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Abstract

In this thesis emerging photonic platforms based on either plasmonic structures or sensing
schemes using functional polymeric materials are studied both theoretically and
experimentally.

The first studied structure is metal-coated optical fiber tips with integrated plasmonic slot
nanoresonators (PSNRs). The guiding and modal properties of metal-coated optical fiber tips
with embedded PSNRs are investigated through Finite Element Method (FEM) simulations
towards the identification of their optimization parameters. It was found that the placement
of a PSNR at the cut-off radius of a metal-coated fiber tip, where the group velocity tends to
zero, leads to considerable intensity enhancement of the field confined beyond the
diffraction limit. Maximum intensity enhancement of optimally placed PSNRs at different
radii shows a linear dependence between excitation wavelength and radius, making it
feasible to engineer the proper radius for a specific wavelength for maximum enhancement.

The second studied plasmonic platform are metal tips which can offer high field intensity at
the tip apex and high confinement on the nanoscale. The proposed platform based on
hybrid composite glass metal microwires can offer robustness, ease of light coupling as well
as continuous re-excitation of the plasmon modes due to repeated total internal reflection
at the glass/air interface which can dramatically reduce the high losses induced by the metal
core. An optimized fabrication process of high-quality all-fiber plasmonic tips by tapering
such hybrid metal core/dielectric cladding microfibers is proposed and demonstrated
experimentally. For this purpose the Plateau-Rayleigh instability in such hybrid fibers is
theoretically investigated by inducing surface tension perturbations and by comparing them
to the Tomotika instability theory. The continuous-core breakup time is calculated via FEM
microfluidic simulations for different temperatures. The theoretical results are in close
agreement with the experimental observations providing insight into the engineering of
fibers, towards the development of plasmonic tips. Plasmonic tips were successfully
demonstrated in a highly controllable manner, and their performance was related to
simulation results predicting high field enhancement factors up to 10°.

Optical fibers coated with novel polymers are also studied towards biosensing applications.
The sensing mechanism is based on the variations of the measured power at the distal end
of the fiber due to the interaction between the fiber’s evanescent field and the changes
induced to the polymeric film by the adsorption of the under study molecules. Two novel
amphiphilic block copolymers, the cationic PMMA117-b-PDMAEMA 16 and the cationic vinyl-
sulfone functionalized PMMA117-b-P(DMAEMA17-VSTEMA;), having both hydrophobic
poly(methyl methacrylate) (PMMA) and hydrophilic poly[2-(dimethylamino)ethyl
methacrylate] (PDMAEMA) blocks have been designed and synthesized for efficient protein
detection in photonic-based sensing. The presence of the cationic PDMAEMA block and the
vinyl-sulfone double bonds led to reversible electrostatic binding of negatively charged
proteins like bovine serum albumin (BSA) and non-reversible chemical binding by thiol-ene
reactions with cysteine in proteins, respectively. The sensing properties of these materials
were assessed and confirmed by ATR-FTIR analysis and by the characterization of fabricated
sensing heads on silica optical fibers functionalized with suitably deposited overlayers. The
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sensing assessment revealed the requirements for deposited overlayer characteristics
towards proteins' detection sensitivity and selectivity enhancement.

The fabrication of cost-effective, polymer-based electrospun fluorescent fibrous grids and
their evaluation as candidates for sensing is also reported. The formation of 3D grids can
provide large interaction area with gas analytes and thus overcome quenching limitations
induced by polymeric films, for more efficient sensing. Two different polymer-based
electrospun fibers having fluorescent moieties were fabricated. The first was fabricated by a
well-defined, methacrylic homopolymer functionalized with anthracene moieties as
fluorescent elements that has been blended with a commercially available poly(methyl
methacrylate) for the production of fluorescent electrospun polymer fibers. These materials
have been evaluated for ammonia sensing based on the fluorescence quenching of the
anthracene fluorophores in the presence of ammonia vapors, exhibiting fast response at
concentration up to 10000 ppm. For the fabrication of the second fluorescent electrospun
fiber system, ferrous core-shell nanoparticles consisting of a magnetic y-Fe;Os multi-
nanoparticle core and an outer silica shell have been synthesized and covalently
functionalized with Rhodamine B (RhB) fluorescent molecules (y-Fe203/SiO2/RhB NPs). The
resulting y-Fe>03/SiO2/RhB NPs were integrated with a renewable and naturally-abundant
cellulose derivative (i.e. cellulose acetate, CA) that was processed in the form of electrospun
fibers to yield multifunctional fluorescent fibrous nanocomposites. The encapsulation of the
nanoparticles within the fibers and the covalent anchoring of the RhB fluorophore onto the
nanoparticle surfaces prevented the fluorophore’s leakage from the fibrous mat, enabling
thus stable fluorescence-based operation of the developed materials. These materials were
further evaluated as dual fluorescent sensors (i.e. ammonia gas and pH sensors),
demonstrating consistent response for very high ammonia concentrations (up to 12000
ppm) and fast and linear response in both alkaline and acidic environments. The
superparamagnetic nature of embedded nanoparticles provides means of electrospun fibers
morphology control by magnetic field-assisted processes and additional means of
electromagnetic-based manipulation making possible their use in a wide range of sensing
applications.
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NepiAnyn

Ztnv mapovoa SLdaktoplk SlatpLPr] HeAETwVTOL BEWPNTIKA KOl TIELPOUATIKA KALWVOTOWMES
dwtovikéG TMAatdopueg mou Paocilovtal eite oe MAACUOVIKEG SOUEG €lte 0€ ouoTHUATA
owodNTAPWY TOU XPNOLUOTIOLOUV AELTOUPYIKA TIOAUMEPLKA UALKA. H mpwtn Soun mou
HUEAETATAL ELVOL OTTIKEG (VEG KWVIKNEG SOUNG ETUKAAUUUEVEG HUE AETITO OTPWUA HETAAOU. H
EVOWMUATWON OToV pavéva pLaG JKPNG emipavelakng acuvexetag (Plasmonic Slot Nano-
Resonators - PSNRs), n omoia pmopel va €xeL pla mOlKAla oxnudTtwy, TPOKOAEL TN
OUYKEVTPWON Tou Tedlou otnv aocuveéxela out AOYyw TAQOCHOVIKOU GUVTOVIOMOU HE
anmotéEAeopa va eVIOXUBEL n €viaor Tou HeEPLKEG TAEELG LeyEBOUG. OL LBLOTNTEG TWV TPOTIWV
dladoong oe ouUTEG TIC OOMEC Olepeuvwvial HECW TIPOOOUOWWOEWV He HEBO0SO
TMEMEPACUEVWY oTolxelwv (Finite Element Method - FEM) yla Tov mPooSloplopo Ttwv
napapetpwy PeAtiotonoinong toug. AwarmotwOdnke oOtL n tomoBetnon €vog PSNR otnv
OKTivo armokomng Uiog eMOTpWUEVNG ME METOAAO OTTTIKAG (VoG KWVIKAG SOUAG, OTou n
opadikn ToxuTnTa TElVEL 0TO KNbEV, 0dnyel oe onpavtikn evioxuon tng évtaong tou mediou.
H péylotn €vtaon tou mediov evtog twv PSNRs mapouotdlel ypappikn e€aptnon PeTal Tou
UNKOUG KUMOTOC SLEYEPONG KOl TNC OKTIVAC TNG OMTIKAG (vag Omou eival TomoBetnpuévo To
PSNR, kaBiotwvtag ediktn TNV emAoyn tng KATAAANANG aKTivag ylo Tnv TomoBEtnor tou yla
€VOL CUYKEKPLMEVO UNKOG KUPOTOG SLEYEPONG TIPOKELUEVOU VoL ETUTEUXOEL N PEYLOTN evioxuon
Tou mediov.

H &eUtepn mAacpoviky Soun mou HeAetOnke eival PETOAAKEG akideg Tou pmopouv va
npoodEpouv uPnAn évtaon mediov otnv kopudr touc. H mpotewvopevn mMAAThOpUa ToU
Baoiletal og UPBPLOIKEG HLKPOIVEG YUAALVOU HavOUA-PETAAALKOU TIUPNVA TIOPEXEL LNXAVLKA
QVTOXN KOl ETUTPETEL TNV EMAVOOLEYEPON TWV TANCHOVIKWY KUMATWY AOYw OAWKAG
avakAaong otnv Slemipavela YuoAloU/aépa e AMOTEAECUA VA ELWVOVTOL SPOUATIKA OL
VPNAEC amWAELEC TTOU TIPOKOAOUVTOL OO TOV UETOAALKO Tupniva. Mo BeAtioTomolnpevn
Stadkaoia Kataokeunc vPnAng moLoTNTAC MAACUOVIKWY akibwv pmopel va emtevyBel pe
AéMTUVON TWV VWV HE B€ppoavon Kol Tautoxpovo ePeAKUCHO WOTE va Snuwoupynbolv
TIEPLOXEG MELOVUEVNG SLap€Tpou. MNa To okomo auto, n actdBela Plateau-Rayleigh o tétoleg
UPBPpLOIKEG veg Slepeuvatal Bewpntikd pEow Tpocouolwoewv FEM yia SladopeTikég
Bepuokpaoieg kal cuykpivetal pe tn Bewpla aotdbelag tou Tomotika wote va umoAoylotel
0 XpoOvog Olaomaong Tou ouvexoug Tupnva. Ta Bswpntikd amoteAéopata eival o€
oUHdwWVIa PE TIC TIELPOHUATIKEC TIOPATNPNOELG KOL TIAPEXOUV YyVWaoNn TNG UNXOVIKAG TWV
UBPLOIKWY QUTWV VWV yla TNV avamtuén MAACHOVIKWY okibdwv. Ol MAACHOVIKEG OKIOEG
avamtuxonkav EMITUXWG UE EAEYXOMEVO TPOTO Kol n amddoorn Toug cuykpivetal HE Ta
QTOTEAECHOTA TWV TIPOCOUOLWOEWV TIoU TIpoBAETOUV UPNAOUG CUVTEAECTEG EVioxuong Tou
nebiov éwcg 10°.

OMTIKEG (VEC ETUKAAULUEVECG UE KOLVOTOUO TIOAUUEPH UEAETWVTAL ETILONG YA TNV AVATTTUEN
Blo-aoOntipwv. O pnxaviopdg aviyveuong Boaoiletal otig METAPOAEG TNG HETPOUUEVNG



loxUOC OTO QTOHOKPUOUEVO AKPO TNG (vag AOyw TtnG aAAnAemidpaong HEeTaly TOU
amooBevuopevou Tedlou TNG vog Kal Twv aAAaywVv TIOU TIPOKAAOUVTAL OTO TOAUUEPLKO
OTPWHA AOYW TNG TPOCPOPNONG TWV UTIO PMEAETN Hopiwv. Auo véa audidla cupmoAupepn
Katd ouotddeg, 1o KOTOVIKO PMMA117-b-PDMAEMA1s Kal tOo Katovikdé PMMA117-bP
(DMAEMA;7-VSTEMA;), mou £€xouv 1000 USpOdoBo TOAU(UEOaKPUAIKOU peBUAECTEPQ)
(PMMA) 600 kat uSpodlo oAU (pUeBaKkpUALKOC e0Tépag TNG 2-Suebulapivo atBavoAng)
(PDMAEMA) oxeblaotnkayv Kot cuvtednkayv yla tTnv aviyvevon nmpwteivwyv. H mapouaoia tou
KaTlovikoU pEpoug PDMAEMA kat twv SumAwv decpwv Bvudocouldovng emLTpENEL TNV
avVaoTPEPLUN NAEKTPOOTATIK TPoopOdnon apvnTIKA GOPTIOUEVWY TIPWTIEIVWY OMWE N
bovine serum albumin (BSA) kabwg kot tn un avoaotpéPun xnuikn olvdeon Adyw
avtiépaong tng BeloAlvng HE TNV KUOTEIVN Twv MPWTEivwy, avtiotoya. H kavotnta
QVIXVEUONG AUTWV TWV VALKwV agloAoynbnke kat emiBeBatwdnke t000 pe avaluon ATR-FTIR
000 KOL ME TOV XOPOKTNPLOMO OTTIKWY VWV TUPLTIOG ETUKAAUMUEVEG UE AETTO OTPWHA
CUMTTOAUEPOUG.

MeAeTAONKe €miong N KATAOKEUR TIAEYUATWVY ULKPO-WVwV $pBopLlopol amd moAupeEpr Kot O
XOPOKTNPLOUOG TOUG WC ooBNntApec. O OXNUOTIOUOGC TPLOSLAOTATWY TMAEYUATWY VWV
MPOOEPEL PeEYAAN TepLlOXr) AAANAETILOpAONG LE TA TIPOC AVIXVEUGH HOPLO KAl £TOL HITOPOUV
va EEMePAOTOUV OL TIEPLOPLOUOL KOPEGHOU TIOU TOPATNPOUVTAL OE TIOAULEPLKEG ETULPAVELEG
ME OUVEMELDL TNV QVANTUén TILO QMOTEAECUATIKWY altoOnthpwyv. Avamtuxbnkav 6uo
SladopeTikd MAEypaTA MLIKPO-LVWV UE Bdon moAupepn mou mepleixav ¢pBopilovoeg ouoieg.
To MPWTO KOTAOKEUAOTNKE Ao £va KOAQ KOOOPLOUEVO UEBOKPUALKO OUOTIOAUEPEG TTOU
nepleiye avBpakévio wg pBopilovoa ouaia yia TNV mapaywyn MAEypatog ¢Ooplloviwy VWV
TIOAUMEPOUC. AUTA Ta UALKA XAPOKTNPLOTNKAV W¢ TPOG TNV aviyveuon appwviag Kat
Tiapouciacav ypnyopn amokpLon o€ oUyKeEVIpwon €wg 10000 ppm atpuwv appwviag. Ma
Vv Kotookeur tou Sevutepou  ¢Oopiloviog TAEYUATOG  MLKPO-LVWV  oUVTEONKAV
vavoowpatidia (NPs) mupnva oldripou-keAUdpoucg mupLtiog mou amoteAovvTal oMo MOAU-
VOVOOWHOTIOLOKO poyvnNTIKO Tmupnva y-Fe;0s kot e€wteplkd kEAUPOC TupLtiag Ko
ouvdéovtal opolomoAka pe pBopilovta popla podapivng B (RhB) (y-Fe203/SiO2/RhB NPs).
Ta mpokunrtovta y-Fe;03/Si02/RhB NPs evowpatwbnkav o éva avavewollo Kat ¢uotka
adBovo mapdywyo kuttapivng (ofkn kuttapivn - CA) to omoio xpnolponowdnke ya tnv
KATAOKEUN TMAEYUATWY ULKpO-WVwV $pOoplopol. H evowuATwon TwV VOVOoWHATISlwY EVTOG
TWV VWV Kal n opolomoAlky ouvdeon tou Rhb ot emidpdveleg twv vavoowpatdiwy
eumnobilouv tn dlappon tng pBopilovoac ouaoiac amo to WwHeC MAEYUA, ETIUTPETOVTAC £TOL
™ otabepn Asttoupyia ¢BoplopOL TWV AVOMTUYMEVWY UAKWV. H amdédoon Twv UAKWV
autwv aglohoynBnke TG00 WG TPOG TNV AVIXVELON AEPLOG AUUWVIOG OO0 KaL YLa TN LETPNON
pH, embekvuovtag ouvemnn amokplon o€ TMOAU UPNAEG CUYKEVIPWOELS Apwviag (HEXPL
12000 ppm) Kal yprnyopn Kol YPOUMLKA armokplon o€ aAKaAlkd Kot oflva meplBaAlovra.
ErtutAéov n payvntikn $UON TwV EVOWHATWHEVWY Vovoowpatidiwy mapéxel tn duvatotnta
eAéyxou NG Hopdoloylag TwV TAEYUATWY HUIKPO-lVWV HE TNV £dappoyn e€wteplkol
payvntikou mediov kabiotwvtag duvatnh tn Xprion Toug o€ €va eupl daopa ebpapUoywv
avixveuong.
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Chapter 1

Introduction

1.1 Overview

In recent years, photonic devices and sensors have attracted much attention and have
been widely used due to their unique properties. Photonic sensing covers a wide range
of technology operational principles, from free space optical sensors, where the optical
signal is propagated freely in the propagation medium, waveguide and fiber based
sensors, plasmonic sensors as well as other categories like fluorescent and
photoluminescent sensors by indirect laser illumination. The photonic sensors rely on
the interaction of light with the environment and the measurement of the resulting
change in its characteristics. A measurable parameter of photonic sensors may be the
change in intensity, wavelength, polarization, or light phase. The use of photonic
devices offers a number of advantages such as tolerance to electromagnetic fields,
reliability, ability to operate in hazardous environmental conditions that may include
explosive or flammable materials, fast response, sensitivity and a large dynamic
response range.

The development of novel nanocomposite materials and customizable polymers has
allowed the enhancement of photonic sensing by combining such unique materials
with suitable hosting photonic structures. For the development of high performance
photonic devices with improved functionality the design of customized photonic
structures suitable for specific applications is needed. The sensing performance relies
both on the photonic structure inherent optical properties and sensitivity but also on
the functionalization by sensitive materials that improve also the selectivity of sensing.
This combination of customizable structures with novel materials is crucial for the
development of high performance sensors for specific applications. The scope of this
thesis is to study specific examples of such sensors demonstrating the design,
fabrication and functionalization of photonic sensors towards real and demanding
applications. In brief the thesis covers a wide range of devices development based on
plasmonic structures, optical fibers functionalized with polymer materials, and
fluorescent based sensors integrated in electrospun fiber grids. Within this work there
have been identified suitable photonic structures of high inherent sensitivity as well as
materials that could enable selective. For practical reasons it was chosen to



characterize the sensing performance of materials in rather simple architectures with
low interrogation complexity (such as multimode fibers or free space fluorescent
materials). However the ultimate scope which could be facilitated in future studies
would be the combination of herein developed and identified materials with
appropriate optimized photonic structures identified also in this study.

