiety at the other end of
the chain to the CQD surface, the protein Neutravidin was coupled to the SP surface
using basic conditions. [5, 6]

Successful surface functionalisation was confirmed using Fourier Transform Infrared
Spectroscopy (FTIR), with the spectra shown in Fig 4.2. For OA-SPs, the black spec-
trum, the sharp, strong peak at 1547 cm™! is attributed to the symmetric stretch of
the C=0 bond within the carboxylic acid group. This vibration is shifted from the
expected wavenumber of around 1700 cm™! due to the carboxylic acid group binding
to the surface of CQDs in SPs. [7,8] Other characteristic peaks are at 1414 cm™! and
1463 cm™! (methyl end group C—H, CHy C—H), 2864 cm™~! and 2924 cm~! (alkene and
alkane C—H stretch), and a broad peak between 3000-3500 cm~! (O—H stretch). [8-10]
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Figure 4.2: FTIR Spectra of OA-coated SPs (black), MPA-coated SPs (red), and
Neutravidin-coated SPs (blue).
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After ligand exchange with MPA (red spectrum), two distinct peaks at 1566 cm ™! and
1637 cm™! are present, attributed to the C=0 carboxylic acid bond. The presence of

I would

two peaks could indicate incomplete ligand exchange as the peak at 1637 cm™
be due to the carboxylic acid group being at the SP surface and not bound to the
CQDs while the peak at 1566 cm™! could correspond to remaining oleic acid. Peaks
between 2000-2500 cm ™! is usually where absorption of triple bonds are located on the
spectrum, however this is extremely unlikely in this case. These peaks could be due
to carbon dioxide from the local environment, the water the SPs were storied in, or
water vapour from sample evaporation during obtaining the spectra. [11] Background
spectra were taken to mitigate this but concentrating samples onto the spectrometer
took a slightly longer than it would usually due to the small scale of the samples being
analysed, therefore there was more time for water to evaporate and the local environ-
ment to change. The increased intensity of the broad O—H peak between 3000-3500
em ™! can also be explained by the carboxylic acid group being at the outer SP surface
rather than bound to the SP CQDs. There is a large reduction in the intensity of the
peak at 1424 cm~!, corresponding to the alkyl C—H bonds, which is expected because
of the significantly shorter chain of MPA compared to oleic acid. [8,12] The assumption
that MPA binds to the surface of the CQDs within the SPs through the thiol group is
backed up in this spectrum due to the lack of a peak at 1289 cm~!. [13] Finally, after
conjugation of Neutravidin to the SP surface (blue spectrum) the main peaks in the
spectrum are at 1408 cm™!, 1550 cm ™!, 1645 cm ™!, and the broad peak at 3000-3700
cm ™! with a slight shoulder at approximately 3400 cm~!. The main difference between
MPA-SPs and Neut-SPs is the presence of an amide group. The peaks at 1408 cm ™!,
1550 cm™!, and 1645 cm™! correspond to alkyl CHy C—H bonds, C—N, and C=0
bonds, however the peak at 1550 cm ™! could also be attributed to any remaining oleic
acid from the ligand exchange. The slight shoulder of the O—H peak at around 3400
ecm~! could correspond to the amide N—H stretch. [14]

Overall, due to the similarity in the types of bonds at each step of the surface

functionalisation procedure, using only FTIR analysis can not provide definitive proof

of success. Zeta potential measurements, shown in Table 4.1, were also taken to be
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Table 4.1: Zeta Potential measurements for samples after each functionalisation step.
All measurements were taken at pH 6.

Sample ¢ (mV) o (mV)
OA-SPs —17.1 + 4.05
MPA-SPs —14.7 + 5.73
Neut-SPs —7.11 + 4.67

used in conjuction with the above FTIR spectra. Zeta potential measures the electrical
charge at the boundary between the rest of the solution and the part of the solution
which is bound to the surface of a particle, called the slipping plane. Alterations
to the surface chemistry of particles within solution has a measurable effect on the
charge at the slipping plane which can indicate whether surface modifications have
been successful. Surface charge measurements are sensitive to any pH changes in the
solution so all measurements were taken at pH 6 to account for this. Zeta potential
values were measured to be — 17.1 + 4.05 mV, — 14.7 £ 5.73 mV, and — 7.11 £+
4.67 mV for OA-, MPA-, and Neut-SPs respectively. Measurements between OA- and
MPA- capped SPs does not show any significant change where zeta potential would
usually be expected to become more negative where carboxylic acid groups are present
on a surface. [13] This could also be explained by measurements being taken at pH 6
which is slightly on the acidic scale, meaning it is more likely that more carboxylic acid
groups are protonated on the SP surface which would contribute to a more positively
charged surface than expected, however this could also be a result of incomplete ligand
exchange when the FTIR spectrum is also considered. [15,16] Neut-SPs were found
to have a more positive zeta potential which is expected and does indicate successful
surface functionalisation. [17] This is because neutravidin has an isoelectric point (the
pH at which the protein has a neutral charge) of pH 6.3 therefore the surface charge of
Neut-SPs should be closer to 0 mV at pH 6. [18]

Measuring the size distribution of SPs after each step in the functionalisation pro-
cedure can indicate the stability of SPs to the surface alterations. Figure 4.3 shows

the size distributions and corresponding average size of SPs at each step of the neut-
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ravidin functionalisation procedure, along with examples of the microscope images used
to measure the microsphere diameters. Microspheres could be differentiated from the
background by their bright red colour and were selected based on this criteria, along
with circularity and whether the microsphere exhibited any damage or malformation.
Batch to batch variance of produced microspheres did occur due to variations in temper-
ature and humidity of the environment, however these were not found to be significant
therefore the standard deviation of mixed batches were reported here. The average SP
size of OA-, MPA-, and Neut-SPs are measured to be 5.9 & 4.8 pm, 7.1 & 3.7 ym, and
4.3 + 3.7 nm respectively. ANOVA statistical analysis shows that each average dia-
meter value is statistically significant and therefore can conclude the functionalisation

procedure has an effect on SP diameter. In this case, the changes in average SP diamet-
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Figure 4.3: Left: Size distributions of OA- (blue), MPA- (green), Neut-SPs (purple).
For the distributions, lognormal fits were used. Right: Corresponding average diamet-
ers for OA- (blue), MPA- (green), Neut-SPs (purple). Error bars represent standard
deviation and the line between each point is a guide for the eye to show the difference in
average diameter values more clearly. (c-e) are microscope images of PVA-OA, -MPA,
and -Neut samples, respectively.
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Figure 4.4: SEM micrographs of SP samples after each surface functionalisation step.
(a,b) An image of a cluster of OA-SPs and a close up of a single OA-SP. (¢,d) An image
of a cluster of MPA-SPs and a close up of a single MPA-SP. (e,f) An image of the
Neut-SP sample and a close up of a single Neut-SP.

ers do not come from the process of altering the molecules attached to the surface, but
rather the effect carrying out these processes has on the SPs resulting in a reduction in
population at particular sizes. All three samples demonstrate a wide size distribution,
with a reduction in the number of SPs in the sample after each subsequent procedure
indicating care must be taken to design a surface modification with the fewest steps
possible. In particular, there is marked decrease in the number and average size of SPs
after conjugation of Neutravidin which is carried out at a basic pH in an adaptation of
a literature procedure. [5,6] This indicates these SPs are only stable at neutral pH en-
vironments, as thiol ligands are reported to also be unstable in lower pH environments
as the thiol groups can be protonated and detach from the surface of CQDs. [3] To be
able to assess the quality of SPs within the samples SEM micrographs were taken of
some wider samples and clusters and single SPs, shown in Figure 4.4. Figures 4.4(a)
and (b) are images of a cluster of OA-SPs and a single OA-SP respectively. SPs within
the cluster can be seen with some holes, cracked and misshapen SPs, however the ma-
jority are spherical and could be used as WGM lasers. The surface of the single SP can

also be seen as relatively smooth. MPA-SPs, shown in Fig 4.4(c) and (d), also shows a
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small proportion of misshapen SPs, however single SPs demonstrate an altered surface
and increased surface roughness. For Neut-SPs shown in Figure 4.4(e) and (f), there
are many amorphous artefacts throughout the sample with fewer spherical SPs present
and surface roughness can still be observed at the single SP level. The single Neut-SP
also has small holes and cracks in the SP which could affect the optical characteristics

of such SPs.

