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Abstract

Biomolecules can be detected through induced changes in the optical whispering-gallery
mode (WGM) resonance in a circularly symmetric dielectric. The spatial and temporal
confinement of light in a WGM is further complemented by coupling to the localised surface
plasmons (LSPs) of metallic nanoparticles attached to the WGM resonator. LSP-WGM
hybridisation allows for the optical readout of single-molecule surface reactions on gold
nanoantennae, the mechanisms for which are not yet fully understood from a theoretical
perspective. The specificity of this modality is, moreover, a subject of intense research. In
this thesis, we propose three strategies for characterising molecules with light. The first
strategy is a prototype polarimeter that differentiates chirality based on a signal-reversible
Faraday effect in a magneto-optical WGM microcavity. Thermal tuning integrated into
the resonator minimises geometrical birefringence, in turn maximising Faraday rotation
to optimise chiral sensitivity. There we endeavour to resolve single-molecule chirality.
Without engineering reconsiderations, however, the polarimeter is found to be limited to
bulk chiral analysis. The second strategy is an (optoplasmonic) LSP-WGM resonator with
chiral gold nanoantennae. Signals from the molecules conjointly show a correlation with the
molecular weight and diffusivity of detected DL-cysteine and poly-DL-lysine. Aside from
these features, the sensing site heterogeneity on the chiral gold nanoparticles impedes chiral
discrimination. The third strategy is a novel reaction scheme adapted to the optoplasmonic
sensor. Aminothiol linkers functionalise the gold surface via amine-gold anchoring, setting
up cyclical interactions with thiolated analytes by thiol/disulfide exchange. Unexpected
perturbations in the LSP-WGM resonance are observed, such as linewidth oscillation without
resonance shift attributed to optomechanical coupling between LSPs and the vibrational
modes in a given analyte. This offers a new form of spectroscopy wherein single biomolecules
could be characterised by their mass, size, and composition through monitoring secondary
parameters of the optoplasmonic resonance.



Table of contents

List of figures viii

1 Introduction 1
1.1 Overview of Thesis Chapters . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Combining Optical Microcavities with Plasmonic Nanoparticles 4
2.1 Optical Whispering-Gallery Modes . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Modal Structure and Solutions . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Mode Volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.3 Loss Mechanisms and Coupling . . . . . . . . . . . . . . . . . . . 11
2.1.4 Nonlinearities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.5 Mode Splitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.6 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Nanoplasmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 General Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Plasmonic Nanoparticles as Nanoantennae . . . . . . . . . . . . . 18

3 Single-Molecule Sensors 21
3.1 Current Methodologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Towards Optoplasmonic Sensors . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 LSP-WGM Hybridisation . . . . . . . . . . . . . . . . . . . . . . 24
3.2.2 Optomechanical Plasmon-Vibration Coupling . . . . . . . . . . . . 25

3.3 Experimental Protocol for Single-Molecule Detection . . . . . . . . . . . . 27

4 Chiral Detection 31
4.1 Origins of Chirality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Methods for Measuring Chirality . . . . . . . . . . . . . . . . . . . . . . . 32

4.2.1 Open Cavity Ringdown Polarimetry . . . . . . . . . . . . . . . . . 33
4.2.2 Intracavity Faraday Effect . . . . . . . . . . . . . . . . . . . . . . 35



Table of contents vii

4.2.3 Publication I on a Geometrical Birefringence Reduction Scheme . . 36
4.3 Thermally Tuneable Whispering-Gallery Mode Cavities for Magneto-Optics 37

4.3.1 Comments on Publication I . . . . . . . . . . . . . . . . . . . . . . 43

5 Chiral Gold Nanoparticles for Sensing Chiral Molecules 44
5.1 Plasmonic Nanoparticles Synthesised by Biomolecules . . . . . . . . . . . 44
5.2 Characterising Single Amino Acids . . . . . . . . . . . . . . . . . . . . . 45
5.3 Signal Cross-Comparison for Cysteine and Polylysine . . . . . . . . . . . . 50

6 Monitoring Thiol-Disulfide Exchange On the Single-Molecule Level 54
6.1 Publication II on Steering Reaction Pathways of Single Molecules . . . . . 54
6.2 Optoplasmonic Characterisation of Reversible Disulfide Interactions at Sin-

gle Thiol Sites in the Attomolar Regime . . . . . . . . . . . . . . . . . . . 56
6.2.1 Comments on Publication II . . . . . . . . . . . . . . . . . . . . . 76

7 Conclusions and Outlook 78

Appendix A Full-Vector Finite-Difference Mode Solver 80
A.1 Predicted Intracavity Faraday Effect . . . . . . . . . . . . . . . . . . . . . 82

Appendix B Glass Melting 85
B.1 Operational Soft Glass Microcavities . . . . . . . . . . . . . . . . . . . . . 88

Bibliography 89



List of figures

2.1 Whispering gallery in St. Paul’s Cathedral. . . . . . . . . . . . . . . . . . . 5
2.2 Cross-sectional WGM intensity profiles inside a 40-µm radius glass micro-

sphere near λ = 642 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 The shift and broadening of a Lorentzian WGM resonance lineshape from a

dielectric perturber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Computed extinction cross sections σ = σabs +σscat of a gold nanorod, with

a diameter of 10 nm and a length of 24 nm, in water. . . . . . . . . . . . . 18
2.5 Added losses observed in a tracked WGM resonance (cf. Figure 2.3) when

gold nanorods adsorb to the glass microspherical resonator in solution. . . . 19
2.6 Near-field intensity enhancement from localised surface plasmon resonance

of a gold nanorod, with a diameter of 10 nm and a length of 24 nm, in water. 20

3.1 Theoretical limits of detection for sensing polystyrene nanospheres in air
using WGM resonance shifting (blue), mode broadening (red), and mode
splitting (green) parameters. . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Optomechanical coupling between plasmon and molecular phonon modes. . 26
3.3 Microcavity fabrication and the hybrid photonic-plasmonic resonator based

sensing platform. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 Optoplasmonic biodetection methodology. . . . . . . . . . . . . . . . . . . 29
3.5 Poisson distribution for single-glycine transit events at gold nanoparticles of

an optoplasmonic sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.1 Background and lysozyme CD spectra. . . . . . . . . . . . . . . . . . . . . 32
4.2 Ensemble chiral sensing with open cavity ringdown polarimetry. . . . . . . 34
4.3 WGM excitation in a magneto-optical microsphere with a confined conductor. 39
4.4 Fast Fourier transform (FFT) of the WGM resonance response to frequency

ramping. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40



List of figures ix

4.5 Thermal tuning of quasi-TE and quasi-TM WGMs to minimise geometrical
birefringence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Simulated optical response of 432 helicoid III. . . . . . . . . . . . . . . . . 45
5.2 Scanning electron micrograph of gold 432 helicoid III nanoparticles. . . . . 46
5.3 Single-molecule events involving 2 µM reduced L-cysteine reacting on a

gold 432 helicoid III surface in 0.02% SDS and at pH < 3. . . . . . . . . . 47
5.4 Transient interactions between 2 µM of reduced L-cysteine molecules dif-

fusing to the detection sites on gold 432 helicoid III nanoantennae for 0.02%
SDS and a pH < 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.5 Optoplasmonic resonance response due to disulfide interactions between
single DL-cysteine linkers and diffusing DL-cysteine/cystine in a 4 µM
racemic mixture of equal proportions with 0.02% SDS and pH < 3. . . . . . 49

5.6 Single-molecule events on gold 432 helicoid III nanoparticles for 3 µM
D-cysteine and 3 µM L-cysteine with excess TCEP in 0.02% SDS and at pH 4. 50

5.7 Compiled signal histograms for the resonant wavelength shift ∆λRes and
event time duration ∆τ , with 3 µM of reduced D-Cys and 3 µM of reduced
L-Cys in 0.02% SDS and at pH 4. . . . . . . . . . . . . . . . . . . . . . . 51

5.8 Optoplasmonic resonance response from gold 432 helicoid III nanoparticles
and single polylysine perturbers (0.9 nM poly-D- and 0.9 poly-L-lysine) in
0.02 %SDS at neutral pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.9 Shift and time duration histograms for single-molecule signals from 0.9 nM
poly-D- and 0.9 nM in 0.02% SDS and at neutral pH. . . . . . . . . . . . . 53

6.1 Optoplasmonic sensor setup and quantification of adsorbing D-cysteine. . . 59
6.2 Single cysteamine binding to gold NRs via amine at subfemtomolar concen-

tration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.3 Background and negative control measurement with NAC at micromolar

concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.4 Cysteamine pre-functionalisation and disulfide events from converging DL-

cysteine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.5 Cyclical binding/unbinding and exchange interactions with single mixed

disulfides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.6 Single D-cysteine statistics. . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.7 Surface functionalisation of the glass microsphere. . . . . . . . . . . . . . 72
6.8 Sample trace for cysteamine disulfide reactions. . . . . . . . . . . . . . . . 73
6.9 Thiol-disulfide exchange pathways. . . . . . . . . . . . . . . . . . . . . . 74



List of figures x

6.10 Optoplasmonic linewidth oscillation hypothesis. . . . . . . . . . . . . . . . 76

A.1 Analytical TE and TM resonance perturbations from the intracavity Faraday
effect for a 500-µm silica microsphere with excitation wavelength close to
1550 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

B.1 Crystallisation of a tellurite microdroplet about a 50-µm radius gold wire
during convective heating. . . . . . . . . . . . . . . . . . . . . . . . . . . 85

B.2 Optically resolved image of a crystallised tellurite microdroplet surrounding
a 50-µm radius tungsten wire through a (a) 10x objective and (b) 40x objective. 86

B.3 Inhibited resonator fabrication when borosilicate glass is paired with gold. . 87
B.4 A germanate microdroplet encapsulating a 100-µm diameter gold conductor. 88



Chapter 1

Introduction

Molecules co-exist in a turbulent world. Harsher still, biomolecules are thrust in the middle
of it as living systems shuffle to self-organise and self-replicate. Molecular machines perform
intricate functions in this environment with precision and fidelity virtually unmatched by
synthetic means. It can thus be difficult to imagine how meaningful information can be
extracted from the simplest of compounds, such as amino acids, when they are subject to a
constant state of flux. Signals may be relayed in a cell and a group of biomolecules could
be whisked across vast potentials through a membrane protein, all the while succumbing to
their innate molecular dynamics. A time-averaged measurement of a molecule’s position,
orientation, or conformation will wash out or become convolved with noise, like Brownian
motion. Component atoms and their arrangement, namely symmetries, are obfuscated.

Multicellular life has thrived in the presence of light. Plants harvest energy through
photosynthesis, while mammals can perceive the universe through photoreceptors and inter-
connections that link these to their visual cortex. Light also serves to decode nature’s more
hidden secrets, like the composition of stars through emission spectra or the structure of a cell
nucleus through fluorescence imaging. Were it not for technologies that use light as vessel to
transfer data throughout time and space, the evolution of humankind would be altogether
alien. It is therefore natural for us to posit light as a medium to characterise molecules.

The diffraction limit, however, sets a lower bound on what we can resolve using conven-
tional optics. In 1873, the German physicist Ernst Abbe reasoned that light will converge to
a spot with radius [1]:

d =
λ

2NA
(1.1)

in the lateral plane, where λ is the optical wavelength and NA is the numerical aperture.
This means that we need to play a few technical tricks to discern spatial features beyond
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diffraction. Innovations such as super-resolution fluorescence microscopy reliably bridged
the gap to look at minuscule entities, as small as a single pentacene in a p-terphenyl crystal
at liquid helium temperature [2]. Later on, super-resolution techniques proceeded to image
cytoskeletal networks in cells [3] and single fluorescent molecules at room temperature
[4]. Whether it is through stochastic optical reconstruction microscopy (STORM) [5] or
photo-activated localisation microscopy (PALM) [6, 7], we can overcome the diffraction
limit by exploiting photophysics in the way we turn on random subsets of fluorophores. It is
also feasible to account for interference between the scattered light field |Es| from a single
molecule and a background |Eb|, as in interferometric and plasmonic scattering microscopy
(iSCAT [8] and PSM [9]). The interference term in either case is

2|Eb||Es|cosβ (1.2)

where the phase difference is β and the contrast has a cubic (rather than sextic) dependence
on the particle diameter.

A loftier goal would be to map out the energy landscape of a molecule as it transitions
between states. Instruments that measure these dynamics at room temperature, without
chemical labelling, are few and tend to stop short of molecules in an ensemble [10, 11,
12]. There are force spectroscopy methods [13], such as those that add constraints via
magnetic/electromagnetic tweezing [14, 15] or a contacting tip [16, 17, 18], which permit
us to observe molecules contort under strain or torsional stress. Even so, blind questions
like what the handedness of a particular glyceraldehyde is or, rather, what type of molecule
is actually near a sensor’s transducer, are often left unanswered. By building on earlier
milestones [19, 20, 21, 22], this thesis strives to defy such limitations through optoplasmonics:
the intersection between optical micro-resonators and plasmonic nano-resonators.

1.1 Overview of Thesis Chapters

The work presented in this thesis was carried out by the author in collaboration with col-
leagues from within and outside the research group. Each chapter is succinctly described
here and, when relevant, an indication of the relative contributions is given.

Chapter 2 is a review of the physics behind optical microcavities and nanoplasmonics.
The burgeoning field of optoplasmonics melds these two research areas together, and so
we cover topics such as whispering-gallery modes, their analytical solutions for a dielectric
sphere, mode confinement parameters, loss channels, nonlinear phenomena, mode splitting,
and localised surface plasmon resonances.
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Chapter 3 lays out schemes for single-molecule detection. Attention is devoted to opto-
plasmonic sensors consisting of a glass microcavity with a guided whispering-gallery mode
coupled to plasmonic nanoantennae with localised surface plasmon resonances. Perturbations
to the hybrid resonance due to biomolecular activity are quantitatively described, alongside
hypothesised mechanisms for molecular characterisation and single-molecule event analysis.

Chapter 4 concerns techniques for measuring chirality. The Faraday effect, as it applies
to whispering-gallery mode resonators and chiral polarimetry, is highlighted. An Applied
Physics Letters publication on the intracavity Faraday effect in a soft-glass whispering-
gallery mode microsphere with thermal tuning is included [23]. This was made possible with
magneto-optical glasses and support from Dr. Xin Jiang in Prof. Philip Russell’s group at the
Max Planck Institute for the Science of Light. The paper and its experiments/simulations
were completed by the thesis author.

Chapter 5 shows results for the optoplasmonic detection of single chiral molecules
on chiral gold nanoantennae. The gold 432 helicoid III nanoparticles, first designed in
another published study [24], were synthesised by Dr. Fabian Meder at the Istituto Italiano di
Tecnologia. Transient interactions of single amino acids and polymers at the detection sites
are inspected for a significant number of events (i.e. > 1,000 per trace) towards extracting
molecular characteristics.

Chapter 6 puts forward a thiol/disulfide exchange pathway for regulating surface reac-
tions on the gold nanoantennae of an optoplasmonic sensor. The signal response due to single
thiolated perturbers exhibits hybrid resonance lifetime broadening and narrowing. These
findings, which imply a specific coupling between localised surface plasmons of the nanoan-
tennae and vibrational modes of the molecules, are reported in a Nature Communications
publication [25]. The thesis author devised and conducted the experiments, while the data
was interpreted with assistance from Sivaraman Subramanian in Prof. Frank Vollmer’s group
at the University of Exeter.

Chapter 7 summarises key aspects of the thesis, exchanging some closing thoughts and
proposing prospective directions for the research.

Appendix A derives a full-vector finite-difference mode solver and then applies it to
modelling the Faraday effect in magneto-optical WGM microcavities. Numerical outputs
from this solver are found in Chapters 2 and 4.

Appendix B focuses on WGM microresonator fabrication using exotic cavity materials.
The integration of a metallic conducting wire and the complications it brings in the context
of glass crystallisation are discussed.



Chapter 2

Combining Optical Microcavities with
Plasmonic Nanoparticles

2.1 Optical Whispering-Gallery Modes

Light has extraordinary potential to be captured in time and shrunken in space. Outside of
the black holes in our universe, however, trapping optical energy is destined to be imperfect.
What is instead typical is a degree of trapping parameterised by an electromagnetic field’s
mode volume Vm and quality factor Q. The size-dependent, resonant recirculation of light
in a microscale cavity can be accomplished in several ways: through a Fabry-Pérot etalon,
photonic crystal, or a whispering-gallery mode (WGM) resonator, among others. Coupling
and manipulation of photons in an optical microcavity gives rise to rich physics, such as
spontaneous emission surpression [26] or enhancement [27], low-threshold lasing [28], and
strong-coupling cavity quantum electrodynamics [29]. In this section we will focus on
the optical WGM: a guided mode at the periphery of what is usually an axially symmetric
dielectric structure. A proper description of such resonances dates back to a 1910 paper
written by Lord Rayleigh, wherein he describes the constructive interference of pressure
waves guided by the interior gallery of St. Paul’s Cathedral (i.e. depicted in Figure 2.1) in
London, England [30]. Scientists soon explored this phenomenon in the optical domain, in
spherical structures, many decades later [31, 32, 33, 34]. Theory for the optical analogue will
be described here first, followed by the platforms developed thus far and their practical uses.
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Figure 2.1: Whispering gallery in St. Paul’s Cathedral. Acoustic waves at particular
frequencies travel along the curved wall and are audible along the entire periphery. The
above photograph is taken from [35].