The thesis is divided in three main parts. In the first part the development of optical
fiber sensors based on plasmonic structures is studied both theoretically and
experimentally. Plasmonic devices can be used to develop highly sensitive sensors as
the propagating plasmonic modes are highly sensitive to any changes in the
dielectric/metal interface as a result of molecule adsorption. The advantages of such
structures are the high enhancement and concentration of the electromagnetic field
below the light diffraction limit. Many plasmonic devices have been studied, most of
which have as main drawbacks the difficulty of both their fabrication and the
excitation of the plasmon waves. In order to avoid the above difficulties, the devices
proposed here are based on metal/glass composite optical fibers in which either the
cladding or the core is made of metal. The greatest advantage of these structures is
that plasmonic propagating modes can be easily excited by connecting the end of the
optical fiber to a light source using appropriate optical elements. These devices have
mechanical strength and provide flexibility and integration capability in sensor circuits.

The second part of this thesis focuses on the characterization and application of novel
polymeric materials for protein detection. Polymeric materials that are appropriately
designed to be able to adsorb the substance to be detected can be developed to
implement photonic sensors. For the study of the sensitivity, linearity and selectivity of
the materials, they can either be adapted to commercially available optical fibers and
flat waveguides, whereby the uptake of the molecules to be detected can alter the
waveguiding and propagation properties.

The third part is devoted to a new class of fluorescent sensors based on electrospun
micro/nano fiber grids. Such composite polymeric materials can be doped with a
number of fluorescent moieties and provide a highly enhanced surface to volume
ratio, significantly improving the sensitivity. Such electrospun materials can be also
integrated in plasmonic structures, optical fibers and integrated circuits for the
development of sensors with low detection limits.

1.2 Plasmonic structures

The field of plasmonics has attracted great interest in the last decades as it offers high
field confinement beyond the diffraction limit. Light is limited by diffraction and it
cannot be confined tighter than to a length of A/2 in each direction [1]. Surface
Plasmon Polaritons (SPPs) are surface electromagnetic waves coupled to the collective



oscillations of free electrons in a conductor. SPPs have been studied for many different
nano-structured metal systems such as plane metal/dielectric interfaces [2], [3], thin
dielectric/metal/dielectric interfaces [4], [5] and thin cylindrical shells [6], [7] which
support a number of symmetric and anti-symmetric modes. SPPs excitation is
polarization dependent and has been used successfully for developing high
performance polarizers [8], as well as, refractometric- [9] and bio- [10]-[13] sensors.
Furthermore the high field enhancement and localization that can be achieved have
found many applications, such as Surface-Enhanced Raman Spectroscopy (SERS) [14],
data-storage [15] and microscopy [16].

Subwavelength-sized metallic apertures can excite Localized Surface Plasmon
Resonances (LSPRs) providing high light confinement and spatial resolution [17]. The
optical properties of the Plasmon Resonances (PRs) are determined by the geometry of
the nanostructure and by the permittivities of both the metal and the surrounding
dielectric. These Plasmonic Nano-Resonators (PNRs) can have a variety of shapes, such
as square, rectangular, circular and bow-tie. When such structures are embedded in
thin metal films they form Plasmonic Slot Nano-Resonators (PSNRs) which can provide
a strong 3D light concentration [18], [19]. Another crucial factor for determining the
performance of plasmonic systems is the propagation losses which occur due to the
metal absorption. So a balance between field confinement and losses must be found in
order to design an optimum plasmonic structure. The integration of PSNRs in tapered
optical fibers coated with thin metallic films offer ease of excitation of the PRs as well
as high field intensity close to the fiber’s cut-off radius.

Metal tips are another type of very promising nanofocusing structure that has been
studied extensively [20]-[23] since they enable the confinement of light at the tip apex
providing strong field localization. Metal tips having dielectric cladding fabricated by
tapering hybrid metal core/glass cladding microfibers have several advantages over
pure metal tips. The glass cladding not only mechanically supports the metal core but
also offers ease of coupling light into the device. Furthermore due to the total internal
reflections at the glass/air interface the plasmon modes travelling along the
metal/dielectric interface are continuously re-excited [24]. The re-excitation of the
plasmon modes is crucial for limiting the losses induced by the metal.

1.2.1 Tapered optical fibers

Optical fiber tapers are fabricated by stretching optical fibers while heating them,
reducing their diameters to the micron or submicron scale. In such ultrathin fibers the
optical field can extend far from the fiber surface enabling its interaction with the
environment.

The fabrication of adiabatic optical fiber tapers with well-defined geometrical
characteristic is crucial in order to obtain low-loss tapers. Several techniques have



been developed for the fabrication of tapered optical fibers such as the hydrofluoric
(HF) etching method [25], the flame-heated fiber drawing method using a sapphire
fiber taper [26], and heating and stretching method using a CO; laser beam [27] or a
flame [28], [29] as heat source.

In this thesis the heating and stretching method using a flame was adopted for the
fabrication of the optical fiber tapers. The two fiber ends are placed at two elongation
stages, inside optimum sized grooves. A third stage holding the flame is moving across
the fiber axis over several millimetres to heat the fiber. The flame is produced by a
butane-oxygen mixture while two flow controllers are used to control the flow rates of
the gases. A schematic representation of the setup is given in Figure 1-1. Schematic
representation of the tapering setup.

elengation stage

elongation stage \l{

T

flame stage

Figure 1-1. Schematic representation of the tapering setup.

This flame brushing technique has several advantages over other tapering methods.
Firstly long tapers with high uniformity can be obtained with minimum losses as it
offers accurate control of the pull rate and the flame’s movement. Furthermore the
pigtails at both fiber ends can be kept enabling the connection of the taper with other
optical components compared to the drawing method using a sapphire fiber taper.
Also for optical fibers combining different types of materials like glasses and metals,
other methods such as stretching using a CO, laser beam are not suitable due to the
reflectivity of the metals.

Although the flame brushing technique is appropriate for multi-material systems in the
high temperatures needed for the tapering it is commonly observed the breakup of the
core and the consequent formation of spheres and thus the temperature profile must
be carefully controlled. This breakup is attributed to the Plateau-Rayleigh Instability
(PRI) which grows in the low viscosities regime limiting the reduction of fibers’



diameters below a few microns. The study of the instabilities induced by the
temperature profile, such as perturbation wavelength and width in the case of static
heating can be used as a guide for the fabrication of fibers with the desirable
characteristics. Furthermore the time that a part of the fiber remains under the
influence of the perturbation is an important parameter for the stability of the metal
core.

1.3 Polymeric materials as optical fiber overlayers

Polymers are a promising and widely used material platform for functional devices
development. Despite the different approaches, quite often the increased cost and
operational complexity limits the applicability of sensors in real applications. The
deployment of polymers with electronic or photonic platforms has allowed the
development of a number of cost-effective devices and sensors [30], [31]. In sensing
technology functional polymers are usually employed as uniform layers or overlayers
forming sensitive responsive surfaces to certain measurands. In photonics which is an
emerging and highly promising field for devices development, this can be achieved
either in fiber or integrated optical technology [32], [33] or even in free space optical
architectures in the form of diffraction gratings [33]-[35]. The polymeric overlayer
interacts by its surface with the measurand or even by volume by allowing adsorption
of measurands within the polymer. This approach has led to the design and synthesis
of functional materials that offer selectivity as well as efficient adsorption of the
molecules under study, enhancing the sensitivity [36], [37]. The combination of the
sensing material and a large core optical fiber provide additionally flexibility,
mechanical robustness, high degree of miniaturization, as well as long interaction
length where their operational characteristics can allow the efficient integration of
sensors in measuring units. The deposition of such materials to an unclad portion of
multimode polymer [38], [39] or silica [40], [41] optical fiber, which can act as both the
sensing and collection element, can result to the development of low cost and low
complexity sensors. The selection also of proper interrogation schemes like optical
power interrogation in contrast to spectral based detection [41] offers the additional
capability of sensing heads integration in autonomous wireless networks for increased
monitoring flexibility [42].

The sensing mechanism of the polymer coated optical fibers is based on the variations
of the measured power at the distal end of the fiber due to the interaction between
the fiber’s evanescent field and the changes induced to the polymeric film by the
adsorption of the under study molecules (Figure 1-2). The measured power differs
when the fiber is immersed to solutions of different concentrations of the measurand
enabling a quantitative evaluation of the concentration.
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Figure 1-2. The propagating field in a polymer coated portion of an optical fiber.

Evanescent wave optical fiber sensors rely on the mechanism of total internal
reflection. When the refractive index (nz) of the medium surrounding the fiber’s core is
lower than the core’s refractive index (n1), rays with angles of incidence 8 > 6., where

¢ = sin}(n2/n1), are reflected and transmitted inside the core. Although light is totally
reflected a small portion of the field expands into the surrounding medium and its
amplitude decays exponentially with the distance from the boundary (Figure 1-3 (a)).
Other geometries of the fiber like U-bend fibers (Figure 1-3 (b)) are also proposed in
order to increase the penetration depth of the field and consequently the sensor’s
sensitivity [43].



(b)

Figure 1-3. Evanescent field of a straight (a) and bend (b) de-clad fiber.

Many polymeric materials though have higher refractive index than silica. In this case
where npoi>Ncore and Npol>Nsur, With Npol, Necore and nsur being the refractive indices of the
polymer, core and surrounding medium, respectively, the sensor works in the leaky
mode. When the following condition is satisfied

n n n
Octi = Sin—1< Sur) <@ = Sin"1< core Sin(9)> <Oy = Sin‘1< Cwe)

Npol Npol Mpot

where 6 and B¢ are the critical angles at the core/polymer and polymer/surrounding
medium interfaces, respectively, the refracted beam on the polymeric layer will reflect
on the polymer/surrounding medium interface and refract from the core/polymer
interface and thus the incident beam with angle 8 will propagate again in the core with
an angle  [44]. Figure 1-4 shows the paths of the reflected and refracted beams.
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Figure 1-4. Evanescent wave optical fiber sensor with npo>Neore.

1.4 Electrospun polymers

Polymers can also be used as sensors in the form of nanofibrous system developed via
electrospinning technique [45]—[48]. Electrospinning is a widely used and simple
technique employed for the production of polymeric nano- and microfibers with
potential applications in many scientific fields. Due to the high surface-to-volume ratio
high concentrations of the measurand can be detected since the fast quenching of the
system is limited. Nanofibrous materials developed using this technique can form truly
3D grids of large area that can overcome the above-mentioned interaction area
limitations [49]. However this can happen at the expense of control of uniformity
which is critically important at certain architectures in fiber and integrated photonics
where waveguiding conditions must be controllable. However the 3D grid could be a
promising candidate ideally suited for free space architectures in contrast to diffraction
based remote sensors which form a special class of sensors for certain demanding
applications. The further functionalization of those 3D grids with fluorescent moieties
towards fluorescent-based detection can dramatically enhance their sensitivity and
resolution providing extremely low detection limits. Interactions between fluorescent
moieties and analytes change the transmission of the fluorescence signal and can be
easily detected by a simple and low cost optical system.

A schematic representation of the electrospinning setup is given in Figure 1-5. The
polymeric solution is inserted in a syringe which is placed in a syringe pump that
controls the flow rate. A high voltage (10-50 kV) is applied to the syringe needle in
order to initiate the ejection of the polymeric solution. The electrical forces stretch the
viscoelastic polymeric solution and start to counteract its surface tension. At a critical
point, known as Taylor cone, the liquid erupts forming a liquid jet. A grounded target is
used to collect the produced fibers. In order to obtain continuous and smooth fibers
with the desirable diameters the following parameters should be controlled:

e The polymeric parameters (molecular weight, concentration, viscosity, etc.)



e Applied voltage

e The flow rate

e The needle gauge

e The needle-to-collector distance
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Figure 1-5. Schematic of an electrospinning setup.

Electrospun fibers can be used for coating an optical fiber segment for the
development of an evanescent optical fiber sensor that combines the low complexity
and cost of optical fiber sensors with the high surface-to-volume ratio of electrospun
fibers. For the fabrication of this platform the optical fiber should be placed between
the needle and the collector and with direction perpendicular to the syringe [50]. By
rotating the optical fiber with the appropriate velocity uniform coating can be achieved
along the sensing region of the fiber (Figure 1-6).
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Figure 1-6. Schematic of an electrospinning setup with a rotating optical fiber for uniform
coating of an optical fiber segment with electrospun fibers.

1.5 Outline

Chapter 2 presents an investigation of gold-coated fiber tips with embedded Plasmonic
Slot Nano-Resonators (PSNRs). In section 2.2 the variation of the effective refractive
index (nefr) of the core modes as a function of the metal thickness and the radius of the
dielectric core and their evolution from core to plasmon modes is studied. In section
2.3 we present the calculated intensity enhancement factors (Ef) of gold-coated optical
fiber tips and we confirm the predicted cut-off radius of the structure. Finally, in
section 2.4 we simulate gold-coated optical fiber tips of different geometrical
characteristics with embedded PSNRs at different radii and we calculate the intensity
enhancement factors (Es) in order to find the optimum position for the PSNR.

In chapter 3 plasmonic tips fabricated by tapering metal core/glass cladding
microfibers are studied both theoretically and experimentally. The heating and
stretching method [29], [51] was used for the tapering process in order to obtain
smooth tips with small semi-angles. The fabricated tips are optically characterized and
their modal characteristics are compared to the simulations results. 3D simulations
were also performed for the calculation of the Er at the apex of the tip. The tapering
process was further investigated through microfluidics simulations for the
determination of the appropriate tapering conditions to avoid the breakup of the
metal core.
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In chapter 4 the synthesis of novel amphiphilic block copolymers having both
hydrophobic  poly(methyl methacrylate) (PMMA) and hydrophilic poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) blocks is reported. The sensing
mechanism of proteins based on the intrinsic polymers' properties is also presented,
followed by the sensors development process and the deposition characteristics of
overlayers regarding their surface and adhesion properties. The sensing ability and
hence, the overall performance of the fiber sensors is examined.

The fabrication of electrospun microfibers functionalized with fluorescent molecules is
reported in chapter 5. In section 5.1 a well-defined poly(9-anthrylmethyl methacrylate)
homopolymer (PANMMA) possessing anthracene side-chain moieties has been used in
the fabrication of anthracene-containing electrospun fluorescent fibrous mats. In
section 5.2 ferrous core-shell nanoparticles consisting of a magnetic y-Fe,0O3 multi-
nanoparticle core and an outer SiO; shell have been synthesized and further
functionalized with Rhodamine B (RhB) fluorescent molecules. The latter were
covalently bound in the matrix of the silica shell. The resulting RhB-functionalized
ferrous nanoparticles were further incorporated within cellulose acetate (CA)
electrospun fibers to yield fluorescent electrospun fibrous nanocomposites. The
sensing performance of both fabricated electrospun fibers was evaluated.

11



Chapter 2

Design Optimization of Gold-Coated Fiber
Tips with Embedded Plasmonic Slot Nano-
Resonators

2.1 Introduction

Optical fibers comprise a platform that could be adapted for the development of
plasmonic devices [52], [53], combining also the ease of light coupling and thus
allowing better operational characteristics. Such an optical fiber platform implemented
in a tapered optical fiber with a thin metallic cladding is studied in this chapter. Along
the metal-dielectric interface surface bound modes can propagate, while by
embedding morphological singularities these modes can be spatially confined to
localized surface plasmons leading to field enhancement. Previous works have
demonstrated the operation of such plasmonic devices [18], [54]-[56] however there
are still a number of optimization issues, regarding the geometrical characteristics of
the metal coated fiber tips that need to be studied in order to gain better
understanding and provide better performance of the platform.

In this work the metal-coated fiber tips are modelled by FEM analysis and the
corresponding values of cut-off radius are calculated. By inserting a PSNR at the cut-off
radius high field intensity can be obtained since the highest confinement and intensity
enhancement of light is expected at the position where the group velocity (ug) tends to
zero. Since the fiber surface corresponding to cut-off radius is rather limited, the size,
shape and arrangement options of the PSNR are also restricted. This limitation can be
overcome by embedding the PSNR at the tip’s sidewall instead of the tip apex. Our
work focus on thin gold-coated fiber tips and relies on the combined effects of the field
enhancement associated with the plasmonic cut-off and the field enhancement
associated with the PSNR resonances in order to get the maximum E:. In previous
works [54]—-[56], due to larger diameters, there is no cut-off of the propagating modes
and the enhancement is entirely due to the resonator resonances at the end of the tip
where the tip serves merely to deliver the power and excite the resonator. Besides,
due to the propagating cut-off mode inside the structure the tip only experiences its
evanescent tail. Thus, by integrating a resonator at the tip sidewall and at the cut-off

12



radius, maximum enhancement can be achieved improving the overall performance of
the structure.

2.2 Metal coated microfibers

The simulation studies were performed on suitably short length tapered sections of a
typical single mode SMF28 optical fiber platform. The sidewall of the fiber tip is
covered by a thin gold layer in order to excite plasmon modes. For computer memory
efficiency reasons only the segment of the tip of a few micrometers length is
simulated. The intensity enhancement is examined for PSNRs placed at different radii
of the tip (Figure 2-1). The structure considered for study has a taper semi-angle of
5.33" and radius at the input equal to 735 nm, while the rectangular PSNR is 400 nm
long and 200 nm wide. The geometrical characteristics of the tip and slot are chosen in
order to be directly comparable to previously published work [18].