4.2.1 Comparison of SP Fabrication Methods

Analysing the suitability of the three variants of fabrication emulsions detailed

in Chapter 3 cannot be complete without comparing their stability towards surface
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Figure 4.5: FTIR spectra of PVA- (red spectra) and SF-SPs (blue spectra) after each
step in the assembly and subsequent functionalisation with Neutravidin. The yield of
3S-SPs was too small to be able to obtain suitable spectra.
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Table 4.2: Zeta Potential measurements for samples made with the different fabrication
emulsions after each functionalisation step, where possible. There was not a high
enough yield of 3S-Neut SPs to be able to obtain reliable zeta potential measurements.
All measurements were taken at pH 6.

PVA-SPs SF-SPs 3S-SPs

Surface ¢ (mV) o (mV) ¢ (mV) o (mV) ¢ (mV) o (mV)

OA —-17.1 + 4.05 —22.0 + 3.42 —-13.5 + 6.15
MPA —14.7 + 5.73 —17.3 + 4.37 —1.27 +5.24
Neut —7.11 + 4.67 —-3.90 £ 3.39 - -

functionalisation due to how important being able to alter the SP surface is for use.
Neutravidin functionalisation was attempted for each of the fabrication methods, PVA,
Surfactant free (SF), and 3-Surfactant (3S). All three samples had spherical SPs left
after functionalisation, however only PVA- and SF-SPs had a yield sufficient enough to
obtain proper FTIR spectra and zeta potential data. FTIR spectra of PVA- and SF-SPs
after each synthetic step are shown below in Figure 4.5. The SF-OA spectrum has the
expected peaks at 1464 cm~! (CHy C—H), 1544 cm~! (C=0), 1636 cm~! (C=0), 2867
ecm~! and 2933 cm~! (alkene and alkyl CHy C—H), and the weak, broad peak at 3100-
3400 cm~! (O—H). After ligand exchange, the marked increase in intensity of the broad
peak corresponding to the O—H bond along with the peak at 1636 cm™! corresponding
to the unbound C=0 bond indicates that the carboxylic acid group is unbound at the
SP surface and therefore ligand exchange was successful, at least partially. The SF-
Neut spectrum is incredibly similar to that of the PVA-Neut with peaks at 1409 cm ™1,
1550 cm~'m, and 1634 cm ™!, indicating successful functionalisation with Neutravidin
for SF-SPs however, as detailed above, this is not conclusive.

Zeta potential measurements are shown in Table 4.2, which shows a similar trend as
the PVA-SPs between each fabrication method after each synthetic step in the surface
functionalisation. A complete set of measurements was obtained for PVA- and SF-
SPs and both sets of samples had similar zeta potential values at pH 6. As detailed

in the previous subsection, the increase in surface charge seen after ligand exchange is
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possibly due to a combination of the pH at which the measurements are being taken and
incomplete exchange leaving oleic acid molecules at the surface. Either way, both PVA-
Neut and SF-Neut SPs demonstrate a significant positive shift in zeta potential expected
with successful Neutravidin conjugation due to the isoelectric point of Neutravidin being
at pH 6.3 [18]. This means as the pH of the solution tends towards 6.3, the overall charge
of the protein nears neutrality hence the zeta potential measurements shown being close
to zero. 35-SPs were shown not to be stable towards further functionalisation, hence the
yield after Neutravidin conjugation not being sufficient enough to obtain zeta potential
measurements. One possible reason for this instability could be the surfactants used
in the fabrication process. As discussed in Chapter 3, it is possible that during the
fabrication process the surfactants used to stabilise the oil droplets are incorporated
into the SP structure with the hydrophilic groups remaining on the surface [19]. This
could explain the lack of stability 3S-SPs have towards further functionalisation as
Tween 20 and Span 20 are bulky surfactants, and the presence of these bulky chains at
the surface of the SPs could prevent the modification of the surface chemistry of CQDs
and cause the breakdown of SP structures instead. Comparing 3S-OA and 3S-MPA
SPs, the same increase in zeta potential after ligand exchange remains, however both
values are generally more positive than those for the respective samples of PVA- and
SF-SPs which could be due to the longer, neutral alkyl chains of the surfactants used
in the 3-surfactant method at the surface of the SPs.

Finally, size distributions and average sizes of SPs used in tandem with SEM images
can often give good indications of how stable SPs are towards further functionalisation.
Figure 4.6 shows SEM micrographs of SP samples and single SPs for PVA-, 3S-, and
SF-Neut samples and Figure 4.7 is the size distribution and average sizes of the SP
samples. The figures with the wider samples clearly shows the dramatic decrease in
the amount of spherical SPs present after each functionalisation step, with the image
of the SF-Neut sample, Figure 4.6e, being the most obvious example. Upon closer
inspection of SEM micrographs of single SPs shown in Figure 4.6, it is also clear that
the surface of the SF-Neut SP is rougher than the PVA- and 3S-Neut SPs, which

should lead to lower quality cavity, and therefore higher, unfavourable laser thresholds.
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However, SEM provides a small snapshot of a sample, so size distributions of SPs were
estimated using larger samples of SPs from images taken with an optical microscope
with SP diameters measured using imageJ. The distributions and average diameters
of PVA-, 3S- and SF- samples are shown in Figure 4.7 and give some more insight
into the effect the fabrication method has on whether these SPs are suitable for further
functionalisation, and therefore biosensing. PVA-SPs have a narrower size distribution,
indicating there is more control over the droplet size, and therefore SP size. The average
diameter of PVA-OA, PVA-MPA and PVA-Neut SP samples are 5.9 + 4.8 pm, 7.1
+ 3.7 nm, and 4.3 £+ 3.7 pm respectively. There is a reduction in the yield of SPs
after Neutravidin functionalisation, and ANOVA analysis of the samples indicates the
reduction in average diameter seen is significant. 3S-SPs had an average diameter of
11.2 + 6.4 pm, 8.1 + 4.5 pm, and 3.9 + 2.5 ym for OA-, MPA-, and Neut-capped SPs
respectively, with each average value being statistically significant. Finally, SF-OA,
-MPA, and -Neut SPs were found to have average diameters of 13.7 + 6.5 pm, 11.6 +
3.7 pm, and 4.7 £+ 2.6 pm respectively, with statistical analysis showing no significant

change in diameter between SF-OA and SF-MPA samples. As shown in Figure 4.7,

Figure 4.6: SEM micrographs of (a,b) a sample and close up of neutravidin coated
PVA-SPs, (c,d) a sample and a close up of neutravidin coated 3S-SPs, (e,f) a sample
and a close up of neutravidin coated SF-SPs.
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Figure 4.7: (a) Size distributions of the 3S- (red), PVA- (blue), and SF-SPs (purple) be-
fore and after surface functionalisation with Neutravidin. For the distributions, lognor-
mal fits were used. (b) The corresponding average sizes of PVA-, SF-, and 3S-SPs
at each step of the surface functionalisation procedure. Error bars represent standard
deviation and the line between each point is to show the difference in average diameter
values more clearly.(c-k) Microscope images of SP samples produced after each step.
(c-e) are PVA-OA, -MPA, and -Neut samples, (f-h) are SF-OA, -MPA, -Neut samples
and (i-k) are 35-OA, -MPA | and -Neut samples.
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with the exception of PVA-MPA, the average diameters of SPs tend to reduce after
each step in the surface functionalisation procedure, with each Neut-SP sample having
a statistically identical average diameter, demonstrating a level of instability towards
further reactions across all SPs regardless of the emulsion method used in fabrication.
The 3S method produces generally much larger SPs than those made using the PVA
method with a similarly higher yields, with 3S-SPs being more polydisperse, whereas
the SF method, while also producing larger SPs, has a dramatically lower SP yield
in comparison. The SF method also did not produce reliable results that could be
easily replicated with each synthesis attempt, therefore is not suitable for further study
particularly when focusing on biosensing or other applications that require further
chemical treatment. It is possible that this method could be made more reliable and
produce more suitable results if carried out in a smaller vial than used in this work,
as is the case within the literature, as scaling the reaction up did not produce viable
samples. [20] As the main difference between the methods is in the presence and absence
of surfactants, it is therefore not unreasonable to infer the importance of this factor
when it comes to further solution processing and surface functionalisation. As discussed
in Chapter 3, it is possible that surfactants used in fabrication remain within the
structure of SPs with the hydrophobic chains remaining embedded between CQDs and
the hydrophillic sections remaining at the SP surface. [19,21] As the 3S method uses
three different surfactants, with Span 20 and Tween 20 having significantly bulkier
hydrophilic end groups than PVA shown in Figure 4.8, there would be more of the
hydrophilic and reactive sections of the surfactant at the SP surface to interfere with
surface functionalisation. This could result in the breakdown of SPs and lower yields
seen after each functionalisation step. It is also possible for the —OH groups attached
to both PVA, Span 20, and Tween 20, to bind to the surface of CQDs within the SP,
therefore attempts to alter the surface chemistry of CQDs in the SP would require
displacing the surfactants from the surface, along with the possibility of attempted
EDC/NHS coupling at the carboxylic acid groups within Tween 20 and Span 20, both
leading to SP dissolution. As the 3S surfactants and PVA would be able to bind to

the surface of multiple CQDs within SPs, they could also be responsible for increasing
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Figure 4.8: The chemical structure of PVA and the three surfactants used in the 3S
synthesis: Span 20, Sodium Dodecyl Sulfate (SDS), and Tween 20.

the stability of SPs by counteracting the steric repulsion between the oleic acid ligands
on the surface of the SP CQDs and binding the CQDs together. [22] PVA being less
bulky would be more favourable for binding between CQDs, which could go towards
explaining the superior stability of PVA-SPs when compared to 3S-SPs. Surfactants
binding between CQDs with SPs also goes towards explaining the significantly poorer
yields and stability of SF-SPs compared to syntheses that used surfactants. Without the
surfactants to bind CQDs together and counteract the steric and electrostatic repulsion
between CQDs and the oleic acid ligands, the SPs would be much more susceptible to

dissolution and break down.

