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A B S T R A C T

Detecting life-threatening diseases is a major challenge in biomedicine, as it requires

pathogen identification on the molecular level. One promising detection strategy relies

on attaching molecular probes to nanoparticles (NPs). The NPs’ electron ensemble is col-

lectively excited by an external electromagnetic wave at a characteristic wavelength, cre-

ating localised surface plasmon resonances (LSPRs). Probe-functionalised NPs can then

detect molecular DNA-binding events via a macroscopic change of the optical plasmonic

response. Until now, NP-sensing schemes have been primarily implemented using planar

substrates, requiring complex launching techniques and cost-intensive microscopy. An

alternative approach involves infiltrating optical fibres with NPs allowing LSPR excita-

tion and spectral multiplexing within one device. Fibres principally enable in vivo ap-

plication, rendering them an attractive platform for medical needs. An important class

of innovative fibres exploited in this work are microstructured optical fibres (MOFs),

which can include either longitudinally invariant microstructures or optically resonant

elements. Their complex self-contained geometry allows analyte infiltration, mechanical

stability, and a high degree of sensitivity.

This thesis assesses the feasibility of a plasmonic biosensor based on suspended-core

(SC-) MOFs, with outlook for future DNA biosensing application. The concept in its en-

tirety is to combine label-free NP-based molecular DNA-sensing with MOFs and apply

the sensors to detect a real world life-threatening disease, i.e. connecting the molecular

level via LSPR-mediated sensing with the macroscopic world. A study of the homo-

geneous functionalisation of the interior capillary walls of a tri-hole suspended-core

fibre (SCF), and the open channel of an exposed-core SCF, with various gold nanosphere

densities is presented. Subsequent LSPR excitation is generated by overlap with the evan-

escent field of the core guided mode fields. This work theoretically and experimentally

investigates the sensitivity offered by small core suspended-core MOFs. The impact of

parameters such as modal scattering area and attenuation with varying core sizes is as-

sessed. The resulting plasmonic-induced attenuation from multiple ensemble densities

is shown experimentally and optofluidic strategies for sensing are addressed. The sens-

itivity of the complete plasmonic fibre system is calculated and verified experimentally.

Furthermore, the generation of LSPR modes and subsequent binding induced resonance

shifts of capture and target single strand (ss) DNA are shown on planar substrate. Pre-

liminary work for near-future disease detection via nucleic acid plasmonic MOF sensing

is laid.

This study shows that combining plasmonically-active fibre waveguides with micro-

fluidics represents an easy to use, highly integrated, optofluidic platform for efficient

refractive index (RI) sensing. The system requires low sample volumes and allows for

real-time analyte monitoring, high sensitivity, and spectral multiplexing with the vision

for in vivo application. All of which are highly relevant for molecular disease diagnostics

and environmental science.
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Z U S A M M E N FA S S U N G

Die Identifikation von Pathogenen auf molekularer Ebene bildet heutzutage die Grund-

lage zur Detektion lebensgefährlicher Krankheiten und stellt somit eine der Hauptheraus-

forderungen moderner Biomedizin dar. Eine vielversprechende Strategie zur Detektion

basiert hierbei auf der Verbindung von molekularen Sensoren mit Nanopartikeln (NPs).

Dabei wird das Elektronenensemble der NP kollektiv durch eine externe elektromagnet-

ische Welle charakteristischer Wellenlänge angeregt, wodurch lokalisierte Oberflächen-

plasmonenresonanzen (engl. “localized surface plasmon resonances”, LSPR) entstehen.

Funktionalisierte Sensor-NP Verbindungen detektieren dann Events molekularer DNS-

Bindung mittels einer makroskopischen Veränderung in der optischen Plasmonenant-

wort. Bisher wurden Konfigurationen von NP-Sensoren hauptsächlich mittels planarer

Substrate implementiert, was komplexe Einkopplungsverfahren und kostenintensive Mik-

roskopieverfahren bedingt. Ein alternativer Ansatz basiert auf der Kombination von

optischen Fasern mit NPn, so dass die Anregung von LSPR und spektrales Multiplex-

ing in einem einzelnen Bauteil zusammengefasst werden können. Die in vivo Anwend-

barkeit der Fasern macht sie gleichzeitig zu einer attraktiven Lösung für medizinis-

che Untersuchungen. Eine wichtige Klasse neuartiger Fasern stellen sogenannte mik-

rostrukturierte optische Fasern (MOFs) dar, welche in der vorliegenden Arbeit unter-

sucht werden. Sie zeichnen sich dadurch aus, dass sie entweder longitudinal invariante

Mikrostrukturen oder optisch resonante Elemente enthalten. Zusätzlich ermöglicht ihre

komplexe, in sich geschlossene Geometrie die Befüllung mit einer Analytlösung, mech-

anische Stabilität und eine hohe Messgenauigkeit.

Diese Dissertation bewertet die Umsetzbarkeit von plasmonischen Biosensoren auf

der Basis von MOFs mit frei-aufgehängtem Kern (engl.“suspended core”, SC-) mit Aus-

blick auf künftige Anwendung zur gezielten DNS-Detektion. Das Konzept beruht hierbei

darauf, NP-basierte molekulare DNS-Sensorik mit MOFs zu kombinieren, ohne zusätz-

liche Marker zu verwenden. Die Brücke zwischen makroskopischer Welt und Strukturen

auf molekularer Ebene wird dabei mittels LSPR geschlagen. Die homogene Funktional-

ität an den inneren Kapillarwänden einer SC-MOF mit drei Kanälen, sowie am offenen

Kanal eines exponierten Kerns (engl.“exposed core”, EC-) einer SC-MOF wird in Bezug

auf verschiedene Teilchendichten von Goldnanosphären untersucht. Eine Anregung von

LSPR wird anschließend durch Überlagerung mit dem Evaneszenzfeld der Kernmode

erzielt. Die vorliegende Arbeit untersucht dazu theoretisch sowohl experimentell die

Sensitivität von SC-MOFs mit kleinen Kerndurchmessern. Die Wirkung von Paramet-

ern wie der modalen Streufläche und Dämpfung wird analysiert. Die resultierende

Plasmon-induzierte Dämpfung von verschiedenen Ensembledichten wird experimentell

aufgezeigt und optofluide Strategien zur Sensorik werden diskutiert. Die Sensitivität

des gesamten plasmonischen Fasersystems wird berechnet und experimentell bestätigt.

Darüber hinaus werden gezielt adressierte Bindungsübergänge auf planaren Substraten
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vorgestellt und die Vorarbeit für künftige in vivo Krankheitsdetektion mittels nucleic acid

plasmonic MOF sensing geleistet.

Die vorliegende Arbeit demonstriert, dass die Kombination von plasmonisch akt-

iven Faserwellenleitern mit Mikrofluidik ein einfach zu nutzendes, hoch-integriertes,

optofluides Verfahren zur effizienten Messung des Brechungsindexes darstellt. Hierbei

benötigt das verwendete System nur kleine Probenmengen und erlaubt dabei Echtzeitkon-

trolle des Analyten, hohe Sensitivität und spektrales Multiplexing mit Aussicht auf in

vivo Anwendung – alles essentielle Aspekte der molekularen Krankheitsdiagnose und

der Umweltwissenschaften allgemein.
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1I N T R O D U C T I O N

Photonic techniques offer a favourable approach to probing biological material systems

for measurement and manipulation, due to their non-invasive, non-destructive, pervas-

ive potential. When employed for disease detection and treatment, and pathology in

general, photonic methods provide a means to study both molecular morphology and

its physiological function.

The real-time detection of life-threatening disease is a major challenge in current bio-

medical advancement [1–3], as it requires both the identification of pathogens on the

molecular level and the conversion of the corresponding information into macroscopic,

measurable signals. The diverse approaches to tackling this detection issue in today’s

systems, for instance by utilising culture methods, are highly time-consumptive [1, 4, 5].

Culturing involves enriching and growing a pathogenic organism in order to identify it.

For slow growing organisms the delay to definitive diagnosis can stretch to weeks, while

many organisms exist which cannot be cultured at all. Culturing organisms is also a

resource intensive process, with other drawbacks including sensitivity problems (for in-

stance with non-culturable pathogens), and the potential safety concerns accompanying

growing certain pathogenic organisms.

Thus pathogen diagnosis based on nucleic acids (in particular DNA) has become par-

ticularly relevant [6–11]. In this approach the genetic materials of microorganisms are

extracted, amplified, and identified. Such testing has significantly reduced turnaround

times for routine diagnostics, in the case of gastrointestinal pathogens from days to

hours [1], and enabled multiple pathogen identification within a single test [12,13], many

of which were previously difficult to diagnose. Diagnosis relies on the principle of com-

plementary base pairing between strands of DNA/RNA molecules – a process referred

to as hybridisation. This enables the design of specific probe sequences, targeting for

instance antibiotic resistant strains and for bacterial sub-typing. Targeting nucleic acids

however, means that the viability of the target pathogen is unknown – whether it is cur-

rently active or merely nucleic remnants from recent activity is not certain. In the case

of detecting hibernating or unculturable cells [14–16], or determining antibiotic effective-

ness [17, 18] this is a benefit.

Classically the subsequent diagnosis involves microscopic investigation of the patho-

gen using a range of staining methods or electron beam microscopy which is expensive

and depends heavily on available, trained personnel. The general principle of optical de-

tection relies on exploiting some intrinsic optical property of the test material. Detection

is performed by investigating the interaction of an optical field with the sample. Prop-

erties like absorption, reflection, transmission, and scattering of the substance strongly

affect the spectral distribution and transmission of the applied optical beam [19–21]. Op-

tical biosensing can be broadly divided into two general types: label-free and label-based.

In label-free sensing, the interaction of the analysed material with a transducer directly

generates the detected signal [22, 23]. In contrast, label-based sensing involves the use

1



2 introduction

of a label and a fluorescent [24, 25], colorimetric [26, 27], or luminescent [28] method

generates the optical signal.

The earliest molecular optical detection method was to interrogate small volumes [29],

for instance in a cuvette. Detection was performed either by scanning the sample with a

laser or by flowing a solution through the tight focused spot. A molecule transiting the

laser spot’s illumination volume could then be detected as a burst of fluorescence. In gen-

eral analyte molecules do not fluoresce so a direct label-free measurement cannot be per-

formed. Hence virtually all optical single molecule detection and analysis methods are

indirect and detect a label associated with the molecule of interest [30, 31]. Fluorescence

is the standard method for binding event detection in molecular biology, as a result of its

intrinsic amplification, and a wide variety of fluorescence-conjugated biomolecules and

highly sensitive markers are available for sensing. However, these markers are still lim-

ited in terms of photochemical instability, an environmentally sensitive quantum yield,

and the high cost of the readers required [30, 32, 33]. In addition, the use of a label can

affect the intrinsic properties of a species.

Label-free optical detection systems currently exist based on absorbance and refractive

index, for instance in the form of fibre systems [34–36], cavities [37, 38], and planar

substrates [39–41]. However absorbance based measurement is a far more challenging

technique due to low absorption cross sections and path lengths. Similarly a high level

of sensitivity would be required to detect the refractive index (RI) change induced on

the molecular level. The critical issue posed is the low interaction of light with matter

which needs to be enhanced for such sensing.

One promising diagnostic scheme enabling high field enhancement, sensitivity, cost

efficiency, and short detection timescales, involves the attachment of specific molecular

probes to plasmonically-active metallic nanoparticles (NPs) [11, 42–44]. The attachment

process is referred to as functionalisation, changing the surface chemistry features of the

NP. Plasmonic NPs exhibit a distinct optical spectrum response – termed the localised

surface plasmon resonance (LSPR) – upon excitation at the resonance of the electron

ensemble [45–48]. The spectral extinction signature of the NP consisting of absorption

and scattering contributions, and the peak wavelength position λpeak, depends on factors

including: its size, shape, composition, and local RI environment [23, 39, 49–51]. Gold in

particular represents a readily functionalisable, chemically-stable, biocompatible candid-

ate with a strong plasmonic response [52, 53]. In this approach, the NPs interact directly

with an incident light, requiring no dedicated technical equipment or arrangement, and

enable device miniaturisation. Unlike fluorophores, plasmonic NPs do not suffer from

blinking or photobleaching, enabling molecular binding observation over arbitrarily long

time periods [54–56]. A particular advantage of LSPR is the strong electromagnetic (EM)

field confinement to the NP – rendering it extremely sensitive to the NP’s nanoscale RI

surroundings. This forms the basis for NP-mediated molecular sensing [57–60].

If the DNA detection and plasmonic sensing approaches are coupled, and metallic

NPs functionalised with single-strand capture DNA, the initial functionalisation and sub-
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sequent binding events with complementary target DNA strands can be detected by the

plasmonic NPs. The result is a macroscopic optical response without molecular labelling

requirements. For practical reasons this sensing strategy is performed on a substrate

since a colloidal detection would require a sophisticated tracking system [61, 62] and

have the potential for particle aggregation and interaction [11]. Typically a low concen-

tration of DNA-functionalised colloidal NP solution is used to immobilise [63, 64], an-

neal [65–68], or pattern nanostructures on a planar substrate for study [58,69–71]. In fact,

pathogen detection can be achieved in this manner solely through the scattering informa-

tion of single NPs [42,72,73], yet this is more time consuming and involves cumbersome

experimental equipment [74]. In most cases a dark-field microscope and spectrometer at-

tachment are required, and single NP interrogation is conducted one-by-one (although

this is improving with optical and imaging techniques [75–78]), it therefore becomes time

intensive to gather sufficient data for statistical relevance in high-throughput.

In contrast, a NP-ensemble allows parallel signal readout from a high density of im-

mobilised plasmon resonant nanostructures, possible using a spectrometer [71, 79]. The

collective LSPR behaviour is obtained in a single optical extinction measurement (absorp-

tion and scattering induced light loss) using a collinear light path. The configuration is

more convenient than the single NP LSPR counterpart but for the introduction of small

analyte volumes it still requires integration into a chip setting.

Both of these LSPR systems rely on planar substrate or waveguide geometries, often

entailing the need for sophisticated microscopic setups and cost intensive, complex excit-

ation schemes for photonic mode launching. Many planar waveguides suffer high optical

loss as a consequence of surface roughness or surface state absorption, and some require

complex fabrication technologies. These systems also need additional integration for ana-

lyte based microfluidic detection. Although such plasmonic-DNA sensing systems have

been realised [42, 79–81], their interaction length could be improved as could their excit-

ation schemes to reduce cost, skill, and size requirements. The solution: waveguides that

keep light confined over long lengths. The practical, low cost implementation of this is

optical fibre.

Optical fibres are cylindrical dielectric waveguides able to transmit signal over consid-

erable distances with attenuation loss as low as 0.2 dB/km [82, 83]. The total dimension

of an optical fibre sensor is small; yet the active surface sensing area is greater than its

planar counterpart due to the rod-like geometry and length. This solid rod-like struc-

ture further results in optical fibre sensors operating extrinsically, either coupling light

directly to and from a sample or using an evanescent field for detection. Evanescent-

field fibre sensing is a well-established technique that relies on light guidance within a

higher refractive index core with an exponentially decaying evanescent tail penetrating

the surrounding region. The penetration depth is limited (in the order of 10s to 100s

of nm) such that only changes occurring in close proximity to the fibre interface can

be sensed. The evanescent field component interacts through scattering and absorption

in its overlap region and the presence of a test analyte is determined by studying the







6 introduction

The operational principle of the proposed NP-enhanced MOF sensors is based on

the evanescent field interaction of their guided core modes with the LSPR of the core-

immobilised NPs. The NP extinction behaviour is retrievable from the overall spectral

distribution of the fibre’s transmitted light. The NPs fixed on the core surface respond

to a variation in the RI of the local medium, showing highest sensitivity at a distance of

5–10 nm from their surface as a consequence of short electromagnetic decay lengths [108].