Figure 2-1. A schematic illustration of a gold-coated optical fiber tip with a rectangular
plasmonic slot nano-resonator (PSNR) (inset picture: SEM image of a gold-coated fiber tip with
a rectangular PSNR).
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2.2.1 Mode dependence on the metal layer thickness

In order to study the effect of the metal layer thickness, simulations through Finite
Element Method (FEM) using COMSOL Multiphysics Modelling Software were
performed for the calculation of the variation of both the real and imaginary parts of
the mode index of the fundamental TE polarized guided core mode (Model) as a
function of the gold film thickness (Figure 2-2) using Mode Analysis. The simulated
structure is a cross-section of a silica fiber surrounded by a thin gold film inside an air
box. Scattering Boundary Condition (SBC) was used for the exterior boundaries to
avoid reflections. The dispersion of the refractive indices of both gold and silica were
taken into account. The silica core radius is r = 735 nm and the excitation wavelengths
are 800, 1000 and 1550 nm. For film thicknesses less than 30 nm the nes of Model is
greater than nsioz, the losses increase rapidly and it is no longer a core mode. Hence a
30 nm metal layer thickness will be used in all the following calculations.
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Figure 2-2. The real (a) and imaginary (b) part of the effective refractive index as a function of
the metal layer thickness for a 735 nm dielectric core radius and for excitation wavelength of
800 (green), 1000 (blue) and 1550 nm (red).
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2.2.2 Mode evolution in a metal-coated nano-fiber

The evolution of the two lower order hybrid core modes (Model, Mode2) of a gold
coated silica nano-fiber was studied by calculating the real (Figure 2-3 (a)) and the
imaginary (Figure 2-3 (b)) part of the effective refractive indices of the two modes as a
function of the wavelength for silica core radius of 735 nm coated with a 30 nm gold
layer. The azimuthal number m of these modes is equal to 1 and different colours
correspond to different radial numbers.
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Figure 2-3. The real (a) and imaginary (b) part of the effective refractive index as a function of
the wavelength for different modes. The thickness of the gold layer is 30 nm and the radius of
the silica core is 735 nm. Inset pictures present the z-component of the Poynting vector of
Model (top) and Mode2 (bottom).
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Inset pictures of Figure 2-3 show the z-component of the Poynting vector of Model
(top) and Mode2 (bottom). As nest becomes higher than nsioz, for A < 1200 nm, Model
is transformed from a core mode to an internal-like SPP mode [57] and the losses
increase rapidly since the field is no longer inside the dielectric core but confined at
the metal surface. On the contrary, Mode2 is transformed, from a core mode to an
external SPP mode as its nest gets close to 1, for A > 1300 nm, and thus it no longer
contributes to the core field. At A = 2850 nm Model and Mode2 cross while Mode2
becomes partially a core mode again. For wavelengths longer than 2850 nm Model

and Mode2 are core and external SPP mode, respectively.
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Figure 2-4. The real (a) and imaginary (b) part of the effective refractive indices of Model and

Mode2 as a function of the radius of the silica core. The excitation wavelength is 1000 nm.
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Figure 2-4 shows the effective refractive indices of Model and Mode2 as a function of
the radius of the silica core for 1000 nm excitation wavelength. The evolution of the
two lower order hybrid core modes, as represented by the z-component of the
Poynting vector, is also demonstrated in the figure. For r>690 nm the net of Model is
higher than nsio2, and Model is an internal SPP mode, while Mode?2 is partially a core
mode having lower losses than Model. For r<500 nm, Model is transformed to a core
mode and Mode2 becomes an external SPP mode and stops contributing to the core
field.
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Figure 2-5. The real (a) and imaginary (b) part of the effective refractive index as a function of
the wavelength for Model (solid line) and Mode2 (dashed line) for different core radii. The
thickness of the gold layer is 30 nm. Different colours correspond to different radii of the silica
core.
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Although, for r > 540 nm, Mode2 is a core mode it exhibits more losses than Model
which is an internal plasmon-like mode. On the contrary, as seen in Figure 2-5 (b), for r
< 500 nm Mode2 has lower losses than Model, hence the electric field at the
silica/gold interface is one order of magnitude lower than that of Model which is
crucial when PSNR’s are embedded since high field intensity is needed to excite the
PSNR in order to get the highest possible field enhancement when resonance is met.

The dispersion of Model and Mode?2 is also studied for different core radii and for gold
film thickness of 30 nm (Figure 2-5). The effective refractive index of Model decreases
and the dispersion curves shift to shorter wavelengths as the core radius decreases.

The cut-off wavelength for Model, namely the wavelength at which nefs approaches to
zero, is a linear function of the core radius fitted by the relation:

A(nm) = 4.7r(nm) + 144.6 (2-1)
Mode2 does not exhibit a cut-off since for long wavelengths it is an external SPP mode.

The wavelength corresponding to ness = 1 for Model is also a linear function of the
wavelength (Figure 2-6) fitted by:

A(nm) = 3.3r(nm) + 296.7 (2-2)
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Figure 2-6. Excitation wavelength versus tip’s core radius corresponding to nes = 1 (blue) and

negs = 0 (red).
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When nest becomes less than unity, the phase velocity becomes larger than the speed
of light c and the transmissivity decreases rapidly and light gets totally blocked when
nesf = 0. Hence the highest field intensity for a specific core radius is expected at the
wavelength for which ne=1. Therefore the exhibited linear dependence between
excitation wavelength and radius of equation (2-2) offers the design flexibility to select
the proper radius for a specific wavelength for maximum enhancement. Equations (2-
1) and (2-2) cross for core radius equal to 109 nm. Consequently ness decreases rapidly
as a function of the wavelength for r = 110 nm since the wavelengths corresponding to
nefi= 1 and nefr- 0 are very close. This leads to group velocity, defined as dw/d8, close to
zero for ners = 1. Therefore the cut-off radius for the studied structure is approximately
110 nm since light cannot propagate for smaller radii. Hence for a gold-coated fiber tip
the highest confinement is expected at r ~110 nm and for A ~660 nm which is the
wavelength corresponding to nefr ~1 according to equation (2-2).

19



The group velocity (ug) of Model, for the cylindrical structure with a 30 nm gold layer
as a function of the core radius for different excitation wavelengths was also calculated
(Figure 2-7). As expected, when the core radius decreases, ug decreases too and light
slows down. As the excitation wavelength decreases, the cut-off radius moves to lower
values.
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Figure 2-7. Group velocity (ug) of Model as a function of the core radius for different
wavelengths.

2.3 Calculation of field enhancement at silica/gold interface of
fiber tips

Gold-coated fiber tips with a 30 nm gold layer, semi-angle a = 5.33° and input radius of
the silica core r = 735 nm, were simulated. As discussed above for 735 nm core radius,
Mode?2 stops contributing to the core field for A > 1400 nm as it becomes an external
SPP mode. Furthermore for A < 1000 nm although Mode2 is a core mode and has lower
losses than Model, the electric field at the silica/gold interface is lower than that of
Model resulting in a decreased enhancement of the field when a PSNR is embedded.
Hence, the only launched mode is the fundamental TE polarized core mode (Mode1)
with polarization along the x direction, using Boundary Mode Analysis. Since the light is
x-polarized and the structure is symmetric with respect to the y—z plane, we calculate
half of it for memory efficiency reasons. In order to excite the x-polarized fundamental
core mode the separatrix is set to be a Perfect Electric Conductor (PEC), i.e., the
tangential component of the electric field E is zero on the y-z plane (n x E =0, where n
is the unit vector normal to the y-z plane). Port boundary was used for the input of the



fiber. The structure is surrounded by an air box and SBC was used for the exterior

boundaries to avoid reflections.
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Figure 2-8. Transmissivity (red solid) and reflectivity (blue dashed) of a 4.2 um long plasmonic
tip with 343 nm output radius and semi-angle, a = 5.33° as a function of the wavelength. The
inset picture shows the spectrum when PML was used at the apex of the tip.

Figure 2-8 shows the transmissivity and reflectivity of a 4.2 um long plasmonic tip with
343 nm output radius and semi-angle, a = 5.33°. Simulations of the same fiber tip were
also performed using Perfectly Matched Layer (PML) at the output, a layer that
absorbs radiation without producing reflections in order to check the effect of the
reflection at the tip’s end in the reflectivity spectrum. The reflectivity spectrum has
exactly the same form but lower reflectivity values (Figure 2-8 (inset picture)).
Therefore, the form of the reflectivity spectrum is related to internal reflections of the
mode and not to reflection at the tip’s end. For r = 343 nm, nesf becomes 1 at A = 1430
nm. For A > 1430 nm the corresponding values of nef are smaller than unity and the
transmissivity decreases as shown in Figure 2-8.
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Figure 2-9. Normalized electric field along the silica — gold interface for a 4.5um long tip with
semi-angle of 9°. The input radius is 735 nm. Different colors are associated with different
wavelengths.

Figure 2-9 presents the normalized electric field along the silica—gold interface for a
4.5um long plasmon tip with semi-angle of 9°, for different wavelengths. The input and
output radius of the tip is 735 nm and 22 nm, respectively. The enhancement factor
(E¢) is defined as the maximum intensity / divided by the intensity /, at the silica surface
at the input of the fiber tip. As the excitation wavelength decreases the peak shifts to
lower core radius due to the shift of Model dispersion curves to shorter wavelengths
as the core radius decreases. As the wavelength increases neffmode1 Crosses unity at
higher tip radius and thus it cannot penetrate at smaller radii of the fiber tip. On the
contrary, as the wavelength decreases, Model has not reached the cut-off for lower
core radii resulting to the observed peak shift. This results from the fact that in
waveguides of fixed numerical aperture the electromagnetic behaviour (e.g. modality,
field confinement, dispersion) scale roughly with the ratio r/A for optical fibers or d/A
for planar waveguides and thus by decreasing the wavelength the cut-off occurs at
smaller diameters of the composite waveguide. The highest E¢ calculated is ~850 and is
observed for A = 710 nm corresponding to a tip radius ~110 nm, confirming that this is
indeed the cut-off radius as discussed above.

2.4 Plasmonic fiber tips with embedded PSNRs

This section presents simulations of plasmonic tips with an embedded rectangular
PSNR of 400 nm length and 200 nm width. The PSNR was embedded at the x-z plane so
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the structure is symmetric with respect to the y—z plane and half of it was simulated.
The launched mode was polarized along the x-direction in order to excite the Plasmon
Resonance (PR) at the PSNR. When the PR is excited the current density is parallel to
the perimeter of the slot. For y-polarized light the current density is perpendicular to
the perimeter exciting the weaker Fabry-Perot like resonance (Figure 2-10) [52], [58].
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Figure 2-10. a) The simulated fiber tip. b) Current density for x-polarized (left) and y-polarized
(right) launched mode.

2.4.1 Calculation of field enhancement at PSNR’s embedded in
plasmonic fiber tips

As discussed above, for a plasmonic fiber tip, the maximum field confinement is
expected for nesi~1. Therefore for different wavelengths the light is highly confined at
different radius of the plasmonic tip. After embedding a rectangular PSNR, with 400
nm length and 200 nm width, at radius r = 400 nm, in a 4.2um long plasmonic tip with
a = 5.33°, we calculated an enhancement factor (Ef) of 1.29x10° at A = 1550 nm. The E¢
is calculated as the maximum intensity / in the PSNR, divided by the intensity /, at the
silica surface at the input of the fiber tip in order to also study the effect of the PSNR’s
placement instead of just the effect of the PSNR’s resonance. Using the above
definition the E¢ for slot embedded at r = 610 nm as published in [18] is 1.77x10% for A =
1450 nm, which implies that at r = 400 nm the field is indeed highly confined. For slot
embedded at r = 400 nm, the maximum E¢ is found to be at A = 1550 nm, as presented
in Figure 2-11 (a) and not at A = 2150 nm for which the nefs is close to zero, though
there is a local maximum at this wavelength. For r = 400 nm the wavelength at which
Neff becomes less than unity is ~1625 nm, but the highest Es is at A = 1550 nm. This is
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probably due to resonances related to the slot and its dimensions. The slot is 400 nm
long at the direction of propagation, thus the lower part of the slot is at radius r = 418
nm and its upper part is at r = 380 nm. For r = 380 nm, neff = 1 at A = 1553 nm. The core
mode is internally reflected, as discussed above, and forms cavity modes [59].
Consequently, periodic peaks appear in the field enhancement spectrum for A < 1550
nm corresponding to the minima of the reflection spectrum in Figure 2-8.

Figure 2-11 (b) shows the normalized electric field for A = 1550 nm and A = 2150 nm
which correspond to the wavelengths where nesf is close to 1 and close to 0
respectively for r ~400 nm. For nesf = 1 the field reaches its highest confinement. The
transmissivity starts decreasing as neff decreases further for longer wavelengths and
when netr is zero the field is blocked as it can no longer propagate inside the plasmonic
tip (ug=>0 and uph—>oo).
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Figure 2-11. (a) Maximum normalized electric field in the slot embedded at r = 400 nm of a
plasmonic fiber tip (a = 5.33°), as a function of the wavelength. (b) The normalized electric field
fora) A =1550 nm and b) A = 2150 nm. The PSNR is embedded at r = 400 nm.
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2.4.2 Effect of radius and taper angle

In order to investigate the effect of the fiber radius where the PSNR is embedded, we
also embedded a slot of the same size as above at different radii. As the radius
decreases, the Etincreases (Table 2-1). The highest Ef was calculated for slot embedded
close to the cut-off radius, at r = 150 nm. The value of the Efis 5.0x10° for A = 670 nm,
which is ~30 times higher than previously published in [18]. For slots of the same size
embedded at r < 150 nm, the E; decreases. The reason for calculating the highest Ef for
slot embedded at r = 150 nm and not at r = 110 nm is, as discussed above, due to the
dimensions of the slot. Therefore, the optimum position for embedding the PSNR,
namely the position where the E; gets its maximum value, is at r ~150 nm.

Radius (r)
Semi-angle at the Enhancement
- Wavelength

(a) position of factor (Es)

the PSNR
5.33° 400 nm 1550 nm 1.29x10°
5.63° 380 nm 1525 nm 1.35x10°
6.21° 335 nm 1391 nm 1.41x10°
8.764° 180 nm 927 nm 2.66x10°
9.23° 150 nm 670 nm 5.00x10°

Table 2-1. Geometrical parameters of plasmon tips and the corresponding calculated
enhancement factors for PSNRs embedded at the same axial distance from the input (z =
3.6um).

For A < 1200 nm the nets for the input radius approaches the refractive index of silica, as
discussed above, and the maximum electric field is no longer at the core but at the
silica-gold interface, resulting in a rapid increase of the losses. Therefore, for slots
embedded at radii smaller than 270 nm, for which the nesf becomes equal to 1 at A
~1200 nm, the losses play a crucial role and thus a high semi-angle of the plasmon tip
is preferable, as far as the adiabaticity is retained. A taper is adiabatic when z: > z, [60],
where z: is the characteristic taper length defined as:

zp = — (2-3)

tan(a)

and zp is the beat length between Model and Mode2 defined as:

zy = : (2-4)

N (Meff,Mode1—Meff,Modez2)
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In order to study the effect of losses in the value of the Ef, we also simulated plasmon
tips with bigger semi-angles and we observe an increase of the E; for slot placed at r =

335 nm when the axial distance from the input decreases (Table 2-2).

Axial
Semi-angle . Enhancement
distance Wavelength
(a) i factor (Es)
from input
6.21° 3.6 um 1391 nm 1.41x10°
6.73° 3.4 um 1337 nm 1.43x10°
11.34° 2 um 1397 nm 1.70x10°

Table 2-2. Geometrical parameters of plasmon tips and the corresponding calculated
enhancement factors for PSNRs embedded at the same radius (r = 335 nm).

For A = 1400 nm, which is the wavelength corresponding to the maximum
enhancement for PSNR embedded at r = 335 nm, the gold tapered tip is adiabatic for
semi-angles up to ~11°. Although the tip is adiabatic for a = 11° at A = 1400 nm, this is
not valid for other wavelengths and hence the structure should be carefully designed
when working with a specific wavelength. The gold-coated tip is adiabatic for any
wavelength up to 1800 nm for semi-angles up to ~7°. For A = 700 nm, which is the
wavelength corresponding to the maximum Er calculated at the cut-off radius, the
structure is adiabatic for semi-angles up to ~12°, a high tapering angle in order to
minimize the losses.

2.4.3 Modelling of metal-coated tips with different PSNRs shapes

By nano-patterning the PSNR creating shapes with sharp edges the field intensity can
be further enhanced. Figure 2-12 shows a PSNR three gold tapes in it. The width of the
gold tapes decreases as the radius of the tip decreases. The position of the last gold
tape (the one embedded at the smallest radius) is approximately at r = 400 nm.
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Figure 2-12. a) Plasmonic fiber tip with an embedded slot with three gold tapes, b) The slot with
the three gold tapes. The tapes have widths 34, 18 and 6 nm and the distance between them is

30 nm.

Figure 2-13 shows the transmissivity and reflectivity of the rectangular PSNR with the
three gold tapes embedded in the plasmonic fiber tip at r = 400 nm (a) and the
maximum normalized electric field as a function of the wavelength (b). The
enhancement factor at A = 1645 nm is 3.27 x10° which is two orders of magnitude
higher than the rectangular PSNR embedded in the plasmonic fiber tip at r = 610 nm
for A = 1458 nm. The minimum enhancement factor for the whole spectral range is
1.17 x10%. For higher maximum electric field the space confinement increases.
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Figure 2-13. (a) Transmissivity (red solid) and reflectivity (blue solid) of the rectangular PSNR
with three gold tapes embedded in the plasmonic fiber tip at r = 400 nm, for x-polarized light.
(b) Maximum normalized electric field as a function of the wavelength.