4.3 Functionalisation with a DNA Aptamer

Functionalisation with a DNA Aptamer, shown in Fig. 4.9, was achieved using
SPs fabricated using the PVA method due to their superior stability towards further
functionalisation demonstrated in comparison to the two alternative emulsions trialled.
Ligand exchange with MPA was still required to introduce the necessary carboxylic acid

moieties onto the SP surface for the subsequent EDC/NHS coupling to conjugate the
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DNA aptamer, Thrombin Binding Aptamer with 15 bases in the chain (TBA-15), to
the SP surfaces. Although usually carried out in buffer solution to control the pH of the
reaction effectively, MPA-SPs were found to be unstable in buffer and dissolve back into
QDs hence the coupling being carried out in water with 2 nL of 10 mM NaOH added
every 20 minutes to control the reaction pH. The TBA used in this work consists of 15
bases within the main DNA chain, a methyl group at the 3’ terminus and an NHS group
with a 6-carbon linker at the 5 terminus of the DNA strand. This short chain TBA
was chosen to ensure the molecules at the sensor surface are within the evanescent field
of the WGMs as WGM biosensing requires the target analyte binding to be within that
field to induce a change in laser wavelength. [23,24] As above, FTIR and zeta potential
were used to determine whether the surface functionalisation was successful. The FTIR
spectra of OA-, MPA-, and TBA-SPs are shown in Figure 4.10. For OA-SPs (black line),
the broad peak between approximately 3000-3500 cm™' and the strong, sharp peak at
1635 cm~! correspond to the symmetric stretching of O—H and C=0 bonds of the
carboxylic acid group of the oleic acid ligands. For OA-SPs, other characteristic peaks
can be seen at 2933 and 2971 cm ™! corresponding to stretching of C—H bonds attached
to alkane and alkene carbons in the oleic acid chain along with peaks at 1411 and 1462

1

cm ™ corresponding to the bending of these same bonds. [12] The main difference seen

between the FTIR spectra of OA- and MPA- capped SPs is the near disappearance
of the C—H bending and stretching peaks which is expected as oleic acid ligands with

. EDC/NHS
HsC Y

» TBA

” . RT, 4h, pH 8.3

HyC

Figure 4.9: Reaction scheme depicting the procedure used to functionalise the surface
of an SP with TBA-15. The first step is a direct ligand exchange of OA with MPA, and
the second step is an EDC/NHS coupling reaction between the MPA and the amine
end group of TBA-15.
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Figure 4.10: FTIR spectra of OA-SPs (black), MPA-SPs (red) and TBA-SPs (purple).

18-carbon long chains are replaced with MPA molecules which contains only a three
carbon chain. There is a marked increase in the intensity of the broad O—H peak
between 2900-3500 cm ™! which is possibly due to the carboxylic acid not being bound
to the surface of the CQDs within the SPs due to the thiol group of MPA being the
binding group anchoring the ligands to the CQDs instead. The lack of a peak between
2500-2600 cm ™! corresponding to S—H stretching demonstrates that MPA binds to the
CQDs through the thiol end of the chain. [2,25] The reduction in intensity of the bound
C=O0 peak at 1560 cm~! and the peak at 1632 cm™', corresponding to C=0 groups
at the surface of SPs instead of what is binding the ligands to the surface of CQDs,
indicates that the ligand exchange may not be fully complete. [8] For a more complete
ligand exchange, the reaction could be left for more than 24 hours, however this would
be to the detriment of the stability and yield of MPA-SPs as they are not as stable

in solvents as OA-SPs. Another somewhat significant peak is the weak, sharp peak at
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Table 4.3: Zeta Potential measurements for samples after each step of the surface
functionalisation with TBA-15. All measurements were taken at pH 6.

Sample ¢ (mV) o (mV)
OA-SPs —19.7 + 4.76
MPA-SPs —31.7 + 3.62
TBA-SPs —12.5 + 3.13

1145 cm™!, and this is likely due to residual ethanol from the ligand exchange mixture
in the water MPA-SPs were stored in. The FTIR spectrum of the TBA-SPs sample
has peaks at 1635 and 1561 cm ™! corresponding to C=0 and C—N, the amide I and II
bands respectively, with the amide III band also being visible at 1321 cm ™!, indicating
successful EDC/NHS coupling and formation of amide bonds. [14, 26, 27] FTIR, as
detailed above, is not conclusive by itself due to the similarity in the types of bonds
present, therefore zeta potential measurements were taken which are shown in Table
4.3. Each sample was taken at pH 6 to be able to compare the zeta values to determine
whether TBA-15 was successfully attached to the surface of SPs. Zeta potential values
were measured to be —19.7 £+ 4.76, —31.7 & 3.62, and —12.5 £+ 3.13 mV for OA-, MPA-,
and TBA-SPs respectively. The significant decrease in surface charge between OA- and
MPA-SPs can be explained by the deprotonation of the carboxylic acid of the MPA
ligands on the SP surface in solution, which would contribute to the more negative
zeta potential measurement. [13,15] TBA is a more bulky molecule, explaining the
increase in surface charge however the aptamer is still negatively charged, contributing
to the overall negative surface. [28] Combining the FTIR spectra and zeta potential
measurements indicates successful conjugation of the DNA Aptamer TBA-15 to the
surface of the SPs.

Average sizes and the size distribution of SP samples after each step of surface
functionalisation are shown in Figure 4.11, with the average sizes of OA-, MPA-, and
TBA-SPs measured as 5.9 + 4.8 pm, 7.1 + 3.7 pm, and 2.9 £+ 1.2 pm respectively.
The size distributions also demonstrate the decreasing yield of SPs after each surface

alteration, with EDC/NHS coupling having the biggest effect, indicating a lack of
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Figure 4.11: (a) Size distributions of PVA-SPs at each step of the surface functionalisa-
tion step. For the distributions, lognormal fits were used. (b) Corresponding average
diameters of SP samples after each functionalisation step. These average diameters
were found to be 5.9 + 4.8 pm, 7.1 + 3.7 ym, and 2.9 + 1.2 pm for OA-, MPA-,
and TBA-capped SPs respectively. Error bars represent standard deviation and the
line between each point is a guide for the eye to show the difference in average dia-
meter values more clearly. (c-e) Microscope images of OA-, MPA-, and TBA-capped
SP samples.

stability towards pH controlled reactions. EDC/NHS coupling has an optimal reaction
pH of 8.5 [29] which caused these SPs to dissolve back into CQDs, therefore the coupling
had to be carried out at pH 6—7 and the reaction left for 4 hours to compensate for
the reduced rate of aptamer coupling. [30] SEM micrographs of samples are also shown
in Figure 4.12 showing the wider samples and individual SPs. Figure 4.15 clearly
demonstrates the reduction in SP surface quality and SP size, with the surface of
individual SPs shown to become more rough along with the appearance of defects
and holes, particularly obvious in Figure 4.12d. For the wider sample micrographs,
the main observation is the reduction in the amount of SPs, and the malformed side

products, after each functionalisation step. The proportion of SPs to inadequate side
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Figure 4.12: SEM Micrographs of SP samples. (a,b) An OA-SP sample and a close-up
of a single OA-SP. (c,d) An MPA-SP cluster and a close up of a single MPA-SP. (e,f)
A TBA-SP sample and a close-up of a single TBA-SP.

products also decreases which further highlights the decrease in stability towards further
functionalsiation. In summary, these data shows that any application for these SPs
that requires surface engineering requires careful planning to reduce the number of
steps in the functionalisation procedure and to understand the limitations imposed on
the reactions that can be conducted without damaging the resulting SPs and reducing
the SP yield too much. Unfortunately, the conclusion is that there are also limitations
on the possible applications of these SPs currently. One possible method that could
be used to mitigate the damage to SPs is to coat the SPs in a protective shell, such as
silica or PEG chains. Using PEG may allow us to introduce moieties onto the surface

of SPs without subsequent reactions.
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4.4 Optical Measurements

For measurement of PL spectra and estimation of laser thresholds for SPs after each
functionalisation step, where possible, the setup described in Chapter 2 and shown in
Figure 2.1 was used to pump individual SPs. The pump source was a 350 nm, 5 ns
pulsed Nd:YaG diode laser with a repetition rate of 10 Hz.