2.1.1 Modal Structure and Solutions

The classical interpretation of light is that it is an electromagnetic wave. It consists of an
oscillating electric field E⃗ and magnetic field B⃗ governed by Maxwell’s equations. Separately,
these equations are known as Faraday’s law, Ampère’s law, Gauss’s law of electrostatics, and
Gauss’s law of magnetostatics:

∇× E⃗ (⃗r, t) =−∂ B⃗(⃗r, t)
∂ t

(2.1)

∇× H⃗ (⃗r, t) = j⃗(⃗r, t)+
∂ D⃗(⃗r, t)

∂ t
(2.2)

∇ · D⃗(⃗r, t) = ρ (⃗r, t) (2.3)

∇ · B⃗(⃗r, t) = 0 (2.4)

with dependence on position r⃗ and time t. The respective electric and magnetic displacement
vectors are D⃗ = ε0εrE⃗ and H⃗ = B⃗/µ0 (disregarding magnetic materials), the free current
density is j⃗, the free charge density is ρ , the vacuum permittivity is ε0 = 8.85×10−12 F/m,
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the medium’s relative permittivity is εr, and the vacuum permeability is µ0 = 4π ×10−7 H/m.
The response of matter to an electromagnetic field is expressed by the constitutive relations

D⃗(⃗r, t) = ε0E⃗ (⃗r, t)+ P⃗(⃗r, t) (2.5)

H⃗ (⃗r, t) =
1
µ0

B⃗(⃗r, t)− M⃗(⃗r, t) (2.6)

Polarisation P⃗ = ε0χeE⃗ and magnetisation M⃗ = χmH relate to the electric susceptibility
χe and magnetic susceptibility χm. We assume that χm = 0 and hence M⃗ = 0⃗; however,
for completeness, we note that χm > 0 for paramagnetism and χm < 0 for diamagnetism
cases. The permittivity ε=ε0εr = ε0(χe + 1) will be further investigated later on as it is
intimately tied to polarisability, i.e. the primary WGM sensing parameter, through the
Clausius–Mossotti relation. In chiral media, the constitutive relations are complicated by
cross-coupling terms:

D⃗(⃗r, t) = εE⃗ (⃗r, t)+ iχcH⃗ (⃗r, t) (2.7)

B⃗(⃗r, t) = µH⃗ (⃗r, t)− iχcE⃗ (⃗r, t) (2.8)

The chiral parameter χc has a real and imaginary part that represent optical rotary dispersion
and circular dichroism, respectively. When free charges and currents are absent, equations
(2.2) and (2.3) are simplified by ρ = 0 and j⃗ = 0⃗. By taking the curl of (2.1) and (2.2),
utilising the vector identity ∇× (∇× ψ⃗) = ∇(∇ · ψ⃗)−∇2ψ⃗ , then substituting in (2.3) and
(2.4), one can obtain two vectorial Helmholtz equations

∇
2E⃗ (⃗r, t) = µ0ε0εr

∂ 2E⃗ (⃗r, t)
∂ t2 (2.9)

∇
2B⃗(⃗r, t) = µ0ε0εr

∂ 2B⃗(⃗r, t)
∂ t2 (2.10)

The refractive index n =
√

εr (without loss) slows an electromagnetic wave’s phase speed
according to vp =

1√
µ0ε0εr

= c√
εr
= c

n where c = 3.00×108 m/s is the vacuum speed of light.
If attenuation is accounted for, the refractive index becomes complex with squared value

ñ2 = (n+ iκ)2 (2.11)
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where i =
√
−1 and the imaginary part κ is referred to as the attenuation coefficient. In a

spherical coordinate system, the Helmholtz equation ∇2ψ⃗ + k2
0εrψ⃗ = 0 takes the form

1
r2

∂

∂ r

(
r2 ∂ψ⃗

∂ r

)
+

1
r2 sinθ

∂

∂θ

(
sinθ

∂ψ⃗

∂θ

)
+

1
r2 sin2

θ

∂ 2ψ⃗

∂φ 2 + k2
0εrψ⃗ = 0 (2.12)

with vacuum wavelength λ0 and wavenumber k0 = 2π/λ0. By sequential separation of
variables, we infer |ψ⃗(r,θ ,φ)|= R(r)V (θ ,φ) from

∂

∂ r

(
r2 ∂ψ⃗

∂ r

)
+ k2

0εrr2
ψ⃗ =− 1

sinθ

∂

∂θ

(
sinθ

∂ψ⃗

∂θ

)
− 1

sin2
θ

∂ 2ψ⃗

∂φ 2 = Constant (2.13)

The function V (θ ,φ) = Θ(θ)Φ(φ) then arises from further rearrangement:

V sin2
θ

[
1
R

∂

∂ r

(
r2 ∂R

∂ r

)
+ k2

0εrr2
]
+ sinθ

∂

∂θ

(
sinθ

∂V
∂θ

)
=−∂ 2V

∂φ 2 = Constant (2.14)

One can glean that a WGM has the dependence Φ(φ) = e±imφ along its propagation direction.
In all, there are three separated formulae

∂

∂ r

(
r2 ∂R

∂ r

)
+
[
k2

0εrr2 − l(l +1)
]

R = 0 (2.15)

1
sinθ

∂

∂θ

(
sinθ

∂Θ

∂θ

)
+

[
l(l +1)− m2

sin2
θ

]
Θ = 0 (2.16)

∂ 2Φ

∂φ 2 +m2
Φ = 0 (2.17)

that allow us to define the integer m as the azimuthal mode number and integer l as the
polar mode number. Analytical solutions to these equations are a linear combination R(r) =
Al jl(k0

√
εrr)+Blyl(k0

√
εrr) and associated Legendre polynomial Θ(θ) = Pm

l (cosθ), where
l ≥ m. The spherical Bessel functions of the first kind jl and second kind yl , with coefficients
Al and Bl , multiplied by Pm

l construct the general eigenfunction

ψN,l,m(r,θ ,φ) = ∑
l

[
Al jl(k0

√
εrr)+Blyl(k0

√
εrr)

]
Pm

l (cosθ)e±imφ (2.18)

with radial mode number N derived from the zeros of the spherical Bessel functions. This
last integer is imposed by the cavity’s boundary conditions.

In pursuit of a tractable mode profile, we will choose to consider a spherically symmetric
cavity. There are two polarisations under scalar approximation: the transverse electric (TE)
mode ψ (⃗r) = r⃗ · E⃗ (⃗r) and transverse magnetic (TM) mode ψ (⃗r) = r⃗ · H⃗ (⃗r). The resulting
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eigenmodes from Mie theory are

ψN,l,m(r,θ ,φ) =

A jl(kcr)Pm
l (cosθ)e±imφ , r ≤ a

Bhl(ksr)Pm
l (cosθ)e±imφ , r > a

(2.19)

These guided modes are composed of photons trapped by an effective radial potential and so
are bounded by evanescent field regions. The characteristic equations that account for the
permittivity discontinuity at the boundary are

∂

∂ (kca) [(kca) jl(kca)]

jl(kca)
−

∂

∂ (ksa)
[(ksa)hl(ksa)]

hl(ksa)
= 0 for r⃗ · E⃗ (⃗r) = 0 (2.20)

∂

∂ (kca) [(kca) jl(kca)]

jl(kca)
− kc

ks

∂

∂ (ksa)
[(ksa)hl(ksa)]

hl(ksa)
= 0 for r⃗ · H⃗ (⃗r) = 0 (2.21)

where hl = jl + iyl is a spherical Hankel function of the first kind, a is the sphere radius,
kc = nck0 is the cavity wavenumber, and ks = nsk0 is the surrounding medium’s wavenumber.
Examples of the WGM intensity distributions for various mode numbers are given in Figure
2.2. The resonant eigenfrequencies of these eigenmodes can also be approximated as
per asymptotic expansion of the characteristic equations. This involves approximation of
spherical Bessel and Hankel functions as Airy functions, wherein we expand ka as a Taylor
series [36, 37]:

nk0a ≈
(

l +
1
2

)
+

αs

21/3

(
l +

1
2

)1/3

− P

(n2 −1)1/2 +
3

10
α2

s

22/3

(
l +

1
2

)−1/3

− αs

21/3

P
(
n2 −2P2/3

)
(n2 −1)3/2

(
l +

1
2

)−2/3

+ . . .

(2.22)

where αs are roots of the the Airy function Ai(−z), and P = n for ψ (⃗r) = r⃗ · E⃗ (⃗r) or P = 1/n
for ψ (⃗r) = r⃗ · H⃗ (⃗r). WGM resonance metrics are rapidly calculated using equation (2.22)
by retaining a subset of its terms. The number of terms kept and hence accuracy of the
calculation comes from factors such as the refractive index profile near the cavity interface
and what higher-order effects are at play.
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Figure 2.2: Cross-sectional WGM intensity profiles inside a 40-µm radius glass microsphere
near λ = 642 nm. These quasi-TE modes, computed by a finite-difference mode solver (cf.
Appendix A), have an aqueous external medium and a major electric field component in the
z-direction.
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A physical picture of the free spectral range (FSR) emerges from conceptualising the optical
path length at the periphery of the cavity. Each round trip, constructive interference of a given
mode is satisfied by packing m resonant wavelengths λRes = 2πc/ωRes along the propagation
path. By retaining the first term of (2.22), we can express the angular frequency separation
between families of resonances as

∆ωFSR =
∣∣ωRes,m −ωRes,m+1

∣∣≈ c
2πna

(2.23)

Resonator performance is expressed by dividing equation (2.23) by the spectral bandwidth.
This dimensionless number, coined as finesse, conveys similar information as the quality
factor and has a value that is always smaller than the quality factor.

At the cavity boundary, total internal reflection occurs at an incidence angle above
φc = sin−1 (ns/nc) to generate an exponentially decaying evanescent field. The decay length
of this field is also on the order of 100’s of nm. All factors considered, by estimation of
the effective refractive index n seen by a WGM, a perturbation of the surrounding medium
that brings about n+∆n thus translates to a proportional shift in the resonant wavelength
λRes +∆λRes. It is therefore possible, by fluctuations in the path length of a WGM resonance,
to fashion the optical microcavity as a sensor by inferring change in the surrounding medium’s
refractive index. A few nano-Kelvin of change in temperature, for instance, can be detected
through nonlinear predisposition to thermal effects [38, 39]. Molecules or particles adsorbed
to the microcavity surface can similarly introduce a detectable ∆n.

2.1.2 Mode Volume

The spatial extent of the WGM is parameterised by the modal volume Vm. It is, by estimation,
the volume within which the mode’s peak energy density u(⃗r)|max would be homogeneously
distributed:

Vm =

∫
V u(⃗r)d⃗r
u(⃗r)|max

=

∫
V ε (⃗r) |E (⃗r)|2 d⃗r

ε (⃗r) |E (⃗r)|2
∣∣∣
max

(2.24)

There are other modal volume expressions with greater accuracy and that are applicable to
open systems [40]. Despite this, the phenomenological Vm of equation (2.24) is reasonable
enough to model a system that is not strongly influenced by optical nonlinearities. WGM
sensing and its dependence on Vm, including hybridisation with localised surface plasmon
modes, will be discussed in Chapter 3.
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2.1.3 Loss Mechanisms and Coupling

Temporal confinement of a WGM is quantified by its quality (Q) factor. A resonator’s
Q-factor conveys the ratio between the energy stored and the energy dissipated per cycle (i.e.
round trip). For a lifetime τ , a resonant lineshape with spectral position ωRes and linewidth
δω provides a means to calculate

Q =
ωRes

δω
= τωRes (2.25)

Non-ideal systems that store photons will do so for a finite amount of time. Dissipation, as in
the majority of real-world processes, comes from multiple sources: absorption, radiation,
scattering, and external coupling losses. All but the last of these sources are intrinsic,
originating from cavity material/adsorbent absorption, photon tunneling into radiative modes,
and surface scatterers/inhomogeneities, respectively. The total quality factor

Q =
Q0Qext

Q0 +Qext
(2.26)

has intrinsic (Q0) and extrinsic (Qext) contributions. We further decompose Q0 by first
accounting for absorption (Qabs) – a significant component to loss, which has been shown to
be [41]:

Qabs =
2πn

αabsλRes
(2.27)

where αabs is the linear absorption coefficient. In parallel to the formulation of (2.22), the
radiation loss (Qrad) related to the cavity size and profile can also be approximated [36].
Generally, smaller radii of curvature that result in more restrictive, cross-sectional cavity
profiles will lower Qrad . The benchmark for absorption-limited Q-factors is 0.8±0.1×1010

for large 500-1000 µm-diameter microspheres at a wavelength of 633 nm [41]. Scattering
(Qscat) then completes the intrinsic Q0 via

Q−1
0 = Q−1

abs +Q−1
rad +Q−1

scat (2.28)

to summarise the dominant channels for modal photon loss. At the critical coupling point,
where Q0 = Qext , power is transferred completely to the WGM and the transmission past the
cavity vanishes due to total destructive interference.

Free-space coupling to an optical microcavity suffers from poor efficiency due to the
contrasting phase velocities in silica and in air. This generally holds true for other cavity
materials and external media as well, such as silicon nitride in water. Evanescent coupling
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to WGMs is the common solution to this problem by way of a employing a tapered optical
fiber [42] or prism coupler [43]. In each case, wavevectors are phase matched and the
evanescent field is proximate enough to the cavity to couple efficiently into a WGM. This
power transferred can be formulated via coupled mode theory [44, 45]. From an experimental
point of view, the resonant light recirculation in the cavity can be monitored by the light
transmission T (illustrated in Figure 2.3) past the WGM microcavity [46]:

T =

(
τext − τ0 − i∆ω

τext + τ0 + i∆ω

)2

(2.29)

that is defined given a detuning ∆ω = ω −ωRes, intrinsic/cavity decay rate τ0 = Q0/ω ,
and extrinsic/coupling decay rate τext = Qext/ω . Undercoupling occurs for τ

−1
0 > τ

−1
ext ,

overcoupling for τ
−1
0 < τ

−1
ext , and critical coupling for τ

−1
0 = τ

−1
ext . Once the coupling decay

rate is equal to the cavity decay rate, we find the output field acquires a π phase-shift which
is carried into the overcoupled regime.

Figure 2.3: The shift and broadening of a Lorentzian WGM resonance lineshape from a
dielectric perturber. The resonant angular frequency ωRes and linewidth γ = δω together
determine the resonator’s total quality factor Q = ωRes/γ .
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2.1.4 Nonlinearities

The build-up of optical energy in a WGM resonator greatly reduces nonlinearity thresholds
down to microwatts of power. With a low modal volume Vm and ultrahigh Q, this becomes
accessible as common thresholds (∝ Vm/Q2) are related to the Purcell factor (∝ Q/Vm).
R. K. Chang and A. J. Campillo identified such nonlinearities early on by low-efficiency
excitation of high-Q microdroplets with a free-space beam [47, 48, 49, 50, 51], observing
stimulated Brillouin scattering [48], induced Raman oscillations [48, 50, 51], and cascaded
Raman scattering [48]. A material’s nonlinear optical response is derived from higher-order
polarisation terms of the Taylor series

P⃗(t) = ε0

[
χ
(1)E⃗(t)+χ

(2)E⃗2(t)+χ
(3)E⃗3(t)+ . . .

]
(2.30)

where χ(1) = χe is the linear susceptibility we usually treat as a scalar. The susceptibilities
χ(n), however, are in fact tensors with rank n+ 1. Terms with n > 1 cross-link various
frequencies of the field E⃗(t), allowing frequency conversions, oscillations, and modulations
in the form of processes such as second-harmonic generation (χ(2)), two-photon absorption
(χ(3)), coherent Raman scattering (χ(3)), and the Kerr electro-optic effect (χ(3)). Conversions
are classified into two categories: parametric and non-parametric, based on whether or not
the light fields exchange energy or momentum. Stimulated optical scattering processes,
for example, are non-parametric since they repopulate the quantum mechanical states of a
system.

Unsuprisingly, the enhanced circulating power of a WGM triggers absorption-based
thermal nonlinearities. Heat is generated from the resonant mode and thermal conductivity
primarily transfers this energy throughout the cavity and its environment. According to
thermorefractivity (dn/dT ) and the thermal expansion (dL/dT ) of the optical path length L,
a temperature drift ∆T will shift the resonant wavelength by

∆λRes = ∆T
(

1
n

dn
dT

+
1
L

dL
dT

)
λRes (2.31)

Fused silica, as a reference, possesses (1/n)(dn/dT )+(1/L)(dL/dT ) = 8.83×10−6 K−1

at 1540 nm [52]. In addition to a WGM microcavity’s sensitivity to temperature change,
scanning past a thermally broadened resonance can induce hysteretic and bistable behaviour.
It is possible to compensate for thermal noise in a wavelength upscan as a decrease in pump
power will be met with an increase in absorbed power [53]. These optothermal dynamics
in the blue-detuned region may create a negative feedback, as per a Pound-Drever-Hall
technique, to lock the laser to the cavity resonance.
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2.1.5 Mode Splitting

An ideal WGM resonator can support a pair of degenerate eigenmodes with positive and
negative m. Each sign of m is associated with a possible field propagation direction, i.e.
the clockwise (CW) or counterclockwise (CCW) directions with respect to the plane of
propagation. Adsorbed scatterers within the evanescent field of the WGM can backscatter
a portion of the energy back into the cavity. If the coupling rate is above the cavity decay
rate, a scatterer of polarisability α can produce a symmetric and asymmetric standing wave
doublet split by

g =−α f 2(⃗r)ω
2Vm

(2.32)

where ω is the originally degenerate eigenfrequency and f (⃗r) is the overlap of the nanoparti-
cle with the WGM [54]. Such a self-reference enables particle sizing and common mode
noise rejection, e.g. supression of probe laser jitter, as well as multiplexing granted by the
field nodes/antinodes of the symmetric-asymmetric standing wave eigenmode basis. We note
that the dipole approximation used to arrive at (2.32), however, underestimates the interaction
strength – greater accuracy is attained for small scatterers by way of a renormalised Born
approximation [55].

2.1.6 Applications

WGM architectures are central building blocks for many integrated platforms. The frequency
comb [56], that serves as an optical ruler for metrology, has been achieved by microcavities
using the Kerr effect [57]. In this scheme, parametric oscillation allows an optical pump
frequency to generate a lower and higher frequency that then all self-interact by nondegenerate
four-wave mixing to construct a comb spectrum. Lasing mediated by a WGM has been
investigated, through means such as upconversion in a Er3+-doped silica microtoroid [58],
stimulated Brillouin scattering in a crystalline CaF2 resonator [59], or Raman scattering
in a standard glass microsphere [28]. An advantage of lasing is that the WGM resonance
linewidth narrows, which can improve device performance for applications that involve
lossy elements. For example, tuning to exceptional points has been done by balancing
absorption [60] or scattering [61] with optical gain to resolve split modes. The study of
mechanical modes in a WGM resonator excited by radiation pressure is yet another active
field of research. WGM cavity optomechanics, first reported in 2005 [62, 63] and its use in
cooling in 2006 [64], has been examined in capillaries [65], microdroplets [66], and highly
damped environments [67].
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2.2 Nanoplasmonics

Applications of plasmonics arose as early as the 4th century with the glass staining of the
Lycurgus cup in ancient Rome [68]. The dichromatism of the cup dependent on illumination
comes from the fact that electrons travelling in the conduction band of metallic matter are
prone to excitation by light. From a semi-classical perspective, the dispersion relations that
describe this response set the stage for quantised oscillations and electromagnetic surface
waves. Noble metals, such as gold and silver, also have interband transitions at photon
energies above 1 eV (i.e. λ ≤ 1 µm) which bring about strong absorption. Gold and silver
are common plasmonic materials in the literature due to their stability and small ohmic
losses in the visible. Silver supports surface plasmons throughout the visible spectrum, while
copper and gold suffer from an onset of intraband and interband transitions that restricts
their operating range. Further, palladium [69] and platinum [70] are attractive alternatives
if catalytic activity is needed. In this section we will outline the role of plasmonics at the
nanoscale for the purposes of light field enhancement and confinement.