After the 2D analysis of the structure presented above, we calculated that for r = 400
nm silica core and a 30 nm gold layer, nesf becomes less than unity for A > 1622 nm.
Figure 2-14 shows the normalized electric field for wavelengths of 1645 nm and 1460
nm. The high Ef for A = 1645 nm corresponds to high spatial field confinement at the
sharpest edge of the structure.
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L.,

Figure 2-14. Normalized electric field for a) 1645 nm and b) 1460 nm.

2.5 Conclusions

Metal coated optical fibers and fiber tapers with embedded PSNRs suggest a robust
platform for plasmonic applications. The highly confined field, due to the tapering of
the microfiber, combined with the resonant effects of PSNRs, can provide high field
enhancement that can find many applications in SERS, bio-sensing or data storage. It
was shown that the optimum position for embedding a PSNR is at the corresponding
cut-off radius where the highest confinement of the field is reached. The cut-off radius
for a silica - fiber with a 30 nm gold layer was found to be around 110 nm where the
wavelengths corresponding to neft = 1 and nesf = 0 are very close and the group velocity
tends to zero. Also the wavelength at which the highest Ef for a specific radius is
expected, is the one that corresponds to nes~1, since when neif becomes less than
unity, the phase velocity becomes larger than c and the transmissivity decreases. After
embedding a PSNR centred at r = 150 nm we calculated the highest Ef of 5x10° which is
30 times higher than previously reported. This improvement can be critical for specific
applications like SERS as can dramatically enhance the total signal enhancement which
is proportional to the fourth power of the electric field (E*). Furthermore, due to the
crucial limiting factor of losses in the performance of those plasmonic structures, a
further optimization of taper angle is also important for reducing the propagation
length and associated losses while retaining the adiabaticity. Further optimization of
the shape and dimensions of the PSNR by rigorous multivariable optimization
strategies [61] could lead to further intensity enhancement, even by orders of
magnitude, due to resonances corresponding to the cut-off wavelength (~700 nm).
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Chapter 3

Fully controllable fabrication of plasmonic
tips by tapering composite metal
core/dielectric cladding microfibers

3.1 Introduction

Metal tips are another type of very promising nanofocusing plasmonic structure that
has been studied extensively [20]—[23] since they enable the confinement of light at
the tip apex providing strong field localization. In this work metal tips having dielectric
cladding are studied. The tips are fabricated by tapering hybrid metal core/glass
cladding microfibers. The glass cladding not only mechanically supports the metal core
but also offers ease of coupling light into the device. Furthermore due to the total
internal reflections at the glass/air interface the plasmon modes travelling along the
metal/dielectric interface are continuously re-excited [24]. The re-excitation of the
plasmon modes is crucial for limiting the losses induced by the metal.

The fabrication of metal tips by tapering hybrid microfibers offers accurate control of
their geometrical characteristics. The heating and stretching method [29], [51] used in
this work is a simple, cost-effective technique compared to more complicated methods
such as Focused lon Beam (FIB). This results in the formation of smooth tips with small
semi-angles. Furthermore the fabricated tips have a dielectric cladding along all of
their length, compared to previously published works where the metal tip is formed
outside of the glass cladding [21], ensuring the re-excitation of plasmon modes up to
the tip apex.

Although the tapering process used for the fabrication of metal tips is a low complexity
method, there were some limitations that had to be overcome. In order to properly
taper the microfibers the glass softening point and the metal melting point had to be
close. For this reason borosilicate glass was chosen as cladding due to its low softening
and working points. Moreover the core continuity is crucial for the tapering process as
random discontinuities of the metal core would result in the collapse of the
surrounding glass.
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Although the drawing of fibers containing base metals has already been investigated
[62], the study of fibers containing noble metals is of intense interest for plasmonic
devices. The manufacturing and post processing [53], [63] of such fibers though is
quite challenging due to the combination of materials with different mechanical and
physicochemical properties. At high temperature processing conditions, a number of
instabilities induce various microfluidic phenomena leading in turn to formation of
various embedded microstructures. The understanding of those phenomena is crucial,
as it would help either to avoid such structures or help in their tailored fabrication. The
choice of materials with compatible properties, such as melting and working points, is
crucial in order to successfully draw uniform and low loss fibers. For the fabrication of
fibers with uniform diameters and continuous metallic cores, key parameters, such as
feed rate of the metal, temperature, and pull rate, should be optimized during the
drawing process [64], [65]. In the high temperature conditions needed for the
fabrication of such multi-material systems, the breakup of the core is commonly
observed, and the consequent formation of spheres, and thus the temperature profile,
must be carefully controlled. This breakup is attributed to the Plateau-Rayleigh
Instability (PRI), which grows in the low viscosity regime. Furthermore, as the diameter
of the metal decreases, the instability increases, limiting the reduction of the fibers’
diameters in the nanoscale, where fragmentation of the metal can occur, even at
temperatures lower than the bulk melting temperature [66], [67].

Although the breakup of the core needs to be avoided during the fabrication and post-
processing of hybrid optical fibers, the study of the formation of an array of spheres
could be of great value for many applications, such as the development of integrated
optical microresonators [64]. Recent studies of capillary instabilities [68]—[70] have
paved the way towards this direction. Chains of dielectric [71]-[73] and Cu [74]
nanoparticles have already been demonstrated, showing high control over both size
and spacing of the nanoparticles. The formation of noble metal micro-nano spheres in
an all-fiber plasmonic device, such as the one proposed here, would offer mechanical
robustness, ease of light coupling, as well as the possibility of its integration into
standard optical fibers, enabling the remote use of the device.

In this chapter the fabrication of hybrid plasmonic tips is studied. FEM microfluidic
simulations as well as instability analysis are performed in order to find the optimum
conditions for the tapering process. Electromagnetic simulations of metal tips with
glass claddings are also performed for the estimation of the intensity enhancement at
the tip apex. Additionally the near-field distributions at the end-faces of tapered and
untapered fibers were calculated theoretically and were compared with the
experimental results.
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3.2 Fabrication of Hybrid Metal Core/Glass Cladding
Microfibers

The hybrid metal core/borosilicate cladding microfibers were fabricated in a variety of
sizes -as the fiber drawing process is not yet standardized- while in this study were
considered microfibers with typical core and cladding diameters of 4um and 30um,
respectively [65]. For the glass cladding Schott Duran borosilicate tubing of different
outer and inner diameters (81 wt% SiO2, 13 wt% B;03, 4 wt% Na,0+K;0, 2 wt% Al,03)
was chosen due to the compatibility of its softening and working points which are 825
°C and 1260 °C, respectively, with the melting point of the metals used. The metals
that were used are silver, copper, gold and aluminum having melting points ranging
from 660 °C for aluminum to 1085 °C for copper (Figure 3-1). In this work only gold
core microfibers were studied due to various current fabrication restrictions affecting
microwires' core uniformity.

Figure 3-1. Left: Bundles of silver, gold and copper-core borosilicate microfibers. Right: SEM
images of metal-core borosilicate microfibers.

The main parameters that were controlled during the drawing process of the fibers in
order to obtain microfibers with smooth and continuous metal cores are the
temperature, feed rate, pull rate and volume of the used metal. Even after the
optimization of the aforementioned parameters and the fabrication of high quality
microfibers, certain random discontinuities appear in the metal core of the fibers
currently limiting the length available for processing. These discontinuities do not alter
the mode profile at the output of the fiber due to the repeated re-excitation of the
fundamental mode but they affect the tapering process as for discontinuous cores the
glass collapses during the tapering. Due to the current restriction on available



continuous core fibers, only microfiber segments of limited length and with continuous
cores were processed and tapered in the present study.

3.3 Study of Microwires' Modal Characteristics

Theoretical studies were performed for the calculation of the fundamental TMo1 mode
profile of hybrid microfibers as well as for the field enhancement at the tip apex using
FEM by the commercial software package COMSOL Multiphysics Modelling software.
A typical microfiber with a 4um gold core diameter and a 30um borosilicate cladding
was simulated. The excitation wavelength is 532 nm and it was chosen for direct
comparison with the experimental measurements. The calculated electric field of the
TMo1 mode is concentrated at the metal surface and decays exponentially far from it,
forming two intense peaks corresponding to the metal/glass interface (Figure 3-2).

Intensity (%)

0
X (um)

Figure 3-2. TMo: mode profile of a microfiber with 4um gold core diameter and a 30um
borosilicate cladding. Inset picture: 2D representation of the TMy: mode profile.

The effective refractive index of the TMo1 mode for gold core/borosilicate cladding
microfibers was calculated for different core radii (Figure 3-3) using the dispersion
equation [75]:

g0zl (a1 Ry)[aze3K (a3Ry) Mg + azeKo(azR)Myg] =
—&a1log(ayRy)[aye3K, (a3R) Moy + azeKo(azRy)Myy],
(3-1)

with Mgy, = I5(azR2)Ky(azR,) — (—=1)**?1,(a,R,)K,(azR;)
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Here €1, €2 and &3 are the relative permittivities of gold core, borosilicate cladding and
air, respectively, a; = (82-jk?)Y/2 for j = 1,2,3, 8 is the propagation constant, / and K are
the modified Bessel functions of the first and second kind and R1 and R; are the radii of

the core and cladding, respectively.

The borosilicate cladding is large enough (rcadding> 10um) and its exact radius does not
influence the ness since the field for TMo: mode is concentrated at the metal/glass
interface as presented in Figure 3-2. As the core radius decreases both real and

imaginary part of ner increase leading to significant losses for small core radius.
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Figure 3-3. Real (a) and imaginary (b) part of the effective refractive index (negs) of TMo: mode

as a function of the wavelength for different radii of the gold core.
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3.4 3D Simulations of Metal Tips

A gold core/borosilicate cladding tapered microfiber was simulated in order to
calculate the intensity enhancement at the tip apex for 532 nm excitation wavelength.
Since the fabricated tapered microfibers have semi-angles between 3°- 4° for both core
and cladding, as it will be discussed later, the simulated tip has semi-angle a = 3.5°. For
these semi-angles the adiabaticity condition [76]:

|M
dz

&1 (3-2)

where Br is the real part of the propagation constant, is satisfied and thus the
reflections of the SPP’s that can lead to significant reduction of the intensity
enhancement at the tip apex are limited. For computer memory efficiency purposes
only the last 2.4um of the tip was simulated. Furthermore in order to reduce
calculation time only half of the structure was simulated with the separatrix being set
to be a perfect magnetic conductor in order to launch the fundamental TMo1 mode. In
the simulated limited segment the input core radius is set to 150 nm and at the tip
apex is 3 nm in order to avoid computational singularities. The core is surrounded by a
large enough borosilicate glass layer and the whole structure is surrounded by a
sufficient large air box with Scattering Boundary Conditions applied at its exterior
boundaries to avoid reflections. Boundary mode analysis was used for launching the
TMo1 mode and the input power was 1W.
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Figure 3-4. (a) Field intensity along the metal/glass interface. Inset picture: Zoom-in of the
normalized intensity at the tip apex. (b) Near field at the tip apex.

Figure 3-4 (a) and (b) show the field intensity along the metal/glass interface and the
near field at the tip apex respectively. The inset picture of Figure 3-4 (a) shows the field
intensity at the tapered core surface. High field enhancement and localization is
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achieved at the tip apex due to the excited SPP’s since plasmon modes do not suffer
from cut-offs contrary to photonic modes propagating in optical fibers. The intensity
enhancement, calculated as:

_ lapex _ |Eapex|2
b= T T e (3-3)

Here lapex, lo, Eapex, Eo are the intensity and electric field at the tip apex and input,
respectively, is ~103. As discussed above, due to the high losses of the TMo1 mode for
small core radii, i.e., r < 200 nm, the propagation length, defined as the distance the
SPP travels before its intensity is reduced by a factor of e, is less than 4um for A = 532
nm. Hence the re-excitation of the TMo1 mode from the light reflected at the glass/air
interface is crucial in order to obtain a high Er. Higher Ef up to ~10° can also be
achieved for longer excitation wavelengths that exhibit lower losses as seen in Figure
3-5 where the maximum electric field at the tip apex (Emax) as a function of the
wavelength is presented, which is comparable or even higher than previously
published reports [77], [78]. The periodic peaks appeared in the spectrum originate
from the cavity modes formed due to the reflection of the propagating SPPs at the tip
apex [59]. Another factor that determines the Efis the core radius at the tip apex. As
the core radius decreases both group and phase velocities of the propagating SPPs
decrease leading to the observed high field concentration. Hence the highest possible
Ef corresponds to a core radius close to zero.
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Figure 3-5. Left: Maximum normalized electric field at the tip apex as a function of the
wavelength. Right: Normalized electric field for 1200 nm excitation wavelength along a tapered
microfiber.
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3.5 Fabrication of Metal Core/ Glass Cladding Tips

For the tapering process the heating and stretching processing method was chosen as
the more suitable and flexible for tapering the gold core microfibers. The microfiber is
placed on two linear stages that stretch it while a third stage moves the flame along
the fiber axis (Figure 3-6). The tapering system is computer controlled via LabView
software to accurately move the stages in order to obtain the desired geometrical
characteristics of the tapered microfiber. The appropriate temperature is achieved by
adjusting the distance between the flame and the microfiber as well as its thermal
profile by controlling the ratio of the butane — oxygen mixture using two electronic

mass flow controllers.

Figure 3-6. Tapering setup.

However, it should be stressed that various conditions in the tapering process of such
delicate fibers have imposed difficulties in smooth tapers fabrication. During the
experimental tapering process it was noticed that breakup of the inner metal core or
also the formation of isolated microspheres (Figure 3-7) could easily occur in un-
optimized conditions. This could be attributed to instabilities induced by the
temperature profile of the flame or by spatial irregularities of the core’s surface. Such
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instabilities in fluidic systems have been investigated in various material systems [64],
[79], [80] and in fiber platforms [62], [81].

Figure 3-7. Microscope images of formed spheres from fibers with initial core radius of 2um
(left) and 3um (right).

3.5.1 Instability Analysis

The key parameter describing the instability phenomena is the break up time 1z, of the
continuous medium which can be quantitatively estimated using the Tomotika model
instability rate (in). In this analysis we use Tomotika’s stability theory and we consider
a gold core surrounded by a large borosilicate glass cladding. The borosilicate glass was
chosen due to its temperature compatibility with the gold. The working range of
borosilicate glass is between 825 °C and 1260 °C, which overlaps with the melting
point of gold (1065 °C). Both the core and cladding viscosities as a function of
temperature, Pgold(T) and Ugiass(T) respectively, are taken into account. The interfacial
surface tension, s(T), is considered to be dominated by the surface tension of gold. The
analysis is performed for temperatures 21065 °C, for which the gold core is in its liquid
form. Tomotika’s theory is strictly applicable only when the relative velocity of the jet
and surrounding fluid are very low. Hence, for the static case studied here we can use
the linear stability analysis of Tomotika, and we can calculate the breakup time ts [79]
defined as:

5(T) = — (3-4)

N

where in = (1 —x3)d(x) (3-5)

2T lUglass

with r being the core radius, x = 2rir/A. @ is the function (39) in [82]:
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where A4, Az, Az and A4 are functions of x expressed in determinantal forms as follows:
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l"glass glass
I3 (x) xlp(x) — I;(x) Ki(x)
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Using the equations of the general case of Tomotika model we can calculate 1z as a
function of the temperature (Figure 3-8(a)). In the case studied here the ratio of the
core to cladding viscosity tends to zero (Mgold/Uglass = 0) which according to the

Tomotika model leads to a maximum instability for x = 0, or accordingly for

perturbation wavelength A much larger than the radius of the core (which typically is
=3um). As the temperature decreases the viscosity of the surrounding glass (pglass)
increases exponentially, leading to a stable jet due to the rapid increase of ts according

to (3-4).
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Figure 3-8. a) Instability rate (1/ts) as a function of T and x for core radius 3um. b) Breakup time
Tg as a function of temperature. Inset picture: Breakup time ts as a function of core radius at
1065 °C.

When such fibers are tapered down to small core radii the time for which they remain
in the heating zone is crucial in order to prevent the breakup of the core. In Figure 3-8
(b) T8 corresponding to the maximum instability, i.e. to the x that maximizes equation
(3-5), is presented as a function of the temperature. For 1065 °C, which is the melting
point of gold, ts is =0.22 sec for a 3um core radius. This value linearly decreases for
smaller core radii as shown in the inset diagram of Figure 3-8 (b). Hence, a static
heating zone wouldn’t be appropriate for the tapering of the fibers as it would lead to
the rapid collapse of the core. On the contrary, a moving heating source, such as a
moving flame, can be used to successfully taper hybrid fibers.

The flame’s temperature profile and distance from the fiber must be adjusted to
match the desirable temperature of 1065 °C, as for higher temperatures the instability
of the core will increase. The most crucial parameter though is the flame’s velocity.
Since 1 is =0.22 sec, a high flame velocity is needed. Also as the fiber is tapered down,
the core radius decreases and becomes more unstable. Hence the flame’s velocity
must be adjusted in order to be fast enough to prevent the breakup of the core and
slow enough to permit the melting of the metal. Furthermore, due to the system’s high
instability, a fast tapering process would be preferable. Thus the stages that pull the
fiber should have a high velocity to reduce the tapering time.

3.5.2 Microfluidic simulations

For the Finite Element Method (FEM) simulations, COMSOL software was employed to
solve the Navier-Stokes equations that describe the velocity field and pressure of the
liguid. The level set method was chosen, in which the fluid—fluid interface is
represented as the 0.5 contour of the level set function. The level set method was
chosen over the moving mesh method, since the topology of the core after its breakup

40



is of interest. Recent developments on the improvement of the level set method can
be found in previous studies [83]—[85]. No-slip walls were set as boundary conditions.
Periodic boundary conditions were also used to describe an infinitely long fiber. All the
simulations are run with extra fine mesh and for times up to 0.3 s, since for higher
times the model does not converge. Furthermore, since the length scales considered
here are well below the capillary length, Ac = 2.55 mm, the gravitational effects are
neglected. This assumption was supported also by the fact that in the experimental
results no signs of gravitational effects were obvious, since the fibers were symmetric
with respect to the fiber axis after the formation of the spheres.