This response is detected as a spectral shift of the LSPR, such that nanoscale environ-

mental changes can be observed via analysis of the output signal’s spectral distribution.

Fig. 1.3. illustrates the envisioned concept in its entirety combining nucleic-acid detec-

tion, plasmonics, and MOFs. Implementing ssDNA to specifically bind with its comple-

mentary strand on the molecular level, and functionalising plasmonic Au NPs with this

ssDNA nanoprobe, permits the field enhancement and sensitivity necessary to detect

binding events. Immobilising such Au NPs homogeneously within the channels of a

MOF allows their LSPR to be excited by the evanescent field from the small suspended

core, and be detected as attenuation in the transmitted optical mode spectrum of the

fibre.

The specific combination of MOFs and DNA-functionalised, immobilised metallic NPs

is unique, effecting the evolution of a range of rapid, reusable, and inexpensive bio-

sensors. The experiments outlined in this thesis are designed to overcome the limita-

tions of low sample volumes, time consumption, sensitivity, and optical multiplexing

by coupling plasmonic and optical fibre techniques in a monolithic bioanalytic sensor.

The enclosed optofluidic channels of the fibre geometry reduce analyte volume require-

ments and exchange times, while the small, NP-functionalised, suspended-core provides

an extended light-analyte interaction length. The plasmonic NPs provide enhanced field

interaction and sensitivity at their surface enabling a variation of the nanoscale RI envir-

onment to be observed in real time in the output fibre spectrum. This work deals with

developing these hybrid NP-immobilised fibre sensors; combining both plasmonic and

fibre platform aspects for RI sensing. In the following section the current state of the art

is briefly addressed for each concept part before expanding on the thesis aim in detail.

Current state-of-the-art

State-of-the-art: DNA sensing via metallic nanoparticles

A range of NP detection schemes have been presently realised for bioanalytical applica-

tions [55]. For instance, the first colorimetric DNA-assays have been established [109,110]

by coupling plasmon resonances of two or more gold NPs during ssDNA hybridisation

(when strands anneal together). Colorimetry is based on eliciting a visually detectable

colour-change for detection. However, the method necessitated a complex conjugation

(labelling) technique for the DNA-particle binding in solution.

Additionally, NP immobilisation for LSPR sensing has been conducted on planar sur-

faces [55,111,112] with a single NP sensor yielding superior signal to noise ratio than the
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counterpart NP ensemble device [42]. Readout performance is primarily based on NP

sensitivity, a key characteristic that is defined as the ratio of the spectral resonance shift,

∆λpeak, and the change in RI unit, ∆n, in the NP’s vicinity [113]. An example would be

that of triangle-shape particles, which exhibit sufficient sensitivity to enable molecular

diagnosis of lactose intolerance in clinical samples [80].

State-of-the-art: microstructured optical fibre sensing

MOFs constitute a special category of optical fibre, possessing a degree of tailorabil-

ity that far exceeds that of standard telecommunication fibres [114]. By incorporating

longitudinal channel structures of supportable diameter into optical fibres, the corres-

ponding optical properties of the propagating core modes can be uniquely engineered.

Suspended-core MOFs have so far been demonstrated as sensing devices and for mon-

itoring chemical reactions in-fibre [115–117]. Due to their internal containment of the

analyte and high field overlap increasing signal strength for sensing, MOFs offer an

exciting alternative to traditional extrinsic fibre sensors [103, 104, 114].

Alternatively, another form of MOF incorporates resonant elements in fibres at one

or more locations along its length. Such in-fibre resonators considerably enhance the

system’s light-matter interaction and thus the RI sensitivity. Examples include Fibre

Bragg Gratings (FBGs), [118, 119], and side drilled microslots penetrating the core struc-

ture [120]. The sensitivity offered by these devices is limited however by the quality of

each individual resonator fabrication.

State-of-the-art: fibre-based surface plasmon resonance sensors

Combining fibre sensing with NPs yields hybrid plasmonic-photonic fibre sensors of-

fering enhanced interaction strength and area, high sensitivity, reusability, and ease-of-

operation for mode excitation and handling. In addition, such hybrid fibre sensors could

be applied in vivo for clinical application.

One existing fibre-based LSPR RI sensor, involves a large-core multimode fibre whose

cladding is stripped at one end [98]. Gold nanorods are first established on the core walls,

and the end facet is coated by metal mirror. In this approach LSPR is excited by the core

mode’s evanescent field and the device operated in reflection mode. LSPR spectral shift

is observed if the RI in the end facet’s surroundings is modified (in the vicinity of the

nanorods). However this destructive technique leaves the core fully exposed for damage,

which limits the NP immobilisation area.

A further highly sensitive fibre-based plasmonic sensing device is a fibre taper coated

by gold NPs [97, 99]. LSPR is again excited via the core mode’s evanescent field. This

fibre device demonstrates significant change in resonance wavelength and transmission

intensity when the NPs’ RI surrounding changes. The extremely small taper waist dia-

meters render this device mechanically delicate-to-handle and therefore unfeasible for

real-world application.
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Alternatively, a combination of intrinsic fibre sensors and plasmonics would bypass

many of the challenges faced by current sensing systems [36]. Various plasmonic MOF

systems have been suggested theoretically [121], yet very few have been realised exper-

imentally [122]. Those that have include an exposed-core MOF coated with full metal

layers [122], used to measure scattering at points on the layer, or non-immobilised plas-

monic components [123]. The proposed cases include a tri-hole MOF with metallised

film around the microstructures [121, 124], a polished D-shape hollow-core MOF [125],

and a number of metal-filled PCF sensors [102]. Despite these examples, plasmonic MOF

sensing remains predominantly theoretical due to the complexity posed by plasmonic

deposition within the interior of the fibre microstructures. Recently, first attempts to

incorporate small silver NPs into MOFs have been conducted [126–128], wherein the

LSPRs were probed in the direction perpendicular to the fibre axis – not exploiting the

advantages offered by fibre geometry.

The system developed in this thesis consists of a MOF with small suspended-core

enabling intrinsic fibre sensing and long interaction lengths with analytes. Two partic-

ular types of MOF geometry constitute the focus of this study, namely tri-channel SC-

MOFs and exposed core ECFs as introduced in the next section. Plasmonic Au NPs are

chemically immobilised within the microstructures, enabling an enhanced field for RI

index sensing at the NP surface and allowing future functionalisation and DNA binding

event detection. This system provides the required NP fixation for reusability, homogen-

eous NP deposition, and mechanical stability compared to extrinsic sensors. Unlike their

planar counterparts, such an optical fibre platform can potentially be applied in vivo and

is therefore highly attractive from a medical viewpoint. The approach outlined in this

thesis has not been encountered in literature, addresses fundamental aspects of nano-

scale light-matter interaction, and targets a concrete medical diagnostic need: rapid, low

volume, DNA-based pathogen detection, for instance for screening against pulmonary

infectors such as Aspergillus spp. (species pluralis) or Legionella spp. bacteria.

1.1 Objectives

The overall goal of this thesis study is to establish a fundamentally new and label-free

biosensor platform by implementing functionalised plasmonic nanoprobes within MOFs

(Fig. 1.4). The principle hypothesis rests on probing the LSPRs of functionalised NPs by

the propagating fundamental modes of MOFs, leading ultimately to hybrid plasmonic-

photonic fibres for biosensing.

This concept stimulates the transduction of a molecular response, via plasmonic NPs,

into macroscopic signals detectable by the MOF structures – culminating in an optical

biosensing platform. Fig. 1.4 outlines the thesis aim once more, involving the combina-

tion of the two different MOFs exciting the LSPRs of Au NPs via the evanescent field of

their fundamental propagating modes. The NP extinction behaviour is visible in the

attenuated output spectrum of the MOFs and is dependent on the NPs used. This

thesis implements Au nanospheres – which are chemically stable, biocompatible, and
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into a transducing, plasmonic nanoparticle background, including modelling and mor-

phology considerations; a platform, microstructured optical fibre background, detailing

the principles of light guidance within such a waveguide; and finally the detection, bio-

sensing element aspect, which plays a smaller exploratory role within this work.

Following this, Chapter 3 presents a numerical study of the guidance and sensing

properties of the chosen fibre geometry. The detection sensitivity possible with different

MOF core sizes and materials is calculated and a comparison made to simulated state of

the art taper systems.

With the optimal choice of geometry acquired, in Chapter 4, procedures for gold nan-

oparticle deposition and density tailoring of the NP layers are demonstrated. The res-

ulting deposition quality is investigated with respect to layer homogeneity and density

along the fibre and around the channel curvature. The immobilisation techniques are

fibre dependent and this chapter offers an experimental study of a number of deposition

strategies and their effectiveness in combination with the chosen MOF structures.

The optical characteristics of the resulting deposited plasmonic MOFs are investigated

experimentally in Chapter 5. The resulting modal attenuation from various ensemble

densities is quantified and compared to calculation. Strategies to optofluidically meas-

ure both fibre types are investigated. These measurements aim to in-couple light while

changing the RI of the microchannels simultaneously. Finally the sensitivity of the ECF

and SC-MOF NP-functionalised RI sensors is individually verified and compared to the-

ory.

An additional final results section, Chapter 6, presents an approach for DNA function-

alisation and detection on Au NPs attached to planar surfaces, and outlines preliminary

strategies to implement this on an ECF platform.

The concluding Chapter 7, summarises and discusses the thesis work as a whole. An

outlook is provided, highlighting a number of additional deposition and application

techniques that could in future prove extremely interesting for MOF application and the

final implementation of a real world MOF plasmonic biosensor. The primary findings of

this thesis have been partly published in two journal articles [105, 106].
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incorporated as a biorecognition layer to achieve this, such as enzymes, antibodies, re-

ceptors, or nucleic acids.

The transducer should transform binding events at the biorecognition layer into a

measurable signal. This transduction can occur by a variety of mechanisms e.g., optical,

electrochemical, thermal, or mechanical depending on the signal generated between ana-

lyte and sensing element. The output transduced signal should be correlated to the

number of binding events with the target analyte to enable quantification. Additional

information involving kinetics and binding affinity can be retrieved.

The focus of this thesis will be confined to optical transduction and surface plasmon

(SP) based sensors. The core functioning principle involves the detection of refractive

index (RI) changes in the vicinity of the surface of metal nanostructures, induced by

chemical reaction or recognition events. Plasmonic biosensors present a class of optical

label-free sensors possessing metal or metal-dielectric nanostructures supporting surface

plasmons as the transducing element. Proper light illumination of the plasmonic sens-

ing component excites SPs on those structures and further results in an electromagnetic

(EM) field highly concentrated at each structure’s surface [113]. When a test analyte is

introduced to the biosensor, binding or capture of the analyte by the biorecognition ele-

ment (immobilised on the transducer) results in RI variation in the local proximity of the

transducer. The associated SP’s characteristics are extremely sensitive to RI changes in

its immediate surroundings, and so the analyte-binding induced RI change may be de-

termined by monitoring changes in the SP optical spectrum such as a change in resonant

wavelength position, intensity, or phase.

2.2 Transducer – plasmonic nanoparticle approach

One transduction strategy yielding high sensitivity involves functionalising specific mo-

lecular probes to metal nanoparticles (NPs) that support plasmonic resonance. Plas-

mon resonance is the optical phenomenon that arises in a metal from the collective

oscillation of its conduction electrons when disturbed from their equilibrium position

[46, 47, 130, 131]. This disturbance may be induced by an electromagnetic (EM) wave,

wherein the alternating electric field drives the metal’s free electrons to oscillate coher-

ently at a resonant frequency. An EM wave incident on a metal interface possesses only

a limited penetration depth, and thus only surface-electron induced plasmons are of

significance. These are termed surface plasmons (SPs).

Surface Plasmon Resonance (SPR) can occur in two distinct forms: that of propagating

surface plasmon polaritons (SPPs) and localised SPRs (LSPRs). SPPs consist of bound

EM waves that propagate along a dielectric-metal interface with an exponential field

decay normal to the interface [46]. This phenomena cannot be excited directly by free-

space radiation but rather requires phase matching of the momentum of the incident

light and SPP – such as through periodicity in a nanostructure. Should the collective

free-electron oscillation be further confined to some finite volume, as with a metal NP,

the associated non-propagating plasmon resonance is referred to as a localised surface
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plasmon resonance (LSPR). LSPR can be excited directly by propagating light incident

on a NP and is the focus of this work. The physical background and implementation of

this phenomenon are further detailed in this section.

If excited at the electron ensemble resonance, noble metal NPs produce a specific

LSPR optical response that is precisely tailorable by synthesis strategy, entailing tuning

the NP’s material properties or morphology, or even by varying the surrounding dielec-

tric environment. As discussed in this chapter, an induced change in spectral resonance

peak position (∆λpeak) can be used to detect binding events. Furthermore, whether in

the form of complex nanostructures, monolayers, single nanoparticles, or solutions, plas-

monic NPs can function as transducer structures. In fact, several distinct approaches

can be adopted to exploit metallic NPs and their LSPR sensing characteristics in optical

transducing [132]:

1. Detecting ∆λpeak induced by bulk refractive index variation, ∆nbulk, of the sur-

rounding media.

2. Detecting ∆λpeak induced by local analyte binding at the NP surface, ∆nsurface.

3. Incorporating NPs as labels and monitoring absorption or scattering variations,

∆Cabs or ∆Csca.

4. Detecting ∆λpeak resulting from induced metallic NP aggregation via analyte bind-

ing.

5. Monitoring linked metallic NPs for analyte induced distance changes, ∆d (plas-

monic rulers).

Of these, the first three instances are relevant and discussed within this study. As

will become evident, the advantages of LSPR in this work include reduced coupling

considerations, relaxed geometric and polarisation requirements, and lower production

costs. Furthermore an extremely large EM field enhancement in the NP’s vicinity results

in enhanced sensitivity to nanoscale RI changes in close proximity to the NP – critical

for molecular sensing.

2.2.1 Localised surface plasmon resonance

In this work, a plasmonic-fibre optical sensing system is realised based on the excitation

of LSPR in metallic gold nanospheres, immobilised within the channels of microstruc-

tured optical fibre. Nanospheres present the most stable NP geometry with the lowest

surface-to-volume ratio. Unlike more exotic geometries they can retain their shape over

time without additional capping agents. The uniform spherical geometry also enables a

straightforward homogeneous deposition orientation. The NPs applied in this investiga-

tion are mainly spherical gold particles of diameter around dNP = 30–45 nm. When one

such sub-wavelength (dNP ≪ λ) conductive nanosphere is positioned in an oscillating

EM field, the particle’s curved surface exhibits an effective restoring force on the driven





16 principles of plasmonic fibre sensing

nanosphere and can be applied to determine its scattering and absorption cross sections.

The results of the quasi-static approach can be retrieved by retaining only the first term

of a power series expansion of the absorption and scattering coefficients. However, by

implementing Mie theory it is possible to deliver exact solutions [134] in only a number

of specific cases: those of a solid sphere, a spheroid, concentric spherical shells, and an

infinite cylinder.