2.2.1 General Theory

Surface plasmon polaritons (SPPs) can be described by first considering a planar interface
that exists between a conductive and non-conductive material. The dielectric will have real
εd and the metal will incur ohmic losses with an attenuation coefficient κm (hence complex
εm = ε ′m + iε ′′m with |ε ′′m| ≪ |ε ′m|) below the metal’s bulk plasmon frequency ωp. The real part
of the metal’s permittivity ε ′m is necessarily negative, so that an SPP can propagate along the
interface with parallel wavevector component:

k|| = k′||+ ik′′|| ≈
ω

c

√
ε ′mεd

ε ′m + εd

[
1+ i

ε ′′mεd

2ε ′m (ε ′m + εd)

]
(2.33)

The SPP dispersion relation lies in the real part of this wavevector, such that the wavelength

λSPP =
2π

k′||
≈ λ

√
ε ′m + εd

ε ′mεd
(2.34)

Resulting surface-bound SPPs will propagate to a finite length determined by 1/k′′||,
roughly equal to 10 µm for gold and 60 µm for silver at an optical wavelength λ = 633 nm
[71]. Perpendicular to the interface, however, we find the field’s 1/e decay length to be much
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smaller inside and outside of the metal. To first order in |ε ′′m|/|ε ′m|, the half-spaces have

km,⊥ ≈ ω

c

√
ε ′2m

ε ′m + εd

(
1+ i

ε ′′m
2ε ′m

)
(2.35)

kd,⊥ ≈ ω

c

√
ε2

d
ε ′m + εd

[
1− i

ε ′′m
2(ε ′m + εd)

]
(2.36)

with 1/kAu,⊥ = 28 nm and 1/kAir,⊥ = 328 nm for gold, while 1/kAg,⊥ = 23 nm and 1/kAir,⊥ =

421 nm for silver [71]. The free-space light line ω = ck|| does not intersect the SPP dispersion
curve. If the neighbouring dielectric’s refractive index n is raised, the light line ω = ck||/n can
be sufficiently titled as to excite SPPs. Additionally, the smaller dimensions of a plasmonic
nanoparticle/nanostructure may fall below the electron mean free path and increase ε ′′m due to
increased interface scattering.

Nanoplasmonics with noble metals is often exploited at visible frequencies to confine
light beyond the diffraction limit. In this way, plasmonic nanoparticles inherit tuneable
resonances based on their shape and size. Under the assumption that a metallic particle
has dimensions much smaller than the wavelength of light, its dominant localised surface
plasmon (LSP) resonance can be modelled using the quasi-static approximation. Treating
the local electric field E⃗ = −∇Φ with a potential Φ that satisfies ∇2Φ = 0, the scattered
field becomes equivalent to that of an eletrostatic field emanating from the nanoparticle. A
plasmonic nanosphere of radius rm in this context therefore has a polarisability:

α(ω) = 4πε0r3
m

εm (ω)− εd

εm (ω)+2εd
(2.37)

The resonance or Frölich condition is met when the denominator of the polarisability becomes
zero, i.e. εd = −2εm, which excludes any size/shape dependence. To fully capture LSP
spectral features, one can apply Mie theory in order to incorporate field retardation inside the
metal and include multipolar excitation [72]. Less rigorously, if we extend the nanostructure
to an ellipsoid with semi-axes ax < ay < az, the polarisabilities along all three axes are

αi(ω) =
4
3

πε0axayaz
εm (ω)− εd

εd +Li [εm (ω)− εd]
(2.38)
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where i = x, y, or z, and

Li =
axayaz

2

∫
∞

0

dq(
a2

i +q
)

f (q)
(2.39)

f (q) =
√

(a2
x +q)

(
a2

y +q
)(

a2
z +q

)
(2.40)

∑Li = 1 (2.41)

It is then easy to see that, for a plasmonic nanorod or prolate spheroid, its dimensions
ax = ay < az will lead to

Lz =
1− e2

e2

(
1
2e

ln
1+ e
1− e

−1
)

(2.42)

with eccentricity e =
√

1− (ax,y/az)
2 and aspect ratio az/ax,y.

The longitudinal and transverse LSP resonance conditions are εd = εmLz/(Lz −1) and
εd = εmLx,y/(Lx,y −1), respectively. Such resonances are measurable by extinction spectra,
as in Figure 2.4, that are separated into absorption and scattering components with cross
sections [71]:

σabs =
k
ε0

Im [α (ω)] (2.43)

σscat =
k4

6πε2
0
|α (ω)|2 (2.44)

These plasmon resonances can be tuned as far as into the near-infrared by exaggerating the
aspect ratio. Therefore, it is straightforward to operate an optical microcavity coupled to
plasmonic nanoparticles near LSP resonance within the visible spectrum.



2.2 Nanoplasmonics 18

Figure 2.4: Computed extinction cross sections σ = σabs +σscat of a gold nanorod, with a
diameter of 10 nm and a length of 24 nm, in water.

2.2.2 Plasmonic Nanoparticles as Nanoantennae

The curved surface of a plasmonic nanoparticle exerts a restoring force on the electron
oscillations driven by light, amplifying the light intensity in hotspots near the nanoparticle
surface. The extinction cross sections of such plasmonic nanoparticles can be on the order
of 1,000’s of nm2. Deposition of gold nanoparticles onto a WGM microcavity hence, from
absorption and scattering losses, entails significant Q-factor degradation by an order of
magnitude for a few adsorbed nanoparticles alone (see Figure 2.5). The desirable trade-off
instead lies in the extent of field enhancement/minification gained relative to this loss. It is
well-established that, as shown in the simulated intensity distribution of Figure 2.6, gold
nanorods have LSP-enhanced near fields that decay within less than 10 nm and enhance the
local field intensity by at least a factor of 100 [73]. This makes plasmonic nanoparticles
suitable candidates for nanoantennae on an optical WGM microcavity, as they improve the
Q/Vm ratio and so increase the Purcell factor. In this thesis we are particularly interested in
how plasmonic nanoantennae coupled to an optical WGM can be used to sense subsequent
interactions between light and biological matter. This is of fundamental importance not only
because we can look at surface reactions taking place on the plasmonic nanoantenna, yet
also because we wish to arrive at the limits of nanochemistry and will attempt to characterise
biomolecules individually.
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Figure 2.5: Added losses observed in a tracked WGM resonance (cf. Figure 2.3) when gold
nanorods adsorb to the glass microspherical resonator in solution. Positive steps in ∆κ are
attributed to the adhesion of these highly absorbing/scattering nanoparticles. Laser light input
is swept accross the resonance’s transmission dip, with initial position λRes = 642.006358
nm and full width at half maximum κ = 229 fm, while the nanorods have an average radius =
10 nm and length = 24 nm with plasmon resonance wavelength around 650 nm.
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Figure 2.6: Near-field intensity enhancement from localised surface plasmon resonance of a
gold nanorod, with a diameter of 10 nm and a length of 24 nm, in water. The distribution is
plotted via boundary element method and the excitation wavelength is at λ = 642 nm.



Chapter 3

Single-Molecule Sensors

3.1 Current Methodologies

In the same way microorganisms became visible with the invention of the optical microscope
in the 16th century, humanity ventured into the realm of nanoscale biology in the turn of
the 21st century. We can consider the advent of the optical tweezer in 1986 a step forward
[74], wherein a direct means to manipulate single biomolecules was formalised. Today,
kinesin tethered to a dielectric bead can be trapped with a beam gradient-force to study the
protein’s motion on microtubules [75]. Such technology allows for the isolation of intricate
biomechanics that underlie the function of a living cell. It is, on the other hand, arguably
more important even to understand these dynamics by proper techniques to visualise them.
Often we can lift the apparently stochastic behaviour of a ensemble by tracking chemical
species one at a time. This is our aim in this chapter: the sensing of single molecules.

A number of viable avenues for single-molecule sensing were developed over the last
four decades. Using free-space light, we can do this without labels through surface-enhanced
Raman scattering (SERS) [76, 77] or photothermal microscopy [78] of gold nanoparticles.
Electrically, we can measure the conductance of a molecular junction between gold tips
[79], a molecule binding onto a graphene membrane [80], or the infinitesimal coating of a
carbon nanotube [81]. Atomic force can be exerted by a molecule onto a scanned tip [82],
the mechanical resonance frequency of a cantilever can shift with protein loading [83], or the
mass of a molecule can effectuate enough surface stress to be detected [84]. Only recently,
the heat transport through an alkanedithiol junction was assessed [85]. These advancements
collectively offer a toolbox to characterise biomolecules in terms of their various physical
properties. Nevertheless, no one methodology can exclusively and elegantly reconstruct a
molecule in space and in time — a challenge that the diffraction limit is partly to blame for.
A molecular scanning device with this capability so far remains an ideality.
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3.2 Towards Optoplasmonic Sensors

An optical WGM resonance shifts in the presence of biomolecules that overlap with its
evanescent field. Work is done by the light field by polarising the dielectric analyte, distorting
the electronic distribution in the material and inducing a dipole moment. The near field E⃗ is
then weakly perturbed, and so we can apply first-order perturbation theory to calculate the
shift ∆λRes caused by the analyte’s excess polarisability αex positioned at r⃗p [86]:

∆λRes

λRes
≈ Re{αex}

2

f εs

∣∣∣E⃗ (⃗rp)
∣∣∣2∫

v ε (⃗r)
∣∣∣E⃗ (⃗r)

∣∣∣2 d⃗r
(3.1)

in a host medium of permittivity εs. The above mechanism is dubbed the reactive sensing
principle, wherein the form factor f corrects for analytes of larger size relative to the
WGM’s evanescent field [87, 88]. If we model the analyte as a dielectric nanoparticle with
polarisability of the same form as expression (2.37), it becomes clear that one can correlate
resonance perturbations in time with biomolecule adsorption onto the bare cavity sensor. In
parallel, the WGM linewidth is broadened by the analyte as per [89]:

∆γabs

ωRes
≈ Im{αex}εs

∣∣∣E⃗ (⃗rp)
∣∣∣2∫

v ε (⃗r)
∣∣∣E⃗ (⃗r)

∣∣∣2 d⃗r
(3.2)

alongside scattering changes from what is effectively a dipole scatterer [22]:

∆γscat ≈
n5

s ω4
Res |αex|2

6πc3

∣∣∣E⃗ (⃗rp)
∣∣∣2∫
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the latter contributor of which was foreshadowed in Chapter 2 and can lead to a mode split.
We note that the angular frequency linewidth γ = δω ≈ 2πc

λ 2
Res

δλ for a narrow wavelength
linewidth κ = δλ . From formula (2.32), the coupling strength |g| corresponding to the energy
redistribution between clockwise- and counterclockwise-propagating WGMs also defines two
regimes for the linewidth change observed experimentally: unresolved (2∆ωRes ≲ ωRes/Q0)
or resolved (2∆ωRes ≫ ωRes/Q0) mode splitting. This extra loss term ∆γsplit in the former
regime may give rise to an apparent linewidth broadening/narrowing that convolves the
identity of the perturbation, e.g. absorption or scattering, with the overall lineshape distortion.



3.2 Towards Optoplasmonic Sensors 23

Unfortunately, in view of noise sources, there are limits to the size of single entities
that can be detected by plain WGM based sensing. The theoretical minimum number of
detectable bioparticles through mode shift and broadening have been shown to be [90]:

NλRes =

(
n2

c −n2
s
)

Re{αex}
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F0

Q0

(1+Qext/Q0)
3
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and
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far from molecular resonances (i.e. scattering dominates over absorption) and with a micro-
spherical cavity of radius a. The spherical harmonic Yll (π/2) is evaluated at the equator and
the measurement acuity constant F0 encapsulates noise, e.g. from the detector or thermore-
fractivity. Besides squeezed states of light, we clarify that optical sensing instrumentation is
ultimately limited by shot noise [91]:

∆ωRes

ωRes
≥ 1

Q0

√
ℏωRes

P0T ητ
(3.6)

given the reduced Planck constant ℏ = 1.05× 10−34 J·s, the optical input power P0, the
on-resonance T , the photodetector quantum efficiency η , and the averaging time τ . More
practically, detector noise is affected by sources such as probe laser instability before ever
reaching quantum limits. A lower bound for detectable polystyrene nanoparticle size is
shown in Figure 3.1 in terms of mode shifting, broadening, and splitting channels. Above a
cavity Q-factor of 0.5×108, the limit of detection for solid polystyrene nanoparticles settles
just below a radius of 10 nm. Ergo, the finer contents in a cell nucleus, such as histone
deacetylase or a strand of deoxyribonucleic acid (DNA), perturb the WGM too weakly and
so escape detection. It was in the early 2010’s that this pitfall was overcome by adopting
a hybrid photonic-plasmonic platform [19, 20, 21, 22, 92]. Merging these modalities was
motivated by raising Q/Vm, dually localising and intensifying the WGM near field through
coupling to the LSP resonances of plasmonic nanoantennae. Chemical species as simple as
zinc and mercury ions have measurably interacted with such optoplasmonic sensors [93].
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Figure 3.1: Theoretical limits of detection for sensing polystyrene nanospheres in air us-
ing WGM resonance shifting (blue), mode broadening (red), and mode splitting (green)
parameters. This plot was published in [94] using data from [95].

3.2.1 LSP-WGM Hybridisation

The curious case of modal coupling between WGMs and LSPs has been touched upon in
the literature. In the context of photothermal absorption spectroscopy, the back-action of
WGMs (without waveguided pumping) on an LSP of an excited plasmonic nanoparticle
absorber has been described [96]. For the optoplasmonic sensor of this thesis, however, a
pump continually supplies energy to WGMs which in turn excite the LSP. With a generalised
momentum p0 (t) of the LSP and generalised momenta pn (t) of the WGMs, the conceivable
equations of motion for n WGMs of an optoplasmonic sensor are

p̈0 + γ0 ṗ0 +ω
2
0 p0 +∑

n
g2

nω
2
0 pn = 0 (3.7)

p̈n +ω
2
n pn +g2

nω
2
n p0 = ω

2
n
√

VnEexte−iωt (3.8)
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denoting gn as the coupling terms, ω0 as the LSP resonant angular frequency, γ0 as the
plasmon decay rate, ωn as the WGM resonant angular frequencies, Vn as the modal volume of
the nth WGM, and Eext as the pump laser field of angular frequency ω . Newton’s differential
notation ẋ = dx

dt and ẍ = d2x
dt2 is used here for brevity. The broad LSP, with mode volume

V0, and the near-discrete WGMs can constructively and destructively interfere as to result
in Fano asymmetries. In the case of free-space excitation of a plasmonic nanoantenna, the
absorption spectrum of the nanoantenna undergoes Fano interference [96]:
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4πV0ω
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ω2

0
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ω2

1 −ω2)(
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1 −ω2
)(

ω2
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}
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derived by relation to the time-averaged oscillator strength. LSP-WGM hybridisation is sim-
plified here to a single WGM where the rapid WGM phase variation dictates the asymmetry
by an approximate factor of (2/γ0)(ω1 −ω0). Based on equations of motion (3.7) and (3.8)
of our own system, the absorption cross-section of a plasmonic nanoantenna for a WGM
pumped by the waveguide is deduced to be:
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Unlike in equation (3.9), dependence on V1 implies that the modal structure of the WGM
directly impacts the nanoantenna’s absorption cross-section. A question then arises as to
whether a single molecule interacting with a plasmonic nanoantenna can significantly perturb
this absorption cross-section to broaden or narrow the hybrid LSP-WGM resonance linewidth.
If an LSP resonance redshifts due to a locally increased refractive index from protein binding,
as previously demonstrated by photothermal assay in [78], it is understood that the extinction
spectrum will shift and so the overall loss rate of a WGM resonance coupled to the LSP
will change. Such photothermal experiments found that the plasmon shift scaled nonlinearly
with molecular weight. Expanding on the argument that there is reduced overlap for larger
biomolecular complexes, given any spatial extent of the analyte on the order of a few nm, a
complete mechanistic description of the plasmon response is required.

3.2.2 Optomechanical Plasmon-Vibration Coupling

Molecules vibrate according to the anharmonic potentials defined by their composition,
distribution of atoms, and the surrounding environment. At high occupancy these vibrational
modes couple to one another as to internally redistribute the vibrational states of the excited
molecule [97]. A feedback model for LSP and molecular vibrational modes can be formulated
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without anharmonicity, however, to good approximation as described by Kippenberg et al.
[98]. A molecule that is constantly subjected to thermal forces δFth under ambient conditions,
in conjunction with a time-dependent force δFp exerted by an LSP, has its vibrational modes
displaced by δxv and hence its polarisability is altered by δα through Raman activity
∂α/∂xv. The possibility of dynamical backaction amplification and the feedback loop
that underlies this are highlighted in Figure 3.2. Red-detuning of the excitation laser from
plasmon resonance decreases the damping rate and amplifies molecular motion [63], while
blue-detuning increases the damping rate and cools the molecule [64].