3.5.2.1 Effect of temperature

In order to test the instability of a gold cylindrical rod with 3 um radius surrounded by
a borosilicate glass cladding, we assume a surface tension perturbation of the
following form:

s = s5o(1— (W * p(t) * cos (Z*Z*Z))) (3-6)

where s is the surface tension corresponding to the desirable temperature, w is the
width and A is the wavelength of the perturbation, respectively, and p(t) is a piecewise
function that controls the time that the fiber remains under the influence of the
perturbation.

Figure 3-9 shows the modelled region of the fiber at different time steps at 1200 °C
and at 1300 °C. The parameters used are w = 0.008, A = 200um and

1072t t <0.2s

3-7,
0 t>0.2s (5-7)

p(t) =
The core at T = 1300 °C breaks ~10 times faster than T = 1200 °C, as expected due to
the lower viscosity of gold. Furthermore, the size of the primary sphere does not seem
to depend on the temperature, but only on the initial core radius. Simulations were
also performed for different temperatures: 1065 °C, 1100 °C, 1150 °C, 1180 °C, 1200
°C, 1250 °C, and 1300 °C. For temperatures up to 1180 °C and for the simulation time
of 0.3s, the final sphere is not formed but still has an ovular shape, and hence the
diameter cannot be measured. For temperatures of 1200 °C, 1250 °C, and 1300 °C, the
size of the primary sphere diameter is consistently around 14.3 um, as indicatively
shown below in Figure 3-9.
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T=1300°C

Figure 3-9. Different stages of the PR instability during static heating for different temperatures
of a gold cylindrical rod by inserting a surface tension perturbation.
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Figure 3-10 shows tg as a function of the temperature. For temperatures lower than
~1150 °C the core remains intact for times up to 0.3s. The calculated ts is 10 times
higher than the one calculated from Tomotika model. This could be attributed to the
fact that Tomotika model assumes an unbound surrounding fluid.

. =  Tomotika model
5 s  Simulation

1100 1150 1200 1250 1300
T (°C)

Figure 3-10. Breakup time as a function of temperature calculated using simulations (red) and
Tomotika model (blue).

3.5.2.2 Effect of initial core radius

Simulations were also performed for the calculation of ts for different initial core radii.
The temperature for the simulations was 1200 °C and as seen from Figure 3-11 (a) ts is
a linear function of the core radius which is in agreement with what is expected from
the Tomotika model.
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Figure 3-11. a) Breakup time as a function of the initial core radius at T = 1200 °C calculated
using simulations (red) and Tomotika model (blue). b) Sphere diameter as a function of the core
radius.

Furthermore the diameter of the formed spheres is also a linear function of the core
radius as shown in Figure 3-11 (b). The temperature for the simulations was 1200 °C,
although the final sphere diameter does not seem to depend on the temperature, as
has been indicated by the discussion above, in Figure 3-9, where for temperatures of
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1200 °C, 1250 °C, and 1300 °C, the size of the primary sphere diameter is consistently
around 14.3 um. Although this conclusion cannot be fully validated at this stage it can
be intuitively explained as follows. The sphere diameters do not depend on the
intermediate transient effects, which differ as functions of temperature, but on at the
final equilibrium condition set by the structure's geometrical characteristics.

Figure 3-12 shows microscope images of spheres formed from fibers with different
initial core radii. Specifically, the spheres were obtained when the temperature and
the velocity of the flame were 1200 °C and 2 mm/s, respectively. The diameters of the
spheres are approximately 12 um and 17 um for 2 um and 3 um initial core radii,
respectively, a result close to the simulations, where the corresponding diameters
were ~9 um and ~14.3 um (Figure 3-11 (b)). The distance between the spheres is ~37
um, while for the simulated ones it is 22.5 pum.

Figure 3-12. (a) Microscope images of formed spheres from fibers with initial core radii of 2 um
(left) and 3 um (right). (b) The resulting topology of 2 um (left) and a 3 um (right) gold core
radii.

3.5.2.3 Effect of the width and wavelength of the perturbation

Simulations for surface tension perturbations with different widths and wavelengths
were also performed to investigate the differences between the formed microspheres.
The temperature is considered 1200 °C. The surface tension perturbation has the
following form:
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s = so(1— (w * CoS (Z*Z*Z))) (3-8)

where so is the surface tension corresponding to the desirable temperature, w is the
width and A is the wavelength of the perturbation. Figure 3-13 (a) show the resulting
topology for different widths and wavelengths of the surface tension, respectively.
Although the distance and size of the primary spheres remains the same, the number
and sizes of the formed satellite spheres differs significantly. For the simulations of
Figure 3-13 (a) the wavelength was 5um and the widths 0.008, 0.02 and 0.04. For the
simulations of Figure 3-13 (b) the width was 0.008 and the wavelengths 3, 15, 21 and
22 um.
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Figure 3-13. a) The resulting topology of a 2um radius gold core for different widths of the
surface tension. b) The resulting topology of a 2 um radius gold core for different wavelengths
of the surface tension.

The diameters of the primary and secondary formed spheres as a function of the
wavelength are shown in Figure 3-14 (a) and (b), respectively. Only perturbation
wavelengths up to 25 um are presented due to the computationally limited simulating
fiber length. The distance between the primary spheres is related to the diameters of
both the primary and secondary spheres. As primary spheres, only the two outer
spheres of Figure 3-13 (b) are considered for all the calculations, even when the
secondary (middle) sphere reaches the size of the primary. For larger secondary
spheres the size of the primary spheres decreases due to mass conservation.
Furthermore, a large secondary sphere between two primary spheres means that the
breakup points have larger distances between them, leading to larger distances
between the two primary spheres. This explains the anti-correlation between the
diameter of the primary spheres and their distance (with Pearson and Spearman
correlation coefficients -0.84705 and -0.71876, respectively) and the correlation
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between the diameter of the secondary spheres and the distance between the primary
spheres (with Pearson and Spearman correlation coefficients -0.81517 and -0.85451,
respectively), as shown in the inset plots of Figure 3-14. The values of the slopes for
the inset plots of Figure 3-14 (a) and (b) are -0.07552 and -0.32299, respectively. With
corresponding standard errors (0.00967 and 0.04685, respectively) being less than 20%
of the slope values, we can consider the correlation in both plots linear.
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Figure 3-14. (a) Diameter of the primary spheres and distance between them as a function of
the perturbation wavelength. (b) Diameter of the secondary sphere and distance between the
primary spheres as a function of the perturbation wavelength.

Although the primary sphere diameter and the distance between the primary spheres
seem to have a linear anti-correlation, this can only be valid for a rather short range of

diameters and distances. The minimum diameter of a sphere is 3’37”D (corresponding

to a minimum distance of D), where D is the initial core diameter. For a 4 um core,
the corresponding minimum sphere diameter and minimum distance are Dmin = 6.3 um
and dmin = 12.6 um, respectively, in the case where only primary spheres exist. When
secondary spheres are present, the distance between two primary spheres increase
with the wavelength until the size of the secondary sphere reaches the size of the
primary, and hence it is also considered as primary (Figure 3-14 (b)). This result is
obvious in Figure 3-14 (b), where the diameters of the secondary spheres for long
wavelengths are ~8 um, comparable to the diameters of the primary spheres shown in
Figure 3-14 (a). The perturbation wavelength at which three equally sized spheres (D =
8 um) are formed for an initial 4 um core is A~21 um and the distance between the
spheres is d~19 um, slightly larger than the theoretical Dmin and dmin, probably due to
the existence of smaller satellite spheres. This result is also very close to the
experimental distance between the spheres, as shown above, where d = 37 um (Figure
3-12). As shown in Section 3.2.2, the diameter of the primary sphere depends on the
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initial core radius and is the same for different temperatures. In Figure 3-14 only small
variations of the primary sphere diameters are seen, with an average diameter of 8.84
um, which is the expected diameter for a 2 um core radius, as shown in Figure 3-11 (b),
where a wavelength of 200 um was considered, leading to a large distance between
the spheres. Hence, for large distances between the primary spheres the primary
sphere diameter will remain ~9 um for a 2 um initial core radius but the number of the
secondary spheres will increase due to mass conservation.

The formation of secondary spheres is in agreement with previously published works,
where satellite droplets are observed [64], [79]. Furthermore, we have control over
the primary sphere diameter, since, as discussed above, it is only related to the initial
core radius. The control of the sphere’s diameter over a small range has been
previously shown [71], where silica-clad silicon-core fiber with a diameter of 340 nm
was continuously fed into a flame, defining an axial thermal gradient; the continuous
formation of spheres whose size is controlled by the feed speed was also
demonstrated. Due to the limited simulated length though we cannot come to a
conclusion concerning the distance between the primary spheres, since only 1-2
spheres are formed in this limited segment.

3.5.24 Simulation of the tapering process

The fibers' tapering process was also simulated in order to study the conditions of
smooth adiabatic tapering by avoiding the formation of spheres. For the purposes of
the simulation a radial velocity was added to the outer glass boundary using deformed
geometry. The velocity was set to be:

v, = —0.5(z + 30) (um/s) (3-9)

with z being the axis along the fiber ranging from -30 um to 30 um.

Two different temperatures, 1065 °C and 1200 °C, were investigated. The simulation
time was 0.3 s. The results are shown in Figure 3-15 (a). At 1065 °C a smooth taper is
obtained, while at 1200 °C the metal core breaks into spheres. Even though the
velocity is rather high compared to the experimental procedure, it was chosen in order
to test the behavior of the core when its diameter reduces drastically. Even higher
velocities result in the formation of smooth tapers for T = 1065 °C (Figure 3-15 (b)). For
lower velocities the simulation should run for longer time scales in order to reach the
same diameters, which are limited due to convergence issues. However, lower and
higher velocities were also simulated, giving the same results, i.e., smooth tapers at
1065 °C and core breakup at 1200 °C.
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Figure 3-15. (a) Simulation of the tapering process of a 2 um core radius microfiber at 1065 °C
and 1200 °C with vr = -0.5 (z+30) (um/s), showing the core’s evolution after 0.3 s. (b) Simulation
of the tapering process of a 2 um core radius microfiber at 1065 °C for higher radial velocities.
(c) Top: Optical microscope images of a fabricated fiber tip before cleaving. Bottom: Optical
microscope (left) and SEM (right) characteristic images of a fabricated fiber tip after the
cleaving process.

The performed simulations and the study of instabilities in the heated microwires
provided very useful and intuitive guidelines for the appropriate thermal treatment in
the tapering process. Indeed, when the lowest possible temperature (~1065 °C)
combined with high flame velocity (6 mm/s; "fast and cold method") were employed in
the experimental tapering process smooth adiabatic tips were successfully fabricated
(Figure 3-15 (c)).

3.6 Characterization of Metal Core/ Glass Cladding Tips

During the experimental procedure the key tapering parameters such flame
temperature and speed were carefully optimized and selected, thus allowing the
fabrication of smooth adiabatic tapers, by controllably avoiding embedded
microspheres formation. Figure 3-16 shows optical microscope and Scanning Electron
Microscopy (SEM) images obtained from SEM instrument JEOL JSM -7401f FESEM- of a
tapered microfiber with initial core and cladding diameters of 4um and 31um,
respectively. After the taper fabrication the ends of the fiber must be cleaved to allow
its further characterization. The best method for cleaving the fiber ends is by using
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Focused lon Beam (FIB) techniques, however in order to avoid this complicated and
time consuming method the tapered fibers were cleaved here by using a simple
ceramic tile. It should be stressed that the fact that a simple hand held ceramic tile
could be used for cleaving demonstrates the ease of handling as well as the
mechanical robustness of these fiber tapers.

X200 WD 1. 1mm  100um

Figure 3-16. Up: Optical microscope images of a fabricated fiber tip before cleaving. Down:
Optical microscope (left) and SEM (right) characteristic image of a fabricated fiber tip after the
cleaving process.

The mode profiles of the pristine un-tapered and tapered fibers were extracted using a
60X objective lens and a scanning slit optical beam profiler (Thorlabs BP209-VIS/M) in
order to image the near-field intensity distribution at the fiber output. For the
excitation a 532 nm laser is used and light is coupled to the microfiber with a 40X
objective lens. Figure 3-17 shows a schematic representation of the setup.
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Figure 3-17. Schematic representation of the characterization setup.

As aforementioned, at the current stage of fiber production the microwires have
discontinuous metal cores at long lengths while only limited segments of 3-4 cm of
continuous core were identified for this study. Such discontinuous microwires of
relatively long lengths were evaluated also in terms of propagation, and they exhibited
uniform and low loss propagation characteristics as demonstrated by coupling with
visible light at 671 nm and 532 nm. Typical gold core microfibers with core and
cladding diameters of 4 um and 30 um were butt coupled and visually characterized
providing light propagation over a relatively long length of 12 cm by guiding at

microfiber's glass cladding (Figure 3-18).

Figure 3-18. Visible light (671 nm) propagation in a 12 cm long segment of discontinuous core
microwires.

In Figure 3-19 the mode profile of the microfiber before (a) and after (b) the tapering
process is presented. The mode profile of the pristine / untapered microfiber (Figure
3-19 (a)) matches with the profile of the TMo1 mode shown in Figure 3-2 having two
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intensity peaks corresponding to the gold/glass interface and it was obtained after
propagation along a 12cm long fiber. The conservation and imaging of the plasmon
mode at the end face of the microfiber in Figure 3-18, after such a long propagation
length, and despite the plasmon losses and the strong discontinuities of the metal
core, is a result of the mode re-excitation mechanism. The relatively high intensity in
the middle of the gold core is due to non-optimum cleave performed by a standard
ceramic tile. On the contrary the tapered microfiber has one sharp intensity peak
(Figure 3-19 (b) and Figure 3-20) and matches with the near field calculated from the
simulations (Figure 3-4 (b)).

Since two separate intensity peaks are not observed in the mode profile of the tapered
fiber, the diameter must be less than 380 nm which is the resolution of the 60X
objective lens that was used for the imaging. The exact diameter of the core at the tip
apex though cannot be measured directly by SEM images due to the surrounding
dielectric cladding. However, an accurate estimation can be based on the uniform
tapering semi-angle of ~3°, by assuming that a 4um diameter gold core tends to zero
after a length of ~38 um resulting in a gold tip with a very small radius surrounded by a
large radius silicate glass cladding.
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Figure 3-19. Recorded mode profile of a gold core microfiber before (a) and after (b) the
tapering process.
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Figure 3-20. 2D (left) and 3D (right) recorded near field intensity distribution of a tapered gold
core microfiber.

As discussed above due to the high losses and the short propagation length of TMo:
mode, the high intensity at the apex of the tip observed above is due to the continuous
re-excitation of the mode from the light coupled in the glass cladding. For metal tips
without glass cladding the direct excitation from a fiber would lead to significant losses
reducing dramatically the field enhancement and the overall performance of the
structure.

3.7 Conclusion

In this work, a new hybrid platform of metal core/glass cladding microfibers was
proposed and investigated both theoretically and experimentally towards the
development of robust plasmonic nanotips for light nanofocussing. Borosilicate tubing
was chosen for the glass cladding of the microfibers due to the compatibility of its
softening point with the melting points of the used metals. The heating and stretching
tapering method allowed the successful fabrication of metal tips with the appropriate
geometrical characteristics. The ability to control the geometry of the taper ensures
the development of adiabatic tips with minimum losses. Furthermore the use of a "fast
and cold" tapering approach helps avoid the breaking and collapse of the core during
the process by increasing the characteristic break-up time of the metal core and
providing thus an adequate time scale for continuous tapering. Theoretical
investigations and FEM based microfluidic simulations support the experimental
observations and validate the proposed taper fabrication approach. The fabricated tips
exhibit high field confinement beyond the diffraction limit at their apex as well as high
field enhancement with calculated Ef of 10°. Furthermore, the continuous re-excitation
of the fundamental mode due to the repeated total internal reflection of light at the
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glass/air interface limits the losses induced by the metal leading to high field
intensities at the tip apex and thus increases the overall performance of the structure
and results to even higher Ez. Additionally, compared to bare metal tips, the presence
of the glass cladding offers mechanical robustness as well as ease of light coupling.

54



Chapter 4

Design of Amphiphilic Block Copolymers
and Implementation of Optical Fiber
Sensors for Efficient Protein Detection

4.1 Introduction

Proteins are a class of major biomolecules that play a crucial role in many areas such as
the food industry, biotechnology and medicine. The need for reliable sensing and
guantitative control of proteins has fuelled the development of several protein
detection methods over the past decades that can provide both sensitivity and
selectivity. Photonic biosensors are widely used since they offer various advantages
such as immunity to electromagnetic interference, reliability, fast response, large
dynamic range and ability to operate in harsh environmental conditions. Various
photonic structures have been proposed for biological sensing including optofluidics
[86], PR biosensors [53], [87]-[89], photonic crystals [90], fluorescence sensors [91]
and photonic resonant optical microcavities [32], [92], [93].