For determining the plasmonic properties of nanoparticles of arbitrary shape or lower

symmetry [134], other numerical methods must be implemented, for instance: discrete

dipole approximation (DDA) [136], finite time domain (FDTD) method, or finite element

method (FEM) [137]. For qualitatively analysing the scattering properties of our spherical

gold nanoparticles however, a quasi-static or Mie approach is sufficient.

2.2.2 Noble metal nanoparticles in an electric field

A common starting nanostructure implemented in plasmonic biosensing comprises of an

LSP-supporting metallic nanoparticle sitting on a dielectric surface. The LSP extinction

wavelength is dependent on the NP’s size, shape, and composition, and for most noble

metals it lays within the visible or near infrared (NIR) spectral region. Spherical metal

NPs possess LSP at shorter wavelengths, whereas core-shell NPs or nanorings express

resonance at longer wavelengths along with higher aspect ratio and sharper nanostruc-

tures such as nanorods or nanostars [53].

In this study, the nanostructures of interest are spherical gold particles of 34–45 nm

diameter, expressing dipolar LSPR mode [138] in water around the optical frequency

of 528–532 nm [105, 106]. As mentioned when (d ≪ λ) for the NP, the system can be

treated as an electrostatic problem since with the optical frequencies used, the incident

field wavelength is considerably larger than the nanoparticle dimensions. Thus the EM

field’s phase is considered constant over the particle volume.

In the quasi-static limit, the electric field can be expressed as a potential, E = −∇ϕ,

which must satisfy the Laplace equation, ∇2ϕ = 0, and material boundary conditions.

Consequently, the static field polarisation induced in the metallic sphere and spatial field

distributions can be determined [46, 134]. The potentials inside, ϕin, and outside, ϕout,

the sphere can be found as [139]

ϕin = − 3εm

εNP + 2εm
E0rmod cos θ , (1)

ϕout = −E0rmod cos θ +
εNP − εm

εNP + 2εm
E0r3

NP
cos θ

r2
mod

, (2)

where E0 denotes the field amplitude; εNP and εm (both functions of excitation frequency

ω) the dielectric permittivities of NP and surrounding medium respectively; rmod the

modulus of the position vector; θ the angle between the position vector and the z-axis;

and rNP the NP radius. Physically ϕout describes the superposition of a dipole located
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at the centre of the NP and the applied field. From this, a key equation can be real-

ised for the complex polarisability, α, of a sub-wavelength diameter nanosphere in the

electrostatic approximation:

α = 4πr3
NP

εNP − εm

εNP + 2εm
. (3)

Once the denominator εNP + 2εm is at a minimum, the polarisability undergoes reson-

ant enhancement, which is expressed (for small or slowly varying ℑ[ε]) as the Fröhlich

condition:

ℜ[εNP] = −2εm . (4)

Therefore, to achieve resonance, the real part of the NP’s permittivity should be negative,

which is the case for metals at optical frequencies, and double that of the surrounding

permittivity. The corresponding mode (in an oscillating field) is the dipole SP of the NP.

The resonance frequency dependence on dielectric surroundings (crucial for RI sensing)

can be clearly seen – the resonance red-shifts with increasing values of εm. This makes

metal NPs ideal candidates for optical sensing of RI variation. For the case of a metal

nanosphere in air, and applying the Drude model for dielectric function [46, 140], the

Fröhlich condition is met at

ω0 =
ωp√

3
, (5)

where ωp is the metal’s plasma frequency. The electric field distribution inside and out-

side the nanosphere can be written as

Ein =
3εm

εNP + 2εm
E0, (6)

Eout = E0 +
3n(n.p) − p

4πε0εmr3 , (7)

with p = ε0εmαE0 being the dipole moment, and n the unit vector normal to the sur-

face. Hence, resonance in the complex polarisability indicates resonant enhancement of

internal and dipole fields [45, 141], as anticipated, providing the basis of application in

many optical devices. A further consequence of the resonantly enhanced polarisability

is the associated enhancement in scattering and absorption efficiencies. A NP sitting in

the path of a beam of light reduces the beam’s power by absorption and scattering, to-

gether constituting the total extinction power. These values are expressed in terms of
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cross sections, which for a particle of spherical shape and volume V are given in terms

of α by [142, 143]

Csca =
k4

6π
|α|2, (8)

Cabs = kℑ[α]. (9)

Csca and Cabs stand for the scattering and absorption cross sections respectively. The

extinction cross section for this specific case is given by

Cext =
9ω

c
Vε

3
2
m

ε”NP

(ε′NP + 2εm)2 + (ε”NP)2 . (10)

The width and strength of resonance is determined by the imaginary part of the

metal’s permittivity, which should be close to zero in order to support a strong res-

onance; otherwise a weaker or lossy plasmon is observed. A quality factor, QLSPR, which

has a strong dependence on NP geometry, can be used to describe a plasmon’s strength

[52, 144]. In the spherical case, QLSPR is evaluated from

QLSPR =
−ε′NP
ε”NP

. (11)

A larger QLSPR indicates stronger resonance; smaller QLSPR indicates a lossier plasmon

with a smaller extinction cross section. Typically a QLSPR value higher than 10 is ap-

plicable for LSPR-based devices. In a wavelength range 400–1200 nm, silver yields the

highest QLSPR, followed by gold (at 650 nm, |−ε′
ε” | ≈ 42.21 and 11.56 respectively). Due to

its superior chemical stability, biocompatibility, and longer wavelength resonance gold

was selected as the material of interest for our application.

2.2.3 Mie theory

The previously discussed method, of applying a quasi-static approach and the NP acting

as an electric dipole, is valid only for vanishingly small particles. Practically, however, it

actually allows a reasonable qualitative description for spherical or ellipsoidal particles

smaller than 100 nm. In practice, for NP sizes of diameter, d > 30 nm and those in the or-

der of the wavelength of the incident light, the quasi-static approximation is less reliable

due to the NP experiencing phase changes of the applied field over its volume [134]. In

general, when the NPs exceed this size a broadening of the dipolar resonance spectrum

and redshift occur [46]. In the case of these larger NPs, a more rigorous electrodynamical

approach is necessary, as set forth by Gustav Mie [135, 143, 145].

Mie theory is based on expanding the internal and external fields into vector spherical

harmonics and determining their expansion coefficients using boundary conditions. The

results of the electrostatic approach can be recovered by power series expansion of the

scattering and absorption coefficients taking only the lowest order terms into account.



2.2 transducer – plasmonic nanoparticle approach 19

The resulting total scattering, absorption and extinction cross sections can be computed

more thoroughly from these coefficients as follows:

Cext =
λ2

2π

∞

∑
n=1

(2n + 1)ℜ[an + bn], (12)

Csca =
λ2

2π

∞

∑
n=1

(2n + 1)(|an|2 + |bn|2), (13)

Cabs = Cext − Csca, (14)

where an and bn indicate the expansion coefficients of the scattered wave and are com-

posed of Riccati-Bessel functions, and n represents integers indicating dipole, quadru-

pole and higher multipoles. These coefficients, whose form is the primary result of Mie

theory, are given as

an =
mΨn(mx)Ψ′

n(x)− Ψn(x)Ψ′
n(mx)

mΨn(mx)ξ ′n(x)− ξn(x)Ψ′
n(mx)

, (15)

bn =
Ψn(mx)Ψ′

n(x)− mΨn(x)Ψ′
n(mx)

Ψn(mx)ξ ′n(x)− mξn(x)Ψ′
n(mx)

. (16)

In the equations: Ψn(ρ) = ρjn(ρ) and ξn(ρ) = ρh
(1)
n (ρ), with jn(ρ) and h

(1)
n (ρ) be-

ing spherical Bessel functions of the first kind; m denotes the relative refractive index

m = nNP
nmedium

; x is the size factor x = krNP with k being the wavenumber and rNP the

NP radius; prime indicates the first derivative with respect to the argument. Both expan-

sion coefficients contain contributions from the real refractive index of the surrounding

medium indicating a change of surrounding RI directly influences the NP’s extinction.

For this reason, NPs can be implemented as transducers. A number of Mie calculators

and codes are available, to calculate sample response from Mie theory. In this work Mie

Plot [146] is primarily used to calculate NP extinction values. One should keep in mind

that the solutions considered from Mie theory are for single, isolated NPs, and in the

event of interacting NPs this interaction should be taken into account – generally res-

ulting experimentally in an induced shift and resonance splitting [138]. Once the Mie

coefficients have been determined, the EM fields inside and outside of the nanosphere

or the extinction, scattering, and absorption cross sections can be calculated. The varying

cross section contributions with increasing gold sphere diameters of 40, 80, and 120 nm

in water are calculated in this manner and presented in Fig. 2.3.

Indeed one of the most accessible strategies to engineer the plasmonic properties of

a nanostructure is to manipulate its dimensions. The absorption and scattering intens-

ities, resonance positions, and number of modes, are all affected by particle size. The

calculation results presented in Fig. 2.3. clearly indicate the influence of NP size on relat-

ive magnitude of scattering and absorption cross sections and their tunability potential.
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rendering them attractive for use in plasmonic devices. A comparison of this spectral be-

haviour is shown in Fig. 2.4b for three different metals. Of the noble metals silver yields

the largest ratio of modulus of real (ε′) and imaginary parts (ε”) of its dielectric constant

(at 650 nm, |−ε′
ε” | ≈ 42.21) giving a silver nanosphere a greater LSPR field enhancement

compared to a corresponding gold (|−ε′
ε” | ≈ 11.56) or aluminium (|−ε′

ε” | ≈ 2.37) coun-

terpart. This marks silver as a material of choice for plasmonics, but unfortunately it

also has a tendency to oxidise requiring protective coatings to prevent this. The second

highest enhancement arises with gold, whose nanoparticles are chemically stable and

biologically compatible allowing them to be implemented for in vivo application. In-

creasing the NP’s diameter by 5 nm increments, as in Fig. 2.4c, demonstrates in detail

the red shift in LSPR peak position along with the increase in extinction cross section

values. It is evident (even by visual inspection of the colloidal suspension) that by al-

tering one of these parameters, NPs possessing entirely different optical properties are

generated for which Mie theory offers a precise prediction.

2.2.4 Substrate effect

The calculations preformed above involve the case of a NP sitting in a homogeneous

background permittivity, yet in this system the NPs are immobilised directly on a fibre

platform, which needs to be accounted for. A significant limitation of Mie theory is that is

does not allow scattering calculations of NPs on substrates. In order to include the effect

of the fibre core an alternative approach is required to determine an effective refractive

index, neff, accounting for the RI of both surrounding medium, nmedium, and substrate,

nsubstrate, before proceeding to use standard Mie calculations. Thus the silica fibre core

can be treated as a planar substrate medium contributing to the permittivity in the

vicinity of the NP. The NPs can be considered sufficiently small to effectively experience a

flat substrate environment instead of the actual curved core, and an effective permittivity

or refractive index can be assigned for the entire NP environment. The effective RI can be

ascertained by incorporating an appropriate weighting factor, ηshell, for the surrounding

indices [148]:

neff = ηshellnmedium + (1 − ηshell)nsubstrate. (17)

Here, an analytical approach to determining the weighting factor is implemented, which

is based on the form of the NP environmental sensitivity. The NP’s sensing volume is

defined as a shell extending a radius distance from the NP surface (see Fig. 2.5). This

radial dependence implies two routes to determining a reasonable weighting factor for

the sensing volume [148]. One approach involves modelling a shell of uniform sensit-

ivity around the NP surface that extends from the NP by the radius value. The second

approach assumes an exponential sensitivity (1/e) dependent on the radial distance

from the NP. This is a more physically relevant route and is implemented in this work.
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of transducer sensitivity, S, which is defined as the observed wavelength change of the

plasmon resonance (∆λpeak) per refractive index unit (RIU), given in units of nm/RIU:

S =
∆λpeak

∆n
. (19)

Ultimately it is the sensitivity of the NPs that establishes the sensitivity of the sys-

tem making the determination of S highly important. The bulk, SB, and surface, SS,

RI sensitivities represent two important characteristics of LSPR sensors [113]. SB takes

into account the changes occurring in the entire medium, ∆nmedium, whereas SS deals

with those changes occurring within a layer around the particle, ∆nlayer. The resonance

wavelength sensitivity to a bulk change in RI of the medium can be determined by dif-

ferentiating the resonance condition itself (Eq. 19), leading to SB of the peak wavelength

of

SB = ℜ
[

dλpeak

dnmedium

]

=
−4nmedium

dε′NP
dλ

. (20)

In the same manner, for a spherical overlay layer at the NP surface the surface sensitivity

can be determined (assuming small permittivity increase across the layer):

SS = ℜ
[

dλpeak

dnlayer

]

=
−4nlayer

dε′NP
dλ

∆. (21)

SS additionally depends on ∆, the volume fraction of the layer, given by

∆ = 1 − r3
NP

(rNP + danalyte)3 , (22)

where danalyte indicates the layer thickness, and rNP is the nanosphere radius. It follows

that in the sparse layer approximation (layer RI not significantly greater than bulk RI),

SS is equivalent to the bulk RI sensitivity times the factor corresponding to the portion

of the total “field volume” the layer possesses. Considering an analyte layer thickness

equivalent to the NP radius, this factor is 0.875. The bulk and surface sensitivities are

then related by SS = SB∆. Hence, by maintaining a fixed layer thickness, an increasing

particle size exhibits lower surface RI sensitivity. For instance a layer thickness of 5 nm

around a gold nanosphere of diameter 34 nm results in an SS of 46.20 nm/RIU compared

to the same layer on an 80 nm diameter NP yielding SS of 45.67 nm/RIU. This example is

calculated from the theoretical values of SB determined in Tab. 1 for a NP suspended in

solution. This effect of reduced surface sensitivity is however partly compensated by the

general sensitivity increase with increasing particle size presented by bulk RI sensitivity.

Theoretical analysis in literature shows that SB increases with the resonance wavelength,

regardless of the NP’s shape [113, 154, 155].





2.2 transducer – plasmonic nanoparticle approach 25

Further important parameters in LSPR sensing include the resonance peak width and

correlated figure of merit (FoM) [154,156], which provides a reliable unit-less expression

of sensor performance, relating the resonance peak FWHM (full width at half maximum,

Γ) to the sensor’s sensitivity:

FOM =
∆λpeak

∆n

1
Γ

. (23)

Larger FoM values allow more accurate resonance position determination enabling smal-

ler spectral shifts (lower detection limit) to be observed – crucial for low concentration

analyte sensing. An overview of the sensing characteristics of the implemented NPs is

provided in Tab. 1. In the case of a NP fixed on a silica substrate the approach from

Sec. 2.2.4 is implemented. The NP experiences a higher effective refractive surrounding

than that of the colloidal suspension, increased λpeak, and thus higher SB – which is then

multiplied in Tab. 1 by a weighting factor of 0.7 from Eq. 17. The resulting sensitivity

values for the NP-on-substrate case are then reduced as expected since there is less NP

surface available for sensing. The corresponding FOM values are closely comparable to

other NP LSPR sensors in literature [113, 154].

Table 1: Overview Sensing characteristics of the implemented NPs in solution and on silica sub-
strate as calculated from Mie theory. SS is calculated for a layer thickness corresponding
to the radius of each NP size. NP dia. indicates the NP diameter.

NP dia. λpeak in water SB SS FOMB FOMS
[nm] [nm] [nm/RIU] [nm/RIU] [1/RIU] [1/RIU]

solution 34 528.18 85.78 75.06 1.05 0.92
45 531.94 95.05 83.17 1.15 1.00
80 553.54 153.43 134.25 1.64 1.44

substrate 34 531.35 61.24 53.59 0.77 0.67
45 535.09 72.22 63.19 0.90 0.78
80 559.18 109.76 96.04 1.20 1.05

2.2.6 Influencing NP spectral properties

Aside from material and size considerations other factors can contribute strongly to

a NP’s spectral behaviour. Here three highly relevant considerations are included for

completeness.