PL spectra and laser transfer function (LTF) plots for PVA-SPs after each synthetic
step are shown in Figure 4.14. The thresholds of these SPs are estimated using Figure
4.14b at the intersection of the linear fits of the emission intensity as a function of pump
fluence of the SP laser operating above and below threshold. Using this method, the
thresholds of single PVA-SPs before and after surface functionalisation were estimated
to be 23.3 4+ 3.2 mJ/cm?, 22.6 + 3.1 mJ/cm?, and 25.1 + 3.5 mJ/cm? for the OA-
, MPA-, and Neut-capped SP respectively. These SP samples were tested from the
same batch used for the modification process, and these SPs were selected as they
were the most similar in diameter that could be found from those measured, even
though they are quite different. Both the OA- and MPA-SPs shows two laser modes
at 634 and 641 nm and 628 and 635 nm respectively, however the Neut-SP does not
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Figure 4.13: (a) Normalised PL spectra above (solid lines) and below (dashed lines)
threshold for OA- (dark blue), MPA- (green) and Neut-SPs (red). The diameters of
the SPs are 9.1 ym, 5.1 pm, and 2.8 pm for the OA-, MPA-, and Neut-SP respectively.
(b) Laser transfer function plot used to estimate the threshold of the three SPs shown
in (a). Thresholds were estimated to be 23.3 + 3.2 mJ/cm?, 22.6 + 3.1 mJ/cm?, and
25.1 4 3.5 mJ/cm? for the OA-, MPA-, and Neut-SP respectively.
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demonstrate any additional modes which is likely due to the size disparity of the SPs
measured. The OA-SP has a diameter of 9.1 pm and the MPA-SP has a diameter
of 5.1 ym, whereas the diameter of the Neut-SP is 2.8 ym as measured by ImagelJ
using images taken below threshold with the camera integrated into the optical setup
used to collect the PL spectra (setup schematic is shown in Figure 2.2, Chapter 2).
The number of lasing modes in a WGM laser is dependent on the size of the cavity,
with smaller cavities more able to achieve single mode lasing, which could explain the
single lasing peak only seen with the Neut-SP. [31] While the SP is demonstrating a
single polar mode, it is also possible that this is not true single mode lasing as the
limited resolution of the spectrometer (1 nm) means other modes, if there, have not
been detected. Even above threshold, the PL emission of the MPA-SP shown in Figure
4.14a has a significant contribution to the spectrum, compared to the OA- and Neut-
SP. There are many factors that could contribute to this but the main factor is likely
to be the size mismatch between the SP being measured and the pump beam spot size,
meaning a lower percentage of the pump beam power is absorbed into the SP, which
also increases the estimated threshold for smaller SPs. Other contributing factors could
include lower Q factor meaning cavity losses are increased. [31] Smaller SPs or artefacts
being attached to the surface of the SP could increase the PL emission collected, which
can be seen on SEM images (see Figure 4.12) but are not visible on the camera attached
to the PL setup as the images only show single SPs. It would also be expected that
MPA-SPs would have reduced PL emission relative to OA-SPs due to the lower SP size
to beam spot size as ligand exchange reduces the quantum yield of CQDs. [3,15] The
smaller SP cross-sectional area to beam spot size ratio, along with the lower quantum
yield, can be seen clearly in the LTF plots after each step in the functionalisation
process, with the slope efficiency of the MPA- and Neut-SP dramatically lower than
that of the OA-SP.

For comparison between different SP assembly methods and their suitability for fur-
ther applications, optical measurements were attempted with SPs after each function-
alisation step for each method. Neither the 3S nor the SF method produced favourable

results, with only 3S-MPA SPs capable of demonstrating lasing post functionalisation.
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Figure 4.14: (a,b) Normalised PL spectra above (solid lines) and below (dashed lines)
threshold and corresponding LTF plots for single oleic acid coated SPs assembled using
the SF, PVA, and 3S methods. Thresholds were estimated to be 26.2 & 2.6 mJ/cm?,
23.3 &+ 3.2 mJ/cm?, and 4.7 + 0.4 mJ/cm? for the SF-OA, PVA-OA, and 3S-OA SPs
respectively. (c,d) PL spectra above (solid lines) and below (dashed lines) threshold
and corresponding LTF plots for single MPA and Neutravidin coated SPs fabricated
using the PVA and 3S methods. Thresholds were estimated to be 22.6 4+ 3.1 mJ/cm?,
25.1 + 3.5 mJ/cm?, and 9.0 + 0.8 mJ/cm? for the PVA-MPA, PVA-Neut, and 3S-MPA
SPs respectively.

Figure 4.14 shows the PL spectra and LTF of PVA-, 3S-, and SF-SPs before (a,b) and
after surface functionalisation (c,d), where possible to be able to compare the impact
on surface functionalisation between SPs fabricated with the different methods. The
main, and most obvious, difference was the inability to find lasing in any SF-SP or 3S-
Neut samples post-functionalisation, thus these fabrication methods are not suitable
for producing functional laser biosensors. Lasing ability was found in 3S-MPA SPs,

with the threshold estimated to be 9.0 & 0.8 mJ/cm? which is significantly lower in
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comparison to the estimated thresholds of 22.6 + 3.1 mJ/cm? and 25.1 + 3.5 mJ/cm?
for the PVA-MPA and PVA-Neut respectively. The LTF for the PVA-Neut SP does
not go to zero as the PL signal below threshold is below the noise floor. Small SPs,
such as the PVA-Neut here, seem to have negligible PL signal below threshold which
could be due to the lower PLQY of CQDs after surface alterations mentioned earlier or
possibly the presence of fewer CQDs in a smaller SP. The MPA-SP LTF also does not
extrapolate to zero, which is possibly due to the nonlinear relationship between pump
fluence and CQDs PL due to saturation. [32] As established earlier, size of the cavity is
an important factor influencing the threshold for WGM lasers and the diameter of the
SPs shown in Figure 4.14c¢ and d are 5.1, 2.8, and 10.3 pm for PVA-MPA, PVA-Neut,
and 3S-MPA respectively which will be a significant factor to explain the favourable
lower laser threshold for the 3S-MPA SP. This may also be a contributing factor to
the improved slope efficiency of the 3S-SPs both before and after functionalisation.
In addition, the 3S method uses a CQD solution that is 8 times more concentrated
than the PVA and SF methods - 160 mg/mL compared to 20 mg/mL - leading to an
increased density of CQDs within SPs, therefore contributing to the lower thresholds
and higher slope efficiency seen here. Unfortunately, the promising optical properties
do not translate to stability after surface functionalisation steps. As discussed earlier,
surfactant molecules remaining at the SP surface could be causing the reduction in
quality and yield of 3S-SPs post functionalisation, however the optical characteristics
of the extremely few lasers that are able to withstand ligand exchange do not seem to
be negatively affected. [19]