Figure 3.2: Optomechanical coupling between plasmon and molecular phonon modes. (a)
Selective enhancement of Stokes lines in a Raman spectrum. (b) Transduction scheme for an
LSP and molecular vibrational resonance, with detuning ∆ = ω −ω0, LSP linewidth κ , field
fluctuation δap, coupling rate Gv, time-averaged plasmon occupancy n̄p, and mechanical
resonance fequencies ±Ωv with linewidth Γv. These schematics appear in [98].
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The LSP resonance frequency ω0 is then tied to a molecular vibration, i.e. with effective
mass = mv and mechanical frequency = Ωv, such that the vacuum optomechanical coupling
rate is [98]:

gv,0 = ω0
∂α

∂xv

1
Vmε0

√
ℏ

2mvΩv
(3.11)

given the field’s effective mode volume Vm. For instance, thiophenol with a vibrational mode
frequency Ωv = 188 THz [99] inside a gold dimer’s gap plasmon mode of volume Vm ≈ 1.5×
10−6 µm3 at λp = 900 nm [100] has a projected optomechanical coupling rate gv,0 = 132 GHz.
Results in Chapter 6 will revisit this coupling hypothesis as it applies to the optoplasmonic
detection of single molecules. Energy landscapes for molecular vibrational states contain
features that are distinct with respect to single-molecule perturbations predictable solely from
the intense local fields of a plasmonic nanoparticle.

3.3 Experimental Protocol for Single-Molecule Detection

To create the glass WGM micravity, we utilise a pulsed CO2 laser (with 10.6 µm emission
line) to melt a commercial, single-mode optical fiber. The absorption of mid-infrared light
heats the glass fiber as to raise its temperature above the glass melting temperature. One
end of the fiber is held in tension by the weight of a small ceramic ferrule and a stem is
made by tapering to a width of 10 µm for a length of 500 µm, at which point a sphere (cf.
Figure 3.3a) is formed after severing by irradiation with a high-power cycle. At a sphere
diameter of 80 µm and at probing wavelength λ = 780 nm, a balance is struck between the
radiation and absorption losses in the WGM; it is therefore advantageous to achieve this
cavity size to optimise sensitivity [90]. The suspended sphere-stem is then lowered into a
chamber bounded by a U-shaped polydimethylsiloxane layer sandwiched between an N-SF
11 coupling prism and glass window.

A condensed schematic of the sensor setup is shown in Figure 3.3b. Light is focused
onto the back face of a prism to couple to and from the cavity’s WGMs, while the optical
transmission is captured within the output arm of the setup. A fundamental WGM resonance
of the microcavity is located in the transmission spectrum and monitored using LabVIEW
software. The Lorentzian resonance dip of Figure 3.4a is tracked using a centroid method
with fixed transmission threshold [93, 101], wherein the threshold is the green horizontal
line overlayed onto the spectrum. The WGM scattering pattern on the microsphere, e.g. the
distribution of lobes, that is seen through the camera allows for classification of the WGM
with regard to its polar extent l −m. Although split modes can appear as in Figure 3.4a
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and can be dissected in real time into two separate sets of traces for the split mode pair, the
overall resonance lineshape is tracked to avoid tracking errors due to fluctuating splitting
and/or transmission depths.

Figure 3.3: Microcavity fabrication and the hybrid photonic-plasmonic resonator based
sensing platform. (a) A typical silica WGM microsphere, with approximate radius of 39 µm,
fabricated by CO2 laser reflow. A red light-emitting diode illuminates the sphere and its stem
as to provide image contrast. (b) Experimental setup for single-molecule detection.
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Figure 3.4: Optoplasmonic biodetection methodology. (a) Experimentally measured trans-
mission spectrum and WGM resonance. (b) Single-glycine events in 0.02% SDS due to
glycine diffusion near LSP-resonant plasmonic nanoannea coupled to the WGM. Note that
this trace is not yet been detrended to remove noise such as thermal background drift.
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At pM concentrations in aqueous solution, gold nanoparticles may be deposited onto
the microcavity surface as nanoantennae (i.e. Figure 2.5 of the previous chapter). This is
often done through electrostatic absorption by lowering the environmental pH to reach the
isoelectric point of glass. An accumulated loss of 50 fm in the resonance linewidth from
adsorption was determined, over numerous experiments and regardless of nanoparticle type,
to correlate to the number of detection sites necessary to resolve single-molecule events
on the nanoantennae. Biomolecules with functional groups that interact with gold, such
as the amino acid glycine, can then be mixed into the surroundings. Diffusion of 1 µM
glycine in 0.02% sodium dodecyl sulfate (SDS) entails short-lived interactions with the gold
nanoantennae as in Figure 3.4b. The spike packet with amplitude > 50 fm at t = 4775 s
appears disproportionate for such a minute species with molecular weight of 75.07 g/mol. If
these events are from single molecules, they follow Poisson statistics like in Figure 3.5 and
the event frequency scales linearly with concentration. This surface nanochemistry will be
further scrutinised, under more complex reaction pathways, in the chapters to come.

Figure 3.5: Poisson distribution for single-glycine transit events at gold nanoparticles of an
optoplasmonic sensor.



Chapter 4

Chiral Detection

4.1 Origins of Chirality

All living organisms exhibit chirality. Louis Pasteur was aware of this over 170 years
ago while studying tartaric acid, remarking that plane-polarised light rotated when passing
through the crystalline acid [102]. Simpler molecules, such as hydrogen peroxide, can be
chiral by virtue of the relative position of their atoms or their bond angles. Enantiomers
or chiral molecule pairs have identical physical and chemical characteristics; however,
when encountering other chiral substances, they begin to differentiate themselves in their
interactions. Amino acids are left-handed and sugars are right-handed – perhaps the result
of evolutionarily driven homochirality. The mathematical framework postulated for this
development has included the likes of autocatalysis [103] or, in particular, Soai reactions with
intensified enantioselectivity [104, 105]. Other sources have proposed that an extraterrestrial
enantiomer excess arose due to exposure to infrared circular polarisation from ultraviolet
light scattering off reflection nebulae in Orion OMC-1 [106]. This excess could have arrived
on Earth via exogenous delivery, e.g. interplanetary dust particles, during the late heavy
bombardment. Even the atom, a basic constituent one would be tempted to regard as achiral
(i.e. a Dirac spinor’s invariance under parity inversion), violates parity symmetry due to the
nature of the weak nuclear force. In 1957, this was discovered by Wu et al. in a cobalt-60
decay experiment wherein ∼60% of gamma rays were emitted in one direction versus the
other [107]. This was in clear violation of parity as the electron emission direction was biased
relative to nuclear spin. Overall, chirality can exist on a fundamental interaction, molecular,
or higher-order structural level. The prevalence and importance of chirality hence justifies
technology capable of assessing it in a sophisticated way.
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4.2 Methods for Measuring Chirality

The standard techniques for determining chirality are circular dichroism (CD) and optical
rotary dispersion (ORD). In CD left- and right-hand circularly polarised light, abbreviated as
LHC and RHC, is directed towards a chiral sample and an absorption difference

∆A = ALHC −ARHC (4.1)

is measured. Since an electromagnetic wave’s electric field linearly displaces charge and its
magnetic field sets charge in circular motion, a electron inside this field would be compelled
to trace a helical trajectory. The dipole moment operators acting on charged particles in
effect create a permittivity/absorption discrepancy for LHC and RHC polarisation states of
light. Figure 4.1 depicts a representative CD spectrum obtained for lysozymes in 10 mM
sodium phosphate at pH 7.0 [108]. Wavelength selection allows for the probing of various
structures or processes, such as proton-coupled electron transfer in the ultraviolet to visible
range [109], d-d electron transitions in metals in the near-infrared [110], or investigations of
a protein’s three-dimensional structure in the infrared [111].

Figure 4.1: Background and lysozyme CD spectra. (a) CD spectra for air (black), water
(red), sodium phosphate buffer (green), and lysoszymes at a concentration of 0.09 mg/mL
(orange, blue, and magenta) in a 0.1-cm cell. (b) CD spectra of the buffer (black, red, and
green) and lysozymes at a concentration of 0.41 mg/mL (purple, cyan, and brown) and 0.83
mg/mL (orange, blue, and magenta) in a 0.01-cm cell. The measured CD is reported as
ellipticity, wherein the mean residue ellipticity ∆ε = [θ ]/3298 can be calculated from the
molar ellipticity [θ ] = millidegrees / (path length × concentration of protein × number
of residues). (c) Photomultiplier tube dynode voltage versus wavelength for different cell
conditions. These data curves belong to [108].

ORD instead involves linearly polarised light, i.e. a linear superposition of two opposite but
equally contributing circularly polarised components, making use of circular birefringence
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nLHC −nRHC to collect a rotation angle

φc = (nLHC −nRHC)
πl
λ

(4.2)

when passing through a chiral sample of length l at an optical wavelength λ . Recent alterna-
tives for chiral detection have emerged as well, using photoionization [112], femtosecond
laser pulses [113], and superchiral fields [114]. Chiral quantification can reveal information
about protein folding, that is, conformational changes such as those from heat treatment, pH,
or denaturants.

Despite the widespread use of these methods, CD and ORD have small signals that can
be buried beneath spurious birefringence and prone to inadequate background suppression.
A chiral sensitivity of about 1 µg/mL with a time resolution of 1 min. is typical [115]. It is
therefore imperative that improvements, like successive instances of symmetry breaking to
isolate for the signal of interest, be implemented to broaden applications and push the field
towards single-molecule chirality.

4.2.1 Open Cavity Ringdown Polarimetry

To increase the specific rotation acquired from a sample, one can introduce a cavity geometry.
For a stream of photons this equates to adding mirrors to intercept the stream and promote
repeated interaction with the chiral species. A high-finesse bowtie ring cavity, in contrast to a
two-mirror cavity, can achieve this by permitting light to counterpropagate and to reach 1000’s
of cavity passes [116, 117]. If a Faraday rotator is then placed in the second arm of the cavity,
what we call a “signal reversal” (i.e. the switching of the magnetic field direction via a strong
electromagnet) can be applied to generate two Faraday rotations that are equal but opposite
in sign (±θF ). Irrespective of the sign of the longitudinal B-field, the total angle accrued per
pass is θF ±φc wherein φc depends on the propagation direction. This strategy published
by Rakitzis et al. (cf. Figure 4.2) with a pulsed laser offers multiple degrees of symmetry
breaking with rapid channel subtraction and without sample removal. The Faraday rotation
is reciprocal while the optical activity is non-reciprocal. An exponential decay envelope of
the oscillating intensity is measured at two separate detectors in the time domain, a shift in
the oscillation frequency for which gauges chirality. Over the round-trip cavity length L,
these angular frequencies ωCW (±B) = (±θF +φc)c/L and ωCCW (±B) = (±θF −φc)c/L for
polarisation rotation can be subtracted such that ∆ω(±B) = |ωCW (±B)|− |ωCCW (±B)| =
±2φcc/L. The chiral signature is then quadrupled to ∆ω(+B)−∆ω(−B) = 4φcc/L per pass.
Signal reversals with this setup were performed for (+)- and (-)-α pinene vapours, with or
without pressure control, as well as for maltodextrin, fructose, and glycerol-water solutions
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flowed over a prism [118]. Locking of a continuuous-wave laser to a stable cavity of this type
renders subnanolitre volumes dectectable, eventually towards shot-noise limits of 3×10−13

rad [119].

Figure 4.2: Ensemble chiral sensing with open cavity ringdown polarimetry. (a) Schematic of
the polarimeter with a Faraday rotator consisting of a terbium gallium garnet (TGG) crystal.
As for an evanescent wave probing a chiral medium in the prism configuration, the Goos-
Hänchen shift converts into optical rotation. (b) Ringdown signals for the clockwise (CW)
and counterclockwise (CCW) rotating beams. When the B-field is set to 0, a pure exponential
decay is recorded as to calculate total cavity losses. For large B > 0.1 T, polarisation beating
is observable. These technical drawings were published in [120].
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4.2.2 Intracavity Faraday Effect

From the onset of my PhD research, we had planned to transpose chiral polarimetry to the
optical WGM resonator in an attempt to resolve single-molecule chirality. The magneto-optic
Faraday effect in matter relates an applied magnetic field of strength B to the polarisation
rotation θF of the oscillation plane of polarised light when B⃗ is parallel/antiparallel to the
propagation direction. A linear proportionality θF = vBl exists where v is the material’s
Verdet constant and l is the length of the path traversed through said material. The magnetic
permeability tensor is nondiagonal here and, in principle, the effect should be transposable to
the optical WGM with its curvilinear coordinate system. Comparing this geometry to the
open cavity ringdown polarimeter, there are a few immediately identifiable differences: an
evanescent field is present along the entire path length and Faraday rotation is continuous
over the course of the photon lifetimes. Bidirectional propagation in the bowtie cavity is
also mimicked by mode splitting. The predictive model of the Faraday effect in a ultahigh-Q
WGM resonator has been formulated using coupled mode theory [121]; however, unlike light
in an unconstrained geometry, there are quasi-TE and quasi-TM modes in the microcavity
that are inherently nondegenerate [122]. Modal intensity profiles are dominated by a major
field component that is either parallel or perpendicular to the cavity interface. The dielectric
boundary conditions result in different penetrations depths into the external medium and thus
there is a geometrical birefringence ∆ng = nT E −nT M that severely quenches the rotation θF

at the coupler. If we consider the input and output fields at the coupling junction in terms of
x (TE) and y (TM) components, we can calculate the rotation due to a B-field tangential to
the optical path from the closed-form matrix equation [121]:[
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as we define the phase shift per round trip θ = 4π2na/λ , loss factor αL = exp
[
−2π2na/(λQ0)

]
,

Faraday rotation per unit length F = vB, quenching ∆β = 2π∆ng/λ , and remaining terms
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+F2 (4.4)

γ = πφa (4.5)
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f (θ ,γ) =
αLe−iθ cos(γ)−α2

Le−i2θ(
αLe−iθ t∗

)2 −2αLe−i2θ t∗ cos(γ)+1
(4.6)

g(θ ,γ) =
αLe−iθ sin(γ)(

αLe−iθ t∗
)2 −2αLe−i2θ t∗ cos(γ)+1

(4.7)

for an effective refractive index n and cavity diameter 2a. We assume coupling is lossless, so
the complex transmission t and coupling κ coefficients are related via |t|2 + |κ|2 = 1.

4.2.3 Publication I on a Geometrical Birefringence Reduction Scheme

In the next section, a manuscript that compiles experiments on the Faraday effect in WGM
resonators is presented [23]. Two composite glasses with non-negligible Verdet constants
were tested as cavity materials in terms of their glass transition when heated by convection:
tellurite (78TeO2-12ZnO-10Na2O) and germanate (56GeO2-31PbO-9Na2O-4Ga2O3). The
constituent with greater atomic number, i.e. TeO or PbO, is responsible for raising the
composite’s Verdet constant while stability is obtained from the overall composition of the
glass. These soft glasses were initially drawn into capillary fibres by our collaborators. In
order to later provide conduction based tuning and induce local magnetic fields, we inserted
metallic conducting wires (e.g. tungsten, copper, silver, or gold) inside the capillaries prior to
microcavity preparation. A current-controlled CMH-7019 ceramic microheater was employed
to melt the fibre tip with protruding wire — a procedure further detailed in Appendix B.
During heating protocols, the tellurite crystallised due to nucleation sites that developed near
the metal-glass interface. For the majority of heating rates, germanate capillaries (with inner
gold wires) successfully melted into droplets in the microheater with a desirable isotropy
near their surface. One of these cavity-wire structures was integrated onto a biasing chip,
then installed in a modified sensor setup with a titanium dioxide prism coupler. Quasi-TE
and quasi-TM WGMs were thermally tuned as to minimise geometrical birefringence and to
amplify the Faraday effect. The platform was developed by the thesis author, experiments
were also designed and performed by the thesis author, the soft glass capillaries were
fabricated by Xian Jiang in Philip Russell’s research group, and Frank Vollmer surpervised
the work. The thesis author wrote the manuscript with editorial contributions from all authors.
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Abstract

We report the experimental realisation of magneto-optical coupling between whispering-
gallery modes in a germanate (56GeO2-31PbO-9Na2O-4Ga2O3) microspherical cavity due
to the Faraday effect. An encapsulated gold conductor heats the resonator and tunes the
quasi-transverse electric (TE) and quasi-transverse (TM) polarized modes with an efficiency
of ∼65 fm/V at a peak-to-peak bias voltage of 4 V. Signal parameters for a number of heating
regimes are quantified to confirm sensitivity to the generated magnetic field. The quasi-TE
and quasi-TM resonance frequencies stably converge near the device’s heating rate limit
(equivalently, bias voltage limit) in order to minimise inherent geometrical birefringence.
This functionality optimises Faraday rotation and thus enables the observation of subsequent
magneto-optics.

Introduction

Optical devices that exploit whispering-gallery modes (WGMs) have gradually become
ubiquitous [123]. The WGM cavity has demonstrated strong optomechanical interactions
[124, 63], lased at ultralow thresholds [28], established parity-time symmetric systems [60],
and detected single atomic ions near plasmonic nanoantennae [93]. Tuning of WGMs outside
of irreversible modification [125, 126] has been achieved by refractive index modulation,
such as from mechanical strain/pressure [127, 128, 129, 130], electro-optics [131, 132, 133],
or thermal effects [134, 135, 136, 137, 138]. Thermo-optical control is typically realised
by selecting a high-thermo-optic coefficient material for the cavity [136, 137] or relying
on absorption based heating [134, 135], wherein the former involves an integrated heating
element. Tuning of glass WGM cavities through an internal metallic conductor, however, can
be intractable due to glass crystallisation during fabrication. While melting the dielectric at a
temperature below the conductor’s melting point, nucleation sites develop and with crystal
growth inhibit WGM circulation. For sensing applications in a stochastic environment, there
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is also a need for laser jitter suppression when detecting nanoparticles [139] and the removal
of background drift when thermally characterising polymers [140].

By way of optomechanics and magnetostriction, on-chip WGM based magnetome-
ters [141] have detected magnetic fields with sensitivities as small as 100’s of pT/

√
Hz

[142]. More generally, magneto-optical coupling in a WGM resonator has been studied
for transported magnetic fluids [143, 144] and for the resonator material itself [145]. Cav-
ity optomagnonics in yttrium iron garnet (YIG) microspheres [146, 147] offers coherent
magnon-to-photon interconversion at optical and microwave frequencies, justifying the use of
magnons as information carriers. An applied magnetic field B modifies the cavity dielectric
tensor by first and second order magnetisation, respectively known as the Faraday and Voigt
effects [148]. The quasi-transverse electric (TE) and quasi-transverse (TM) magnetic WGM
resonance frequencies are split by the cavity boundary conditions, i.e. by a geometrically
induced birefringence ∆ng, and are mixed by the Faraday effect [121]. One conclusion that
was drawn in [121] was that ∆ng quenches the overall Faraday rotation. Minimising ∆ng in
turn maximises the magnetic field sensitivity and so polarisation rotation at the output coupler
becomes significant. Cavity-enhanced polarimetry [118] is an extension of this operational
principle through which chiral measurement can be considered.