Shape

Increasing the edges or sharpness of a particle results in an extinction spectrum red

shift due to an increase in charge separation [46]. On the other hand, increasing the

particle symmetry increases the intensity of the LSPR. The number of resonances a

NP exhibits depends on the number of modes in which it can be polarised [131, 157].

Shape-anisotropic NPs are sensitive to incident light polarisation with nanorods show-

ing longitudinal and transverse resonance states [158] and a spectral maximum further
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depending on the incoming polarisation. The RI sensitivity is also influenced by shape.

Literature [53,159] cites Ag nanorods as exhibiting higher sensitivities than Ag triangles,

with spherical geometry yielding some of the lowest sensitivities. High aspect ratio or

sharp edged NPs usually yield LSPR spectra containing several modes and high sensit-

ivity.

Composition

A hollow-core NP produces a dramatic spectral red shift without changing the NP size,

enabling Ag nanoshells to have LSPR in the NIR yet remain below 100 nm in size. Such

a structure can additionally play vessel to analytes, drugs, or contrast agents for imaging

[160].

Conversely, a nanoshell could be developed over the surface of a dielectric core –

as its thickness increases, the resonance position would blueshift [161]. As core-shell

and anisotropic NP geometries offer higher sensitivity, the efficiencies of many ex vivo,

homometallic, or spherical NPs, could be enhanced by adding a defined silver shell [162,

163]. One further option for plasmonic tailoring involves metal alloys [145], providing

optical properties and application distinct from their pure nanostructure counterparts

[160, 164, 165].

Interparticle coupling

In an ensemble of NPs, electromagnetic interaction (dipole interaction) between local-

ised modes [166] can induce spectral resonance shift. In a dipole approximation with the

NPs acting as point dipoles, two separate regimes can be remarked on. In the first, with

distance D ≪ λ, near-field coupling dominates (distance dependence of D−3). The en-

semble acts as a point dipole array coupling via their near-field. This array can produce

“hot spots” for field enhancement. In the other case involving large NP separations, far-

field dipolar coupling dominates [108] (distance dependence of D−1). In brief, the highest

field enhancements are achieved with shorter separation between particles of equal po-

tential. The charge distribution of neighbouring NPs can further affect the strength of

the restoring force on a NP’s oscillating electrons. This depends on the incident polar-

isation; transverse mode excitation incurs a resonance blueshift, whereas longitudinal

mode excitation induces a redshift [167]. A number of theoretical studies aim to predict

this interaction [168, 169]. At extremely small distances, as the NP separation enters the

nanometre and subnanometre scale, quantum effects need to be considered [170–172].

The final noteworthy consideration is the case of NP aggregation. It has been shown

that individual gold NPs coupling electronically in an aggregate result in a second plas-

mon absorption resonance at longer wavelengths [133, 173]. The oscillating conduction

electrons in one NP experience the electric field from those of neighbouring NPs, leading

to a collective plasmon oscillation of the total aggregated system. The frequency and in-

tensity of oscillation is influenced by the aggregation degree as well as on the individual

NP orientations in the aggregate [133, 173, 174].
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2.3 Platform – microstructured optical fibre (MOF)

As introduced, optical fibres offer an attractive platform for exploiting nanoparticle func-

tionality. They offer plasmonic sensing platforms superior to their planar contemporaries

in that they are cheap, flexible, compact, and robust. Fibres composed of large interior

microstructured channels, as in this work, may be flushed with fluidics both directly

and without compromising structural stability. A long interaction length can then be

accessed even with a very low sample volume. A myriad of optical fibre configurations

and materials exist, in this chapter the basic principles and ideas behind applying optical

fibres for sensing are highlighted. When selecting optical fibres as the plasmonic sensing

platform the optimal fibre configuration must be further taken into account with respect

to:

1. Light guidance – how efficient are the plasmonic excitation and experimental launch-

ing conditions?

2. Available mode overlap – is the interaction with NPs and analytes sufficiently high?

3. Accessibility for deposition and sensing – can the plasmonic NPs be readily im-

mobilised using this geometry and can the same region be accessed for sensing

afterwards?

4. Robustness of sensing region – is the target sensing region suitable for measure-

ment and reuse?

2.3.1 Light propagation in optical fibres

In order to understand the propagation of light through an optical fibre the general

concept of a fibre mode and guidance needs to be introduced. To arrive at such a de-

scription a wave equation describing the propagation of electromagnetic (EM) waves is

required.

For the case of dielectric optical media (devoid of free charges or magnetic polarisa-

tion) the guided wave can be described by a set of optical eigenmodes. These eigen-

modes may be calculated in cylindrical coordinates by solving Maxwell’s equations in

the fibre’s core and cladding regions and applying appropriate boundary conditions.

Since the comprehensive analytic derivation of such waveguide eigenmode solutions is

extensively available in literature [175, 176], here the key wave equation, the Helmholtz

equation, for the electric field in the frequency domain is directly presented as

∇2
E(r, ω) + k2

0εωE(r, ω) = 0 , (24)
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with k0 = ω
c being the vacuum wave number, and E(r, ω) = E(x, y, ω) describing the

fibre transverse geometry. The corresponding eigenmode solutions are the fibre modes

of the form

E(r, ω) = E(x, y, ω)eik(ω)z. (25)

Thus information on both the mode profile shape and phase are included in these solu-

tions. Additionally, a complex value of k from the eigenmode solutions indicates mode

decay. For the case of monochromatic plane waves, the Helmholtz equation yields trivial

solutions that follow the linear dispersion relation

|k| =
√

ε(ω)
ω

c0
. (26)

with c0 being the speed of light. The dispersion relation is furthermore proportional to

what is known as the complex refractive index

n̄(ω) =
√

ε(ω) = n(ω) + iκ(ω). (27)

This term is an important fundamental property of optical materials that contains full

information on optical diffraction and refraction (from the real part, n), and optical loss

or gain (from the extinction coefficient, κ), for that particular medium. It is also related

to the material absorption at a wavelength λ, through: α = 4πκ
λ .

Analytical solutions to the wave equation can be obtained directly only for a few

simple optical systems. One system allowing rigorous analytic treatment is the step-

index fibre waveguide. The step-index fibre is a more “conventional” optical fibre geo-

metry, comprised of a longitudinal invariant core region of higher refractive index mater-

ial, nco, surrounded by a cladding region of lower refractive index, ncl, as illustrated in

Fig. 2.8. An example would be a silica cladding and a uniform germanium-doped core

whereby ncl < nco. The cladding is encased in a further lower RI coating. Light launched

into the fibre below a certain critical angle (termed the Numerical Aperture, NA) is

guided by total internal reflection (TIR) at the core-cladding (high-low RI) interface and

confined to the core region.

The precise analytic solution for cylindrically symmetric fibres is given in literat-

ure [175] and can be solved numerically. For a specific fibre’s mode, the corresponding

eigenvalue of the propagating mode can be found. Depending on parameters such as

core diameter and numerical aperture, a fibre can support various numbers and types

of modes. Modes can be differentiated by field distribution, polarisation, and propaga-

tion constant, β. Particularly important for this study is the fundamental mode, which

provides the highest field overlap with the core region (with Gaussian like intensity dis-

tribution), and thus the largest effective mode index neff = β/k0. It additionally exhibits

two degenerate polarisation states with the same propagation constant. In contrast to

higher-order modes, the fundamental mode can be readily excited in a consistent and
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SCFs are often initially modelled as a cylinder (core) of silica in air (cladding), acting

as a step-index fibre. SCFs, being comprised of a virtually suspended core and system

of thin suspending struts, have an effective core-cladding RI contrast very close to the

contrast of silica-air – thus presenting some of the highest numerical aperture, NA, fibres.

The NA (which may numerically exceed 1) is determined by: NA =
√

n2
co − n2

cl, which

for a silica core suspended in air with nco = 1.45 and ncl = 1.00, gives an NA of 1.05.

The NA can also be measured experimentally to account for other influences such as

the struts, by in-coupling a white light source and analysing the far-field pattern of the

output spot.

For the real MOF geometry, in contrast to the step-index fibre, no analytical solutions

exist for the guided mode. Yet the effective mode index of guided modes of the SCF can

be calculated. The highest mode index is held by the fundamental mode, which exhibits

two degenerate polarisation states one of which is shown in Fig. 2.9f. Typically a finite

element simulation (COMSOL) is run on imported scanning electron microscopy, SEM,

images to model the SC fibre geometries and determine their mode information (Ch. 3).

2.3.3 Suspended-core MOF for evanescent field sensing

The suspended core of this MOF can carry the wavelength mode over an extremely long

fibre length, providing an extended interaction distance of the electromagnetic probe

and the microstructure filled sample. The mechanism behind SCF evanescent field sens-

ing is as follows: the core waveguide mode is not entirely confined within the core, but

rather possesses evanescent tails that can overlap with some portion of the outer mi-

crostructured regions. This is a purely wave optics phenomenon, which arises from the

requirement of having continuity conditions of the EM fields at the boundary. Evan-

escent fields are characterised as possessing at least one imaginary component of the

wavevector, k, describing the direction of propagation. In the spatial direction defined

by that imaginary component, the wave decays exponentially. This evanescent tail can

interact with and experience changes in the sample (RI change for instance).

As will be shown in Ch. 3, the MOF designs implemented in this work allow the pos-

sibility of high evanescent field overlap with the microstructured channels for enhanced

sensing applications. The large microstructure sizes facilitate analyte filling and the NP

immobilisation process.

During the NP immobilisation process, gold NPs are deposited around the channel

curvature within the fibre. These fixed NPs exhibit highest loss at a particular resonance

frequency that depends on the surrounding medium’s RI (amongst other factors). When

the RI of the immediate NP environment is varied (by analyte exchange or a binding

event), the NP’s loss spectrum also shifts in frequency. The evanescent tail of the guided

mode of the suspended core interacts with the NPs fixed on the exterior of the core wall

and experiences loss through absorption and scattering. If the LSPR mode undergoes a

change in its own loss (extinction) spectrum, a response in the spectrum of the guided

core mode ensues (Fig. 2.10). By monitoring the transmitted power of the fibre’s guided
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recognition process takes advantage of the highly specific hybridisation of complement-

ary strands of DNA/RNA molecules, i.e. the principle of complementary base pairing,

which for DNA involves adenine-thymine and cytosine-guanine pairs. If the target nuc-

leic acid sequence is available, the complementary sequence can be synthesised and im-

mobilised as the biosensing layer. The immobilised probe or capture ssDNA hybridises,

forming a base pair with its complementary target DNA, completing a binding event

whose transduction is measured depending on the chosen transducer (Sec. 2.1, [6]), for

instance an optical signal in the case of an optical biosensor. The biorecognition layer is

typically integrated with the transducer surface via: adsorption, cross-linking, or cova-

lent binding. The latter, as discussed later, being the most prevalent in the case of ssDNA

immobilisation on gold.

DNA based biosensors are of great developmental interest for rapid, inexpensive, and

simple gathering of sequence-specific information, outperforming other traditional hy-

bridisation assays [183]. Target applications include testing of infectious and genetic

diseases, detection of DNA damage, and interaction studies. Currently, nucleic acid

biosensors can be rendered even more specific and sensitive by a combination with

polymerase chain reaction (PCR) methods, which exponentially amplify (replicate) se-

quences [184,185]. A further advantage of this element selection is that unlike antibodies

or enzymes, nucleic acid sensing layers are readily synthesised and regenerable – pro-

moting multiple use sensors.

When considering DNA inclusion as a biorecognition element certain factors need to

be addressed such as the attachment dynamics between DNA and transducer, optimising

the capture DNA attachment, and ruling out unspecific binding events. Other details

including working DNA spacer lengths, concentrations, and dehybridisation strategies

should also be studied. In the following sections these concepts are discussed in brief.

2.4.1 Hybridisation based affinity detection

Hybridisation is based on the principle of complementary base pairing of sequences,

for DNA these pairs are adenine-thymine and cytosine-guanine. When brought together

the bases bond to complimentary bases via hydrogen bonding as shown in Fig. 2.11. The

final hybridised structure is the wound helical DNA structure composed of two antipar-

allel ssDNA strands. Hybridisation can be achieved in solution phase between randomly

distributed capture and target DNA, or be performed with the capture DNA tethered to

a surface in a solid-phase hybridisation [186]. In an LSPR scheme, the capture DNA is

immobilised on the transducing NP surface and is thereafter available for hybridisation

with target DNA from introduced solutions. This strategy enables non-specific binding

sequences to be rinsed away from surfaces, isolating the remaining strongly bonded

capture-target pairs – creating what is referred to as a heterogene assay. It also allows

for sensor regeneration (see Sec. 2.4.3).

The resulting hybridisation efficiency is affected by the density of surface capture

DNA, its conformation, and the surface curvature on which it is tethered [187,188]. Nat-
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The fundamental operating principle of this NP-functionalised MOF sensor is based on

interaction of the propagating guided mode with the NPs’ LSPR, where the characterist-

ics of the latter are impressed on the transmitted light spectrum. As the guided mode’s

evanescent field penetrates the microstructured channels and excites the gold NPs’ LSPR,

a corresponding portion of EM energy is redacted (via scattering and absorption) from

the transmitted optical spectrum. Hence if the fibre system is to possess sufficient sensit-

ivity, the modal attenuation spectrum must reflect any spectral shift of the LSPR imposed

by change of nanoscale RI. This system sensitivity is derived from the NP sensitivity it-

self, which determines the spectral shift with such nanoscale RI variation, and the degree

of evanescent field overlap with the NPs contributes to the detectable signal intensity.

In Ch. 2.2 the effect of refractive index variation of the surrounding medium on the

loss spectrum of a metal NP was discussed. Here the method adapted by this study to

quantify the loss experienced by the MOF mode due to the presence of these NPs is

outlined. The starting point involves an investigation of the guided mode of the bare

fibre, determining an effective modal scattering area of the non-plasmonic system and,

by extension, the fraction of the field available for potential NP interaction at the core

walls. This modal scattering area parameter is essential for calculating NP scattering on

a waveguide. The NP contribution through extinction cross section and particle number

is introduced in a final analytical formula for the NP-functionalised fibre’s modal attenu-

ation, culminating in a theoretical sensitivity of the entire deposited system. The results

of this analytic approach are partly published in [105, 106].

Since this concept is predominantly based on the portion of evanescent field probing

the microstructured region and exciting the LSPR, this chapter provides a study of a

number of bare MOF samples, of various core sizes and refractive indices, simulated

by finite element method in COMSOL to determine their modal attenuation and by ex-

tension applicability to NP based fibre sensing. A comparison of the effect of modal

attenuation in the case of air or analyte filled microchannels is studied, as well as an in-

vestigation between small-core suspended MOFs and correspondingly sized fibre tapers

– renown for offering high levels of detection sensitivity [97, 204]. The critical questions

answered in this chapter include:

1. Can an ECF or SC-MOF geometry offer adequate evanescent field overlap for plas-

monic sensing?

2. How can the NP induced modal loss be estimated?

3. How does the chosen ECF or SC-MOF compare with taper systems in terms of

sensing?