SPs functionalised with the DNA Aptamer TBA-15 were also tested to determine
whether they could be used as functional laser biosensors. Figure 4.15 shows the norm-
alised PL spectra, above and below thresholds, and corresponding LTF plots for single
OA-, MPA-, and TBA-SPs tested on the microPL setup. All SPs shown in Figure 4.15
are within a micron of each other, with diameters of 5.5 pm, 6.4 pm, and 5.0 pm for the
OA-, MPA-, and TBA-SP respectively, allowing for better comparison of the optical
properties of these SPs. The laser thresholds of these SPs were estimated to be 4.1
+ 0.4 mJ/cm?, 7.6 £ 0.4 mJ/cm?, and 19.8 &+ 2.7 mJ/cm? for the OA-, MPA-, and
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TBA-SP respectively. Threshold values increasing, along with the slope efficiency de-
creasing, after each surface functionalisation process further entrenches the importance
of reducing the required synthetic steps as much as possible, however the threshold
of 19.8 mJ/cm? is sufficiently low enough to be able to achieve sufficient lasing signal
without damaging or melting the SP after one use. It is also important to remember
that the incident pump laser beam spot size is larger than a single SP so not all of
the energy from the pump laser is able to be absorbed by the SP, therefore the 'real’
laser thresholds for these SPs will be lower than reported. [33] The PL spectra above
threshold for the TBA-SP shown in Figure 4.15a also demonstrates single mode lasing
which will be important for bionsensing applications as any wavelength shifts due to
presence of analytes are easier to detect and track. [34] Figure 4.16 contains the box
plots produced to show the diameters and thresholds of all lasing SPs found across
the OA-, MPA-, and TBA-SPs samples tested. One of the more glaring differences
between each of the samples is the sample size of lasing SPs decreasing after each func-
tionalisation reaction, however this will also be linked to the decrease in SP yield after
each surface alteration and does not necessarily prove a significant reduction in laser

quality. ANOVA shows that only the average diameter values for OA- and MPA-SPs
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Figure 4.15: (a) Normalised PL spectra of single OA- (blue), MPA- (green) and TBA-
SPs (red) above (solid lines) and below (dashed lines) threshold. The diameters of these
SPs were 5.5 pm, 6.4 pm, and 5.0 pm for the OA-; MPA-, and TBA-SP respectively.
(b) LTF of the OA-, MPA-, and TBA-SPs with the emission intensity normalised for
clarity. Thresholds were estimated to be 4.1 + 0.4 mJ/cm?, 7.6 &+ 0.4 mJ/cm?, and
19.8 £ 2.7 mJ/cm? for the PVA-OA, PVA-MPA, and PVA-TBA SPs respectively.
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Figure 4.16: (a) Box plot showing the laser diameters of all SP lasers found in OA-,
MPA-, and TBA-SP samples. The average laser diameters were 8.6 4+ 3.5 nm, 6.0 + 2.2
nm, and 7.3 + 4.7 pm for OA-, MPA-, and TBA-SPs respectively. (b) Box plots showing
the corresponding laser thresholds of all SP lasers found in OA-, MPA-, and TBA-SP
samples tested. Average thresholds were estimated to be 16.8 & 11.8 mJ/cm?, 19.7 +
10.5 mJ/cm?, and 23.7 & 20.1 mJ/cm? for the OA-, MPA-, and TBA-SPs respectively.
A full list of the measurements is in Appendix A.2, Table A.2.

are statistically significant from each other, however all three average diameter values
of 8.6 £ 3.5 pm, 6.0 £ 2.2 pm, and 7.3 + 4.7 pm for OA-, MPA-, and TBA-SPs,
respectively, are very similar to each other regardless. All three samples demonstrate
SPs as small as 3.5 - 4.0 microns are able to demonstrate lasing which is promising for
developing lab on a chip biosensing devices. The average thresholds of OA-, MPA-, and
TBA-SPs that were found to lase were 16.8 + 11.8 mJ/cm?, 19.7 + 10.5 mJ/cm?, and
23.7 4 20.1 mJ/cm?, respectively, with all of these values being statistically insignific-
ant from each other. The box plot for TBA-SP laser thresholds shown in Figure 4.16b
does demonstrates that TBA-SPs are capable of achieving thresholds much lower than
19.8 + 2.7 mJ/cm? reported above, with the lowest threshold TBA-SP found to be 5.6
mJ/cm? with a diameter of 3.6 pm, further indicating that TBA-SPs would be able to

be trialled as laser biosensors.

4.5 Conclusion

Surface functionalisation of SP lasers with the protein Neutravidin and DNA aptamer

TBA-15 was successfully achieved for the first time using a simple and mild procedure.
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First, OA molecules were exchanged with MPA molecules to introduce carboxylic acid
groups onto the SP surface and subsequently coupled with Neutravidin using a mildly
basic solution, or TBA using EDC/NHS coupling. Functionalisation was confirmed
using FTIR spectroscopy and zeta potential measurements, with the increase in sur-
face charge indicating successful functionalisation with both biomolecules. It would be
interesting to attempt to obtain 'H NMR spectra for SPs after each step to be able to
more definitively conclude successful surface functionalisation, however spectra may be
too difficult to analyse and the issue of SPs precipitating at the bottom of the sample
tube would also prove problematic. Thermogravimetric analysis could also be trialled
with SPs to test how many Neutravidin and TBA molecules were able to be attached to
the SP surface. Both TGA and 'H NMR have been used on samples of CQDs alone, so
it would be interesting to see if these methods are as effective with SPs in comparison.
The functionalisation methods used were chosen due to their simplicity and mild reac-
tion conditions because average diameters and yields show that SPs are not fully stable
towards pH controlled coupling methods, which requires improvement. This could be
achieved through coating SPs with a silica shell or PEG, which would have the added
bonus of being able to be functionalised prior to coating SPs, however caution is needed
to ensure the shell is thin enough for the addition of the target analyte to be within
the evanescent field of the WGMs to enable sensing.

PVA-SPs after functionalisation with Neutravidin and TBA-15 were found to retain las-
ing functionality and therefore could be used as laser biosensors. TBA-SPs were found
to have lower thresholds than Neut-SPs on average, with the thresholds reported in this
work of 19.8 + 2.7 mJ/cm? and 25.1 & 3.5 mJ/cm?, respectively. These thresholds are
low enough for lasing to be achieved at a pump energy that will not damage SPs which
is obviously beneficial for trying to manufacture reusable and durable laser biosensors.
These functionalised lasers also demonstrated lasing at small diameters, with Neut- and
TBA-SPs with diameters as small as 2.4 pm and 3.6 pm able to lase, therefore it could
be possible to use them in chipscale sensors. Future work should focus on streamlining
the functionalisation process and improving SP stability towards more harsh solution

processing, along with trialling integration of SPs into microfluidic chips to attempt to
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produce an easy to use biosensor using a lab on a chip configuration.

SPs made using the difference fabrication methods detailed in Chapter 3 were also tri-
alled to determine if the other methods may be favourable for further functionalisation.
SF-SPs could be functionalised successfuly, but no lasing MPA- or Neut-coated SF-SPs
could be found in the samples produced and the low yield of SPs from this method
even from the initial self assembly make these SPs unsuitable for use as biosensors.
3S-SPs were able to withstand ligand exchange with MPA | however after coupling with
Neutravidin, the complete collapse in the number of SPs yielded was insufficient to
prove successful coupling and no lasing SPs could be found in the samples produced
after coupling. Optical measurements of the single MPA-capped 3S-SP did demonstrate
favourable slope efficiency and a low threshold of 9.0 + 0.8 mJ/cm?, indicating that
these SPs are promising for further use. However, the inability to produce substantial
yields of functionalised 3S-SPs means the PVA method remains the preferred choice of

fabrication method for producing SP laser biosensors.
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Biosensing

5.1 Overview

After successful surface functionalisation of SP lasers, the natural progression is to
test whether these materials can be used as biosensors. Before biosensing tests could
be undertaken, a dedicated optical setup was built to be able to obtain PL spectra
from SP samples placed on a horizontal surface so solutions could be placed on top
of the SPs. The optical setup is described and characterisation of the incoming pump
laser beam to be able to calculate pump fluence is detailed. Using SPs functionalised
with the aptamer TBA-15, biosensing experiments were carried out with four different
concentrations of BSA and Thrombin to test the selectivity and sensing capabilities of

these lasers.

5.2 Optical Setup and Characterisation

As biosensing tests requires the SPs to be submerged in liquid, a dedicated optical
setup needed to be built to be able to carry out sensing tests on a horizontal surface
to allow solutions to be placed on top of the SP sample. Using small volume cuvettes
to be able to do this on the main PL setup was considered, however SPs need to be
fixed to be able to confidently pump the same SP over time and this dedicated setup
allows SPs to be more spread out to make it easier to find single SPs. Figure 5.1 is an

image of this optical setup built for this experiment. The blue line shows the direction
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of the pump laser beam as the beam is directed into a dichroic mirror, reflected into a
10x objective lens to focus the beam onto the sample stage. A small piece of polished
silicon wafer was attached to the sample stage to reflect as much SP signal as possible
back in to the objective lens to be collected. The sample signal is directed through
the dichroic mirror, through a 50 mm focus lens, a long pass filter to filter out the
remaining pump laser beam, and into the optical fibre mount. To aid with alignement,
the optical fibre mount was placed within an xyz cage translation stage. As this is a
cage setup, the beam profiler to measure the beam spot size of the pump laser was too
big to fit under the objective lens, so to find the beam spot size and focus point of
the pump laser, knife edge measurements were carried out. Figure 5.2 is a schematic
of the basic setup used for knife edge measurements. A razor blade was used and was
mounted to the stage and moved through the z direction to determine where the focus
of the laser beam was. At each z position, the blade was moved through the x direction
and power readings were taken to create a power profile of the laser beam at each z

position, which can be fitted to the following equation

T —2(x — xp)*
P(z,z) =p(z) /exp [2(0)] (5.1)

0

_ Ry [M]

w(z)

where erfc is the following complementary error function:

T w 2
p(z) = \Elow (OZ) (5.3)

Po = glo’wo2 (54)

Fitting the beam profiles is done to measure the beam radius, w(z), at each z position
to create a radius profile of the incoming laser beam to find the position the stage needs

to be in for the sample to be at the beam focus, zg, and the beam waist radius, wy.
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Figure 5.1: Image of the optical setup built for biosensing with the different optics and
beam directions labelled. The cover of the periscope has been removed for this picture.