In this paper, we present a WGM sensing platform that dually incorporates thermal
tuning and magneto-optical responsivity. A germanate (56GeO2-31PbO-9Na2O-4Ga2O3)
microsphere with high Verdet constant is fabricated with a central gold conducting wire to
modulate the WGM resonance via heating and induce a magnetic field on the order of 1
G. The cavity-wire structure is fashioned by inserting a sub-millimetre diameter gold wire
into a germanate capillary, then a capillary segment with wire protrusion is melted inside a
ceramic microheater. Convection and surface tension promote the formation of a germanate
microspherical profile around the wire (with cavity radius on the order of 100’s of µm) and
glass isotropy is ensured by the germanate’s slower crystallisation rate. The wire geometry
creates a B-field that is parallel or antiparallel to the WGM propagation direction throughout
current reversal in time. Critically, as the cavity refractive index (nc) profile guides quasi-TE
and quasi-TM modes differently, we show that ∆ng decreases with thermal conductance
throughout the cavity with increasing root-mean-square amplitude of the oscillating bias
voltage. This WGM tuneability scheme excludes large and expensive electromagnets in order
to limit the device footprint.

Results

Scans were performed across WGM resonances using a tuneable external cavity laser of
central wavelength λ = 642 nm in the geometry shown in Figure 4.3. Light is focused onto
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the internal surface of a rutile prism and, through frustrated total internal reflection, couples
to the germanate microsphere at 5% efficiency in order to excite WGMs. We note that the
prism is birefringent with ordinary refractive index no and extraordinary refractive index ne

above that of the germanate (nc < 2 < no < ne) within the chosen optical bandwidth. The
WGM microsphere in contact with this prism is doubly-clamped above a metal-on-insulator
biasing chip (Figure 4.3a) and the enclosed 150-µm diameter gold wire supports actuating
currents of up to a few amperes.

Figure 4.3: WGM excitation in a magneto-optical microsphere with a confined conductor.
(a) Experimental setup. (b) Measured Verdet constant spectra for optical and soft glasses.
(c) Device operation with a triangular wave current input. Heat generated by the electrical
conductor results in a WGM resonant wavelength shift proportional to the square of the
voltage, such that the resonance oscillation frequency is exactly twice that of the current
when there is no DC offset.

Spectral characterisation of the germanate’s Verdet constant (Figure 4.3b) determined a
value of ∼25 rad/(T·m) near WGM resonances. Nevertheless, initial peak tracking of the
resonance lineshape in Figure 4.3c for a triangular bias voltage V (t) suggests dominant
thermal influences. In principle, for a local temperature change ∆T , signal rectification arises
from Joule heating:

∆λRes(t) ∝ ∆T (t) ∝ V 2(t) (4.8)
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Linewidth narrowing and broadening follows the heating cycle with a π phase delay with
respect to the resonant wavelength λRes. When the suspended microsphere contacts the prism,
forces acting on the sphere-stem cantilever [149] from capacitance at the soft glass interface
and flexion from heating can vary the coupling to the WGM and hence alter the linewidth.
The magnetic field oscillation frequency fM is not equal to that of the recorded response of
Figure 4.3c — what is instead observed is a WGM perturbation at 2 fM due to heat conduction
that is independent of current direction. The trace’s noise floor in the 10’s of fm range, in
this case derived from the cavity quality factor Q = λRes/δλ ≈ 2×105, exceeds the laser
phase noise.

Figure 4.4: Fast Fourier transform (FFT) of the WGM resonance response to frequency
ramping. (a) Time trace for a sinusoidal current input. The oscillation frequency is increased
from 10 to 24 Hz in discrete steps of 2 Hz. (b) Fourier spectrum and semi-log plot of the
normalised spectral amplitude versus frequency.

Further investigation of the perturbed WGM resonance was carried out by frequency
domain analysis. The entire resonance trace of Figure 4.4a was decomposed into its frequency
components (Figure 4.4b), revealing the expected DC component and 2 fM peaks for a full-
wave rectified resonance signal response. These peaks originate from thermal nonlinearities;
however, fM peaks also exist within the spectrum. Normalised spectral peak amplitude versus
frequency curves in Figure 4.4b for the two separate series of peaks differ in bandwidth, thus
indicating separate time constants. The model proposed in [121] derived from coupled mode
theory contextualizes this disparity: once the B-field is sufficient to overcome the geometrical
birefringence ∆ng, mode mixing produces deviations in quasi-TE and quasi-TM WGM
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eigenfrequencies away from degeneracy. Consequently, a partial-wave rectified resonance
shift pattern from a weak intracavity Faraday effect would exhibit the fM peak seen in our
experiment. With lower ∆ng, coupling between quasi-TE and quasi-TM WGMs is detected
at lower magnetic field thresholds.

Figure 4.5: Thermal tuning of quasi-TE and quasi-TM WGMs to minimise geometrical
birefringence. (a) Computed Faraday rotation versus geometrically induced birefringence
for a 50-µm radius tellurite microspherical cavity. The transmission coefficient t =0.99 and
coupling coefficient κ =0.141 match simulations from [121]. (b) Converging quasi-TE and
quasi-TM WGM resonant wavelengths with increasing amplitude of the sinusoidal current
input. Note that the resonant wavelength traces are in-phase.

Faraday rotation θF is optimised in the unquenched regime (∆ng = 0) and is highly
dependent on the magnetic field strength. Calculations in Figure 4.5a outline that θF and
hence the shift ∆λRes for a tellurite WGM microsphere are linear with the B-field. Simulated
fundamental quasi-TE and quasi-TM WGMs with azimuthal mode order m = 975 (i.e.
near the experimental operating wavelength) places the operating points at ∆ng = 0.00146,
neglecting the cavity index profile variation from thermo-refractivity and thermal expansion.
Accounting for this tuning, on the other hand, can lead to displacement in the radial position
of the guided WGM intensity maxima. Figure 4.5b depicts the experimental resonance
trace when increasing the root-mean-square amplitude of the bias voltage. By fixing the
duty cycle of the electrical signal, the time-averaged heating of the microsphere enforces a
radial thermal gradient that equalises the quasi-TE and quasi-TM WGM eigenfrequencies.
These modes begin with different penetration depths into the external dielectric and with
precise thermal feedback may converge towards minimal geometrical birefringence. At a
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peak-to-peak bias voltage Vpp = 4 V the tuning efficiency reaches ∼65 fm/V and the modes
differ in resonant wavelength by less than 1 pm. The amplitude of in-phase shift ∆λRes for
these modes scales linearly with Vpp and the signal undergoes a steeper rise towards the peak,
in agreement with thermal and intracavity Faraday effect superposition. WGM resonant
linewidths are similar in oscillation and close in value (≤ 0.5 pm at Vpp = 4 V), remaining
synchronous irrespective of the superimposed perturbations.

Conclusion

The findings in this study provide preliminary evidence for the optical WGM resonator
analogue of polarisation rotation in a soft glass cavity. A cost-effective microheater with
electrical interfacing was used to tune the WGM resonances and reduce geometrically
induced birefringence. The latter enhances the quasi-TE and quasi-TM polarisation coupling
per round-trip in the presence of a proximate magnetic field aligned with mode propagation.
Magnetisation dynamics could be explored, such as the possibility of lasing by way of
magnon Brillouin scattering. Nonreciprocal Brillouin scattering can bring selective creation
and annihilation of magnons in the Kittel mode, alongside chiral features embedded in the
spin dynamics of a ferromagnetic YIG microcavity [146, 147]. Due to the solubility of the
germanate glass, any WGM measurement in solution may require the coating of a protective
layer (e.g. a perfluoro(1-butenyl vinyl ether) polymer) around the cavity. By satisfying
this criterion we anticipate future chiral sensing of enantiomers layers on the cavity surface.
Distinguishing the chirality of and detecting Faraday rotation from single molecules will,
however, necessitate greater specificity and signal enhancement. Single-molecule chirality
is largely unattainable in cavity polarimetry schemes [118] as the requisite resolution falls
below the shot noise. A signal-reversing WGM biosensor based on the intracavity Faraday
effect may circumvent this pitfall by isolating for a weak yet local chiral signal. This is
afforded by exceptional points [60] and/or mode hybridisation through coupling to localised
surface plasmons of metallic nanoparticles [93]. Plasmonic nanoantennae from [93] may
be functionalised with organic molecules possessing a substantial Verdet constant (e.g.
1,3,5-trimethyl-2,4,6-tris[2-(4-nitrophenyl)ethynyl]benzene/TTB [150]), as they would be
individually detectable and responsive to magnetic field fluctuations in the optoplasmonic
system. Another promising avenue is the detection of magnetic field-dependent protein
behaviour, such as cryptochrome signalling [151]. Spin states correlated to such biochemical
reactions could be manipulated with the local magnetic field and probed according to the
magneto-optical coupling of the resonator, i.e. through resolvable discrepancies between the
quasi-TE and quasi-TM WGM resonance response.
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4.3.1 Comments on Publication I

Considerable design challenges were raised for the immersion of the cavity-wire sensor in
liquid, as they also were for a chamber that contains a gas around the system. These factors
combined with a limited Faraday effect contribution to the signal response encouraged a
direct approach to chiral discrimination: optoplasmonics with chiral plasmonic nanoantennae.
We soon set off towards characterising molecular chirality by optoplasmonic detection, given
that the technique was grounded in single-molecule interrogation. Fundamentally, a chiral
interaction is mixed in terms of the electric and magnetic dipole moments

p⃗e = αE⃗ − iξ B⃗ (4.9)

p⃗m = χmB⃗+ iξ E⃗ (4.10)

with a mixed electric-magnetic dipole polarisability ξ , connected to the optical chirality
factor [152]:

C =−εoω

2
Im

{
E⃗∗ · B⃗

}
(4.11)

Probing chirality with light therefore benefits from having the E- and B-field be out of phase
by ±π

2 , aligned, and proportionately large. The time-even pseudoscalar quantity C switches
sign under parity inversion similar to how a chiral molecule’s handedness switches when it is
mirrored. A circularly polarised electromagnetic wave, for example, has

C± =±εoω

2c
E2

0 (4.12)

where + is the left-handed and − is the right-handed variant. A standing wave pattern formed
by counterpropagating beams with these polarisations produces so-called superchiral light,
with enantioselectivity surpassing |C±|. The suggestion at this stage was whether the chiral
near fields of a plasmonic nanoparticle could resolve the chirality state of a single molecule.



Chapter 5

Chiral Gold Nanoparticles for Sensing
Chiral Molecules

5.1 Plasmonic Nanoparticles Synthesised by Biomolecules

To list but a few options, chirality in plasmonics can stem from helicity [153, 154], planar
chiral metamaterials [155], chiral stacks made up of achiral or chiral nanostructures [156,
157], the ordering of nanorods in a scaffold [158, 159], or gold nanoparticles arranged via
DNA origami [160, 161]. One type of nanoparticle with unusual dissymetry factor ≈ 0.2
(∝ the ratio of the circular dichroism to extinction value) at λ = 622 nm is the 432 helicoid
III with pinwheel-like crevices on each of its faces [24]. During synthesis, it was reported
that amino acids and peptides may interact with the nanoparticle surfaces enantioselectively
to impart asymmetric growth and to form chiral helicoid morphologies. Finite-difference
time-domain simulations of a gold 432 helicoid III cube in Figure 5.1 had confirmed the
nanoparticle’s CD spectral response and associated near fields. As there are detection
sites with overlapping B- and E-field enhancements near 642 nm in Figure 5.1h and 5.1i,
implementing 432 helicoid III as a chiral nanoantenna for our optoplasmonic sensor was
considered. A far-field CD measurement is related to the near-field optical chirality factor
C through the absorption rate’s proportionality to Im

{
E⃗∗ · B⃗

}
, hence chiral states of single

biomolecules may be locally resolvable on the nanoparticle. In regions of the gold 432
helicoid III’s near field where E⃗∗ · B⃗ is amplified, the signal responses from an enantiomer
pair (with nonzero mixed polarisabilities) should diverge from one another. Nanoparticles
modified with enantiomeric recognition and separation can also constrict analytes to selective
surface coordination due to homochiral interactions. An E⃗∗ · B⃗ optimum can be targeted to



5.2 Characterising Single Amino Acids 45

enhance C while adapting surface chemistry protocols from our group’s past work [22, 93,
162, 163].

Figure 5.1: Simulated optical response of 432 helicoid III. (a)-(c) Computed absorption and
CD spectra for (a) triangular, (b) rectangular, and (c) curved crevices. (d) A 3D model for case
(c). (e) CD spectra for particular (dots) and averaged (solid line) nanoparticle orientations.
(f) Absorbance and CD values for normal incidence. (g) Multipole analysis of the scattering
cross section, with electric dipole mode (E1) near 1,200 nm, and magnetic dipole mode (M1)
and electric quadrupole mode (E2) near 650 nm and 950 nm. (h)-(i) Normalised intensity
distributions for the electric and magnetic fields at normal incidence for λ = 650 nm, 950
nm, and 1,200 nm. These finite-difference time-domain simulations are published in [24].

5.2 Characterising Single Amino Acids

Our collaborator synthesised a set of gold 432 helicoid III nanoparticles with L-glutathione
using octahedral seeds. These samples were dispersed in 1 mM cetrimonium bromide
(CTAB) in water with a yield conveyed in Figure 5.2. CTAB micelles are formed around the
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nanoparticles to sterically hinder agglomeration, maintaining the average nanoparticle side
length of 200 nm and limiting deformity to a comparable extent as that in [24].

Figure 5.2: Scanning electron micrograph of gold 432 helicoid III nanoparticles. These
structures were first shown in [24] to have a circular dichroism peak near 642 nm, indicative
of a high chirality factor C.

Experiments were then initiated to investigate the interactions of small chiral molecules
with these chiral gold nanoantennae on the optoplasmonic sensor. Under the same setup as
that of Figure 3.3b, gold 432 helicoid III nanoparticles were deposited onto the microspherical
cavity. A solution of 0.02% (w/w) SDS in water was chosen to facilitate molecular transport
to the gold nanoparticles; nonetheless, the concentration was held below the critical micelle
concentration = 0.2% (w/w) for SDS in water [164]. Once reducing agent was added to
cleave the L-cystine dimers and the pH was lowered to an acidic value of ∼2.7, it was clear
from Figure 5.3 that the charge of L-cysteine at 2 µM allowed it to bind as well as react
transiently near the surface of the gold chiral nanoparticles. This is linked to the fact that
cysteine contains thiol and amine groups that interact with gold, whose respective interaction
probabilities can depend on the molecular charge and ionic strength.
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Figure 5.3: Single-molecule events involving 2 µM reduced L-cysteine reacting on a gold
432 helicoid III surface in 0.02% SDS and at pH < 3. Spike amplitudes are on the order of
10 fm.

Large signal amplitudes may be due to the nanoparticle size as well as the sharp edges
of the nanoparticle, e.g. inside the crevices, resulting in a greater number of sites with
anomolous local field enhancement. Single-molecule binding steps are principally correlated
to L-cysteine forming a thiol-gold bond at an acidic pH. The large spike signals from surface
reactions continuing throughout the trace have both linewidth broadening and narrowing as
can be seen in Figure 5.4. Surprisingly, L-cysteine has a low molecular weight of 121.16
g/mol, i.e. a negligible excess polarisability per molecule, despite it measurably altering the
resonance’s λRes and κ . The gold 432 helicoid III has ordered facets and surface irregularities
alike due to its extensive surface area, as compared to a nanorod with dimensions on the
order of 10’s of nm, thus ensuring surface reaction diversity.
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Figure 5.4: Transient interactions between 2 µM of reduced L-cysteine molecules diffusing
to the detection sites on gold 432 helicoid III nanoantennae for 0.02% SDS and a pH < 3.
The optoplasmonic resonance’s linewidth change ∆κ can be either negative or positive.

While introducing a further 2 µM D-cysteine with excess TCEP, binding sites tend
towards saturation and the LSP-WGM resonance linewidth κ begins to oscillate. Figure 5.5
shows a series of discrete steps in κ with consistent step height appearing in the trace over
time. Dissolved oxygen molecules continuously oxidise thiols into disulfides, while TCEP
reducing agent lowers the dimer population in solution. Cysteine can also bind to gold via
its amine or thiol group, wherein the former results in an immobilised linker molecule with
exposed thiol that can form the disulfide bonds. We can visibly see in Figure 5.5 that TCEP
controls the number of electrostatically adsorbed dimers on the plasmonic nanoantennae
by direct cleavage within the detection volume. It is important to note that one of the two
sulfur atoms of a disulfide bridge can undergo reaction with the phosphorous atom of TCEP
along a reduction pathway. This leaves the dwell times relatively random as the separate
DL-cysteine/cystine and TCEP reactants are delivered by diffusion. Putting this scheme
aside until Chapter 6, one might assume that analysing the optoplasmonic response of any
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cyclical single-molecule interaction can provide encoded molecular characteristics, i.e. the
chiral state of a participating cysteine molecule within the racemic mixture.

Figure 5.5: Optoplasmonic resonance response due to disulfide interactions between single
DL-cysteine linkers and diffusing DL-cysteine/cystine in a 4 µM racemic mixture of equal
proportions with 0.02% SDS and pH < 3. Binding sites on the gold 432 helicoid III
nanoparticles are approaching saturation and TCEP reducing agent is employed.
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5.3 Signal Cross-Comparison for Cysteine and Polylysine

To test the hypothesis that the hybrid LSP-WGM resonance response could characterise
perturbing molecules, measurements with a sizeable number of transient events (e.g. > 1,000)
were conducted. Gold 432 helicoid III nanoparticles were, again, deposited onto a glass
WGM microsphere and the previous 0.02% SDS buffer conditions were mirrored.

Figure 5.6: Single-molecule events on gold 432 helicoid III nanoparticles for 3 µM D-
cysteine and 3 µM L-cysteine with excess TCEP in 0.02% SDS and at pH 4. The resonance
is split due to scattering and so clockwise- and counterclockwise-propagating WGMs are
simultaneously tracked.
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Scattering from the nanoantennae established mode splitting and the surrounding solution’s
pH was lowered to 4 by adding diluted hydrochloric acid. Once 6 µM of DL-cysteine (i.e. 3
µM D-Cys and 3 µM L-Cys) with excess TCEP was injected into the sample volume, signal
activity followed for 10’s of minutes. Figure 5.6 represents a trace segment with the strongest
observed resonance perturbations in the two split modes.