37
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3.1 Study of geometry and composition effects for SC-fibre sensing

With regard to the fibre platform, higher NP interaction and enhanced attenuation

should be achieved by increasing the portion of the propagating mode’s power con-

tained in its evanescent region. The evanescent field fraction supported by a particular

fibre is the direct result of the suspended core diameter, its dielectric refractive index, and

also the width of the suspending struts. This chapter investigates numerically whether

a small silica core can offer significantly higher evanescent field fraction than a larger

silica core where the field may not penetrate the channels as strongly. Further calcu-

lation determines whether a similarly sized, higher refractive index fibre core offering

stronger field confinement could also be a viable option for sensing or if the anticipated

lower channel overlap and interaction would hinder modal attenuation values signific-

antly. The higher RI cores modelled correspond to a tellurite, TeO2 containing [205], and

a chalcogenide, As2S3, glass composition. It is necessary to determine this geometry ef-

fect in advance, instead of aiming for an overly reduced core size where confinement

loss may start to dominate as the evanescent field reaches further into the cladding and

escapes. The resulting decay length would limit sample interaction length [114]. Thus a

trade-off between NP interaction, through modal overlap, and decay length exists and

should be kept in mind.

The suspending strut width can also affect higher order modal loss and chromatic dis-

persion [206] especially at high thicknesses. However, since only the fundamental guided

mode is of interest in this study, and extremely low strut widths are more challenging

to fabricate due to strand breakage, only available thin strut samples (100–500 nm thick-

ness) were implemented. Ultimately, with a specific sensing architecture in mind, a core

size for optimal overlap should be chosen and other design parameters tailored accord-

ingly.

To determine the detection potential of the SC-MOF structures, the starting point is

to investigate the guided mode of the bare fibre and determine the evanescent field

overlap available for sensing. Ideally this value is high since it is this contribution that

enables LSPR excitation and is responsible for the resulting signal intensity during de-

tection. However it should not be so high as to attenuate the signal completely or limit

the sample to a reduced, unmanageable length. Ch. 2.3 introduced the steps to finding

the waveguide mode profile of the SC-fibres and to determining the mode’s effective

refractive index, a number that could be complex if the mode is lossy. Ch. 5 further

demonstrates how to experimentally realise optical mode guidance and how to determ-

ine the modal attenuation of a bare SC-fibre and its NP-functionalised counterpart. In

this section, finite element simulation (via COMSOL) is implemented to model a range

of SC-fibre structures, determine their mode profiles and apply these to compare sensing

capacity. The geometric core sizes can be defined as in Fig. 3.1a, either by the diameter

of the largest inscribable circle within the core, or as in this work, by the circle equival-

ent of the area of the largest inscribable equilateral triangle within the core [207, 208].
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ling. A comparison of the available field intensity fractions for a range of small-core

silica SC-MOFs is provided in Tab. 2 further indicating enhanced availability for sensing

at lower fibre core diameters.

Table 2: Overview Fractions of field intensities offered by a range of small-core SiO2 SC-MOFs
at 650 nm with water filled microstructures. The fraction of the field intensity in water,
fH2O, and SiO2, fSiO2 , is given compared to the overall intensity. The intensity fraction in
a 5 nm layer on the fibre core is given, fl, as is the range for a point for horizontal and
vertical polarisation at the core-water boundary relative to the centre point, fb.

core dia. fH2O fSiO2 fl fb
1.44 µm 2.22 · 10−2 9.82 · 10−1 3.73 · 10−4 6.01 − 8.68 · 10−2

2.80 µm 3.68 · 10−3 9.96 · 10−1 1.28 · 10−4 1.72 − 2.73 · 10−2

4.69 µm 8.81 · 10−4 9.99 · 10−1 5.13 · 10−5 6.40 − 10.57 · 10−3

3.2 Modal attenuation in plasmonic-photonic fibres

In order to determine the modal attenuation induced by the interaction with immobilised

core wall NPs, a calculation of the fraction of power removed by a single NP (through a

scattering and/or absorption event, i.e. the extincted power) from the propagating mode

is required. A single NP immobilised at a position (x0, y0) on the core channel surface, at

a propagation distance z, exacts a power change through interaction with the evanescent

tail of the guided mode of

∆P(λ, z)

P(λ, z)
= − Cext

Aeff(λ, x0, y0)
, (30)

where Cext is calculable through Mie theory, and Aeff is defined as before: essentially

the fraction of the propagating guided mode power at the propagation length z, and

the guided mode intensity at the nanoparticle position. Recall that this formula offers

a valid approximation only when Cext ≪ Aeff. This single particle induced attenuation

can then be further extended to include a number of NPs with number density, N, over

a small area dl × dz along the fibre core wall (Fig. 3.3). The power lost over this small

area is then

∆P

P
= − Cext

Aeff(λ, x0, y0)
dldzN. (31)

To further determine the attenuation over the entire transverse area of the fibre, an integ-

ral over the path l is determined for each core wall surface as

∆P

P
= −CextNdz

∫ dl

Aeff
, (32)

which yields

∆P

dz
= −PCextN

∫ dl

Aeff
. (33)
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2.54 · 10−3 µm2) would extract a relatively low power fraction of ∆P
P = 2.12 · 10−5 (Aeff =

120 µm2). However, a considerable benefit of using a fibre optics platform comes from

the collective interaction with multiple NPs all along the fibre length. The extended inter-

action length over an ensemble of immobilised NPs permits tailorable attenuation, thus

enabling these small-core SC-fibre systems to be used as sensing platforms. To predict

the sensitivity of the plasmonic fibre systems, which is essentially the NP sensitivity

as discussed in Ch. 2.2.5, modal attenuation could be calculated for a particular depos-

ition density or single NP (Fig. 3.5). A plot of such resonance wavelength positions (i.e.,

transmission dip or attenuation peak) versus analyte RI, yields a slope value providing

sensitivity for the system (as Fig. 3.6). The sensitivities calculated directly for the systems

in Fig. 3.5 are given in Tab. 3, along with those including a substrate weighting factor

(ηshell = 0.7), both of which match closely with the predicted NP sensitivities from Mie

theory (as in Tab. 1). This weighting factor is calculated for a sensing distance equal

to the NP radius; in reality this distance can be shorter in which case the weighting

factor is reduced [148]. As an example, the sensitivity using a lower weighting factor

(ηshell = 0.58) was similarly calculated. For the case of a 2.8 µm diameter MOF with

34 nm diameter Au NPs a sensitivity value of 118 nm/RIU was determined, for a 2.5 µm

core ECF (Fig. 3.6) with 45 nm diameter Au NPs a value of 125 nm/RIU was obtained.

Taking the substrate effect and weighting factor into account yields values of 68.44 and

72.27 nm/RIU respectively, closely matching the theoretical NP predictions presented in

Ch. 2.2.5, Tab. 1. The slightly higher sensitivity arising from a marginally larger particle

size is to be expected from Mie theory. Clearly the sensitivity of the systems rests on the

NP sensitivity, indicating that by later incorporating a more sensitive NP species [53] the

system sensitivity can be dramatically enhanced.

Table 3: Overview Theoretical sensitivity of fibre systems, of core diameter 2.8 µm and NP dia-
meters relevant for this work, calculated based on Eq. 34.

fibre NP dia. theory theory (×0.7)
[nm] [nm/RIU] [nm/RIU]

SC-MOF 34 84.56 59.25
ECF 34 85.62 59.99
ECF 45 96.14 66.70
ECF 80 164.83 115.34
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3.4 Additional approaches

While the highlighted analytical approach is considered to give a solid impression of

what to expect from NP-immobilised SCF sensing capabilities, some other factors can be

considered in the simulation:

1. A Maxwell-Garnett (MG) Effective Media Approximation (EMA) for a NP inclu-

sion layer on the core wall can be implemented during simulation or to replace

the COMSOL simulation. Such a model provides an effective permittivity layer

with spherical inclusions for calculating the attenuation from different NP inclu-

sion densities [212,213]. It assumes negligible interaction between NPs and is valid

at lower volume fractions of NPs. The Maxwell-Garnett theory starts from the mac-

roscopic Maxwell’s equations, (assumed valid on a fine scale within the composite)

and from the weighted sum of polarisabilities of all components calculated via the

Clausius-Mossotti expression derives an expression containing the effective permit-

tivity, εMG:

εMG − εh

εMG + 2εh
= f

εNP − εh

εNP + 2εh
. (37)

εh represents the permittivity of the host matrix, εNP that of the NP inclusions,

and f the volume fraction of inclusions. Implementing the Maxwell-Garnett ap-

proximation with different NP densities allows a fast indication of the attenuation

absorption spectrum. This can also be applied in COMSOL on the ECF in conjunc-

tion with Eq. 34 and using Csca to yield a system attenuation.

2. While an effective substrate surrounding (as outlined in Ch. 2.2.4), was considered

in calculations, the effect of the chemical deposition modifications (aminosilane or

polyelectrolyte surface modification) and distance to the NP (∼ 0.154 nm) was not.

This was considered to play a negligible role and be unnecessary in the theoretical

modal attenuation determination.

3. The exposed channel of the ECF during fabrication induces an asymmetry in the

fibre core, which in turn creates a birefringence. This effect becomes more pro-

nounced when an analyte is introduced to the open channel since the refractive

index profile becomes particularly asymmetric. The fibre structure and resulting

birefringence can be investigated using finite-element method (COMSOL) with the

exposed channel filled with water (biologically relevant sensing analyte) and the

closed channels with air (as in Fig. 3.10a). Electric field intensity distributions for

the horizontal (x) and vertical (y) polarised fundamental modes are output (Fig.

3.10b,c respectively showing a select area of the simulation geometry). By compar-

ing the resulting effective refractive indices of these modes the birefringence for a

2.8 µm diameter ECF at 650 nm can be determined: B = |nx − ny| = 6.867 · 10−5,

where nx and ny are the effective refractive indices of the x- and y-polarised modes
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Whilst non-bonded nanoparticle filling of microstructured fibres can be as simple as

utilising capillary force, the focus of this work was to physically attach the NPs along

the walls of the microstructured channels. This immobilisation would render the system

reusable, prevent later agglomeration, and allow for the highest possible overlap between

the evanescent field from the guided mode and the plasmonic region.

A prevalent challenge with incorporating metallic thin films or NPs within MOFs is

avoiding damage to the thin struts and core structure along the fibre length. The non-

perfect circular microstructures and the channel curvature itself can also prove problem-

atic for homogeneous coverage. In recent years the trend has been towards high-pressure

chemical deposition techniques, for instance, chemical vapour deposition, CVD [215].

Along with a high pressure, heat treatments are also required which can damage the

fibre coating and mechanical stability. Layer lengths are limited, as is the homogeneity,

due to coverage gradients induced by particle depletion. Static deposition procedures

have also been attempted [216, 217], for example the in situ synthesis of silver nan-

oparticles. Such procedures however result in relatively rough surface layers of non-

adjustable thickness.

In general, the deposition of long MOF lengths must necessarily be performed at room

temperature with homogeneous, adjustable, NP coverage density. This work incorpor-

ates a dynamic low-pressure, chemical deposition of the metallic nanoparticles, which

are immobilised in a self-assembled monolayer (SAM) within the inner channel surfaces

of the SC-MOF. The Nanoparticle Layer Deposition (NLD) technique implemented in

this chapter is based on oxide surface SAM techniques [218, 219], using silane chemistry

and controlled microfluidics, and can be employed for a variety of metal nanoparticle

types. In such a manner, an even NP deposition is feasible without the threat of dam-

aging the thin struts or core of the SC-MOF. For the ECF counterpart the microstructure

area is open and an alternative deposition strategy is required in the form of electrostatic

polyelectrolyte layers.

This chapter presents the creation of a plasmonic SC-MOF and ECF, combining fibre

and NP fabrication and deposition elements. Each of the steps undertaken for the cre-

ation of homogeneous layers of immobilised NPs of controllable density is demonstrated.

In particular, the NLD approach yields layer homogeneity over metres of length, which

are also invariant on channel curvature. The findings of this chapter have been partly

published in the scope of this thesis.

4.1 MOF platform

The fibre candidates presented in this thesis were chosen for availability and their small

core, thin strut geometry leading to favourable sensing capabilities as outlined in Ch. 3.

Both fibres offer straightforward microfluidic access for deposition and analyte sensing

application through their large or exposed microstructures. This investigation was fo-
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4.2 Fabrication and characterisation of nanoparticles

As a consequence of the morphological effect of NPs on light interaction and LSPR, sub-

stantial work has been undertaken to develop fabrication methods for the high-quality

production of various plasmonic NP geometries. In this investigation, 34–45 nm gold

spheres exhibiting LSPR at 528–534 nm in solution were targeted for synthesis, more

exotic NPs require more involved fabrication and can be done in-house (Nanobiophoton-

ics group, IPHT) or ordered from specialist companies (Nanocomposix, BBI solutions,

etc). In the instances where Au nanospheres were not available in-house they were fab-

ricated in the course of this study.

One of the most reliable, straightforward, NP synthesis techniques is the wet chemical

process created in 1951 by Turkevich [223] and further refined in the 1970s by Frens

[224]. It is widely implemented for synthesising monodisperse gold nanospheres with

diameters in the range of 5–120 nm. As NP sizes increase further however, there is a

tendency for elliptical shape formation, yielding polydisperse particles [225].

4.2.1 Gold nanosphere synthesis

Particle batches were synthesised by the citrate reduction of gold chloride HAuCl4
in water, i.e., the Turkevich-Frens method, yielding charge stabilised Au nanospheres

whose size is tunable by adjustment of the molar (citrate ion (C6H5O3−
7 ) to gold chloride

(HAuCl4)) ratio, here: 0.55. To achieve this, an Au III chloride salt seed solution (56.39 mg

in 6.53 ml three-times-distilled, 3d, H2O; light and air sensitive), and a reducing agent

solution, here trisodiumcitrate dihydrate (TSC, from Sigma Aldrich, 8.24 mg in 49.68 ml

3d H2O), were both prepared. As TSC is a relatively weak reducing agent the solution

was boiled to achieve the kinetic energy necessary for the reaction. Thus a solution of

24.75 ml of the TSC (0.564 mM) with 74.25 ml 3d H2O (99 ml solution in total) was

heated, with stirring, in a three-neck distilling flask for 20 minutes before the addition

of 1 ml of the Au seed solution. This was further boiled for an hour (dependent on the

molar ratio implemented). Typically, a lower reductant to metal salt ratio yields the slow

formation of a small quantity of larger NPs, of greater size heterogeneity, compared to

the higher ratio case which incites the rapid formation of a higher number of smaller,

monodisperse particles. Studies have demonstrated that the addition of the Au seed to

the citrate (rather than the reverse case) results in smaller NPs of narrower size distribu-

tion [226]. Therefore the temperature (reaction kinetics) and concentration of precursors

should be precisely regulated to achieve fabrication of a specific NP size. The occurrence

of nucleation was observable through colour change of the solution to faint blue. As

spherical particles were formed, the colour further developed into a dark purple-black

and then to dark red. A full colour transition from purple-black to light red indicated

the completion of the reduction process – the metal ions were consumed. Studies on the

shape-evolution of spherical gold NPs synthesised by this technique note that the colour

transition (purple-black) can be explained by a gold nanowire intermediate phase [227].

























5O P T I C A L I N V E S T I G AT I O N S O F L I G H T G U I D A N C E I N

P L A S M O N I C S C - M O F A N D E C F

If the immobilised NP layer is to be used as a transducer for later DNA analytics invest-

igations (through detection of a refractive index change), then the clear presence of an

extinction peak in the optical fibre measurements and the position change of that peak

during variation of the surrounding refractive index environment must first be ascer-

tained. For this an “on-axis” transmission measurement system was used, coupling and

guiding light along the deposited core region of the MOF in the dry state and looking at

the corresponding output signal for presence of LSPR behaviour. Comparison with sim-

ulations (Ch. 3.2) allowed an approximation of the expected spectral impact for different

particle densities at different fibre sample lengths.