This profile can then be fitted to the following expression for w(z)

w(z>=w0¢1+(mgzo>)2 65)

TWwQ

The resulting beam radius profile from the knife edge measurements for this setup is
shown in Figure 5.3. Py was set at 225 4+ 4 nJ and A was 355 nm. From the beam waist
profile, zy was measured to be at 7.96 mm, and wy was found to be 2.0 & 0.9 x1073
cm, therefore the beam spot size could be calculated to be 1.32 £+ 0.25 x107° cm?.

The M? value which indicates the beam quality and divergence can also be determined

127



Chapter 5. Biosensing

from the fit of the radius profile, and this was found to be 5.6 + 1.2.

10x Objective

Pump laser
beam

Power meter

Energy sensor

Figure 5.2: Diagram showing the basic setup for obtaining Knife edge measurements
to determine the spot size of the incident pump laser beam.
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Figure 5.3: Beam waist measurements at each z position and fit used to calculate
the beam spot size for the biosensing setup. Incident laser beam was assumed to be
perfectly circular so beam waist measurements were taken for the x axis only.

5.3 Thrombin Sensing

Thrombin sensing with TBA-capped SPs was trialled to obtain proof of concept
data to determine whether these lasers could feasibly be used as biosensors. SP samples
were cast on glass microscope slides and left to dry. SPs were found to readily stick to
glass slides when dried and could not easily be rinsed away with water, possibly due to
hydrogen bonding between the aptamer molecules attached to the SPs and the glass. 10
pL of water was added on top of the SP sample while attached to the stage to be able to
keep the sample positioning consistent. Finding a suitable lasing SP with good signal
before adding water did not produce stable results, so finding a suitable SP laser was
done while the sample was covered in water. To account for evaporation of the water, 10

pL was continually added to make sure the SPs did not completely dry. Once a suitable
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SP was found, measurements were taken every 5 minutes in water to find a baseline,
then 10 pL of BSA solution was added and measurements taken every 5 minutes for up
to 25 minutes. 10 pL. of Thrombin solution of the same concentration as the BSA used
was subsequently added and measurements taken every minute, where possible and 5
minutes if not, for up to 1 hour. This was due to the spectrometer integration time
sometimes needing to be altered for some TBA-SPs where the laser signal strength
needed to be increased to be able to more easily track any wavelength shifts. 10 pL
water was added as required to avoid the protein solutions drying on the SPs as signal
recovery after drying was not possible, particularly at the higher concentrations. This
issue of solution evaporation will not be a problem for SPs integrated into a microfluidic
chip due to the continuous flow of solution that will be possible with this design, and
the size of the channels should be small enough to reduce this effect on the laser signal
as much as possible. OA-SPs were also tested with the same concentrations of BSA
and Thrombin to be able to compare the observed peak shifts to determine if TBA-SPs
are successful biosensors. BSA was tested with the SPs before Thrombin to be able
to test the specificity of the TBA-SPs and account for any non-specific binding that
may occur during sensing runs. [1-3] These BSA runs are also important for testing
whether reference samples could be used for being able to detect target analytes in
more complex solutions, such as blood samples. [4]

Results of the sensing tests are shown in Table 5.1 and Figure 5.4. Figure 5.4 shows

Table 5.1: Table showing the wavelength shifts, shown visually in Figure 5.6, in nm for
OA- and TBA-coated SPs over each stage of the sensing experiments at each protein
concentrations. Beginning in water, then BSA solution, and finally finishing with the
Thrombin solution.

Protein 1.5 mg/mL 10 mg/mL 15 mg/mL
Conc.

Medium OA-SP TBA-SP OA-SP TBA-SP OA-SP TBA-SP

H>O —-0.4 —-0.5 —-0.2 —-0.8 —04 +0.1
BSA —-0.4 -1.0 -0.9 -0.9 —0.2 +0.8
Thrombin —04 —0.6 —1.7 +4.4 +0.3 +2.3
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Figure 5.4: Plots tracking the wavelength change over time for OA- and TBA-SPs after
the addition of BSA and Thrombin solutions with concentrations of 1.5 mg/mL (a,b),
10 mg/mL (c,d), and 15 mg/mL (e,f). Left (a,c,e) are plots of the wavelength of the
peak with the highest emission against the time elapsed for OA- and TBA-SPs with
the time of BSA and Thrombin additions marked. Right (c,d,f) are the corresponding
contour maps of the TBA-SP emission spectra.(d,f) shows the contour map only after
Thrombin addition for clarity.
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plots of the dominant laser peak wavelength over time for TBA- and OA-SPs and the
corresponding contour plots extracted from the spectra taken for the TBA-SP. The
red and black dashed lines on the peak wavelength plots notate when the BSA and
Thrombin solutions were added, respectively. Table 5.1 shows the overall wavelength
shifts of OA- and TBA-SPs shown in Figure 5.4 when exposed to the three different
media: water, BSA solution, and Thrombin solution. Samples were pumped at fluences
low enough to prevent SP degradation over time while also producing a strong enough
laser signal to be able to detect any wavelength shifts. For OA-SPs this pump fluence
was lower due to their superior lasing ability with the SP used for 1.5 mg/mL and 10
mg/mL solutions pumped at 64.4 mJ/cm? and the SP used for 15 mg/mL solutions
pumped at 76.8 mJ/cm?. The TBA-SPs used for 1.5 mg/mL and 15 mg/mL solutions
were pumped at 76.8 mJ/cm? and the TBA-SP used for the 10 mg/mL solutions was
pumped at 93.5 mJ/cm?. All SPs were still able to demonstrate lasing after over 100
minutes, however this was not with continuous laser pumping as between obtaining
each spectra the pump laser safety shutter was closed to attempt to protect the SPs as
much as possible.

As shown in Figure 5.4, there was only significant redshifts observed for Thrombin
solutions with concentrations of 10 and 15 mg/mL, with only blueshifts being seen for
the majority of the other SPs in the different media. There are small redshifts seen for
the OA-SP after Thrombin addition and the TBA-SP at all stages of the experiment
with the 15 mg/mL solution, which could be due to local environmental changes or non-
specific binding. The comparison of wavelength shifts seen in TBA-SPs after BSA and
Thrombin addition in addition to the comparison with OA-SPs means we can conclude
the significant redshifts, in the order of nm, observed after addition of 10 and 15 mg/mL
solutions is due to the binding of Thrombin to the SP surface, therefore these SPs could
be used as laser biosensors. These redshifts were observed in 40 minutes or less, which
is a promising timescale for producing sensing devices for rapid diagnoses. However,
this is initial data for a proof of concept study and tests with many more solution
concentrations with repeats need to be carried out to determine the limit of detection

by plotting the wavelength shifts against Thrombin concentrations. More readings of
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wavelength shifts for more concentrations could also be used to test if these sensors
could produce a calibration curve so a quantitative value for analyte concentrations
could be determined for complex samples. Due to the difficulty of finding TBA-SPs
with stable detectable signals in the water, the single SPs were selected based on their
signal which is why the SPs are lasing at different wavelengths. There are also sudden
jumps in the wavelength after the addition of BSA (Fig. 5.4a-d) compared to SPs
just in water, which could be due to a change in refractive index between just water
and water containing protein. [2,5] Sudden jumps in wavelength for SPs between BSA
and Thrombin addition may have been due to sample evaporation, which would be
solved if SPs were integrated within a microfluidic chip. Other causes of the sudden
wavelength jumps could also be alterations in temperature and mode hopping between
the different modes which can lase. The sensitivity of these SP lasers may be difficult
to improve until the cause of the observed blueshift is investigated, as it is possible
the SPs tested with the lower protein concentrations are detecting Thrombin however
the redshift caused by the addition of Thrombin to the SP surface is competing with
the possible effects causing blueshift, such as refractive index change from the different
protein solutions [6], temperature fluctuations due to laser heating effects [7,8], cavity
degradation [9], and in some cases even the substrate the WGM cavity is attached
to [10,11], and at higher protein concentrations there is enough surface binding for
the redshift to ‘win out’ and become observable. [12] Photocorrosion is another factor
which could be causing this anomalous blueshift as CQDs can act as photocatalysts in
liquid, leading to ligand loss and therefore photocorrosion or photooxidation, reducing
the refractive index at the SP surface which would manifest as a blueshift. [13] The
wavelength shifts of the SP lasers can also indicate the level of undesirable non-specific
binding and the desired specific binding as the shift observed depends on the number
of binding sites filled by an analyte. [14] Table 5.1 shows that for lower concentrations,
the observed wavelength shifts are very small for BSA solutions, indicating the levels
of non-specific binding are low. This bodes well for the suitability of these TBA-SPs
for biological samples without requiring time consuming sample preparation.