Figure 5.7: Compiled signal histograms for the resonant wavelength shift ∆λRes and event
time duration ∆τ , with 3 µM of reduced D-Cys and 3 µM of reduced L-Cys in 0.02% SDS
and at pH 4. The analysis is based on the trace of Figure 5.6.

If we amass such single-molecule events to plot histograms for the shifts, we can see in
Figure 5.7 that there are some immediate parameters that we can extract. The mean µ∆λ ≈
4 fm and standard deviation σ∆λ ≈ 2 fm for the shift value ∆λRes are comparable between
the split modes, while λ+ has µ∆τ = 67.8 ms, σ∆τ = 48.3 ms and λ− has µ∆τ = 65.8 ms, σ∆τ

= 44.6 ms for the event time duration ∆τ . A pair of peaks may be resolvable in the ∆λRes

histogram for λ−; however, it is dubious to assign these to molecular chirality. The intuition
here is that since the nanoparticles have a dominant handedness, i.e. from their synthesis
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by L-glutathione, chiral interaction with the enantiomers should manifest itself as a split
histogram with D- and L-isomer regions bifurcated by the mixed polarisability ξ . Regardless,
sensing site heterogeneity on the nanoparticles is likely dominant and the field enhancement
variance may alone account for this separation.

Figure 5.8: Optoplasmonic resonance response from gold 432 helicoid III nanoparticles and
single polylysine perturbers (0.9 nM poly-D- and 0.9 poly-L-lysine) in 0.02 %SDS at neutral
pH.

Subsequently, an analyte with greater molecular weight and wider size range was consid-
ered: poly-D- and poly-L-lysine polymers (incl. reactive primary amine groups) weighing
between 30 and 70 kDa . Hinted within the signal interval of Figure 5.8 for 900 µM poly-D-
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lysine and 900 µM poly-L-lysine in 0.02% SDS at neutral pH, the mean event rate is at least
doubled and the mean spike amplitude increases. Coiled polylysine at this concentration
has higher polarisability than cysteine and higher overlap with the near field of the chiral
plasmonic nanoantennae. What we can glean from Figure 5.9’s ∆λRes histogram is that the
quantities µ∆λ = 7.3 fm and σ∆λ = 2.8 fm are in a good agreement with the larger weight
and weight variance of polylysine compared to a cysteine analyte. The off-rates are slightly
longer as the mean is shifted to µ∆τ = 75.9 ms and the standard deviation σ∆τ = 46.4 ms,
which could potentially correlate to polylysine’s lower diffusivity. It is asserted that chirality
cannot be inferred from these results as the molecules are free to react on the entire surface
of the chiral gold nanoparticles. To reiterate, the field enhancements for these detection
sites varies significantly. Constraining the surface reactions on the nanoantennae is therefore
instrumental in achieving specificity, as we will address in the next chapter.

Figure 5.9: Resonance shift and time duration histograms for single-molecule signals from
0.9 nM poly-D- and 0.9 nM in 0.02% SDS and at neutral pH. The trace from Figure 5.8 is
used for this data processing.



Chapter 6

Monitoring Thiol-Disulfide Exchange On
the Single-Molecule Level

6.1 Publication II on Steering Reaction Pathways of Single
Molecules

In Chapter 5, we challenged the notion of whether a hybrid LSP-WGM resonator could be
exploited to back out the properties of single molecules, such as polarisability or chirality,
when these disturb the resonance. The impact of spatial heterogeneity on the light-matter
interactions at the plasmonic nanoparticle raises questions about the meaning of the signal
amplitude in a resonance trace. Polylysine’s larger polarisability and lower diffusion coeffi-
cient with respect to cysteine were reflected in the higher mean resonance shift and event time
duration of the signal histograms. Transient interactions with gold also obey time-reversal
symmetry — in other words, at steady state, the signal patterns are indistinguishable whether
we go forward or backwards in time.

Such progression is not altogether different from the simultaneity of reactions ongoing
at chemical equilibrium. Forward and backward reaction rates at equilibrium are counter-
balanced as to, in an ensemble, conceal the exceptional pathways a detected molecule can
take. A dominant reaction pathway will break this time-reversal symmetry. In practice, rare
events can be missed without resorting to a mediating molecule or without shifting reactions
away from equilibrium. We may claim that the ideal single-molecule signal could then be a
reversible step response in the optoplasmonic resonance wavelength, linewidth, and/or mode
splitting, as this clearly demarcates a state transition.
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The following manuscript [25] proceeds to abate such uncertainty in surface reactions
by way of disulfide bonds. Thiol/disulfide exchange takes place at single thiol sites, i.e. the
reactive thiols of cysteamines that are bound to gold via their amine, in a cyclical manner. A
pH above the aminothiol’s pKaNH2 conserves its anionic state and strongly diminishes the
probability of thiol-gold reactions. Reducing agent plays a pivotal role in the cleaving of
disulfide bridges formed in the bound dimer complexes as to promote monomerisation over
dimerisation. Notably, the conditions that are shown for the loading of cyteamine linkers onto
gold nanoantennae permits resolution of binding at concentrations down to 100’s of aM —
as sparse a number of biomolecules as ∼25,000 in the chamber volume. In conjunction with
streamlining the characterisation of thiolated molecules, redox cycling with pH-enforced
charge states exposes repeated perturbations of the LSP-WGM resonance that are consistent
with the physics set out in Chapter 3. The next series of experiments with sub-kDa species
were conceived and executed by the thesis author, while the manuscript was written with
input from Sivaraman Subramanian and Frank Vollmer.
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Abstract

Probing individual chemical reactions is key to mapping reaction pathways. Trace analysis
of sub-kDa reactants and products is obfuscated by labels, however, as reaction kinetics
are inevitably perturbed. The thiol-disulfide exchange reaction is of specific interest as it
has many applications in nanotechnology and in nature. Redox cycling of single thiols
and disulfides has been unresolvable due to a number of technological limitations, such as
an inability to discriminate the leaving group. Here we demonstrate detection of single-
molecule thiol-disulfide exchange using a label-free optoplasmonic sensor. We quantify
repeated reactions between sub-kDa thiolated species in real time and at concentrations
down to 100’s of attomolar. A unique sensing modality is featured in our measurements,
enabling the observation of single disulfide reaction kinetics and pathways on a plasmonic
nanoparticle surface. Our technique paves the way towards characterising molecules in terms
of their charge, oxidation state, and chirality via optoplasmonics.

Introduction

Access to single-molecule reactions to determine the state of participating species and their
reaction mechanisms remains a significant technological challenge. The application of
fluorescent optical methods to investigate a single molecule’s reaction pathway is often
non-trivial. Sophisticated fluorescent labelling may not be available, while the temporal
resolution is limited by photobleaching and transit times [165, 166]. Monitoring reactions
between molecules that weigh less than 1 kDa is further complicated by labels, as adducts
can have severely altered reaction kinetics. Non-invasive optical techniques for studying the
nanochemistry of single molecules have thus been elusive.

Thiol and disulfide exchange reactions are particularly relevant to the field of nanotech-
nology [167, 168]. The reversibility of the disulfide bond has, for example, paved the
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way to realising molecular walkers and motors [169, 170]. Bottom-up thiol self-assembled
monolayers have shown potential as building blocks for sensors and nanostructuring [171].
The precise attachment/detachment of thiolated DNA origami has even extended to the
movement of plasmonic nanoparticles (NPs) along an engineered track [172]. In nature,
disulfide bonds are a fulcrum for cell biochemistry. Reactions that form these links usually
occur post-translation, stabilising folding and providing structure for a number of proteins
[173, 174, 175]. The cell regularly controls disulfide bonds between thiol groups, alternately
guiding species through reduction and oxidation [176]. Redox potentials and oxidative stress
in this context are reflected in the relative concentrations of thiols and disulfides [177].

Thiol/disulfide equilibria can be quantified in bulk, although often at the expense of high
kinetic reactivity and the need for fluorescent or absorptive reagents to measure the exchange
[178]. One such approach is an enzymatic recycling assay with 5-thio-2-nitrobenzoic acid
absorbers capable of detecting thiols and disulfides down to 100’s of picomolar concentrations
[179]. This trades off quenching of thiol oxidation and exchange with the optimisation of
reaction rates and the disruption of the thiol/disulfide equilibrium. As a disulfide bridge
consists of two sulfur atoms that can interact with a thiolate (i.e. the conjugate base of a
thiol), disulfide exchange is fundamentally intricate and the reaction branches for single
molecules have yet to be fully characterised in the literature. Distinguishing leaving groups
through a sensing element has so far been unachievable.

State-of-the-art sensors capable of transducing single-molecule interactions into optical
[76, 77, 78], mechanical [82, 83, 84], electrical [79, 80, 81], or thermal [85] signals continue
to emerge. Here we employ a label-free optoplasmonic system [22] that has the specific
advantage of detecting individual disulfide interactions in solution. Due to the hybridisation
between an optical whispering-gallery mode (WGM) resonator and localised surface plasmon
(LSP) resonance of a NP, perturbations to an LSP are observed through readout of a WGM
coupled to it [180, 181, 182]. One strategy we propose is to immobilise thiolates on a
gold NP surface with a separate functional group. Following selective covalent binding,
immobilised thiolates may participate in redox reactions while under non-destructive probing.
Reactions between sub-kDa reactants are monitored in real time and at concentrations as
low as 100’s of attomolar, hence isolating for the disulfide chemistry of single molecules in
vitro. Such reactions frequently result in abrupt changes in hybrid LSP-WGM resonance
linewidth/lifetime – a surprising phenomenon that was considered unresolvable by WGM
mode broadening or splitting [54, 95, 183]. We clarify in this study that disulfide linkages to
bound thiolate receptors can exclusively affect the hybrid LSP-WGM resonance linewidth,
beyond a description via an unresolved mode split. Each linewidth transition per exchange
also assigns a status to the leaving group. Our data suggests a sensing modality for inferring



6.2 Optoplasmonic Characterisation of Reversible Disulfide Interactions at Single Thiol
Sites in the Attomolar Regime 58

kinetics and chains of single disulfide reactions in proximity to a plasmonic NP, paving the
way towards assessing molecular charge, oxidation, and chirality states on an integrated
platform.

Results

Experimental Scheme

A gold NP surface serves as an effective detection area for biomolecular characterisation
on an optoplasmonic sensor. Light field localisation and nanoscale mode volumes at the
NP hotspots enable sensitivity to surface modification, wherein covalent bonding to the NP
restricts the total number of binding sites. Previously, thiol and amine based immobilisation
has been explored on our optoplasmonic sensor [162]. Under particular pH conditions that
dictate the molecular charge of the analyte, thiol and amine functional groups were reported
to bind to different facets of gold NPs [184, 185, 186, 187]. For thiols, the binding preference
is in the (111) and (100) planes of a gold surface which are present in an ordered crystal lattice.
For amines, binding preferentially takes place at uncoordinated gold adatoms. Measurements
from [162] showed an approximate 2 orders of magnitude larger number of binding sites
for thiols compared to amines on gold nanorods (NRs), demonstrating variable selectivity
depending on surface regularity. If molecular charge is controlled and the NR surfaces are
appropriately deformed, conditions can be reached where molecules containing both amine
and thiol groups can predominantly bind onto gold via amine to create recognised thiolates
[188]. These nucleophiles may attack disulfide bonds in molecules that diffuse to them.
Reducing agents introduced in solution, such as tris(2-carboxyethyl)phosphine (TCEP), can
then reduce bound disulfides and complete a redox cycle. This pathway establishes cyclical
reactions near the NP surface to be analysed statistically.
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Figure 6.1: Optoplasmonic sensor setup and quantification of adsorbing D-cysteine. (a)
Scheme for LSP-WGM based sensing. A beam emitted from a tuneable laser source, with
central wavelength of 642 nm, is focused onto a prism face to evanescently couple to a
microspherical WGM cavity. The WGM excites the LSPs of Au NRs on the cavity surface
and the hybrid system’s transmission spectrum is acquired at the output arm of the setup.
D-cysteine (D-Cys) analytes have carboxyl, thiol, and amine groups. (b) Sensing through
tracking perturbations of the Lorentzian resonance extremum in the transmission spectrum.
The resonant wavelength λRes and linewidth κ that define the quality factor Q = λRes/κ are
shown in the subfigure, as is unresolved mode splitting due to scattering. (c) Single-molecule
time-domain signatures with signal value ∆λRes and duration ∆τ from the transit of D-Cys
near Au NRs. The solvent used is 0.02% sodium dodecyl sulfate (SDS) in deionised water.
(d) Linear dependence of event frequency on analyte concentration that suggests first-order
rates. Events conform to a Poisson process (Figure 6.6).

The LSP resonance of a plasmonic NP can be weakly coupled to a WGM resonance
of a dielectric microcavity. Through this coupling, molecules that successfully perturb the
gold NP surface can be detected as shifts in a LSP-WGM resonance. Light coupled in
and out of the hybrid system allows for evaluation of gold NP perturbations, i.e. by laser
frequency sweeping across the LSP-WGM resonance and spectrally resolving the resonant
lineshape of the transmitted light. In our setup we excite WGMs in a silica microsphere,
with diameters in the range of 70-90 µm, using a tuneable external cavity laser with 642-
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nm central wavelength. The laser beam is focused onto a prism surface to excite WGMs
by frustrated total internal reflection. With a sweep frequency of 50 Hz, the transmission
spectrum is acquired through photodetection at the output arm every 20 ms and a Lorentzian-
shaped resonance is tracked (Figure 6.1a,b). The evanescent field at the periphery of the
microcavity is subsequently enhanced and localised in the vicinity of bound, LSP-resonant
gold NRs. The cetyltrimethylammonium bromide-coated NRs have a 10-nm diameter and
24-nm length with longitudinal LSP resonance at λ0 = 650 nm. In the event of molecules
interacting with the gold NR, the LSP-WGM lineshape position λRes and/or full width at
half maximum κ will vary. Discrete jumps in these parameters may be measured in the
time domain and are indicative of molecular bond formation with gold. Groupings of signal
fluctuations exceeding 3σ from transient arrival/departure can also arise (Figure 6.1c), where
σ is the standard deviation of the noise derived from a representative 20-s trace segment. The
resonance shifts of these signal packets are compiled for a series of analyte concentrations to
confirm Poissonian statistics and first-order reaction rates (Figure 6.1d). An extrapolation
error exists in Figure 6.1d given the chosen concentration range yet the event rate is most
closely linear with concentration. Despite the negligible scattering and absorption cross
section of a single molecule, the ultrahigh-quality-factor WGM and its back-action on the
perturbed LSP acts as a channel to sense loss changes intrinsic to or induced by a gold NP
antenna. NP absorption spectroscopy by means of optoplasmonics [96] provides groundwork
for such a modality, as the absorption cross section change in a NP due to surface reactions
may become detectable. We affirm that signal traces can exhibit 1) simultaneous shifts
in resonant wavelength, linewidth, and resolved mode splitting [54, 183] and 2) exclusive
linewidth variation when single molecules diffuse within the LSP evanescent field decay
length of the NP. Note here that the spectral resolution of our system is set by the laser
frequency noise.

Disulfide Reaction Mechanism and Statistical Analysis

Loading of the gold NR surface with thiolate linkers requires a set of restrictions on the
solvent environment at room temperature. To promote amine-gold bonds, we use a buffer at a
pH that is above an aminothiol’s logarithmic acid dissociation constants pKaSH and pKaNH2 .
Within this balance, anionic species with negatively charged S− and neutral NH2 groups will
dominate as per the Henderson-Hasselbalch equation [189]. A molecule must first reach the
gold surface by overcoming Debye screening from surface charges [93], e.g. from the gold
NR’s coating and pre-functionalisation of the glass microcavity. Such electrostatic repulsive
forces can be reduced by electrolyte ions in substantial excess of the molecules under study.
Analogous to raising the melting temperature of DNA from ambient conditions by increasing
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the salt concentration, the arrival rate of molecules to detection sites plateaus when the
salt concentration is on the order of 1 M. Due to indiscriminate attachment of gold NRs
onto the glass microcavity in steps preceding single-molecule measurements (Figure 6.7a),
molecules in the medium should also be replenished to account for capture by NRs outside
of the WGM’s evanescent field (i.e. those that do not contribute to LSP-WGM hybridisation).
Overall, these factors necessitate high electrolyte concentrations and recurring injection of
analyte into a buffer of pH > pKaNH2 to attain a sufficient reaction rate in the subfemtomolar
regime.

Figure 6.2: Single cysteamine binding to gold NRs via amine at subfemtomolar concentration.
(a) Discrete signals in the LSP-WGM resonance trace from covalent bonding of the NH2
ligands to Au in a basic buffer. (b) Conceptual diagram of the cysteamine surface reaction.
Cysteamine, with its thiol and amine groups, forms an amine-gold bond as indicated by the
red arrow. (c) Exponential decay in cumulative binding step count as the system approaches
saturation. In this regime, it is necessary to periodically inject more analyte in solution as
scarce analytes are lost to external immobilisation (i.e. from undetected NRs that are not
excited by the WGM). (d) Histograms depicting the resonance shift ∆λRes and linewidth
shift ∆κ for binding events, as well as their related event time separations ∆t1 and ∆t2. The
∆κ distribution shows both positive and negative shifts, while ∆t1 and ∆t2 distributions are
Poissonian.
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The aminothiol linkers of interest for our experiments are chemically simple amino acids
or pharmaceuticals with minimal side chains. For chiral studies, D- and L-cysteine (pKaSH

= 8.33 and pKaNH2 = 10.78 [190]) are good candidates as they contain a carboxyl group
that does not interfere with disulfide reactions. Nevertheless, for simplicity, we began with
cysteamine (pKaSH = 8.19 and pKaNH2 = 10.75 [191]) as it is a stable aminothiol that excludes
any side chains. The cysteamine’s amine group favourably binds to our optoplasmonic sensor
in a sodium carbonate-bicarbonate buffer at a pH slightly above 10.75, with 1 M sodium
chloride (Figure 6.2a,b). Typical signal patterns in Figure 6.2a for amine-gold binding are
discontinuous steps in both λRes and κ on the order of 1 to 10 fm, with monotonic redshifts
in λRes. Signal magnitude and direction depends on variables such as the position and
orientation of the gold NR detector on the microcavity [22], the detection site on the NR
itself, and the analyte’s molecular mass/polarisability [86]. As time evolves and analyte
is steadily supplied, the binding sites become occupied and event rate decreases (Figure
6.2c). These independent shifts in λRes and κ are collected in Figure 6.2d to showcase
non-monotonic linewidth narrowing and broadening once single molecules bind. This is an
unconventional result as there are equally likely signs for ∆κ without apparent proportionality
to ∆λRes. A singlet of an unresolved mode split that would generate the linewidth shift is
thus unsubstantiated.