In altering the refractive index of the microchannels, access to analytics and excit-

ation light is required simultaneously at the same end facet of the plasmonic MOF,

which is quite challenging. A number of approaches for targeting this are investigated

and discussed. A number of the results shown in this chapter have been partially pub-

lished [105, 106]. Another “cross-axis” measurement system is also highlighted where

the NP layer is characterised by transverse-to-core illumination and collection of light.

This technique can quickly check LSPR response in small targeted high coverage sections

along the fibre. It therefore presents a helpful tool to verify layer homogeneity and initial

plasmonic response. This chapter specifically targets the topics:

1. Do the NP coated fibres show a clear extinction effect?

2. Can the attenuation be characterised and what constitutes an applicable sample?

3. How can optofluidic sensitivity measurements be implemented on these samples?

4. Is this sensitivity adequate for a future application in biosensing?

5.1 Concept of LSPR characterisation using an “on-axis” measurement

The core-guided, on-axis characterisation approach involves optical guidance along the

direction of the fibre axis. Guiding along the entire length of the fibre sample enables

long interaction lengths with the NPs fixed on the core walls – which cannot be accessed

by other transmission techniques using chips or even cross-axis fibre measurements. The

core-guided technique does present challenges in the form of strong attenuation in high

NP coverage fibres, and in the resulting highly demanding fibre alignment necessitated

by these greatly reduced sample lengths. Indeed the small-core, high refractive index

contrast fibres used in this study already require a high NA objective for in-coupling and

simply fibre cleaving these delicate structures also requires close quality monitoring.

5.1.1 On-axis measurement setup and protocol

A SuperK COMPACT Supercontinuum White Light Laser (NKT Photonics), providing

a total output power of 120.2 mW and an output spectrum covering the range of 450–
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for excitation. The fundamental mode has the highest overlap with the fibre core and is

the least difficult to excite consistently and in an isolated manner. Due to the multimode

nature of the fibre it was however possible to excite other higher order modes. Higher

order modes are less confined to the fibre core and could overlap to a greater extent with

the microstructures – leading to a rapid attenuation and loss of light guidance. They can

also lead to interference and mode beating in the output fibre spectrum. The complete

absence of higher order modes or coupling to higher order modes at some point in the

fibre cannot be guaranteed, however monitoring the output mode shape ensured the

fundamental mode was primarily excited. This monitoring process also assisted later

with analyte filling to ensure that all microstructured regions were fully infiltrated. The

combination of back focal and transmitted mode imaging ensured good facet cleaves,

non-broken microstructured regions, and in conjunction with an output powermeter

helped deliver optimal core guidance.

The transmitted light from the end face of an Au NP deposited MOF imaged on a laser

card immediately showed a bright red spot (depending on NP size, shape, and density)

from the presence of the NPs along the fibre core wall. Once coupling efficiency was

optimised, the output core light was passed through an iris (eliminating any cladding

light) and coupled into a delivery fibre and into an Optical Spectrum Analyser, OSA

(Yokogawa, measurement range 350–1750 nm).

At higher spectral wavelengths, interaction with cladding modes may need to be sup-

pressed, the general practice for which is to either use a refractive index matching gel

on the fibre or to optimise coupling at a specific wavelength. For millimetre long fibre

samples or the ECF structure, refractive index gel is quite messy and undesirable, hence

the latter technique was utilised for transmission measurement with optimisation at

650 nm.

A source of measurement difficulty with this system was the detector sensitivity level

(around −80 dBm). For high density samples this posed particularly challenging for

recording clearly the LSPR spectral dip. In general sample lengths needed to be shorter

than 1 cm in length. An extended measurement range was run in order to notice any

anomalies or cladding mode transmission arising at higher wavelengths. A short pass

filter was also included to cut out the inherent laser peak at 1064 nm (typical Nd:YAG)

and the second harmonic at 532 nm, which occurred due to the internal gratings of

the OSA. This filter also affected the input power to the spectrometer, making it more

difficult to obtain sufficient power for clear, recordable resonance dips for higher density

samples.

5.1.2 Cutback measurement and analysis – SC-MOF

After initial beam alignment, mounting, imaging, coupling optimisation, and record-

ing the optical transmission spectrum of a particular fibre sample, the cut-back method

could be implemented in order to determine the attenuation loss of that particular

sample coverage. This is a popular destructive technique within fibre optics for invest-
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tamination was evident, as shown previously in (Fig. 4.14a). Where these points were

evident pre-deposition the damage could be a result of dust or salt contamination per-

haps with direct physical contact on the delicate exposed region resulting in structural

damage and light scattering. When the scattering occurred during deposition it was un-

clear if it was a result of pre-existing damage being expanded (rinsing open holes or

additional etching of weak points for instance) or pre-existing contaminants aggregating

and further causing sticking points for NPs etc.

Overall precautionary measures were observed such as wrapping the fibre spools in

plastic and storing them under argon in a clean box to minimise exposure to dust and

extra airborne contaminants. Gloves were worn during all fibre handling to further pre-

vent contaminant transfer. Experimentally, starting samples were carefully selected and

deposition processes were simplified by using less aggressive chemicals (for instance not

using piranha solution for silica activation) and reducing the number of steps, i.e., fewer

PE layers and shorter NP deposition times. With such precautions NP-immobilised ECFs

were successfully created with well-defined, plasmonic-NP induced transmission dips.

5.2 Concept of LSPR characterisation using a “cross-axis” measurement setup

Worth mentioning is that the immobilised NP layer could also be characterised by

transverse-to-core illumination and collection of light. In this orientation the illumina-

tion light was passed through a section of the fibre from the side such that the light was

not guided by the core, rather passed through 4 monolayers of immobilised NPs sitting

on the channel and core walls. This orientation allowed high density fibre samples to

be characterised quickly and indicated the presence of any agglomerates or clusters of

NPs from “shoulders” in the characteristic LSPR spectra. This allowed a faster precursor

option for homogeneity inspection than SEM imaging. The technique was position de-

pendent and not practical for lower density samples with lower peak contrasts. In this

manner the LSPR response could be quickly checked in small targeted high coverage sec-

tions along the fibre – a helpful tool to verify layer homogeneity and initial plasmonic

response.

5.2.1 Cross-axis measurement setup and protocol

White light illumination was introduced using a halogen light source (DH2000, Ocean

Optics). A section of NP-deposited SC-MOF was stripped of coating, cleaved (using a

Fujikura fibre cleaver), and mounted vertically within the collimated beam (see Fig. 5.5a).

Directly behind the vertical sample, a large core (50 µm – essentially a pinhole for the

measurement) fibre was aligned such that only that part of the light transmitted directly

through the plasmonically modified MOF was collected.

To achieve alignment, light was focused by a lens onto the mounted vertical sample. Be-

hind the SC-MOF a large-core collecting fibre was aligned by microscope, selecting only

the light transmitted through the SC-MOF. Firstly their separation along the propaga-

tion distance was reduced. Next, any offset across the propagation axis was eliminated
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LSPR behaviour) a sensitivity of 117 nm/RIU was determined by tracking the shift in

LSPR peak position at each RI value (see Fig. 5.6). This corresponds closely with pre-

dicted values for sensitivity of NPs on a silica SC-MOF (118 nm/RIU without substrate

effect). Overall, this configuration has its limitations but simplifies the extinction and

sensitivity measurements of high NP coverage SC-MOFs as it involves the separation of

optical and fluidic paths, and precision coupling into small cores is not required.

5.3 Strategies for optofluidic measurement in SC-MOFs

After verification and characterisation of the attenuation effect of the plasmonic NP layer

on the transmission spectrum of the SC-MOF, the sensitivity with changing RI environ-

ment of the system could be studied on-axis. The challenge presented in this section is

due to:

1. The strong attenuation of samples possessing high NP density.

2. In-coupling light and fluidics simultaneously at the same fibre facet.

Strategy 1: Polydimethylsiloxane (PDMS) chip

The first approach involved moulding a simple PDMS chamber (see Fig. 5.7a) such that

light would be incident on a thin quartz coverslip, plasma bonded to a PDMS structured

flow chip. Ferrules and a sleeve would hold the fibre in the PDMS side which would be

inserted under microscope to minimise distance between input facet and cover slip. An

aluminium template slab was cut in order to mould the PDMS layer. The chips would

consist of either an input port allowing fluidic pumping into and through, the fibre facet

that would be mounted in the channel area, or an in- and output port configuration, to

enable pumping across the facet.

The PDMS section was fabricated using Sylgard 184 Silicone Elastomer Kit (Dow Corn-

ing) and a base and curing agent ratio of 10 : 1. The components were mixed in a test

tube by slow rotation until they no longer had layer separation, then vacuumed for 10

minutes. Air bubbles were released before vacuuming the mixture for a further 20 and

40 minutes with bubble release in between. The mixture was then careful poured over

the template slab and vacuumed for an additional 30 minutes. Lastly the template was

baked at 60 ◦C for 2 hours before cooling and peeling off. The moulded PDMS cham-

bers were plasma bonded (removing organic residues and activating the surfaces) to

coverslips and heated for a further hour at 90 ◦C.

Different thicknesses of PDMS layer were investigated before settling on 2 mm. This

thickness was sufficient to hold a ferrule securely and bonded strongly to the coverslip.

Although bonding should be somewhat invariant on thickness, layers exceeding 3 mm

thickness eventually separated from the glass – likely due to handling and the extra

physical manipulation required for ferrule insertion at larger thicknesses. The ratio of

agents was also varied; however the standard 10 : 1 gave the most desirable combination

of flexibility and strength.
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larger “flow chamber” silica capillary (1 mm inner diameter (ID)) hosting a smaller inlet

capillary (150 µm ID) connected to a syringe pump, and an outlet capillary (150 µm ID).

The entire length of the ECF would be sealed within the flow cell allowing deposition

to be contained, and keeping the exposed-core surface as clean as possible (dust and

contamination being a large problem with working with ECFs see Sec. 5.1.3).

In practice, splicing parameters are highly specific for each particular MOF geometry,

so when splicing to a small-core (2.5 µm diameter) ECF the likelihood of structural

damage is far greater. In the work by [232] an SC-ECF (2.7 µm core diameter, with

thicker strand geometry than in this study) was achieved with splice loss of 16.5 dB. For

the structure in this thesis, these parameters were not transferable for creating splices

retaining fundamental mode transmission and sufficient intensity for LSPR detection.

Strategy 2: In-fibre trough

Since the small fibre-core made splicing difficult, as an initial proof of principle an open

trough system (as used during deposition Sec. 5.1.3) was deemed sufficient. Later for

preliminary DNA analytics testing, a more measured chip flow approach (see Ch. 6)

could be adapted. The intention was to exploit the ease of access of the exposed core

channel by depositing precisely in a selected region. At first this was done using a small

outer PTFE trough with a slit to mount the fibre (see Fig. 5.10b). In-coupling and trans-

mission measurements could be taken as normal but the PTFE trough would contain

a 1–2 cm midsection of the fibre. In this way various analytes could be pipetted into

the trough and infiltrate the exposed fibre channel. The surface tension at the slit edges

could prevent capillary forces from depositing further along the exposed core but this

proved to not always be the case. This would not be a problem for NP deposition (even

by mere evaporation for dry cutback method) except that the exposed core was so sens-

itive to surface contaminants that it immediately scattered noticeably at certain points

(Sec. 5.1.3, [222]) – most likely points at which NPs or dust had clustered at the dried

out meniscus point. To prevent the meniscus spreading within the fibre a low refractive

index acrylate (n = 1.36) was added under microscope to the exposed core at the points

where the fibre exited the PTFE trough (indicated in Fig. 5.10b). These were cured under

UV light and remedied the issue.

One advantage to keeping the exposed channel open and not continuing with a flow

cell was the potential to conduct multiple depositions along it in periodic sections or

in different section lengths. Furthermore it offers the possibility of plasmonic multiplex-

ing by depositing NPs possessing different properties at various locations within the

same ECF, i.e., functionalising different EC-regions to target different pathogen species

detection, within one single device at the same time so that a sensor incorporating differ-

ently functionalised bands could be achieved. A comparison of the different optofluidic

strategies tested is presented in Tab. 4, listing briefly the advantages and drawbacks of

each approach.
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Table 4: Comparison Optofluidic strategies investigated for SC-MOF and ECF systems

fibre type solution advantages drawbacks
SC-MOF PDMS chip adjustable, delicate,

low volume flow poor fibre alignment
SC-MOF OFM robust, longer samples

contained flow required
SC-MOF OFM butt-coupling overcomes splicing time consuming

and OFM lengths construction
ECF splice flow cell contained, SC- splicing

stable system challenges
ECF in-fibre trough accessible core, larger volumes,

analyte exchange contamination possible

5.5 On-axis RI sensitivity measurements of plasmonic fibre systems

After verifying the NP attenuated plasmonic behaviour in transmission spectra, and after

realising a stable, reproducible, optofluidic mounting strategy (Configurations B and C,

Figs. 5.4 and 5.8 for ECF and SC-MOF respectively), solutions of different refractive index

could finally be introduced to the MOF channels to check the integrated NP sensitivity

in-fibre by tracking any shift in position of the attenuated LSPR peak.

SC-MOF

In determining the RI sensitivity of the NP functionalised SC-MOFs, a sample with

NP density of 22 NPs/µm2 was first selected, offering a compromise between strong

plasmon-waveguide mode interaction (i.e., short samples) and a handleable sample

length of 1–2 cm.

Using the on-axis transmission measurement setup, the microstructures were pumped

with a series of RI oils (Oil series AAA, Cargille Laboratories) via pressurised syringe

pump. RI oils offer a larger range of precise RI analytes but require longer to rinse

and are not appropriate for more delicate systems. Each individual RI oil was flushed

through the optofluidic mount and fibre system (Sec. 5.3, Strategy 3: OFM with butt-

coupling), until all air bubbles (observable on output camera) were eliminated.

Succeeding each spectral series, the system was rinsed with ethanol by repeatedly

changing pump flow direction, and dried by inducing air bubbles, until remnants of the

previous analyte were eliminated and the original spectrum reproduced.

For an exemplary sample (NP density of 22 NPs/µm2), Fig. 5.11a presents the series

of RI measurements with the system exhibiting an increased wavelength of the transmis-

sion dip , Fig. 5.11c, with increasing analyte RI. This is the expected result of the NP

LSPR shift towards longer wavelengths (from Mie theory). Linearly fitting the position

of the transmission resonance dip for each spectral series value yields an RI sensitivity

of 167 nm/RIU. This result lies within the typical range of spherical Au NP sensitivity

values and is approx. 1.5 times higher than that obtained for the cross-axis, transverse

probing of the same density of SC-MOF sample (Fig. 5.11b). It is also higher than the







5.5 on-axis ri sensitivity measurements of plasmonic fibre systems 83

broadening (for instance due to a site of inhomogeneity with one channel), rather than

one as with the ECF. The ECF permits the use of an order of magnitude lower NP

density coverage to viably observe RI-induced LSPR spectral shifts. With its marginally

smaller core size providing lower Aeff values, and larger NPs allowing slightly higher

sensitivity, a 31 nm/RIU greater sensing performance is permitted. Additionally, the

ECF permitted increased overall sample length, thereby improving device handling, and

a tailorable deposition length and location along the core – offering a monolithic type

device.