Slight blueshifts could be seen in the spectra for SPs tested with Thrombin con-
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Figure 5.5: (a,b) Plot tracking the wavelength change over time for OA- and TBA-
SPs after the addition of BSA and Thrombin solutions with concentrations of 1.5
mg/mL and the corresponding contour plot of the spectra taken after Thrombin addi-
tion, without any baseline correction. (c,d) Plot tracking the wavelength change over
time for the TBA-SP tested with 5 mg/mL BSA and Thrombin solutions and the cor-
responding contour plot of the spectra taken after Thrombin addition, without baseline
correction.

centrations of 1.5 mg/mL and 5 mg/mL (Appendix A.3, Figures A.1 and A.2), with
constant degradation blueshifts demonstrated by the SPs in water and BSA solutions.
To see if there was a sensing response ‘hidden’ behind the blueshift present due to
degradation, the degradation shift was used as a baseline and subtracted from the SP
laser response after thrombin addition. These plots of the wavelength shift over time
with the baseline corrected shifts are shown in Fig 5.5. For 1.5 mg/mL, the shift used
for the baseline was after BSA addition between t = 20—40 mins, and for the 5 mg/mL

the baseline was taken as the linear blueshift after the mode hopping to 635 nm between
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t = 40—64 mins. After the baseline correction, there are redshifts of 2.7 nm and 0.4
nm for 5 mg/mL and 1.5 mg/mL Thrombin concentrations respectively, which is a
dramatic improvement in the sensitivity of these SP biosensors. The small redshift of
0.4 nm observed with a Thrombin concentration of 1.5 mg/mL possibly indicates this
is relatively close to the limit of detection, given the current setup. Even with this
improvement, this is not comparable to the current state of the art detection limits of
WGM resonator-based biosensors which have demonstrated detection limits at micro-,

nano-, and femtogram scales. [15-17]

5.4 Future Work

As there are only a small number of initial results reported above, much more study
is required to fully verify whether these lasers were successfully detecting thrombin
binding to the SP surface. Before anything else, the experimental setup should be
improved by creating a very simple microfluidic chip with a chamber containing SPs to
be measured. This can be done by using a mould to produce a PDMS layer containing
an inlet and an outlet channel with a chamber in the centre which can be fused to
the surface of a glass slide. A 3D printed mould could be used to cure PDMS over
the top and create the shape for the microfluidic chip. Ozone plasma treatment of
both the PDMS and the glass slide would then be used to be able to fuse the two
materials together and create the final chip. A very simple and easy to produce setup
like this would solve problems with solution evaporation and keep SPs fully immersed
in solution throughout the experiments and allow for real time monitoring of the laser
wavelengths while solutions are altered. Alongside this, refractive index sensing could
first be trialled by tracking the laser peak wavelength of a single SP while immersed
in different solvents and sequentially adjusting the solvent dilution ratio to alter the
refractive index of the SP environment. The laser peak wavelength would be plotted
against the refractive index of the solutions the SPs are immersed in to demonstrate
the response to local refractive index changes to gauge whether there is a response
to refractive index alterations and prove whether SPs are suitable for continuing with

further sensing experiments.
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To be able to fully assess the suitability of SP lasers for the sensing of thrombin,
more experiments need to be carried out with suitable blank solutions to compare the
signal response of the SPs with that of thrombin solutions. A suitable buffer solution
for the blank and protein solution which does not dissolve the SPs must also be found
and the binding kinetics of thrombin to the laser surface should be calculated, as these
are important parameters to understand when undergoing sensing tests. Sensitivity of
the SPs would also be determined by plotting the wavelength shift against the con-
centration of target analyte after running more experiments with different thrombin
concentrations. This could also be used to create a calibration curve to be able to test
whether SPs could also be used to not only detect proteins, but also for determining
the concentration of analyte within solution. Testing different conditions to find the
optimal environmental conditions for sensing and being able to properly calculate the
sensitivity of the SP biosensors will be very important to be able to critically ana-
lyse how these SPs compare to the current commercial laboratory sensing methods for
thrombin. Shifting the focus from thrombin as a target analyte to interrogate other
clinically relevant biomolecules, such as VEGF or micro-RNA may also be beneficial

for future work on these SP lasers.

5.5 Conclusion

In summary, TBA-capped CQD SP lasers have possibly demonstrated biosensing
capabilities for the protein Thrombin. Redshifts were observed in 40 minutes or less
in TBA-SPs after the addition of Thrombin solutions with concentrations as low as
1.5 mg/mL, implying successful selective binding of Thrombin to the surface of the
SP lasers, increasing the effective diameter of the SPs and the path length of the
resonating light, inducing the redshift observed. As highlighted above, more study
is required to be able to definitively show specific binding of Thrombin to the SP
surface. The limit of detection for these SP laser biosensors, likely limited by the
current crude set-up, is estimated to be around 1.5 mg/mL which leaves much to be
desired and requires much further study, particularly into the cause of the anomalous

blueshifts observed with lower concentrations of Thrombin. Once the cause of this
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phenomenon is identified and understood, the detection limit of these laser biosensors
could be significantly improved to approach the reported sensitivity of other WGM
laser biosensors. [4,9,18-20] It is important to note the current commercial methods for
detecting and measuring thrombin involve continuously measuring thrombin production
in a plasma sample, usually by tracking signal response from thrombin displacing a
substrate and can detect thrombin concentrations at the pg/mL scale with scan times
of up to 120 minutes in samples as small as 100 pL, however these methods require
sample pretreatment to generate platelet poor plasma to remove interferents. [21] As
detailed above, there is much more work to be done with these lasers and after thrombin
sensing is demonstrated with a calibration curve produced, these SPs could be able
to produce measurements for thrombin concentration in less time than the current
commercially available scans. Other future work would include integrating these SP
laser biosensors into a microfluidic chip and to simplify signal analysis of these devices,
smaller SP sizes should be used to minimise the number of detectable lasing modes
while also improving sensitivity as a result of the increased surface to volume ratio.
It is possible to design microfluidic chips with multiple channels to be able to inject
multiple different solutions to be able to easily test against multiple reference solutions
and biological samples. [22-24] Design and manufacture of a microfluidic chip suitable
for carrying out biosensing tests similar to the simple test detailed in this work has been
reported using a simple fabrication process of curing PDMS over a resin mould and
fusing the subsequent microfluidic cell to a glass slide. [25] Transfer printing has also
developed enough to be able to pick and place single SPs onto substrates which would
enable single SPs to be placed and integrated into such microfluidic chips. [26] SP laser
biosensors could also be trialled with different target analytes, such as VEGF which
controls blood vessel formation and is not easily detectable [1], or any other disease
markers that have a suitable aptamer within the size limitations needed for sensing
within the evanescent field of the WGM modes. Micro RNA detection could also be
trialled with aptamer functionalised SP laser biosensors as being able to quickly and
reliably detect the presence of abnormal RNA is garnering huge interest for the early

detection and monitoring of certain cancers. [27]
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Conclusion

Self assembled SP lasers consisting entirely of CQDs are a novel class of laser ma-
terial with lots of promise for a variety of different applications. In this thesis, the
focus was on their possible applications as laser biosensors which could be integrated
into a lab on a chip sensing device. Although CQD SP lasers were only first reported
in 2018, there have already been a number of different variations of the emulsion used
to fabricate these SPs reported. Three different variants of the emulsion templated
self-assembly used to fabricate SPs were trialled: using poly(vinyl alcohol) (PVA) as a
surfactant, three different surfactants (3S), and no surfactants at all (SF). The 3S and
SF methods were found to produce larger SPs than the standard PVA method, which
in turn affected the optical properties of SPs produced with these methods. Average
(incident) thresholds of SPs tested were estimated to be 20.1 + 2.8, 9.2 £ 1.3 and
18.4 4 3.5 mJ/cm? for PVA-, 3S- and SF-SPs respectively. Although exhibiting more
favourable optical characteristics, 3S- and SF-SPs were found to be unstable towards
further surface modification therefore making them unsuitable as laser biosensors.