Despite the different approaches, quite often the increased cost and operational
complexity limits the applicability of sensors in real applications. The sensing scheme
complexity can be balanced by integrating new sensitive materials that can offer
increased sensitivity in detection platforms of low cost instrumentation. This approach
has led to the design and synthesis of functional materials that offer selectivity as well
as efficient adsorption of the molecules under study, enhancing the sensitivity [36],
[37]. The combination of the sensing material and a large core optical fiber provide
additionally flexibility, mechanical robustness, high degree of miniaturization, as well
as long interaction length where their operational characteristics can allow the
efficient integration of sensors in measuring units. The deposition of such materials to
an unclad portion of multimode polymer [38], [39] or silica [40], [41] optical fiber,
which can act as both the sensing and collection element, can result to the
development of low cost and low complexity sensors. The selection also of proper
interrogation schemes like optical power interrogation in contrast to spectral based
detection [41] offers the additional capability of sensing heads integration in
autonomous wireless networks for increased monitoring flexibility [42].
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The sensing mechanism of the polymer coated optical fibers is based on the variations
of the measured power at the distal end of the fiber due to the interaction between
the fiber evanescent field and the changes induced to the polymeric film by the
adsorption of proteins. The measured power differs when the fiber is immersed to
protein solutions of different concentrations enabling a quantitative evaluation of the
protein concentration. The formation of thin and uniform polymeric layers is crucial for
the development of an accurate sensor with low detection limit due to the small
penetration depth of the evanescent wave. Therefore, two different deposition
methods were employed in this study, the dip coating technique and direct manual
casting for side deposition, in order to find the optimum conditions for the formation
of high quality polymeric layers.

For the purpose of the present study, customized amphiphilic block copolymers [94]
were specifically designed having both hydrophilic and hydrophobic blocks for the
facilitation of protein detection and the efficient adhesion of the polymer overlayer to
the optical fiber surface. More specifically, PMMA117-b-PDMAEMA16 and the vinyl-
sulfone-functionalized PMMA117-b-P(DMAEMA;7-st-VSTEMA;) amphiphilic  block
copolymers were prepared using a ‘living’ polymerization technique [95], reversible-
addition fragmentation chain transfer (RAFT) polymerization [96], [97], having both
hydrophilic and hydrophobic blocks. Methacrylic monomers were chosen since they
are easily polymerized. The hydrophilic PDMAEMA block is protonated at neutral pH
and can electrostatically adsorb negatively charged molecules. The existence of vinyl-
sulfone double bonds in the chemically modified PMMA117-b-P(DMAEMA;7-st-
VSTEMA;) copolymer leads to chemical binding by thiol-ene reaction with cysteine in
proteins resulting in permanent immobilization of the proteins [98], [99]. The
hydrophobic PMMA, a well-known methacrylic polymer used in biomedical
applications, is the non-interacting block and due to its insolubility in water it ensures
the formation of stable polymeric films on the fiber surface.

4.2 Experimental

The two synthesized polymers are presented in Figure 4-1 showing the groups that
interact with the BSA protein. The PDMAEMA block of the PMMA117-b-PDMAEMA 16
amphiphilic block copolymer is extensively protonated at low pH leading to
electrostatic binding of negatively charged BSA molecules to the dimethylamino group.
The presence of vinyl-sulfone double bonds to the PMMA117-b-(PDMAEMA;7-st-
VSTEMA;) additionally leads to chemical binding by thiol-ene reaction with cysteine in
proteins.
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Figure 4-1. The two synthesized polymers and the corresponding groups interacting with the
BSA protein.

4.2.1 Sensors’ development

For the development of fiber optic sensing heads, large core and multimoded silica
optical fibers of 600 um silica core (FT600EMT, purchased from Thorlabs) with
removable polymer was used. For the functionalization of the fibers, both the jacket
and the cladding were mechanically removed over a length of 4 cm exposing the core.
The exposed region was cleaned with acetone and dried before the deposition of the
polymeric material. The block copolymer solutions were deposited on the exposed
silica cores of the fibers using either direct side polymer deposition or the dip coating
technique. For the deposition, block copolymer solutions of 1.0% w/v, 0.5% w/v and
0.2% w/v concentration were used. After the polymeric layer deposition, the sensing
region of the fiber was immersed into a buffer solution at pH 7 to get a positively
charged surface on the top of the polymeric film which could adsorb the negatively
charged at neutral pH BSA protein. Figure 4-2 shows a schematic representation of the
procedure described above.

A systematic study for the development of different overlayers on fibers surface was
performed in order to identify optimal conditions. The SEM images in Figure 4-2 show
that the polymeric films formed with 1.0% w/v PMMA117-b-PDMAEMA;16 amphiphilic
block copolymer solution using direct side polymer deposition are quite thick (~7 pum)
leading to the formation of cracks due to non-optimum bonding with the silica surface.
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Figure 4-2. SEM images of silica optical fibers covered with PMMA117-b-PDMAEMA 6
amphiphilic block copolymer using direct side polymer deposition.

The side deposition was employed as it would be better suited for the selective
deposition of a layer in a predetermined length of the fiber without the need to dip the
entire length of the fiber affecting thus the deposition uniformity. However, the
control was not optimum resulting thus in thick layers. For the formation of thin and
mechanically robust polymeric layers the dip coating technique was then employed. As
an initial characterization procedure polymeric layers of PMMA117-b-PDMAEMA16
solutions with different concentrations were deposited on glass slides with dip coating
in order to measure the film thickness with a profilometer (Alpha-step 1Q). The
evaluation was performed using glass slides since the thickness of the polymeric film
could not be measured directly on the fiber’s surface with the profilometer as a result
of the curvature of the fiber surface. Figure 4-3 shows the linear dependence between
the film thickness and the concentration of the PMMA117-b-PDMAEMA 15 solution, as
well as the number of dips. The films obtained with the dip coating technique are very
thin, with thicknesses ranging from ~20 nm to ~75 nm for PMMA117-b-PDMAEMA 15
solutions of 0.2% w/v and 1% w/v, respectively, for a single dip.
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Figure 4-3. Thickness of the PMMA11-b-PDMAEMA;s polymeric film as a function of the
PMMA 117-b-PDMAEMA 15 solution concentration (a) and of the number of dips (b).

SEM characterization of an optical fiber coated with 0.2% w/v PMMA117-b-PDMAEMA 16
solution were also performed in order to measure the thickness of the polymeric layer
(Figure 4-4). The thickness was ~30 nm and it was measured on a cross-section of the
fiber parallel to the fiber’s axis. The fiber, due to its large diameter behaves similarly to
a flat surface, hence the measured film thickness is close to the value measured on the

flat surface of the glass slide.
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Figure 4-4. SEM images of silica optical fibers covered with 0.2% w/v PMMA17-b-PDMAEMA 16
amphiphilic block copolymer solution using the dip coating technique for the deposition of the
polymer.

4.2.2 Experimental setup

The experimental setup for sensing heads characterization consists of a functionalized
silica fiber connected to a Thorlabs M625F1 LED light source operating at 650 nm with
maximum output power of 10 mW. The sensing region of the fiber is immersed in
solutions with different protein concentrations and the signal is recorded at the fiber’s
distal end by a Thorlabs PM100D power meter connected to a computer. The setup is
presented schematically in Figure 4-5.
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N
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Optical
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4
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Figure 4-5. Schematic representation of the experimental setup.
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Due to the opposing charges of the sensing material and the measured protein, the
protein is electrostatically bound onto the polymeric layer. The protein adsorption
from the copolymer at the fiber’s surface changes both the refractive index as well as
the thickness of the film. Due to the interaction between the evanescent field and the
polymeric film these changes cause a variation in the output power measured at the
fiber’s distal end.

4.3 Results and Discussion

For the protein detection experiments optical fibers coated with both PMMA117-b-
PDMAEMA1s and PMMA117-b-P(DMAEMA;7-VSTEMA;) copolymers were evaluated
over different BSA concentrations in buffer solutions. The buffer solution was used in
order to simulate the acidity and salinity of the biological liquids. The coated fibers are
firstly immersed in buffer solution to take the reference intensity value (/). Then the
sensor’s response, defined as:

Response (%) = ISi“‘I’_& %X 100 (4-1)

ref

where [sig the intensity measured for a BSA solution, is calculated.

4.3.1 Performance of the PMMA117-b-PDMAEMA ;6 block copolymer
The first experiments were performed with optical fibers coated with 1% w/v
PMMA117-b-PDMAEMA1s amphiphilic block copolymer solution using direct side
polymer deposition. The fiber was immersed in BSA solutions with different
concentrations. After each immersion the fiber was washed with buffer solution. The
results are presented in Figure 4-6 (a).
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Figure 4-6. a) Absolute response for different BSA concentrations of an optical fiber coated with
1% w/v PMMA;117-b-PDMAEMA1s amphiphilic block copolymer solution using direct side
polymer deposition resulting in an overlayer thickness of ~7 um. b) ATR-FTIR spectrums of the
fiber sensor coated with PMMA117-b-PDMAEMA ;6 polymer before (blue) and after (red) BSA
absorption. The green line is the spectrum after washing the sensor with the absorbed BSA with

buffer solution.

Such thick overlayers (~7 um) were efficient for monitoring only high BSA
concentrations ranging from 0.25% w/v — 1% w/v, limiting the sensitivity by the weak
interaction between the evanescent field and the protein due to the high film

thickness.
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An extensive ATR-FTIR analysis was performed to confirm the presence of the BSA’s
absorption bands (amide bond frequencies at 1655 and 1537 cm™) and thus prove that
the protein is efficiently adsorbed by the PMMA117,-b-PDMAEMA16 copolymer (Figure
4-6 (b)). Despite the reversible electrostatic binding mechanism we noticed that after
washing the fiber there was still a residual presence of BSA on the polymeric film.

In order to increase the detection limit and to avoid the degradation of the layer, the
experimental procedure was repeated with an optical fiber coated with 0.2% w/v
PMMA117-b-PDMAEMA16 amphiphilic block copolymer solution using the dip coating
technique for the deposition. The sensor’s response as presented in Figure 4-7 (a)
shows that the detection limit was indeed decreased by one order of magnitude (BSA
concentrations ranging from 0.025% to 0.1% w/v) due to the thin polymeric layer.
Furthermore, due to the improved quality of the film, the sensor exhibited good
reversibility. The response presented is not linear due to the fact that the fiber was not
washed after each immersion.
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Figure 4-7. a) Absolute response for different BSA concentrations of an optical fiber coated with
0.2% w/v PMMA117-b-PDMAEMA 1 amphiphilic block copolymer solution using the dip coating
technique resulting in an overlayer thickness of ~30 nm. b) ATR-FTIR spectrums after immersion
to solutions with different BSA concentration.

The response of the sensor to different BSA concentrations was also evaluated with
ATR-FTIR measurements. Figure 4-7 (b) shows increased BSA adsorption after
immersion to solutions with higher BSA concentration.

4.3.2 Performance of the PMMA117-b-P(DMAEMA;17-VSTEMA;) block
copolymer

The experiments were repeated using an optical fiber sensing head coated with 1%
w/v PMMA117-b-P(DMAEMA17-VSTEMA;) amphiphilic block copolymer solution with

direct side polymer deposition resulting in an overlayer thickness of ~7 um. The
PMMA117-b-P(DMAEMA17-VSTEMA;) copolymer, due to its vinyl-sulfone double bonds,
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should give an additional non-reversible chemical binding mechanism to the negatively
charged proteins, further to the cationic group reversible electrostatic mechanism.
The fiber was immersed in BSA solutions with different concentrations. After each
immersion, the fiber was washed with buffer solution. The results are presented in
Figure 4-8 (a).
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Figure 4-8. a) Absolute response for different BSA concentrations of an optical fiber coated with
1% w/v PMMA117-b-P(DMAEMA1,-VSTEMA;) amphiphilic block copolymer. b) ATR-FTIR
spectrums of the PMMA 17-b-P(DMAEMA1,-VSTEMA;) coated fiber before (blue) and after (red)
BSA absorption. The green line is the spectrum after washing the sensor with the adsorbed BSA
with buffer solution.
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We can confirm that due to additional mechanism of permanent covalent binding, the
response of PMMA117-b-P(DMAEMA17-VSTEMA;) is considerably higher than the
response of PMMA117-b-PDMAEMA6 block copolymer (Figure 4-7). However, a direct
comparison and the determination of chemical binding contribution would not be
possible as there are also other parameters like overlayer thickness and uniformity
that affect the responsivity.

In order to verify the PMMA117-b-P(DMAEMA17-VSTEMA;) sensing performance, ATR-
FTIR measurements were also performed. The results, presented in Figure 4-8 (b),
demonstrate the clear presence of BSA protein as efficiently adsorbed by the polymer.

However we can observe the drastic decrease of absorption peaks of BSA after
washing the fiber with buffer solution despite the fact that the PMMA117-b-
P(DMAEMA17-VSTEMA;) copolymer should lead to permanent immobilization of
proteins. This could be attributed to the specific composition of the copolymers as
there are only 2/19 units of the hydrophilic block VSTEMA compared to 17/19 of
DMAEMA. This implies that only a very small amount of protein is covalently bound
compared to that which is electrostatically bound.

It was observed that the excessive use of fiber heads in aqueous solutions was causing
a gradual degradation for the relatively thicker films of both PMMA117-b-PDMAEMA 16
and PMMA117-b-P(DMAEMA17-VSTEMA;) block copolymers, in the form of cracks, as is
indicatively presented in the SEM image of Figure 4-9. Probably the highly hydrophilic
nature of the overlayer can cause a degree of swelling leading to cracks and eventually
to overlayers delamination.

Figure 4-9. SEM images of a fibers covered with PMMA 117-b-PDMAEMA 16 (left) and PMMA 117-b-
P(DMAEMA17-VSTEMA:) (right) polymer after the experimental procedure.
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Further study is in progress to improve the deposition quality of the layers and
optimally tune the hydrophobicity of the anchoring PMMA block for improving the
stability and adhesion quality of the overlayer as well as to optimize the hydrophilicity
of the interacting blocks in order to enhance the operability on aqueous environment
while at the same time improve the stability and reversibility of the sensors.

4.4 Potential applications of polymers in other photonic
platforms

Both PMMA117-b-PDMAEMA1s  and PMMA117-b-P(DMAEMA;17-VSTEMA;)  block
copolymers could also be integrated in other photonic devices to either immobilize the
under study molecules or to be used as waveguides.

The polymers could be used as overlayers on PSNRs embedded in the metal coated
microfibers discussed in Chapter 2. Especially for SERS applications the immobilization
of the under study molecules on the PSNR could lead even to single molecule
detection. Figure 4-10 shows the maximum normalized electric field in a polymer
coated slot embedded at r = 400 nm of a plasmonic fiber tip with a semi-angle of a =
5.33°, as a function of the wavelength. The electric field is comparable to the
maximum field of an uncoated slot and hence the polymer coating could be used for
adsorption of molecules to the PSNR surface without limiting the effectiveness of the
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Figure 4-10. Maximum normalized electric field in the slot embedded at r = 400 nm of a
plasmonic fiber tip (a = 5.33°), as a function of the wavelength with (red) and without (green)
polymer coating.



4.5 Conclusions

We have demonstrated the characterization of amphiphilic block copolymers
containing both hydrophobic and hydrophilic blocks for efficient protein detection. The
combination of both blocks in the PMMA117-b-PDMAEMA;16 and the vinyl-sulfone
functionalized PMMA;117-b-P(DMAEMA17-VSTEMA;) amphiphilic block copolymer
materials leads to the formation of robust overlayers on the fiber surface and efficient
adsorption of the negatively charged BSA molecules. The synthesized copolymers have
a well-defined structure as revealed from GPC. A fiber optic based protein sensor
functionalized with the copolymer materials was developed in order to test the sensing
performance of the copolymers. The deposition of the polymeric materials was
performed using direct side polymer and dip coating techniques. When using direct
side polymer deposition of the PMMA117-b-PDMAEMAs and PMMA117-b-
P(DMAEMA17-VSTEMA;) polymer, the layers produced were thick (~7 um), resulting in
a high detection limit (BSA concentrations ranging from 0.25% to 1% w/v) and
deformation of the film after excessive use. On the contrary, PMMA117-b-PDMAEMA 16
polymer films obtained with the dip coating technique were very thin (~30 nm) leading
to good and reversible response of the sensor, decreasing the detection limit by one
order of magnitude (BSA concentration ranging from 0.025% to 0.1% w/v). ATR-FTIR
analysis was also performed, confirming the efficient protein adsorption. The
performance of the PMMA117-b-P(DMAEMA;7-VSTEMA;) block polymer showed that
an increase in the polymer hydrophobicity is probably needed in order to avoid the
degradation of the film after repeated immersions in protein solutions. Biosensors
with better performance can be developed in the future by integrating the polymers to
novel flat fiber based photonic circuits [100].
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Chapter 5

Electrospun Fluorescent Fibers for Sensing
Applications

5.1 Introduction

Polymers are a promising and widely used material platform for functional devices
development. The deployment of polymers with electronic or photonic platforms has
allowed the development of a number of devices and sensors [30], [31]. In sensing
technology functional polymers are usually employed as uniform layers or overlayers
forming sensitive responsive layers to certain measurands. In photonics which is an
emerging and highly promising field for devices development, this can be achieved
either in fiber or integrated optical technology [32], [33] or even in free space optical
architectures in the form of diffraction gratings [33]-[35]. The polymeric overlayer
interacts by its surface with the measurand or even by volume by allowing adsorption
of measurands within the polymer. Those characteristics impose certain restrictions to
the effective volume interaction characterizing thus the response, the reaction time
and the maximum measurement limit [39].

Electrospinning has been one of the most versatile methods employed for generating
nano- and microfibers [101]-[103]. Its simplicity, scalability and high versatility in
regards to the chemical composition, morphology and orientation of the produced
fibers, renders this method very attractive in many scientific fields.

Fluorescence detection methods are distinguished by high sensitivity and resolution
providing extremely low detection limits. Interactions between fluorescent moieties
and analytes change the transmission of the fluorescence signal and can be easily
detected by a simple and low cost optical system. The fibrous spatial network
generated by electrospinning can provide large surface area to volume ratios of about
1-3 orders of magnitude more than that of corresponding continuous thin films [48],
[49] for efficient interaction with the analytes to be detected.

During the last years the development of electrospun (nano)fibrous grids with
embedded fluorescence moieties that were further evaluated in fluorescence sensing
has attracted considerable attention. In these materials the fluorophores are either
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covalently attached onto the polymer chains [49], [104]—-[106] or are incorporated as
dopants (either organic or inorganic) into the fibrous polymer matrix [107]-[111].