Considering the minimum resolvable shift is approximately 0.1 nm, the limit of detec-

tion (LoD) here is 5 · 10−4, which could be improved, e.g., by a better spectrometer resol-

ution, employing more RI sensitive NPs (e.g., nanoprisms, or core-shell spheres [53,97]),

added temperature stability, or improved data analysis. Although applying the plas-

monic MOF systems as DNA sensors was not part of this work, initial estimations and

strategies can be made towards developing this. Using the experimentally derived sens-

itivities of this chapter, the expected DNA induced shifts for the two systems can be

calculated. The case of 24 base pairs aligned vertically on a NP surface yields a layer

thickness of 8.16 nm. Changing the NP’s environment from water to the RI value of

DNA (nDNA = 1.362, as calculated from [79]) induces corresponding shifts of 4.88 nm

and 5.79 nm for the SC-MOF and ECF systems respectively.

Chapter summary

• Optical characterisation showed clear LSPR excitation evident in the transmitted

modal spectrum of both functionalised MOF systems.

• The attenuation for low sample densities, investigated through cutback method,

was in line with modal attenuation calculations.

• A range of strategies for optofluidic sensing on the two systems was studied, with

an OFM butt-coupling approach implemented for the SC-MOF and an in-fibre

trough method for the ECF.

• Sensitivities for both systems outperformed predictions and indicated detectable,

ssDNA-induced resonance shifts of 4.9–5.8 nm.



6PAT H O G E N D E T E C T I O N U S I N G E N S E M B L E L S P R ( E L S P R )

After verifying the successful immobilisation of NPs within microstructured fibres and

using these plasmonic systems experimentally for refractive index sensing, an initial in-

vestigation was run to test the system’s applicability for DNA plasmonic sensing. The

following chapter is a preliminary study on the utility of the realised system as a DNA bi-

osensor. Since planar NP-DNA sensing is an existing established field, the first step was

to investigate the NPs within a microfluidic planar setup with sufficient detection sens-

itivity. A pre-existing ensemble LSPR setup allowed real time monitoring of the signal

modifications from immobilised NPs with changing environment and functionalisation.

Thereby, the NPs were functionalised with ssDNA capture probe (creating a planar bi-

osensor), hybridised with complementary target DNA (proving successful biosensing),

dehybridised and reused. A fungal species, Aspergillus spp., sequence was implemented

(as in [79]) for this purpose. Each of these steps was observed to exhibit distinct spectral

change in the LSPR peak position. In order to ensure a substantial binding shift and

promote ease of detection, the capture DNA strand was further functionalised with a

5 nm gold nanosphere to enhance signal [79]. After ensuring the microfluidic pumping

process, NP functionalisation, and detection aspects were operationally viable, initial

steps to incorporate a plasmonic ECF into the chip setup were established. The primary

considerations in this chapter include:

1. Do the gold NPs provide sufficient sensitivity experimentally for DNA detection?

2. Can a specific, reproducible DNA target capture experiment be performed?

3. How can the setup be adjusted towards an initial proof of concept of the sensing

system?

6.1 Concept of “ensemble of nanoparticles” LSPR characterisation

Owing to the spectral LSPR dependence on the NPs’ composition and local RI envir-

onment, the opportunity exists to exploit this sensitivity to surrounding media and im-

plement NPs as label-free bioanalytical sensors. A range of biomolecules [233] can be

directly bonded to the NP surface in a functionalisation step. This results in an LSPR

resonance wavelength shift detectable by absorbance spectroscopy, which is the key to

using NPs in bioanalytical diagnostics.

“Ensemble” LSPR, eLSPR, provides a means to access simultaneously the response of

a number of NPs in a local area. This offers a statistical averaging effect of measurement

in comparison to single particle measurements. The eLSPR characterisation consists of

a microfluidic chamber hosting a dense NP-coated glass substrate and a DNA protocol

for in situ, real time, kinetic spectroscopic measurements.
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6.2.1 LSPR chip characterisation and bulk RI planar measurement

Immobilised NPs on the glass chip could be inspected for homogeneity using an optical

microscope – Axio Imager Z1m (Carl Zeiss Micro-imaging, Göttingen, Germany) with

a tungsten halogen lamp as a continuous broadband light source – operating in dark-

field mode as in [42,132]. The chip surface density could also be inspected using UV-VIS

spectrophotometry, Scanning Electron Microscopy, SEM imaging, or Atomic Force Micro-

scopy, AFM. Under visual inspection (and depending on the density deposited), the NP

functionalised chips display a uniform red colour over their deposited area (∼ 0.5 cm2).

The NP functionalised chips could then be incorporated into a microfluidic chamber

(as described in Fig. 6.2) and optically characterised. Experimental spectra of NP ex-

tinction and scattering could be compared to Mie theory [143], with resonance position

obtained as in the experimental case – using the centroid position [236].

A bulk sensitivity value for the system could be ascertained by measuring the reson-

ance shift under RI values between 1.33 and 1.43. For 80 nm Au NPs this amounted to

a sensitivity of 104.46 nm/RIU – in good comparison to theoretical calculation (Tab. 1).

Sensitivity is seen to be higher for these larger diameter NPs, as indicated from theory.

From the peak position variation over time the lowest detectable ∆neff is determined to

be better than 10−4 RIU.

6.3 DNA deposition and hybridisation detection on planar structure

The NP functionalised chip was applied to the chamber in the eLSPR setup and sub-

sequently connected to the peristaltic pump. If the chip was not freshly prepared it was

cleaned by oxygen plasma etching for 10 s at 1.6 mbar and 380 W. The microfluidic

chamber was then mounted and aligned and a measurement flow assay was conducted

at a flow rate of 10–20 µl/min. Previous work in the Nanobiophotonics Group IPHT

had provided workflow assay protocols taking into account: comparison studies to other

buffers’ [237] baseline stability, the effects of plasma etching, ideal capture/target DNA

concentration, spacer lengths, and regeneration approaches. One of these workflows,

as detailed below, was adopted for the purpose of this investigation. The necessitated

volumes of the solutions used depended on the microfluidic chamber volume, tube dia-

meters and flow rates.

The first assay steps 1–8 detail the creation of the LSPR-DNA biosensor, steps 9–12

detail the biosensing of target DNA species, and steps 13–16 show evidence of the re-

usability of the system. These step groups will be explained in the following subsections.

In an effort to minimise measurement uncertainty in the resonance peak position, five re-

petitions were performed at each measurement step and averaged. The peristaltic pump

was run at 20 µl/min for washing steps, and at 10 µl/min for adsorption steps. The

dilution and running buffers must be the same to prevent impeding the measurement

with a refractive index change.

The biosensing workflow procedure is as follows:
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1. 10 min washing with citrate buffer, CB, and spectral measurement under continu-

ous CB flow

2. 10 min injection of 5 µM thiolated Aspergillus spp. capture DNA (in CB)

3. 5 min washing with CB

4. 5 min washing with running saline sodium citrate buffer 5×SSC

5. 15 min injection of a 1 µM, 6-mercapto-1-hexanol, MCH, solution in 5×SSC (coad-

sorption)

6. 10 min washing with 5×SSC

7. 15 min injection of 100 µg/ml salmon sperm DNA, LSFD, in 5×SSC (surface block-

ing)

8. 10 min washing with 5×SSC + spectral measurement under continuous 5×SSC

flow

9. 20 min injection of 1 µM non-target Candida spp. DNA functionalised with 5 nm

particles (in 5×SSC)

10. 10 min washing with 5×SSC + spectral measurement under continuous 5×SSC

flow

11. 20 min injection of 1 µM complementary Aspergillus spp. DNA labelled with 5 nm

NPs (in 5×SSC)

12. 10 min washing with 5×SSC + spectral measurement under continuous 5×SSC

flow

13. 10 min injection of 10 mM HCl (sensor regeneration)

14. 10 min washing with 5×SSC + spectral measurement under continuous 5×SSC

flow (→ 8)

After step 13, the protocol could be repeated starting from step 8 for other DNA

sequences. Upon sensor regeneration, the array was incubated again with NP-

functionalised Aspergillus spp. target DNA sequence and spectrally measured.

15. 20 min injection of target DNA sequence labelled with 5 nm particles

16. 10 min washing with 5×SSC + spectral measurement under continuous 5×SSC

flow (→ 14.)

A complete table and spectral measurement procedure corresponding to the workflow

assay is contained in Tab. 5 and Fig. 6.3.
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Table 5: Workflow Fluidic pumping protocol as implemented in the eLSPR system. The use of
left, L, and right, R, pumping channels helps prevent air bubbles and dead volumes. The
resulting spectral behaviour of the system is plotted in Fig. 6.3

duration channel solution channel solution chamber volume volume
L in L R in R R/L L R

[s] [µl/min] [µl/min] [µl] [µl]
900 3 5 µM capture 10 CB R 45 150
900 10 5 µM capture 3 CB L 150 45
300 10 5×SSC 3 CB L 50 15
300 10 5×SSC 3 MCH in 5×SSC L 50 15
900 3 5×SSC 10 MCH in 5×SSC R 45 150
300 10 5×SSC 3 LSFD in 5×SSC L 50 15
900 3 5×SSC 10 LSFD in 5×SSC R 45 150
300 10 5×SSC 3 Non-target with NP L 50 15

1200 3 5×SSC 10 Non-target with NP R 60 200
300 10 5×SSC 3 Target with NP L 50 15

1200 3 5×SSC 10 Target with NP R 60 200
600 10 5×SSC 3 10 mM HCl L 100 30
600 3 5×SSC 20 10 mM HCl R 30 200
600 10 5×SSC 3 Target with NP L 50 15
900 3 5×SSC 10 Target with NP R 60 200

6.3.1 Biofunctionalisation of immobilised gold nanospheres

The immobilised gold nanospheres were biofunctionalised with thiol-modified single-

strand, ssDNA, i.e. capture DNA. As outlined in Ch. 2.4, thiols have a particularly high

affinity to gold. The adsorption of the thiolated ssDNA induces a wavelength shift of the

LSPR peak, typically of 2–3 nm (2.5 nm in the spectrum in Fig. 6.3), in the adsorption

spectrum. This entire procedure was undertaken in a 500 µM citrate buffer pH = 3.0

[188].

Single-strand DNA may also adsorb along its strand to the gold NP surface, thus

hindering binding access for the complementary target DNA and lowering hybridisation

efficiency. In order to minimise this effect, coadsorption with a short alkanethiol, MCH,

was implemented. By binding of its own thiol terminal group to the gold NP surface, this

molecule covered and blocked the remaining NP surfaces, thereby decreasing unspecific

binding along the DNA strand and promoting maximal accessibility for hybridisation

with the target DNA. In this way, the NP surface was passivated against the nonspecific

adsorption of DNA (along the strands) and the hybridisation yield was optimised.

Unspecific binding of DNA elsewhere in the chamber also needed to be minimised

and this can be achieved through incubation with short-strand herring or salmon sperm

DNA, which similarly blocked the remaining surfaces.

6.3.2 Biodetection of target DNA samples and control

Once the biosensor chip was achieved, complementary target ssDNA in running buffer

(5×SSC) was introduced until the signal reached a plateau and demonstrated maximum

resonance peak wavelength shift; typically 15 minutes. Binding with the complement-

ary strand typically yields a slightly lower shift in the signal peak wavelength; within
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controlled flow rates and volumes the setup presented, which would not have been im-

mediately available to the fibre-in-trough layout. A considerable amount of time and a

further study would have been needed to design and implement a corresponding level

of control on the pure fibre system. The available microfluidic chip enabled thorough

rinsing and precise injection of DNA steps in a contained, enclosed environment, the

likes of which could later be begun to be incorporated on-fibre. The NPs used through-

out this work for optical fibre measurements (Ch. 5) were of diameters 34 and 45 nm. In

theory, given an 8.16 nm thick DNA layer (estimated to be the strand length of 24 bases)

of RI: nDNA = 1.362 (calculated as in [79]), these NP sizes should induce capture DNA

shifts of 1.79 nm and 2.11 nm respectively. Using the sensitivities recorded experiment-

ally for the plasmonic fibre systems however, shifts of 4.88 nm and 5.79 nm are expected

Tab. 6. The subsequent binding target DNA event should induce a slightly reduced shift

(due to its further distance from the NP surface). These values are detectable both by the

eLSPR system and by the optical fibre transmission measurement system.

However, to further facilitate measurement the NP size was increased by incorporat-

ing 80 nm gold nanospheres in the flow chamber. The larger NPs offered higher NP

sensitivity and thereby system sensitivity, and increased the surface area available for

DNA binding events. These were expected to provide a capture DNA shift of 3.19 nm.

In order to enhance these values even further, the target DNA was functionalised with

a small gold nanosphere, raising the complementary binding to 10 nm (Fig. 6.3). The

calculated ssDNA induced shift values are summarised in Tab. 6 for the different NP

sizes and systems used.

Table 6: Predictions ssDNA induced LSPR shift calculated for the case of a 24 base pair, 8.16 nm
ssDNA layer with an RI of 1.362 in water environment. Values are given based on theor-
etical calculations of NP-on-substrate sensitivity, SNP, and experimentally acquired sens-
itivity, SMOF, of the SC-MOF system with 34 nm NPs and the ECF system with 45 nm
NPs. * refers to experimental NP-on-planar substrate sensitivity.

NP dia. theory SNP experimental SMOF
[nm] [nm] [nm]
34 1.790 4.883
45 2.112 5.789
80 3.187 3.054∗

The most direct approach to applying this on-fibre involved adding the fibre directly

to the microfluidic chamber and rotating the system to lay parallel to the optical table

(Fig. 6.4). The fibre could be in-coupled from the supercontinuum laser (as used in Ch. 5)

to excite the fundamental core mode and out-coupled to the spectrometer and analysis

program. The microfluidics remained unchanged. The greatest challenges in integration

involved preventing fibre breakage under pressure and at the sharp chip edges, prevent-

ing chamber leakage, and optimising analyte flow with an incorporated ECF. The chip

was placed in an oxygen plasma etcher prior to fibre insertion, in order to remove or-

ganic adsorbates – decreasing surface roughness and contact angle – and reduce bubble
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• Preventing microfluidic chamber leakage, and optimising analyte flow with an in-

corporated ECF. The modified microfluidic chamber design created in this initial in-

vestigation was quite straightforward, as in Fig. 6.4 – the fibre was aligned directly

beneath the inlet and outlet tubes. However optimising the analyte flow through

the chamber and along the fibre would involve an entirely separate microfluidic

study in order to optimise flow rates and direction for deposition. The flow rate

should be sufficiently low for DNA and chemical incubation but high enough to

exchange the analyte in the entire chamber in minimal time. The analyte in the

fibre channel should be entirely exchanged without bubble formation or layers re-

maining bound at the channel curvature. However the flow rate should not be so

high as to damage deposition on the fibre channel – which may necessitate a repos-

itioning of the fibre sample. The surfaces were treated by plasma cleaning to avoid

bubble sticking and mechanical pressure applied to prevent external chip leak-

age. These measures were however not always sufficient and once a leak occurred

the fibre could not survive reopening the microfluidic chamber without damage,

neither could a full sensing experiment be conducted as the analytes could not be

thoroughly flushed through the system at each step.

In order to circumvent these issues, homogeneous NLD depositions were run with

the ECF in situ within the chamber but transmission was ultimately attenuated before

the binding events could be detected. Deposition was achieved, but due to the extra

volume within the chamber once sufficient signal attenuation was observed and depos-

ition pumping ceased, the remaining colloidal solution within the cell continued to de-

posit leading to high densities and over attenuation of the signal.