Developing functional SP laser biosensors requires the functionalisation of the laser
surface with a recognition element to enable the capture of a target analyte for detec-
tion. In this novel case, SPs were modified with the protein Neutravidin which can
detect biotinylated targets through the avidin-biotin interaction. PVA-SPs after sur-
face modification with Neutravidin (Neut-SPs) did retain lasing functionality with a

threshold of 19.8 4 2.7 mJ/cm? and a diameter of 2.4 um reported. For Neut-SPs to
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be used as biosensors, either a biotinylated recognition element would still need to be
added to the SP surface or the sensing sample would require pretreatment to be able
to detect biotinylated biomarkers which is not ideal. To combat this, SPs were instead
functionalised with a DNA aptamer TBA-15 using a two step process; first, a ligand
exchange to replace oleic acid with MPA, then attaching TBA-15 using EDC/NHS
coupling with successful surface functionalisation confirmed using FTIR spectroscopy
and zeta potential measurements. SPs were found to be stable in water and ethanol,
however using organic solvents and altering the pH for EDC/NHS coupling did cause
SPs to disintegrate and dissolve back into CQDs therefore care must be taken when
designing surface functionalisation syntheses for specific applications. The average
threshold of TBA-SPs was found to be 23.7 4 20.1 mJ/cm? which is comparable to
the average thresholds of 16.8 + 11.8 mJ/cm? and 19.7 & 10.5 mJ/cm? for OA- and
MPA-SPs, respectively. The positive optical properties of TBA-SPs reported with the
average diameter of lasing TBA-SPs being 7.3 + 4.7 um indicated these SPs could be
used to develop label-free laser biosensors.

In the final step, a simple proof of concept biosensing test was carried out in which
TBA-SPs successfully demonstrated biosensing capabilities for the protein thrombin in
solution. A redshift of 0.4 nm in 40 minutes or less was obtained for TBA-SPs after the
addition of 1.5 mg/mL thrombin solutions after correction against the constant cavity
degradation blueshift. This, along with the consistent and usually constant blueshifts
seen with TBA-SPs in water or BSA, indicates successful selective binding of thrombin
to the surface of the SP lasers. The limit of detection for these SP laser biosensors
is estimated to be close to 1.5 mg/mL which leaves much to be desired, however the
timescale of the wavelength shift response is very positive. Further work is required to
determine the actual LoD of these sensors by carrying out more sensing experiments
with more concentrations of thrombin with repeats and to develop a calibration curve
which could be used to quantitatively determine thrombin concentrations in complex
media. There were also anomalous blueshifts observed with lower concentrations of
thrombin, before baseline correction, which requires further understanding. Once the

cause of this phenomenon is identified, the detection limit of these biosensors could be
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further improved upon. The natural next step for these SP lasers is integration into
a microlfuidic chip to create a sensing device, which could stabilise signal problems
arising from sample evaporation. Further work could also integrate multiple SPs, each
functionalised with different DNA aptamers, operating at different wavelengths into
single microfluidic chips for multiplexed sensing of complex media.

Overall, this study is a promising first step towards creating a functional microfluidic
sensing chip with such lasers and creates an exciting precedent with many different

possibilities and avenues to explore for further study.
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Data

A.1 Chapter 3

Table A.1: Diameter and threshold measurements used for the ANOVA. Measurements
of SPs were taken after fabrication with the three different emulsions, the thresholds
reported are those of the dominant lasing peak.

PVA-SPs SF-SPs 3S-SPs

Diameter Threshold Diameter Threshold Diameter Threshold
(pm)  (mIfem?)  (um)  (mI/em?)  (um)  (m]/em?)

4.4 25.1 17.9 28.7 15.5 9.77
10.7 35.0 18.7 21.3 13.5 7.23
13.1 42.7 7.2 29.3 7.7 4.70
9.1 23.3 9.1 26.2 23.9 5.70
9.9 30.6 9.5 16.2 22.3 7.90
11.9 23.1 6.8 16.9 29.6 7.20
9.5 2.50 17.0 21.9 36.3 14.1
10.0 2.25 194 6.32 19.3 13.2

Continued on next page
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PVA-SPs SF-SPs 3S-SPs

Diameter Threshold Diameter Threshold Diameter Threshold
(pm)  (mJ/em?®)  (pm)  (mJ/em®)  (pm)  (mJ/cm?)

10.3 14.4 16.1 9.72 14.5 13.2
8.5 11.3 10.3 2.50 — —
4.5 4.31 8.4 3.19 - -
15.5 9.77 20.0 14.4 — —
13.5 7.23 21.3 11.3 — —
7.7 4.70 18.1 4.31 — —
10.2 34.3 7.5 9.23 — —
7.9 32.0 5.3 25.8 — —
5.6 39.2 15.1 44.7 — —
- — 11.3 40.2 — —

A.2 Chapter 4

Table A.2: Diameter and Threshold measurements for all SPs tested after each step
in the fabrication and surface functionalisation procedure. Where there were multiple
peaks, the thresholds reported are those of the dominant lasing peak.

OA-SPs MPA-SPs TBA-SPs

Diameter Threshold Diameter Threshold Diameter Threshold
(pm)  (mJfem?)  (um)  (mJfem?)  (um)  (mJ/em?)

5.8 17.6 4.1 10.1 4.5 7.23

7.6 5.92 6.4 7.65 4.2 12.5

Continued on next page
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OA-SPs MPA-SPs TBA-SPs
Diameter Threshold Diameter Threshold Diameter Threshold
(um)  (mJ/em®)  (pm)  (mJ/em®)  (um)  (mJ/em?)
6.4 4.78 4.1 4.58 3.6 5.63
5.5 4.10 5.8 28.6 14.2 53.9
6.8 12.4 4.8 21.2 5.0 19.9
7.0 23.1 5.5 36.6 12.3 42.8
7.3 17.8 4.5 34.4 — —
5.8 11.1 8.8 33.7 — —
7.9 10.4 4.5 16.0 — —
10.0 5.31 10.3 8.96 — —
9.7 6.32 10.3 12.8 — —
8.5 9.72 5.5 16.6 — —
9.5 2.50 4.8 21.6 — —
10.0 2.25 5.1 22.6 — —
10.3 14.4 — — — _
8.5 11.3 — — — —
4.5 4.31 — — — —
4.6 17.0 — — — _
6.2 4.27 - — — —
3.5 13.1 — — — —
10.2 20.3 — — — -
7.9 19.0 — — — —

Continued on next page
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OA-SPs MPA-SPs TBA-SPs

Diameter Threshold Diameter Threshold Diameter Threshold
(pm)  (mJ/em?®)  (pm)  (mJ/em®)  (pm)  (mJ/cm?)

5.6 23.2 — — — —
4.4 14.9 — - — —
10.7 20.7 — — — —
13.1 25.3 — — — -
9.1 13.8 - — — -
9.9 18.1 — — — —
11.9 15.0 — — — —
18.2 12.8 — — — —
7.1 8.46 — — — —
16.6 23.3 — — — —
8.7 13.4 — — — —
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A.3 Chapter 5
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Figure A.1: Plot tracking the wavelength change over time for TBA-SP after the ad-
dition of 5 mg/mL BSA and thrombin solutions. Left is the plot of the wavelength of
the peak with the highest emission against the time elapsed for TBA-SP with the time
of BSA, thrombin, and water additions marked for clarity. Right is the corresponding
contour map of the TBA-SP emission spectra.
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Figure A.2: Plots tracking the wavelength change over time for TBA-SPs after the
addition of BSA and thrombin solutions with concentrations of 1.5 mg/mL. Left (a,c,e)
are plots of the wavelength of the peak with the highest emission against the time
elapsed for TBA-SPs with the time of BSA, thrombin, and water additions marked.
Right (c,d,f) are the corresponding contour maps of the TBA-SP emission spectra.(f)
shows the contour map only after thrombin addition for clarity.
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J. Mol. Sci., 2023, 24(19), 14416, https://doi.org/10.3390/1jms241914416.

B.2 Oral Presentations
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