5.2 Cost-Effective Polymethacrylate-Based Electrospun
Fluorescent Fibers toward Ammonia Sensing

5.2.1 Introduction

Anthracene is a well-known fluorescent molecule with highly interesting photophysical
properties [112], [113]. The covalent anchoring of this fluorophore onto polymer
chains has led to the development of fluorescent polymers that were further used in
the construction of optoelectronic devices [114], [115], photoluminescent films [116],
[117] and photoresists [118], [119]. Synthesis of well-defined methacrylate-based
homopolymers and block copolymers containing anthracene side-chains functionalities
have been previously prepared by Reversible Addition-Fragmentation chain Transfer
(RAFT) controlled radical polymerization and they were evaluated as dual fluorescent
chemosensors for amines and transmission metal ions in solution [120].

Although anthracene-doped nanofibers containing 9-chloromethylanthracene as a
fluorescent dopant have been fabricated by means of the electrospinning method and
evaluated in regards to their sensing performance towards an organic dye acting as a
model quencher [107], in the present work a well-defined poly(9-anthrylmethyl
methacrylate) homopolymer (PAnNMMA) possessing anthracene side-chain moieties
has been used in the fabrication of anthracene-containing electrospun fluorescent
fibrous mats. The presented approach is considered to be highly advantageous
compared to other fabrication routes reported so far, based on (a) its simplicity in
regards to the synthesis of well-defined anthracene-containing homopolymers
involving conventional RAFT polymerization methodologies, thus avoiding complicated
and time-consuming polymer syntheses and/or post-modification steps; (b) the
avoidance of the fluorophore leakage from the fibrous mat which may lead to inferior
sensing properties, owned to covalent bonding of the fluorophore onto the polymer
chain in contrast to the case where small fluorescent molecules are introduced within
the polymer fibers as dopants; (c) the lack of interaction of the anthracene fluorophore
with polymeric materials and its capability of forming complex compounds with
ammonia molecules leading to effective fluorescent quenching; (d) the blending of the
anthracene-containing homopolymer with PMMA that serves towards the “dilution” of
the fluorophores thus avoiding self-quenching phenomena (e) the significant reduction
of the material’s production costs since PMMA that is used in excess (97 wt% in
respect to the total polymer mass) is a commercially available polymer of low cost and
(f) the considerable decrease in the amount of the macromolecular fluorescent dopant
introduced within the PMMA electrospun fibers compared to the amount of the



previously reported 9-chloromethylanthracene (9-CMA) dopant [107] employed in
cellulose acetate fibers(i.e. 3 wt% vs 10 wt% corresponding to the PANMMA and the 9-
CMA fluorophores respectively), demonstrating the enhanced fluorescence efficiency
of the PANMMA polymeric dopant and consequently its high potential in the
fabrication of high performance optical (fluorescence) sensors.

The evaluation of the developed materials was performed in this work toward the
specific case of ammonia detection, demonstrating high fluorescent-based sensing
efficiency. Due to their large surface area these 3D fibrous systems do not exhibit fast
guenching mechanisms while providing fast response in ammonia presence and
detection to concentrations up to 10000 ppm.

5.2.2 Ammonia Sensing

In order to detect ammonia vapors, a petri dish containing liqguid ammonia solution of
25% w/v was placed on a peltier device inside a sealed testing chamber of 4.3L volume.
The sample was excited by a UV LED at 385 nm using an appropriate FT600UMT
excitation optical fiber purchased from Thorlabs with low attenuation at UV
wavelengths. The emitted fluorescence was filtered by a Thorlabs FELO400 longpass
filter with 400 nm cut-off wavelength, that blocks the excitation wavelength and it was
finally collected by a second optical fiber and analyzed by a Thorlabs CCS200
spectrometer. A schematic representation of the setup is shown in Figure 5-1. During
the measurements the peltier device was switched on, ensuring continuous and rapid
evaporation of the ammonia solution. The measurements were taken in two-minutes
sampling ratio intervals.
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Figure 5-1. Schematic representation of the ammonia detection setup.
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5.2.3 Results and Discussion

Polymeric fluorescent fibrous mats based on the commercially available PMMA and
the in-house synthesized fluorescent PANMMA were fabricated by means of the
electrospinning technique. Figure 5-2 provides the chemical structures of the PMMA
and PAnMMA homopolymers used in the present study. In Figure 5-3 representative
photographs of the fabricated fluorescent fibers when exposed to UV irradiation are
presented (Group of Dr. T. Krasia-Christoforou, Department of Mechanical and
Manufacturing Engineering University of Cyprus).

IR
- OO

PAnMMA

Figure 5-2. Chemical structures of the PMMA and PAnMMA homopolymers used for the
fabrication of the electrospun fluorescent PANMMA/PMMA blended fibers.

Figure 5-3. Photographs of the fibers when these are exposed to UV irradiation.

The morphological characteristics of the fluorescent fibers were determined by SEM.
Figure 5-4 (a) provides characteristic SEM images of the as-prepared PMMA/PANMMA
fibrous mats (Group of Dr. T. Krasia-Christoforou, Department of Mechanical and
Manufacturing Engineering University of Cyprus). As seen in the images, the fibers are
continuous, without beads whereas they exhibit a non-cylindrical, tape-like
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morphology. The average fiber diameters were determined from the SEM images by
using the Digimizer Image Analysis software and they were found to be 6.59 + 1.42 um.

VEGA TEBCAN o
Cogha W e sy gy

(b)- -

Figure 5-4. Scanning electron microscopy (a) and fluorescence microscopy images of the
PMMA/PAnMMA blended fibers.

Fluorescence microscopy was also employed for visualizing the anthracene-containing
fluorescent electrospun fibers and verifying their fluorescence efficacy. In Figure 5-4
(b) characteristic fluorescence microscopy images are provided. As seen from the
images, the fibers behave as efficient blue light emitters thus verifying their high
fluorescence efficacy even in the presence of very low fluorophore content (3 wt% of
PANMMA in respect to the total polymer mass) (Group of Dr. T. Krasia-Christoforou,
Department of Mechanical and Manufacturing Engineering University of Cyprus).

Ammonia sensing can be achieved by measuring the fluorescence intensity reduction
which results from the fluorescence quenching mechanism due to the creation of
complex compounds between anthracene and ammonia molecules [121]. The peltier
device was switched on during the measurements ensuring continuous and rapid
evaporation of the ammonia solution. In Figure 5-5 the calculated evaporation rate of
25 % w/v ammonia solution is provided. The concentration of ammonia inside the
chamber was calculated taking into account the evaporation rate and concentration of
the solution, as well as the volume, pressure and temperature of the chamber.
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Figure 5-5. Evaporated ammonia's volume versus evaporation time exhibiting a linear relation.

Figure 5-6 (a) shows the fluorescence spectrum of the fibrous mats taken for different
ammonia concentrations. Only two out of the three anthracene spectrum peaks, at A =
419 nm and A = 444 nm, are shown due to the use of the longpass filter. Figure 5-6 (b)
shows a continuous reduction of the intensity of the two spectrum peaks,
demonstrating a clear response to ammonia over an extended range of 10000 ppm.
This can be attributed to their large volume, as these three-dimensional fibrous grids
are able to detect high ammonia gas concentrations since they do not suffer from fast
guenching mechanisms associated with the small interaction surfaces of films.
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Figure 5-6. Fluorescence spectra of the fiber-containing anthracene moieties recorded in the
presence of different concentrations of ammonia gas (a). Fluorescence spectra normalized
intensity at the wavelength peaks of 444 nm (blue) and 419 nm (red) versus ammonia
concentration (b).

Even though a clear reduction of the fluorescence intensity was observed, a
guantitative evaluation of the lowest detection limit could not be performed at this
study due to the simultaneous intensity reduction by the UV irradiation probably
caused by the photodimerization of anthracene groups under UV exposure. However
this expected effect of intensity reduction was monitored and quantified in order to
validate the demonstrated results in the high ammonia concentration regime where it
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exhibited negligible effect. Figure 5-7 shows the fluorescence intensity at 419 nm peak
as a function of UV irradiation time, measured with a Horiba/Jobin Yvon, NanolLog
fluorescence system. In the figure the presence of random noisy variations can be
observed while the mean intensity is reduced only by a factor of ~2% after 30 minutes
of continuous exposure. For the ammonia sensing evaluation a series of 17
measurements were taken and the UV LED was switched on for ~10 sec for each
measurement. Thus the intensity reduction due to UV irradiation does not influence
the ammonia detection experiments for which the total irradiation time was ~ 3
minutes.
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Figure 5-7. Normalized intensity at 419 nm peak versus time of UV exposure.

5.2.4 Conclusions

An electrospun fibrous nonwoven mat containing covalently-bound anthracene
fluorescent moieties has been successfully employed for efficient ammonia gas
sensing. Highly fluorescent PMMA/PANMMA blended fibrous mats have been proved
to be a very promising detection scheme for the potential development of inexpensive
gas sensors. Such fibrous grids enable large volume interaction with gas analytes
providing fast sensing in contrast to sensing mechanisms in uniform overlayers since
they are free of penetration delays compared to polymeric films. Furthermore their
characteristic of the large effective surface area to volume ratio allows the detection of
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gas concentrations, up to 10000 ppm, thus rendering these systems highly promising in
cost-effective industrial gas monitoring. In addition, the incorporation of an
anthracene-containing polymer within the fibers in combination with its hydrophobic
nature and thus the exclusion of leaching phenomena of the fluorescent dopant (which
are commonly observed upon introducing low molecular weight fluorescent organic
molecules instead) allows for their future exploitation in the fluorescence sensing of
metal ions and biomolecules in aqueous media. Further exploitation of other
fluorescent macromolecules in electrospun fibers are currently under investigation and
may potentially lead to further sensitivity enhancement in different sensing
applications in solution and in the gas phase.

5.3 Gas and pH Fluorescent Sensors based on Cellulose Acetate
Electrospun Fibers decorated with Rhodamine Functionalised
Core -Shell Ferrous Nanoparticles

5.3.1 Introduction

Functional inorganic nanoparticles (NPs) offer new possibilities in many research fields
due to their unique size-dependent physicochemical properties, high surface areas and
the possibility for surface tailoring [122], [123].

Organic — inorganic polymer-based nanocomposites in the form of thin films, 3D-
networks and fibers, consisting of inorganic nanoparticles embedded within organic
polymer matrices have become a major area of research and technological
development owing to the remarkable properties and multifunctionalities deriving
from their nanocomposite structure.

The nanoparticle-based systems that simultaneously contain more than one functional
component are an active research field with the potential to have an impact on
numerous technological applications [124]. Magnetic core-shell nanomaterials offer
new opportunities not only in biomedical field but also in some specific technical
applications such as support for heterogeneous catalysts, photocatalysts and integral
part of biosensors [125]-[127]. However, the fluorescent core-shell magnetic
nanoparticles have traditionally been studied most intensively in biomedicine because
many research methods for investigating intracellular distribution, cellular uptake, and
biological fate are based on confocal and fluorescent microscopy as well as
fluorescence-activated cell sorter (FACS) using flow cytometry [128]-[133]. In this
context, the silica-coated core shell magnetic nanoparticles have great potential for
imaging since the fluorescent dye can be covalently anchored either onto the silica
surface or doped into the matrix of the silica shell [129], [132], [134]. The possibility to
integrate the fluorescent dye inside the silica matrix allows the silica surface to be



available for further dense and high quality functionalization. An important aspect for
efficient labeling is the choice of proper fluorophore that do not lose the ability to
fluoresce due to photon-induced chemical damage and covalent modification, i.e.
photobleaching [135], [136]. However, only a few examples appear in the literature on
the fabrication of nanocomposite electrospun fibers with embedded core-shell ferrous
nanoparticles. In one such example, core-shell Fe/FeO nanoparticles have been
incorporated within polyimide fibers aiming to produce fibrous nanocomposites
exhibiting enhanced thermal stability and magnetic properties for potential use in
high-temperature magnetic sensing and microwave absorption applications [137].

In another work reported by Z. Guo et al., magnetic polymer nanocomposite fibers
reinforced with Fe/FeO core-shell NPs were prepared by electrospinning, followed by
carbonization to obtain magnetic carbon nanocomposite fibers [138].

In the present study, ferrous core-shell nanoparticles consisting of a magnetic y-Fe;03
multi-nanoparticle core and an outer SiO; shell have been synthesized and further
functionalized with Rhodamine B (RhB) fluorescent molecules. The latter were
covalently bound in the matrix of the silica shell. The resulting RhB-functionalized
ferrous nanoparticles were further incorporated within cellulose acetate (CA)
electrospun fibers to vyield fluorescent electrospun fibrous nanocomposites.
Electrospun fibers with embedded fluorescence moieties designed for use in
fluorescence sensing are considered to be advantageous compared to their film
analogues, due to their larger surface-to-volume ratios. In previous reports on
fluorescent-functionalized electrospun polymer fibers, the fluorophores were either
covalently attached onto the polymer backbone [49], [104]-[106], [139] or they were
incorporated as dopants within the fibers [107]-[111].

In one such example referring to the doping of polymer nanofibers with RhB, the
fluorescent dye was added into a poly(ether sulfone) solution prepared in N,N-
dimethylacetamide, and the mixture was electrospun to obtain fluorescent, RhB-
doped nanofibers that were further evaluated as metal ion (Cu?*) fluorescent sensors
in aqueous media [140]. Furthermore, electrospun polymer fibers doped with
Rhodamine B derivatives have been also successfully used as highly efficient turn-on
fluorescent sensors for the detection of Hg?* ions [141], [142].

In the present study, the use of RhB-functionalized core-shell ferrous nanoparticles as
dopants in electrospun fibers is considered to be advantageous compared to other
fabrication routes reported so far, since the leakage of the RhB fluorophore from the
fibrous mat is prevented due to its covalent anchoring onto the nanoparticle surfaces.
In contrast, small fluorescent molecules introduced within the polymer fibers as
dopants are only held onto the polymer chains via weak van der Waals interactions,
thus often resulting to their desorption from the polymer matrix and consequently the
decrease in the fluorescence efficiency of the fibers. In addition, the covalent
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anchoring of RhB molecules onto the nanoparticles’ surfaces and the blending of the
RhB-functionalized ferrous nanoparticles with the fibrous CA matrix, suppress self-
guenching phenomena, whereas by covalently integrating RhB within the silica shell,
fluorescence quenching is further prevented by avoiding direct contact with iron
oxides.

Besides the above, the use of a renewable, naturally-abundant acetylated cellulose
derivative as a polymer matrix exhibiting biocompatibility, biodegradability and
environmental friendliness, as well as the magnetic character of the inorganic RhB-
functionalized ferrous additives providing the possibility for magnetic separation by
applying an external magnetic field are additional benefits of the fibrous
nanocomposite fluorescent sensor described herein.

The evaluation of the dual sensing capability (i.e. ammonia gas and pH sensing) of the
developed fibrous nanocomposites was carried out using a highly controllable
measuring apparatus for the characterization of the fluorescence response under
measurands presence. In the system an optical fiber-based setup for both the
excitation of the fluorescent moieties and the collection of the emitted signal was
used. Both electrospun and sprayed fibers with Fe;03/SiO2/RhB core-shell
nanoparticles were evaluated for gas ammonia sensing showing a good response for
very high concentrations, up to 12000 ppm. Furthermore in aquatic solutions with
different pH values the electrospun fibers with embedded Fe;03/SiO2/RhB core-shell
nanoparticles exhibited a fast and linear response in both alkaline and acidic
environments.

5.3.2 Ammonia and pH Sensing Apparatus

In order to measure the sample’s response to ammonia vapors and different pH
values, the Fe,03/Si02/RhB-functionalized CA electrospun fibers were placed in a
cuvette holder having two perpendicular light paths specially desighned for free space
applications. An all solid state 532 nm laser was used to excite the rhodamine moiety
using a 400um core multimode silica optical fiber. The emitted fluorescence was
filtered by a Thorlabs FGL550 longpass filter with 550 nm cut-off wavelength, that
blocks the excitation wavelength and it was finally collected by a 600um core
multimode optical fiber and analyzed by a Thorlabs CCS200 spectrometer. Both SMA
terminated optical fibers are connected with the cuvette with SMA fiber adapters
having mounted collimators. A schematic representation of the setup is shown in
Figure 5-8.
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Figure 5-8. Schematic reperesentation of the experimental setup.

For the gas ammonia detection, the above described cuvette holder containing the
sample was placed in a custom made sealed testing chamber of 4.3L volume. A peltier
element was used for the evaporation of the 25% w/v ammonia solution drops as

schematically depicted in Figure 5-9.
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Figure 5-9. Schematic reperesentation of the ammonia sensing apparatus.
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For the pH detection aquatic solutions of different pH values were used. HCl solutions
with pH values ranging from 1-5 and NaOH solutions ranging from 8-13 were inserted
in the cuvette where the sample was placed in order to evaluate the sample’s

response.
5.3.3 Results and Discussion
5.3.3.1 Rhodamine Functionalised Core -Shell Ferrous Nanoparticles

Fluorescent silica-coated nanoparticle clusters (core-shell nanoparticles) with approx.
20 nm thick silica shell were prepared as fluorescent and magnetic labels for the
produced CA electrospun fibers (Dr. Slavko Kralj, Department for Materials Synthesis,
Jozef Stefan Institute, Slovenia). The nanoparticle clusters were synthesized by the self-
assembly of the superparamagnetic iron oxide (maghemite) nanoparticles. In the TEM
images of the core-shell nanoparticles (Figure 5-10 (a) and (b)) (Dr. Slavko Kralj,
Department for Materials Synthesis, Jozef Stefan Institute, Slovenia), the cluster core
composed of closely packed individual maghemite nanoparticles can be clearly
distinguished from the amorphous silica shell. The size of the core-shell nanoparticles
was measured from the TEM images (> 100 particles counted) to be ~ 130 nm + 30
nm. Core-shell nanoparticles showed superparamagnetic properties with a saturation
magnetization Ms of ~ 37 Am? kg (Figure 5-10 (c)) (Dr. Slavko Kralj, Department for
Materials Synthesis, JoZef Stefan Institute, Slovenia). DLS measurements of the core-
shell nanoparticles in an ethanol suspension (1.0 mg mL?') showed narrow
hydrodynamic-size distribution with the average size at ~ 151 nm (SD = 2.8 %) (Dr.
Slavko Kralj, Department for Materials Synthesis, Jozef Stefan Institute, Slovenia).