In full the steps required involve: depositing the NP-in-fibre trough, fabricating the

modified flow chamber, inserting the plasmonic fibre, proving coupling and plasmonic

response in the optical transmission setup, checking for leakage, transferring the sys-

tem to the eLSPR setup, preparing workflow chemical solutions, and finally running the

experiment. If the fibre is damaged, or the core transmission is otherwise attenuated

(Ch. 5.1.3) during this time, a new sample preparation is required. Only after achiev-

ing all of the above steps including optimising the microfluidic design and pressure

parameters, can a DNA plasmonic fibre sensor be demonstrated. In theory this can be

accomplished but it is beyond the scope of this study and a considerable amount of time

and further refinement is required for the design and implementation necessary to show

the entire functioning system.
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Chapter summary

• A preliminary plasmonic DNA sensing investigation for Aspergillus spp. sequence

on planar substrate was conducted using an eLSPR system.

• Au NPs can be functionalised post-deposition with ssDNA-modified thiol groups.

After hybridisation with target DNA, the DNA can be denatured – the NP re-

mains bound to the surface, the thiol-modified capture strand remains bound to

the NP – and the system can be reused.

• 80 nm Au nanospheres were implemented for greater resonance shift, yielding

RI sensitivity on-chip of 104.46 nm/RIU – closely comparable to the theoretical

predictions from Tab. 1.

• Theoretically this NP system offers a shift of 3.05 nm upon coverage with ssDNA.

However, the target DNA can be functionalised with a 5 nm Au NP – experiment-

ally increasing the binding induced shift to 10 nm.

• An initial strategy for modifying the microfluidic chamber to incorporate an ECF

system was investigated.
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In summary the objective of this work to combine small-core microstructured optical

fibres with label-free NP-based analyte sensing was achieved, and preliminary work to-

wards application in pathogen sensing was additionally explored. An in-depth study of

plasmonic NP deposition within microstuctured fibres and on their exposed-core relat-

ives was conducted along with their subsequent optical characterisations. The concept

of SCFs harbouring immobilised plasmonic Au NPs surrounding their guiding core was

realised, yielding an entirely integrated optofluidic platform for efficient RI sensing. The

NP functionalised fibres were seen to exhibit clear LSPR behaviour in their output trans-

mission spectra corresponding to the deposited NP species. This observation validates

the use of NP functionalised fibre platforms for biosensing application. The small core

geometries implemented were studied for maximising the available modal scattering

area and by extension the potential for sensing lower NP concentrations. They were ob-

served to experimentally perform well as evanescent field sensors, converting changes

in the NP LSPR spectra from microstructure analyte exchange to characteristic traceable

transmission behaviour.

SC-MOF

For the case of the SC-MOF, the extremely small optical core size and large adjacent

microstructures acting as microfluidic channels, allowed access to over two orders of

magnitude of Au nanosphere coverage density. The small suspended “nanowire” core

was in direct contact with the fixed NPs and analytes over several centimetres. This

permitted an intense plasmonic interaction with the propagating mode, enabling the

investigation of sparse as well as very high density particle ensembles. Various NP dens-

ities were targeted and deposited successfully and the corresponding modal attenuation

compared well with the analytic model predictions. Furthermore, directly immobilising

the NPs within the silica fibre microstructures resulted in a reusable sensing system. The

core – which is incidentally the smallest evidenced in literature for NP immobilisation

– being entirely encapsulated within the fibre, offered superior handling properties in

comparison to freely-suspended waveguide systems, for instance tapers.

An optofluidic strategy was devised to perform analyte infiltrated measurements. The

resulting sensitivity of these new plasmonic sensors was determined by analyte filling

with an RI series to be 167 nm/RIU, for the example of functionalisation with 34 nm

diameter gold nanospheres (22 NPs/µm2), and using sample lengths in the millimetre

range. This proved to be a value 1.5 times higher than that of “cross-axis” measurements

taken transverse to the fibre core, and to sensitivity values of bulk NPs in water [56].

ECF

Prior to this study the ECF geometry in particular was largely unstudied with regard to

plasmonic sensing. It had been implemented in a small number of cases as a fluorescence

95
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sensor [103, 238], an interferometric biosensor [214], and more recently for analysing

the properties of propagating surface plasmons [122] and for tunable third-harmonic

generation [107, 239].

This work deposited NP ensembles within tailored, predefined regions on the open

channel and fibre core. This yielded a monolithic, highly sensitive RI plasmon-based

sensor that allowed for quick, reliable detection of small RI variation. Various depos-

ition strategies were explored including vapour phase aminosilane deposition and us-

ing a double-splice flow cell for NLD. In the end the deposition of Au nanospheres

(45 nm diameter) was achieved by means of polyelectrolyte layer deposition. The NP

ensemble density was thereby controlled electrostatically and deposited over lengths of

2 cm within the exposed core channel of longer sample lengths (typically 15 cm ECF).

The ECF core implemented had a diameter of 2.5 µm, akin to the SC-MOF, which sim-

ilarly enabled strong interaction of surfactants with the propagating mode. Comparably

low NP densities were targeted with the case of an ensemble density of 4 µm2 demon-

strating a pronounced LSPR dip with fringe contrast of approximately −20 dB. RI sensit-

ivities of 198 nm/RIU were observed at this NP density; a value 1.9 times higher than the

corresponding value for bulk NPs in solution [106]. Compared to finite-element simula-

tions with RI variation in the exposed channel (indicating a sensitivity of 125 nm/RIU

without substrate correction), the theoretical sensitivity was larger than that of bulk NPs

in solution and slightly below that of the experimentally measured value. This offset

was attributed to not including possible PEL layer contributions. The system’s limit of

detection was evaluated as 5 · 10−4, which is improvable, e.g., by using NPs with greater

RI sensitivity (e.g., nanoprisms [97]), better spectrometer resolution, added temperature

stability, or improved data analysis.

System comparison

Comparing both SCF systems (although the cores are not identical nor are the NPs) the

ECF strategy demonstrates comparable sensitivity to the SC-MOF, but permits the viable

detection of RI-induced resonance shifts using an order of magnitude lower NP density.

Specifically, the functionalised SC-MOF demonstrated a sensitivity of 167 nm/RIU for

34 nm spheres with density 22 NPs/µm (sample length: 3 mm); the functionalised ECF

a sensitivity of 198 nm/RIU for 45 nm spheres with density 4 NPs/µm (sample length:

2 cm). A 2 cm long deposition segment with density lower than 8 NPs/nm using the SC-

MOF structure would not have induced a usable LSPR effect on the fibre transmission.

Such low density plasmonic SC-MOF was typically cutback from much longer lengths

without approaching comparable fringe contrast.

In one respect device handling was improved by implementing the ECF. Since the

overall fibre length could be significantly increased, while the NP functionalised core

length could be tailored separate to this, a monolithic-type fibre device was achievable.

On the other hand the exposed-core nature of the ECF made contamination and fragility

an issue that the SC-MOF, apart from splicing, did not suffer from.



conclusion and future prospects 97

For the case of the ECF, NP immobilisation along only one channel of the SC allows

a longer interaction distance to reach a predetermined extinction ratio (as attenuation

is lower), hence easier handling, more rapid analyte response times, and lower sample

volumes for optofluidic application. Real-time core/channel observation and collection

of scattered light is additionally available due to the exposed nature of the core.

Both monolithic sensing systems enable reusability due to the immobilisation of the

NPs – essential for targeted applications in molecular diagnostics. Due to the small cores

and integrated arrangement of optical core proximity to microfluidic microstructured

channels, these fibres present fully integrated optofluidic sensing systems, allowing real-

time monitoring of analytes and requiring low sample volumes (∼ 3 µl over 1 cm sample

length) – both highly relevant within noninvasive bioanalytics, molecular disease dia-

gnostics and environmental science. This approach offers an efficient, easy-to-use, and

multiplex-compatible sensing platform for rapid small-volume detection with capacity

for integration into an optofluidic, bioanalytic, or microfluidic system.

Through this study both experimentally and by simulation, the initial thesis objectives

were explored and compounded upon, realising:

• A thorough investigation of light-matter interaction of immobilised metallic NPs

i.e. LSPRs with the propagating fundamental modes of MOFs.

• Sensing application with plasmonic-functionalised fibres, i.e., detecting RI induced

LSPR shifts.

• Detection of binding events of ssDNA-sequences on NPs on planar substrate and

their corresponding hybridisation events – towards the eventual application as a

real world pathogen detection device.

Further concomitant investigations included:

• How MOF properties could enhance functionality and performance of photonic-

plasmonic biosensors.

• Which NPs parameters are optimal for obtaining high RI sensitivity for biosensing

using MOFs.

• Whether flexible fibre-biosensors could be designed with the potential for applica-

tion in a clinical environment.

System improvement

The most significant advantage offered by the ECF is its potential for distributed sensing.

The openly accessible channel, allows access to a completely tailorable interaction length

between guided mode and NP ensemble. Tailoring this interaction length, i.e., deposit-

ing NPs only within predefined positions on the ECF, offers a distinct advantage over

other fibre-based concepts, where typically NPs could only be deposited along the entire



98 conclusion and future prospects

sample length, as is the case with the SC-MOF. This further presents the possibility of

plasmonic multiplexing by immobilising NPs with different properties (geometry, size,

composition etc.) at various locations along the same ECF. The various plasmonic ECF

regions would then be functionalised to sense for different pathogen species within one

sample – in one device simultaneously.

In order to obtain similar tailored deposition regions within the more integrated SC-

MOF two additional deposition mechanisms exist that, following further development,

may be promising for future application. These involve using UV-sensitive organosilanes

and a microwave induced particle deposition.

UV-sensitive organosilanes

The idea behind a UV activated organosilane approach is to assemble the Au NPs

into micropatterns or segments by means of UV light-assisted “uncaging” of surface

amines [240–243]. In a simple scheme, APTES could be used as an amine terminated sil-

ane for NP bonding, and NVOC (nitroveratryloxycarbonyl chloride) as an amino caging,

photocleavable group. To cage the surface amine groups and block them from binding to

gold, an activated APTES treated surface could be incubated in an NVOC chloride – chlo-

roform solution. To uncage amino sections the sample would then be irradiated through

a photomask with a Xe lamp for instance. The UV light essentially strips away the NVOC

group and exposes the amino group again for NP binding. In this way sections of fibre

could be masked to prevent deposition, and other deposition targeted regions exposed

to the UV light.

Optimising a working protocol for this method would be time, cost, and chemistry

intensive. However, the final concept of exposing or masking regions on the SC-MOF

and applying UV light before NP incubation is very simple and highly attractive to

achieve a patterned internal deposition – which is essential if one wants to apply a

plasmonic SC-MOF for real world sensing.

Microwave induced particle deposition

Alternatively, Microwave irradiation (MW) – owing to the speed and homogeneity of

its locally produced heating – exists as a rapid synthesis approach for nanostructures

with high shape and dimensional control [244–246]. Recently, a simple and fast one-step

procedure to procure Ag NP films within the interior hole of glass fibre capillaries was

demonstrated by one such microwave-assisted preparation method [247,248]. Microwave

irradiation of a mixture of silver acetate and ethanol reducing agent enabled the simul-

taneous formation and deposition of homogeneous, high density, monolayer NP coat-

ings. Only a small analyte volume and short (1.5–3 minutes) and simple (capillary ac-

tion filling) incubation process was required – without any pre-surface modifications or

added surfactants.

While Au NPs can be formed by MW assisted deposition [247], no evidence of re-

producing the adhesive effect of Ag with Au particles has been published. Even for the
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Ag monolayer, the SC-MOF would require a far lower density for LSPR sensing than

presented in literature.

Ultimately, through manually controlled MW operation and drawing an SC-MOF

sample through the MW area, segmented targeted deposition regions similar to the ECF

are envisaged that are enclosed within the structurally more robust SC-MOF.

Sensitivity improvement

The last point to mention is that the Au nanospheres used in this work provide a good

starting transducer for developing a biosensor due to reduced polarisation requirements,

shape stability without capping agents, and high binding affinity and quality. These nan-

oparticles however possess some of the lowest sensitivities [53]. Once the sensor systems

demonstrate successful DNA binding detection they should be further optimised by in-

creasing sensitivity through choice of NP.

Towards real world sensing

The next step in this topic would be the LSPR mediated, microscopic detection of DNA

binding events using the ECF system. As mentioned, preliminary studies were taken to

investigate the feasibility of this. Single strand capture DNA was successfully attached to

80 nm Au NPs on planar substrate and the corresponding LSPR shift recorded (2.5 nm

shift upon capture ssDNA binding). The introduction of non-complementary ssDNA

yielded no LSPR shift (indicating no binding with capture). The subsequent introduction

of complementary target ssDNA resulted in hybridisation and an enhanced LSPR shift

(10 nm shift upon hybridisation with NP labelled target DNA). Target strands were

demonstrated to be removable through denaturation, and the sensor reusable. It was

also possible to run NP immobilisation on ECF in the envisaged chamber but with high

optical attenuation due to the delicate nature of the ECF structure, its high sensitivity to

attenuation, and the surplus of rapidly depositing NPs in the chamber.

While it would be certainly possible to monitor the NP scattering behaviour from the

side looking directly onto the exposed core and detect DNA binding in this respect, the

goal of this work was to use the guided mode to deliver this information. This would

lead ultimately to a simpler application requiring less complex setups, and a larger

sample of NPs (distributed multiplexed sensing).

A double-splice flow cell as proposed in Ch. 5.4 would be highly practical to achieve

and implement DNA sensing. In this scheme the ECF sensing region would be protected

from atmospheric contamination and fibre handling would be minimised. The flow cell

would add mechanical support without contact pressure as imposed by the eLSPR micro-

fluidic chip system – since the flow cell would adhere to the outer spliced fibres and not

the ECF. Such a flow chamber configuration has been applied by collaborators [214] with

larger core ECFs for application as a Sagnac-interferometer biosensor. Splicing small-core

ECFs is however extremely difficult [232] and requires an intensive parameter and feas-

ibility study. The small suspended-core and thin supporting struts of these structures
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make for highly challenging alignment and are easily distorted during splicing. The

resulting splices suffer from high attenuation due to non-perfect alignment, structural

distortion and breakage, and generated debris. Very recently a small-core ECF – possess-

ing shorter, thicker strands than in this study – was spliced at one end to an ultrahigh

NA fibre [249] and used for NP detection. Details on splice quality were not provided

but this is highly promising for ECF integration. Potentially tapering a large-core ECF

could allow more straightforward splicing at the large-core facets and sufficient modal

attenuation in the small-core tapered-midsection. An ECF taper would prove more ro-

bust than a standard taper due to the extra protection from the cladding region, and

applying a flow cell around this section would offer further protection while maintain-

ing optofluidic containment. This is a hypothetical suggestion however.

The ideal configuration for a plasmonic fibre biosensor would involve site-specific

immobilisation of a highly sensitive NP species allowing DNA access for attachment

and hybridisation, a chamber area within the fibre with means for rapid small volume

exchange, and a robust, well-fabricated SCF.

Some future directions of SC fibres as plasmonic biosensors may include application

as whispering gallery mode, WGM, sensors [250], or incorporating antigen fibre Bragg

gratings through site specific depositions as diffractometric biosensors – e.g. focal molo-

graphy [251,252]. The SC-MOFs in this study are furthermore multimodal and exploiting

their higher order modes may prove desirable for some applications and could be con-

sidered in future work.
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