An added convenience of choosing cysteamine is its comparable diffusion kinetics with
respect to N-acetylcysteine (NAC) – a synthetic precursor of cysteine with acetyl protecting
group in place of primary amine. We used NAC as a negative control and the response
revealed a negligible rate of thiol-gold bond formation at high pH and high concentration
(Figure 6.3). A lack of step discontinuities within the trace supports amine-gold bonding in
the basic buffer and therefore thiol-functionalisation of the gold NRs with cysteamine.
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Figure 6.3: Background and negative control measurement with NAC at micromolar concen-
tration. (a) Resonance and linewidth shift traces exhibiting transient signal above 3σ with
rates on the order of 0.1 s−1 over several minutes; however, these persist in the presence and
absence of NAC and TCEP in solution. No permanent binding patterns were found during
peak tracking. (b) NAC molecule, with carboxyl, thiol, and (amine-attached) acetyl groups,
near a detection site.

pH-Dependent Disulfide Nanochemistry

The charge of single molecules diffusing to the optoplasmonic sensor can lead to a diverse
set of reactions and LSP-WGM resonance perturbations. Dimerisation, for instance, is
maximised when thiol groups are made nucleophilic through deprotonation at a pH above
the pKaSH. To circumvent electrostatic repulsion between primary amines, high aminothiol
dimerisation and disulfide exchange rates demand a pH greater than the pKaNH2 . We therefore
investigated these effects by way of pH variation near the pKaNH2 . After pre-loading the gold
NRs on the glass WGM microcavity with cysteamine in Figure 6.4a, we flushed the chamber
volume and replaced the surrounding dielectric with sodium carbonate-bicarbonate buffer,
1 M sodium chloride, at pH 10.19 < pKaNH2 . Figure 6.4b highlights signal activity upon
addition of a racemic, subfemtomolar mixture of reduced D- and L-cysteine. Transient peaks
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in the linewidth appear in packets that dissipate (see Figure 6.4c) as external capture removes
available DL-cysteine. We attribute these peaks to thiolates that fail to form a disulfide
bond (Figure 6.4d). The Poisson-distributed events for t ≤ 2 min. have a mean rate = 0.01
aM−1s−1 that surpasses diffusion (i.e. DDL-Cys ∼ 10−10 m2s−1, kon ∼ 1 nM−1s−1 [192]),
implying molecular trapping near the gold NR hotspots. Charged molecules are, by analogy
to atomic ions [93], bounded by an electrostatic potential well whose depth is increased in
proportion to ionic strength.

Figure 6.4: Cysteamine pre-functionalisation and disulfide events from converging DL-
cysteine. (a) Binding of cysteamine to Au NRs via amine in basic buffer. (b) Linewidth
fluctuations induced by racemic DL-cysteine interacting with immobilised cysteamine thio-
lates at pKaSH < pH < pKaNH2 . TCEP reducing agent is employed here to counteract cysteine
oxidation/dimerisation. (c) Linewidth shift ∆κ and event time duration ∆τ histograms ex-
tracted from the resonance trace of (b). The mean event rate of the Poisson distributions
passed through an inflection point, decreasing from 0.01 aM−1s−1 to 0.003 aM−1s−1 within
an 8-minute interval as the diffusing cysteines were captured. (d) DL-cysteine and bound
cysteamine transiently interacting via their thiol groups.

For proof of principle, we increased the environmental pH to 11.09 and raised the analyte
concentration. In this regime we expected sustained reversible disulfide reactions with defined
signal states in the resonance trace. The neutral amines of the highly anionic cysteamine and
L-cysteine indeed result in binding/unbinding state transitions as in Figure 6.5a, with clear
linewidth broadening and narrowing steps of roughly equal mean height. The stability of the
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disulfide reactions is attributed to an order of magnitude rise in hydroxide ion concentration
past the pKaNH2 and the event rate is maintained by electrostatic trapping. Since TCEP
continually cleaves bound dimers during redox cycling, the monomer or dimer state of the
leaving group can also be identified (cf. Figure 6.9). This trial was repeated in Figure 6.5b
for a larger molecule, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB/Ellman’s reagent), which
readily underwent disulfide exchange with bound cysteamine linkers. In all cases, reducing
agent concentration was adjusted until switching signals in the linewidth were observed.
Resolvable dwell times and hence steady diffusion of reducing agent to the detection site
were found at high molar excess > 1000.

Figure 6.5: Cyclical binding/unbinding and exchange interactions with single mixed disul-
fides. (a) Real-time linewidth step oscillations in the LSP-WGM resonance trace from redox
reactions involving individual cysteamine-L-cysteine disulfides at pH > pKaNH2 . These
bridges are formed between cysteamine linkers and L-cysteine thiolates/disulfides (with
neutral amines), then promptly cleaved by excess TCEP. (b) Linewidth patterns similar to (a)
from individual cysteamine-TNB disulfides. Thiol-disulfide exchange may be triggered by
DTNB dimers alone; however, cycling is ensured through reduction with TCEP. TNB has a
benzene ring with carboxyl, thiol, and nitro groups. (c) Apparent resonant wavelength and
linewidth signal steps, from thiol-disulfide exchange with DTNB and bound cysteamine, in a
resolvable LSP-WGM doublet/split mode.
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Some insight into oscillation patterns is provided by the mode split traces of Figure
6.5c, the lineshapes for which are discernible when the coupling/scattering rate is larger
than the cavity decay rate. The WGM eigenmode degeneracy is lifted here and the resonant
wavelength traces for the high-energy and low-energy modes, respectively denoted as λ+ and
λ−, disclose two separate binding events in time. Such divergence comes from perturbations
of two distinct gold NRs lying at different spatial locations along the standing wave formed
by counterpropagating WGMs. One nanoparticle is excited near a node of a constituent mode
and the second lies near in an antinode, and then the situation inverts for the other constituent
mode. Information in the split mode resonance wavelengths is encoded in the linewidth trace
during single peak tracking; a shortcoming that, if corrected by available splitting, offers
more robust molecular analysis by correlation to split mode properties and further detection
site discrimination. Anomalous linewidth signatures of Figure 6.5a,b that exclude resonance
wavelength shifting are, however, only superficially explained via mode splitting. In order for
the resonant wavelength to stay constant and relative mode splitting to be a contributing factor,
either ∆λ+ = −∆λ− or the transmission dip depth must oscillate – two features that we haven’t
detected in our recorded split mode traces. For the former to hold true, any heterodyne beat
note tied to frequency splitting would have to stably oscillate between two beat frequencies.
It is instead conceivable that the combination of LSP-WGM resonance energy invariance and
lifetime variance implicates a relationship between the localised surface plasmon resonance
and molecular vibrational modes [98]. A transition between bound vibrational states that
are close in energy and reside in two continuums is possible. With shifts in the electronic
resonance-dependent Raman cross-section upon chemical reaction and/or charge transfer,
the Raman tensor and hence the optomechanical coupling rate may be decipherable. In this
way the charge state of bound cysteamine linkers and their disulfide linkages can influence
the optoplasmonic sensor response to grant molecular charge sensitivity [193].

Discussion

Experimental results were presented for single aminothiols binding to gold nanoanten-
nae of an optoplasmonic sensor system at subfemtomolar concentrations. We leveraged
these aminothiol linkers (i.e. cysteamine) by way of reaction of their amine groups with
gold, followed by repeatable disulfide interactions between the linkers and diffusing thi-
olates/disulfides incorporating TCEP reducing agent as a counterbalancing reagent. The
thiol-functionalisation of gold was reinforced by negative controls performed with thiolated
molecules in an equivalent sensor configuration. Statistical analysis of signal patterns at
100’s of attomolar concentration revealed finite single-molecule detection due to removal
from external adsorption, ligands, or other forms of capture. This recent advance is in part



6.2 Optoplasmonic Characterisation of Reversible Disulfide Interactions at Single Thiol
Sites in the Attomolar Regime 67

guided by selection of low-complexity analytes and saturation of environmental conditions
to suppress Debye screening. Signatures in the linewidth traces were championed throughout
our measurements as they were shown to contain leaving group information imprinted onto
LSP-WGM resonance perturbations.

Despite the existence of identifiable disulfide interactions from DTNB, D-cysteine, and
L-cysteine, a comprehensive theory to describe the underlying optoplasmonic detection
mechanism has yet to emerge. Nonetheless, the dwell times and statistical inferences
of cyclical single-molecule interactions in this work remain critical in circumventing site
heterogeneity and characterising surface-bound thiolates and disulfides. Reactions near the
nanoantennea hotspots have demonstrably lower degrees of freedom via spatial constraints
and redox cycling. We foresee future refinements to the temporal resolution by locking the
laser frequency to the WGM resonance. Our disulfide quantification paradigm ultimately
opens avenues for charge transfer observation, including direct implementation of all sensing
channels towards pinpointing single molecules and unravelling their nanochemistry.

Methods

Sample and microsphere preparation

Chemicals were purchased from Sigma-Aldrich and Thermo Scientific. The principal solvent
in which analytes were dissolved was ultrapure water delivered from a Merck Q-POD
dispenser. Solutions without NRs were passed through a 0.2 µm Minisart syringe filter and
dilutions were performed with Gilson P2L, P20L, and P1000L pipettes. Each microspherical
cavity was reflowed from a Corning SMF-28 Ultra, single-mode telecommunications fibre
by CO2 laser light absorption. Surface tension during heating yielded a circularly symmetric
cavity structure with a smooth dielectric interface. Mechanical stabilisation of the suspended
microcavity was provided by prior insertion into a Thorlabs CF126-10 ceramic ferrule,
which was then secured to an aluminium holder fixed to a three-axis translation stage. The
diffusion-limited sample volume of 300-500 µL was enclosed by a glass window, N-SF 11
prism face, and sandwiched polydimethylsiloxane (PDMS) basin.
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Surface chemistry protocol

Once the cavity was submerged in aqueous solution and a coupling geometry was found
via alignment, cetyltrimethylammonium bromide-coated gold NRs (diameter = 10 nm,
length = 24 nm, and LSPR wavelength = 650 nm) from Nanopartz were deposited onto
the microcavity surface. A desirable linewidth change ∆κ accumulated during deposition
was roughly 40-60 fm. Microsphere surface functionalisation and passivation are further
detailed in the Supplementary Methods 2. All aminothiol linkers were bound to the gold NRs
in sodium carbonate-bicarbonate buffer at a pH above 10.75 with 1 M of sodium chloride
ions. Additionally, washing steps were interspersed throughout each experiment to expel
extraneous adsorbents.

Resonance Tracking

In experiment, the whispering-gallery mode resonance extremum of our sensor is monitored
using a bespoke centroid method [93, 101]:

First Moment =
∑

n
i=1 i [TThreshold −T (i)]

∑
n
i=1 [TThreshold −T (i)]

(6.1)

where TThreshold is the fixed transmission threshold and n is the number of points defined
to be in the resonant mode. The external cavity laser is swept linearly across an ∼8.5 pm
wavelength range as driven by a triangular scan waveform, wherein hysteresis is averted by
selective recording of the upscan. The transmission spectra are acquired with a sampling rate
of 2.5 MHz and bit depth of 14. Given that laser diode emission intensity differs over the
wavelength scan, 200 spectra are first averaged prior to coupling. Flattening of the spectrum
is then executed and a fixed transmission threshold for peak detection is set. A resonance
dip is only recognised if it falls below the transmission threshold and its width exceeds a
successive point minimum. If these conditions are satisfied, the time trace of the computed
lineshape position and width can be visualised in real-time and stored for post-analysis. Many
noise sources in the frequency domain are also put into account during our measurements,
e.g. temperature drift (i.e. thermorefractivity and thermoelasticity), mechanical vibrations,
laser mode hopping, and nanorod displacement.
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Supplementary Information

Supplementary Methods 1: Single-Molecule Data Analysis

Empirical determination of spike and step signal properties is in compliance with selection
criteria. Reference measurements are conducted before each step of an experiment to
calculate noise floor figures, such as the background’s standard deviation σ . Following the
detrending of the resonance trace via a Savitzky-Golay filter, the shift value, time stamp,
and time duration of transient signals (in either the resonant wavelength or linewidth) are
extracted if fluctuations are smaller than -3σ or larger than 3σ . Spike packets are grouped
when their time stamps lie within a specified time interval, e.g. neighbouring fluctuations
less than 50 ms apart. The time scale for single-molecule interactions with the plasmonic
nanoantennea is often shorter than our system’s time resolution – a disparity that is crucial
when identifying patterns. Steps in the resonance trace present themselves as discontinuous
jumps that correlate to the sub-ms transport of analytes to the hybrid resonator, or simply
molecular activity once an analyte is bound inside a plasmonic hotspot. The temporal
axis thus provides a basis for comparison between signal states when discerning different
interaction events that perturb the optoplasmonic sensor.

Figure 6.6: Single D-cysteine statistics. Event time separations at (a) 1 µM, (b) 2 µM, and
(c) 3 µM are Poisson-distributed and the mean event rates are those used for Figure 6.1d

Statistical assessment of the trace data is carried out by histogram plotting. If 1) each
instance of an event is stochastically independent to every other occurrence of that event and
2) the rate scales linearly with reactant concentration, we deem the interaction associated
with single molecules. Under this assertion the Poissonion probability distribution for k
events to transpire in a time interval ∆t should have the form:

P(k,R,∆t) =
(R∆t)k

k!
e−R∆t (6.2)



6.2 Optoplasmonic Characterisation of Reversible Disulfide Interactions at Single Thiol
Sites in the Attomolar Regime 71

where R is the mean event rate. Figure 6.6 above displays this behaviour for ramping
concentration and the implied convergence to a Poisson distribution as events accumulate.
Signal extent and duration similarly fall within probability distributions to be approximated by
bin discretisation. For all analyses of resonance parameters, we apply the Freedman-Diaconis
rule to calculate histogram bin widths.

Supplementary Methods 2: Microcavity Surface Preparation

Earlier functionalisation techniques [22] for the optoplasmonic resonator incorporated electro-
static adsorption of gold nanorods (NRs) to a fused silica surface. This was a standard even for
observing kinetics of enzymes on immobilised DNA [163]. At a basic pH above 7, however,
the NRs’ cetyltrimethylammonium bromide coating destabilises [194] as to cause further
noise and eventual desorption of the NRs. Going forward, we sought suitable alternatives to
electrostatic adsorption which were proven resistant to environmental pH. One option was
to bind the plasmonic NRs to the amine groups of an amine-functionalised silica. This wet-
chemical procedure is initiated immediately after CO2 laser reflow of the microsphere by full
immersion into a 1% (v/v) solution of 97% N-[3-(Trimethoxysilyl)propyl]ethylenediamine
(in ultrapure water) for 45 s.

After aminosilanising the silica microcavity, the gold NRs are immobilised and detected
as in Figure 6.7a. Depending on the exact shape of these NRs, resonance shifts may be
positive, negative, or zero depending on where the localised surface plasmon resonance
lies with respect to the excitation wavelength. The absorption/scattering losses experienced
by the whispering-gallery mode from bound gold NRs is substantial, hence broadening in
the linewidth on the order of 1-10 fm is common as long as the nanoparticles are close to
the equator and overlap with the evanescent field. Finally, primary amines of the partial
aminosilane coating are modified with methyl-terminated, N-hydroxysuccinimide (NHS)
ester-activated polyethylene glycol (PEG) to neutralise surface charges and passivate the
microcavity surface. Bulk binding is measured in Figure 6.7b, as is single methyl-NHS-PEG
binding around the gold NRs in Figure 6.7c as these events far outnumber the available
plasmonic sensing sites. Two classes of signal appear here: 1) frequent redshifts in the
resonant wavelength and 2) redshifts accompanied by linewidth narrowing or broadening.
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Figure 6.7: Surface functionalisation of the glass microsphere. (a) Gold NR deposition
onto the microcavity via binding to the amine terminals of an aminosilane multilayer. (b)
Bulk capping of surplus amines of the aminosilane multilayer with methyl-PEG-NHS ester
compounds. Saturation occurs in accordance with the reactive sensing principle [86]. (c)
Single methyl-NHS-PEG binding steps in proximity to plasmonic detection sites. Traces are
shown in their raw form and so environmental noise, such as thermal drift, is visible.
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Supplementary Notes 1: Additional Aminothiol Control

The functional groups of cysteine have been modelled in the past with density functional
theory as to gauge how these interact with gold atom clusters [188]. Amine-gold anchoring
was concluded therein to be energetically favourable for complex stabilisation and that lone
pair electrons are transferred to the antibonding orbitals of gold. Peptide/amide bonds can
be formed between carboxyl and amine groups through dehydration synthesis and carboxyl
group interactions with gold clusters have been found to be non-negligible for some molecular
charge states [195]. To eliminate this ambiguity and illustrate the importance of implementing
reducing agents, we studied dimer formation/cleavage solely with cysteamine in a basic
buffer.

Figure 6.8: Sample trace for cysteamine disulfide reactions. Signal levels in κ vary widely
in the absence of tris(2-carboxyethyl)phosphine. The vulnerability of one of the two sulfur
atoms in a disulfide bond to a nucleophilic thiolate attack, whether the dimer is immobilised
onto gold or not, provides reaction bi-directionality and stochastic population of the detection
sites with bound dimers. The optoplasmonic linewidth thus walks off during the trace
segment.
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Figure 6.8 depicts short bursts of linewidth oscillations for 100 nM cysteamine akin
to the pulse train of Figure 6.5a,b. These sporadic disulfide binding/unbinding events are
reproducible at high analyte concentration without tris(2-carboxyethyl)phosphine, albeit
step transitions are unpredictable with increased dwell time variance. Negatively charged
thiolates in solution, like dithiothreitol, act as reducing agents by thiol-disulfide exchange
with the outermost aminothiol of a bound disulfide. This reaction pathway could leave bound
thiolate linkers and close a redox cycle, translating to pulse outliers in the resonant linewidth
channel (i.e. an amalgamation of the events expounded in Figure 6.9). Spike activity is
also interspersed throughout the trace in agreement with the pH value being close to the
pKaNH2 , as a proportion of the cysteamines’ amines are protonated as in Figure 6.4b. The
resonant wavelength does not drastically change in this control and therefore we interpret
that cysteamine, in this case, seldom interacts with the gold directly.

Figure 6.9: Thiol-disulfide exchange pathways. The leaving group may be discriminated
based on the optoplasmonic linewidth signal post-disulfide exchange, i.e. a discrete step
signifies (a) a single bound dimer that is cleaved or (b) a bound monomer that is dimerised.
Further deductions in (c) require knowledge of the initial molecule state as binding can either
narrow or broaden the linewidth (cf. Figure 6.2).
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Supplementary Notes 2: Dilution Uncertainties

As this work involves trace element analysis nearing extreme concentration limits, we must
consider propagating experimental uncertainties. Serial dilutions will amplify the absolute
error ∆ci at each concentration stage ci:

∆ci

ci
=

√(
∆Vi

Vi

)2

+

(
∆VT,i

VT,i

)2

(6.3)

wherein we dilute a volume of dissolved analyte Vi, with absolute error ∆Vi, in a total volume
VT,i, with absolute error ∆VT,i. The variable pipettes for dispensing liquids in this protocol
are Gilson P2L, P20L, and P1000L assemblies with respective maximal errors of ±0.030 µL
for 1.0 µL, ±0.11 µL for 10 µL, and ±8.1 µL for 1000 µL. In all cases, the stock solution
concentration is on the order of 1 mM. The concentration uncertainty then attained in the
process of diluting to 100 aM, by diluting three times by a factor of 103 and once by a factor
of 102, becomes:

∆c100aM = (100 aM)

√
3
(
±0.030 µL

1.0 µL

)2

+

(
±0.11µL

10 µL

)2

+4
(
±8.1 µL
1000 µL

)2

=±5.6 aM

This estimated uncertainty, which is less than an order of magnitude, delineates the worst
case deviation from expected concentrations for single-molecule detection when approaching
100 aM. The main manuscript omits such deviations for brevity purposes; notwithstanding, it
is clear here that all stated concentrations inherent at most a 5.6% relative error.
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6.2.1 Comments on Publication II

The reactive sensing principle predicts a WGM resonance wavelength shift proportional to the
excess polarisability overlapping with the evanescent field. If nanoplasmonic enhancement
of the near field estimates the sensitivity gain, then we can contemplate the possibility
of unresolved mode splitting and that independent shifts in the split modes may cause an
overall linewidth broadening or narrowing. This is unlikely, as we have seen that the LSP-
WGM resonant wavelength shift does not scale linearly with the analyte’s molecular mass
when there is full overlap. Another experiment to test this claim would be to scan through
scattering conditions by positioning a scatterer/tip near the WGM cavity while performing
single-molecule measurements. With strong splitting signals like those in Figure 6.5c, the
perturbation per molecule could be extensively decomposed.

Figure 6.10: Optoplasmonic linewidth oscillation hypothesis. With thiol-disulfide exchange,
the force extension/potential of the molecule is modified and so the quantised energy levels
of the vibrational modes are reorganised. Through coupling of vibrational modes near the
continuum limits to localised surface plasmon resonance (LSPR) modes, then from LSPR
modes to the whispering-gallery modes (WGMs), we observe step signals in the measured
WGM lifetime correlated to these potentials.

Furthermore, an optoplasmonic linewidth response from optomechanical plasmon-vibration
coupling (Figure 6.10) can be researched in a pump-probe arrangement. When the pump
is approximately blue-detuned from an LSP resonance by the vibrational frequency of a
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single molecule, dynamical backaction enhancement will occur. Scanning the probe about
the thiol-gold and amine-gold Raman peaks of the aminothiol can confirm specific surface
binding and whether the amplitude of the linewidth step response depends on detuning.
The extent of linewidth narrowing and/or broadening from the interacting molecule can be
recorded by the probe, i.e. to verify that there is a sharp onset for the feedback mechanism
and that the power dependence is nonlinear. The tuning should divulge the molecule’s Raman
spectrum without the necessity of far-field excitation, as it is possible to prism couple multiple
wavelength-tuneable laser beams to the WGMs in order to pump and probe the plasmonic
nanoantennae.



Chapter 7

Conclusions and Outlook

The research in this thesis demonstrates the potential for single-molecule fingerprinting
by optoplasmonics. In Chapter 2, we put forward the remarkable temporal and spatial
confinement capabilities of optical microcavities. Then, we showed how these could be
married to the light amplification and shrinking properties of plasmonic nanoparticles. For a
light-emitting atom in a cavity, the local density of optical modes can increase and so the
emission rate can be enhanced. The physics there is similar to how light is recirculated
in a whispering-gallery mode. Accordingly, it is the weak coupling of these modes with
localised surface plasmon resonances of gold nanoparticles that permits us to eavesdrop onto
the single-molecule reactions occurring near the nanoparticles. Optoplasmonic mechanisms
for characterising single molecules were also outlined in Chapter 3.

In Chapter 4, we considered a magneto-optical microcavity system for discriminating
chirality states. The intracavity Faraday effect was confirmed in a soft-glass microcavity;
however, due to sensitivity limitations, we proceeded to opt for a hybrid resonator modality
using chiral gold nanoantennae. The transient signals in Chapter 5 for single DL-cysteine
and poly-DL-lysine were consistent with the molecular weight and diffusivity discrepancies
between the analytes. Molecular chirality in the signal response was still obscured by factors
such as the spatial heterogeneity of the sensing sites. Lastly, in Chapter 6, we tackled
specificity by taking advantage of thiol/disulfide nanochemistry. This led to unprecedented
signal patterns in the optoplasmonic resonant wavelength, linewidth, and mode splitting
from reactions at gold-bound thiol sites. We hypothesised that an unchanging resonant
wavelength with oscillating steps in the linewidth could be the byproduct of transitions
between vibrational states in a molecule. When the states are very close in energy due to being
in two separate potentials near the continuum, there can be two separate lifetimes/linewidths.

To expand on the work in this thesis, one could conduct a pump-probe experiment. The
current excitation/tracking of the LSP-WGM resonance would act as the probe whereas a
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guided mode or free-space beam would pump the plasmonic nanoparticles. Among these
scenarios, two beam inputs at the prism coupler would abate photothermal absorption from
the nanoantennae. With precise tuning of the pump, peaks in the linewidth oscillation
amplitude (i.e. equivalent to Raman spectral peaks) would identify the vibrational modes
specific to a detected molecule. 4-Aminothiophenol is a Raman active molecule whose
spectrum is well studied through SERS, making it a fitting analyte for comparison with
thiol-disulfide exchange based characterisation through the optoplasmonic sensor. Thiolated
molecules can also be reversibly tethered to the thiol sites of the nanoantennae, suggesting
that a variety of force extension measurements may be possible on this platform in the
future. Wild-type or mutant proteins with disulfide cross-links between their domains could
be investigated under thiol oxidation and disulfide reduction. As disulfides are formed or
cleaved, structural information can be deduced from the sequence of signal steps. Several
reaction branches could be profiled at the single-molecule level, along with more energetically
unfavourable transitions. This has applications in drug discovery and viral infection where an
isolated molecule has markedly different dynamics from an ensemble. If the time resolution
is lowered far below milliseconds, the slowed oscillations in the chirality of a single hydrogen
peroxide molecule may even become resolvable.



Appendix A

Full-Vector Finite-Difference Mode
Solver

The Helmholtz equations for an electromagnetic wave can be rearranged into eigenvec-
tor/eigenvalue equations. Starting from (2.7) and (2.8) in Chapter 2, we can put aside
boundary conditions to treat the fields as a scalar:

∇
2
ψ + k2

0εrψ = 0 (A.1)

In a cylindrical coordinate system that naturally applies to axisymmetric structures, with
axial distance ρ , azimuth φ , and height z, we consider ψ(ρ,φ ,z) = ψ(ρ,z)e±imφ such that
the scalar Helmholtz equation becomes

∂ 2ψ

∂ρ2 +
1
ρ

∂ψ

∂ρ
+

∂ 2ψ

∂ z2 +

(
k2

0εr −
m2

ρ2

)
ψ = 0 (A.2)

In the above geometry, any ρ-z cross-sectional plane may be discretised into an M-by-N grid.
This leads to a matrix A and column vector ψψψ which we can relate in terms of

Aψψψ =−k2
oψψψ

A

 ψ1,1
...

ψM,N

=−k2
0

 ψ1,1
...

ψM,N

 (A.3)

It is straightforward to show that the first and second partial derivative operators applied to
the field ψψψ by A are approximated by truncated Taylor series. At a point (i, j) in a ρ-z cross-
section we can take central differences about the point with a stencil size, i.e. a grouping



81

with nearest neighbours, chosen according to the rate of convergence that we desire. As is
elucidated in the author’s MASc thesis [196], a 7-point stencil with uniform grid spacings
∆ρ = ∆z is sufficient to achieve convergence of order 2.

Discontinuities in the permittivity profile ε(ρ,z) = ε0εr(ρ,z) absorbed into A force us to
re-evaluate the boundary conditions we previously ignored. Optical media I and II on each
side of an interface have continuity relations for the vector fields E⃗ and H⃗,

n̂×
(

E⃗I − E⃗II

)
= 0⃗ (A.4)

n̂ ·
(

εIE⃗I − εIIE⃗II

)
= 0 (A.5)

n̂×
(

H⃗I − H⃗II

)
= 0⃗ (A.6)

n̂ ·
(

H⃗I − H⃗II

)
= 0 (A.7)

where n̂ is the unit normal vector perpendicular to the interface. Application of (A.4)-(A.7)
across this interface requires alignment of the field via local coordinate transformation. If
a stencil contains points from multiple media, we would expand the Taylor series from the
source node to the interface, rotate by a fixed angle θ towards the n̂ unit vector, use the
continuity relations, rotate by −θ back to the original coordinate system, then expand to the
destination node. We can thus successively multiply matrix operators on Eρ and Ez from a
source node on side I to reach the destination node on side II as follows:



Eρ|II
0
0
0
0
0

Ez|II
0
0
0
0
0



= Ti, j|IIRi, j(−θ)Ci, jRi, j(θ)Ti, j|I



Eρ|I
∂ρEρ|I
∂zEρ|I
∂ 2

ρ Eρ|I
∂ρzEρ|I
∂ 2

z Eρ|I
Ez|I

∂ρEz|I
∂zEz|I
∂ 2

ρ Ez|I
∂ρzEz|I
∂ 2

z Ez|I



(A.8)

where Ti, j, Ri, j, and Ci, j are the Taylor series, rotation, and continuity relation matrices,
respectively. Since we can condense the operators into Bi, j = Ti, j|IIRi, j(−θ)Ci, jRi, j(θ)Ti, j|I
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and invert Bi, j, collecting T−1
i, j and B−1

i, j to express a central stencil field in terms of a linear
combination of stencil fields at every grid point will complete A. We can now modify (A.3)
to account for all the E- and H-field components by computing the eigenvectors EEEρρρ and EEEzzz

with eigenvalue 2π/k0 = λ0 → λRes:

A

[
EEEρρρ

EEEzzz

]
=−k2

0

[
EEEρρρ

EEEzzz

]

A



Eρ |(1,1)
...

Eρ |(M,N)

Ez|(1,1)
...

Ez|(M,N)


=−k2

0



Eρ |(1,1)
...

Eρ |(M,N)

Ez|(1,1)
...

Ez|(M,N)


(A.9)

which serves as an input for Maxwell’s equations to compute EEEφφφ , HHHρρρ , HHHzzz, and HHHφφφ . Here,
we assume the azimuthal mode order m to be a purely real integer; by consequence, the
eigenvalue λRes becomes complex. The calculation of the ratio

Q =
Re(λRes)

2Im(λRes)
(A.10)

provides a rough estimate of a computed mode’s quality factor [197].

A.1 Predicted Intracavity Faraday Effect

Under realistic experimental circumstances, a fabricated WGM microsphere is either oblate or
prolate as to lift l −m degeneracy. Quasi-TE and quasi-TM WGMs, however, have different
penetration depths into their surroundings and so the nonzero difference between their
eigenvalues λRes,T E −λRes,T M factors into the geometrical birefringence ∆ng = nT E −nT M.
For a tellurite sphere with radius a = 50 µm and Verdet constant V ≈ 25 rad/(T·m) at a
wavelength λ = 633 nm, the geometrical birefringence operating point of Figure 4.5a comes
from

∆ng ≈
m

2πa
(λRes,T E −λRes,T M) = 0.00146 (A.11)

for a fundamental quasi-TE and quasi-TM WGM at m =975 computed from the full-vector
mode solver. The coupled mode theory from [121] accounts for this quenching of the Faraday
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rotation through the term

∆β =
2π

λ
∆ng (A.12)

and the matrix elements that determine the polarisation rotation of the output field EEEout . For
a TE-polarised input, matrix equation (4.3) is used to plot

θF = arctan

∣∣∣|κ|2 2F
φ

g(θ ,γ)
∣∣∣∣∣∣t −|κ|2

[
f (θ ,γ)− i∆β

φ
g(θ ,γ)

]∣∣∣ (A.13)

for 0 ≤ ∆ng ≤ 0.002 and the external magnetic fields B = 2, 5, 10, and 20 G. Remaining
parameters, such as the coefficients t and κ , conform to the literature [121].

Alternatively, for a fused silica microsphere of radius a = 500 µm with V ≈ 0.56 rad/(T·m)
near λ = 1550 nm, we can set ∆ng to 3.54× 10−4 and inspect the shifting TE and TM
resonances in the normalised transmitted power spectrum. In Figure A.1, a B-field oscillation
frequency of 16.7 mHz is shown to result in a partial-wave rectified signal response at twice
the oscillation frequency.

Figure A.1: Analytical TE and TM resonance perturbations from the intracavity Faraday
effect for a 500-µm silica microsphere with excitation wavelength close to 1550 nm.
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The TE and TM resonances deviate from the ∆ng = 0 degeneracy point with increasing
magnitude of B. As there are two half cycles for the signal ∆λRes,T E −∆λRes,T M tied to
orthogonal, optical chirality states, this mode mixing should discriminate the light-matter
interaction with a chiral species depending on the analyte’s mixed electric-magnetic dipole
polarisability ξ . For the detection of a single biomolecule, no matter whether it is achiral
or chiral, the baseline sensitivity of a WGM sensor is a limiting factor as the resonance
perturbation must be large enough to surpass the laser frequency noise of the probing light
source. Sensitivity is therefore a figure of merit warranting revision. The prospect of
hybridising WGMs with LSPs by depositing plasmonic nanoparticles onto the surface of a
magneto-optical WGM cavity and carrying out chiral polarimetry of single biomolecules,
while preserving optical chirality, may be one of many platforms for discriminating single-
molecule chirality. Such a system does not yet, to the best of the author’s knowledge, have a
theoretical or numerical grounding.



Appendix B

Glass Melting

WGM microspheres are traditionally formed by CO2 laser reflow of a commercial optical
fibre tip. Cohesive forces of surface tension dominate during melting to establish a smooth
surface with a scattering loss contingent on contamination. Since greater temperature control
and isotropic heating were required when melting soft glasses, a microheater was favoured
over an optical absorption based approach. The first candidate magneto-optical glass selected
for fabrication was tellurite (78TeO2-12ZnO-10Na2O) drawn into tubules. A metal, such as
a 100-µm diameter gold wire, was then placed inside these tubules only to have the tellurite
crystallise when heated (cf. Figure B.1).

Figure B.1: Crystallisation of a tellurite microdroplet about a 50-µm radius gold wire during
convective heating.
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It was hypothesised that crystallisation occurs due to nitrogen entering the soft glass
during melting of the capillaries. Without purging the atmosphere in the microheater’s
furnace, there are nitrogen centres in the glass that will expand at melting temperatures as
to seed nucleation sites. Crystal growth then takes hold as the microdroplet develops. Such
centres near the glass/metal interface are displayed in Figure B.2.

Figure B.2: Optically resolved image of a crystallised tellurite microdroplet surrounding a
50-µm radius tungsten wire through a (a) 10x objective and (b) 40x objective.
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If a soft glass indeed contains colour centres, their existence may be validated through photo-
luminescence. The electronic spin state of the centres can be excited by absorption around
a given wavelength, for example, to then transition back and produce sharp fluorescence
intensity peaks. Exploiting colour centres in soft glasses, however, lies outside the scope
of this thesis. The author refers the reader to works in which tellurite is embedded with
nanodiamonds for use in quantum and sensing studies [198, 199].

Figure B.3: Inhibited resonator fabrication when borosilicate glass is paired with gold.

The melting point of the glass versus the metal is a determinant in successfully fabricating
a cavity-wire construct. A glass with a higher melting point than the conducting wire can
reshape the latter before the glass softens. Moreover, oxidisation of the metal in air prior to
reaching softening temperatures precludes certain pairings of materials. Figure B.3 shows
such ramifications for microcavity fabrication of a borosilicate capillary about a gold wire.
Lowering of the nucleation barrier is evident here as is the reshaping of the wire protrusion
into a sphere that precedes glass microdroplet formation.
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B.1 Operational Soft Glass Microcavities

To host high-Q WGMs, a microstructure should retain circular symmetry about its zenith
(i.e. if single-clamped, the surface coordinate opposite to its stem connection) and the cavity
material should be amorphous. A glass with slower crystallisation rate, such as a germanate
(56GeO2-31PbO-9Na2O-4Ga2O3), also lessens crystal growth within the time needed to form
a microdroplet resonator. Despite this the integration of a conductor within the WGM cavity
(Figure B.4) compromises the quality factor, placing it on the order of 105 as confirmed by
WGM resonances recorded in the transmission spectrum. As germanate’s refractive index
again exceeds that of the N-SF 11 that often makes up a coupling prism, we must rely on
a high-index prism material (e.g. diamond or titanium dioxide) to satisfy frustrated total
internal reflection conditions.

Figure B.4: A germanate microdroplet encapsulating a 100-µm diameter gold conductor.
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