The core-shell particles form stable colloidal suspensions and this is verified by the fact
that their DLS-determined size is in close agreement with the size determined by TEM.

81



( C) Magnetization / Am?kg’

40 ] Intensity
30

05/ Average = 151 nm
20 | SD = 2.8%

04 PDI = 0.0008
10 —="

=
0 ©03 |
0.2
0.1
1 10 100 1000

Hydrodynamic diameter (nm)

Figure 5-10. TEM images of core-shell nanoparticles at low (a) and high (b) magnification,
room-temperature measurement of the magnetization as a function of magnetic field strength
(c), and intensity-weighted distribution of the core-shell nanoparticles hydrodynamic diameters
obtained from the DLS measurements in ethanol-based suspension at concentration 1 mg mL*

(d).

In order to investigate the influence of the RhB-loading on the nanoparticles’
fluorescence properties, RhB-labelled nanoparticle clusters having a lower RhB amount
(i.e. only 3.11 umol of RhB instead of 9.33 umol per 450 mg of nanoparticle clusters —
see in section 2.3) were synthesized (Dr. Slavko Kralj, Department for Materials
Synthesis, Jozef Stefan Institute, Slovenia). As seen in Figure 5-11, the emission spectra
of the fluorescent silica-coated nanoparticle clusters with high RhB loading showed
higher relative intensity compared to the low RhB loading clusters, as expected. Most
importantly, no shift in the maximum emission wavelength was observed upon altering
the RhB loading.
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Figure 5-11. Emission spectra of fluorescent, silica-coated nanoparticle clusters (RhB-labelled
silica) with high (9.33 umol of RhB) and low (3.11 umol of RhB) RhB loading.

In order to examine whether the optical response of RhB is influenced by the covalent
linkage to the silica shell, the maximum emission wavelengths of the fluorescent silica-
coated nanoparticle clusters (RhB-labelled silica) and of the RhB aqueous solution (free
RhB) were compared (Dr. Slavko Kralj, Department for Materials Synthesis, JoZzef
Stefan Institute, Slovenia). As seen in Figure 5-12, the maximum emission wavelength
of RhB aqueous solution was recorded at 585 nm, while after covalent anchoring with
silica, the wavelength was shifted to 580 nm. It is noteworthy to mention at this point
that when RhB was simply added to the TEOS (silica precursor) without the pre-
formation of a covalent bond with the amino-silane molecule (APS), the product (silica-
coated nanoparticle clusters) was not fluorescently labelled, and all RhB molecules
were removed during vigorous washing.
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Figure 5-12. Emission spectra of the fluorescent silica-coated nanoparticle clusters (RhB-
labelled silica) and of the aqueous solution containing free RhB molecules.
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5.3.3.2 Fluorescent Electrospun Nanocomposite Fibers

Electrospinning was first employed in the fabrication of pristine CA fibers. A schematic
of the electrospinning set-up used is provided in Figure 5-13 (Group of Dr. T. Krasia-
Christoforou, Department of Mechanical and Manufacturing Engineering University of
Cyprus).
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Figure 5-13. Left: Schematic of the electrospinning set-up used in the fabrication of electrospun
CA fibers. Right: Indicative photographs of the y-Fe203/Si02/RhB functionalized CA fibers
obtained via spray deposition of the RhB-functionalized nanoparticles onto the fibers’ surfaces

(up) and by mixing of the nanoparticle dispersion with the polymer solution, followed by
electrospinning (down).

The morphological characteristics of the produced CA fibers were investigated by SEM
(Group of Dr. T. Krasia-Christoforou, Department of Mechanical and Manufacturing
Engineering University of Cyprus). As seen in the SEM images appearing in Figure 5-14,
CA fibers had a belt-like (ribbon-like) morphology, a random orientation and they were
characterized by a relatively broad diameter distribution within the micrometer size
range. Ribbon-like morphologies in electrospun fibers based on cellulose and cellulose
derivatives have been were previously reported [143]. Based on earlier reports the CA
fiber morphology can be altered upon changing the solvent system and the polymer
solution concentration. Under certain experimental conditions (i.e. specific solvent
system, polymer solution concentration and optimum electrospinning parameters) the
generation of cylindrical CA fibers is also feasible [144].
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Figure 5-14. SEM images of CA electrospun fibers produced from acetone solutions (12.5 %
w/v).

Although the effect of the fiber morphology on the magnetic and optical properties
was not investigated in the present study, according to previous findings, the fiber
diameters may have a significant influence on the materials’ optical and magnetic
properties. For example, N. Tomczak and co-workers fabricated electrospun
poly(methyl methacrylate) (PMMA) fibers with embedded fluorescent additives (either
fluorescent organic dyes or luminescent CdSe/ZnS core-shell quantum dots). Based on
the single molecule approach, the fiber diameter may influence considerably the
materials’ optical properties. This was verified by the observation of a significant
broadening of the fluorescence lifetime distribution when the fiber diameters were
below the light wavelength (below 500 nm) [145]. Moreover, R. E. S. Bretas et al.
demonstrated that the magnetic properties (i.e. saturation magnetization) of
BiFeOs nanofibers produced by electrospinning increased with the decrease of the
nanofibers’ diameter and increase of nanofibers interconnectivity [146].

The fabrication of CA electrospun fibers decorated with RhB-functionalised core-shell
ferrous nanoparticles was accomplished by following 2 different synthetic routes
involving: (a) the deposition of the nanoparticles onto the fibers’ surfaces via spraying
and (b) the mixing of the nanoparticle dispersion prepared in ethanol with the CA
acetone solution, followed by electrospinning (Group of Dr. T. Krasia-Christoforou,
Department of Mechanical and Manufacturing Engineering University of Cyprus).

RhB was chosen to be covalently linked onto the nanoparticles’ surfaces due to its high
photostability compared to other fluorescent dyes introduced in previous studies as
active moieties in optical sensing applications [147]. Actually, initial studies of our
group involved the incorporation of FL-functionalized core-shell ferrous nanoparticles
(Fe203/SiO2/FL) within CA electrospun fibers by following the spraying deposition
methodology. According to SEM analysis, the FL-functionalized nanoparticles were
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homogenously deposited onto the fibers’ surfaces and the resulting nanocomposite
fibers exhibited strong fluorescence as demonstrated by fluorescence microscopy
(Figure 5-15 (a) and (b) respectively) (Group of Dr. T. Krasia-Christoforou, Department
of Mechanical and Manufacturing Engineering University of Cyprus). However, by
repeating the fluorescence microscopy analysis 2 months after sample preparation, a
significant decrease in the fibers’ fluorescence efficiency was observed as shown in
Figure 5-16, in line with previous literature references reporting the low photostability
of FL [148].
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Figure 5-15. SEM image (a) and fluorescence microscopy image (b) of the FL-functionalized
core-shell ferrous nanoparticles (FL/Fe,03/Si0;) deposited on the surfaces of electrospun CA via

spraying.

(a) (b)

Figure 5-16. Fluorescence microscopy image of the freshly-prepared FL-functionalized CA fibers
(a) and of the fibers after 2 months period (b).



The Fe;03/Si02/RhB functionalized CA fibers were visualized by SEM and fluorescence
microscopy (Group of Dr. T. Krasia-Christoforou, Department of Mechanical and
Manufacturing Engineering University of Cyprus). As seen in Figure 5-17 ((a), (b)), both
fabrication routes resulted to the anchoring of the nanoparticles onto the fibers’
surfaces.
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Figure 5-17. SEM images of the Fe,03/SiOs/RhB functionalized CA fibers obtained via spray
deposition of the RhB-functionalized nanoparticles onto the fibers’ surfaces (a) and by mixing of
the nanoparticle dispersion with the polymer solution, followed by electrospinning (b).

Transmission Electron Microscopy (TEM) analyses confirmed the presence of y-
Fe203/Si02/RhB nanoparticles along the nanocomposite fibers (Figure 5-18) (Dr. Slavko
Kralj, Department for Materials Synthesis, JoZef Stefan Institute, Slovenia). By
comparing the TEM images of the electrospun fibrous nanocomposites ((a)-(d), Figure
5-18) with the fibrous analogues prepared via spray deposition ((e)-(h), Figure 5-18),
the presence of the nanoparticles exclusively onto the fibers’ surfaces can be observed
in the second case, in contrary to the nanocomposite fibrous analogues prepared by
electrospinning where the nanoparticles are mainly accumulated within the fibers.

In the case of the electrospun materials, the core-shell nanoparticle morphology could
clearly be resolved in images at higher magnifications ((b) and (d), Figure 5-18). The
core-shell ferrous nanoparticles are relatively homogeneously distributed along the
fibers while on the nanoscale there is some segregation composed of up to dozen
nanoparticles present in small aggregates. Due to high energy electron beam at the
TEM accelerated at 200 kV, the core-shell nanoparticles deposited on or close to the
surface of the fibers might immerse into partially melted CA fibers during TEM analysis
and thus cannot be seen at the fiber surfaces. Additionally, since the TEM is a
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transmission technique and the fibers diameter is large (up to few microns) the
confirmation of the exact position of core-shell nanoparticles in/on the fibers is
challenging to resolve and thus the TEM analysis is especially complementary to SEM
analysis.
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Figure 5-18. TEM images of y-Fe203/Si02/RhB functionalized CA fibers obtained by mixing of
the nanoparticle dispersion with the polymer solution, followed by electrospinning (a-c) or via
spray deposition of the RhB-functionalized nanoparticle solution on the surfaces of the as-
prepared electrospun CA fibers (e-g). Fibers diameter distributions were determined by analysis
of the TEM images corresponding to the electrospun magnetic fibers (d) and the sprayed
magnetic fibers (h).

Fluorescence microscopy was used to verify the fluorescence properties of the
multifunctional nanocomposite fibers. Figure 5-19 provides the fluorescence images of
the produced materials (Group of Dr. T. Krasia-Christoforou, Department of
Mechanical and Manufacturing Engineering University of Cyprus). By observing the
fluorescence microscopy images, it can be seen that fluorescence is not homogeneous
for the entire sample, particularly in the case of the fibers obtained by mixing the
nanoparticle dispersion with the polymer solution, followed by electrospinning (Figure
5-19). According to the TEM data (provided in Figure 5-18), the nanocomposite fibers
obtained by the spray deposition method have RhB-functionalized nanoparticles
anchored all over their external surfaces. In contrary, in the case of the electrospun
analogues, the nanoparticles that are embedded within the CA fibers form clusters and
the presence of nanoparticle-free regions along the fibers can be clearly observed,
resulting to a fluorescence “inhomogeneity” along the fibers.
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Figure 5-19. Fluorescence microscopy image of y-Fe203/SiO2/RhB functionalized CA fibers
obtained via spray deposition of the RhB-functionalized nanoparticles onto the fibers’ surfaces
(a) and by mixing of the nanoparticle dispersion with the polymer solution, followed by
electrospinning (b).

The fluorescence efficiency of the RhB-functionalized ferrous nanoparticles anchored
onto the CA fiber surfaces was investigated by photoluminescence spectroscopy at 520
nm excitation wavelength (Figure 5-20) (Group of Dr. T. Krasia-Christoforou,
Department of Mechanical and Manufacturing Engineering University of Cyprus). The
emission wavelength was recorded at 574 nm, in agreement with previous reports
recording the emission wavelength of RhB within 574-577 nm [149]-[151].

Additional UV/Vis measurement spectra were not possible to be derived, as the
materials were non-transparent and non-reflective, restricting thus their
characterization in both transmission and reflective mode in UV/Vis
spectrophotometer systems.
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Figure 5-20. Photoluminescence spectra of the y-Fe,05/SiO,/RhB functionalized CA fibers
obtained via spray deposition of the RhB-functionalized nanoparticles onto the fibers’ surfaces
(a) and by mixing of the nanoparticle dispersion with the polymer solution, followed by
electrospinning (b) (excitation wavelength: 520 nm).

The magnetic behaviour of the nanocomposite membranes was investigated by VSM
at room temperature (Dr. Slavko Kralj, Department for Materials Synthesis, JoZef
Stefan Institute, Slovenia). Figure 5-21 presents the magnetization versus applied
magnetic field strength plots for the 2 types of the y-Fe,03/SiO2/RhB functionalized CA
nanocomposite fibers. As seen in the plots, both systems exhibited superparamagnetic
behavior at ambient temperature [152], demonstrated by the symmetrical sigmoidal
shape of the magnetization curves and the absence of a hysteresis loop. The fibers
obtained via spray deposition had a higher saturation magnetization value (Ms ~ 0.82
Am? kg') compared to the fibers obtained by mixing of the nanoparticle dispersion
with the polymer solution, followed by electrospinning (Ms ~ 0.20 Am? kg?l).
Moreover, based on VSM magnetic measurements, the amounts of the y-
Fe203/Si02/RhB in the functionalized CA nanocomposite fibers were estimated to be ~
2.2 wt. % and ~ 0.5 wt. % for the fibers obtained via spray deposition and the ones
obtained by mixing of the nanoparticle dispersion with the polymer solution followed
by electrospinning, respectively. These differences justify the differences observed in
the photoluminescence spectra corresponding to the 2 cases (Figure 5-20).
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Figure 5-21. A room-temperature measurement of the magnetization as a function of magnetic
field strength of the y-Fe,03/SiO;/RhB functionalized CA fibers obtained via spray deposition of
the RhB-functionalized nanoparticles onto the fibers’ surfaces (a) and by mixing of the
nanoparticle dispersion with the polymer solution, followed by electrospinning (b).

5.3.3.3 Gas (ammonia) and pH sensing

Both electrospun and spray-decorated y-Fe,03/SiO,/RhB nanocomposite fibers were
evaluated for different gas ammonia concentrations and pH values. The emission
spectrum of the sample was stable upon continuous illumination, showing no self-
guenching mechanisms observed with other fluorescent moieties such as anthracene
[139]. For the measurements, the integration time of the spectrometer was set to 10s.
The averaging method, rolling average over the last 3 acquisitions, was used. The
sample was exposed for 30 s for each data point, showing fast response to the
measurands. As each individual measurement corresponds to 30s, this can be an
estimate of the time response which is comparable to other electrospun-based
ammonia sensors [153], [154] where the response times range between 50 s — 350 s,
as well as fluorescence-based sensors [155]. However, lower response times, in the ms
scale, can be achieved by using porous hydrophilic sensing films with thickness at the
nanoscale [156]. The time response can be also compared with ammonia sensors of
different photonic technologies. In one such case, ammonia detection time response
based on optical diffraction gratings comprised of NiCl, or CuCl, sol-gel composites
incorporated at TMOS or TEOS matrices ranged between 150 and 270 s depending on
the specific materials [33]. In another characteristic case on fiber optic sensors
fabricated by thin film overlayers of diblock copolymers on the surface of polymer
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optical fibers, similar response characteristics of ~300 s were exhibited for ammonia
sensing [39]. In that sense, the response of the materials presented herein can be
considered as fast. In order to assure the reliability of measurements for each recorded
value, the sample was illuminated for 10 more minutes before changing NH3
concentration or pH, showing no further change. This stability demonstrates that at
continuous excitation, the properties of the material at constant ammonia
concentration were not deteriorated, and also that the response is attributed reliably

to the specific measuring conditions.

When exposed to NHs; vapors, RhB undergoes structural changes resulting to the
generation of a non-fluorescent lactone [157] (Figure 5-22). The latter explains the
reduction observed in the fluorescence intensity upon exposure of the nanocomposite
RhB-functionalized fibrous mats in NH3 (Figure 5-23 (a) and Figure 5-24 (a)).
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Figure 5-22. Sensing (fluorescence quenching) mechanism of RhB molecules undergoing
structural changes when exposed to NHs; vapours, resulting to the generation of the non-
fluorescent lactone form.

Figure 5-23 (a) shows the fluorescence spectrum of the electrospun fibers with y-
Fe203/Si02/RhB core-shell nanoparticles taken for different ammonia concentrations.
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A reference intensity value (/f) was taken before inserting the ammonia vapors. The
fibers’ response is defined as:

Isig=Ire
Response (%) = “;—f %X 100 (5-1)
ref
where [sig is the intensity measured for an ammonia concentration. Figure 5-23 (b)
shows the response corresponding to the 577 nm peak, demonstrating a clear
ammonia sensing for concentrations up to 11000 ppm.
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Figure 5-23. Fluorescence spectra of the electrospun fibers with y-Fe,03/SiO,/RhB core-shell
nanoparticles for different concentrations of ammonia gas (a). Response of the electrospun
nanocomposite fibers at 577 nm for different ammonia concentrations (b).
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The fibers decorated on their external surfaces with y-Fe,03/SiO2/RhB core-shell
nanoparticles via spraying, also show a clear response to the ammonia vapours as
presented in Figure 5-24 for NH3 concentrations up to ~13000 ppm. The detection of
high NHs concentrations can be attributed to the large surface-to-volume ratio of the
electrospun fibers. Previous studies have shown that due to the large surface-to-
volume ratio, electrospun fiber sensors have enhanced sensitivity [157] as well as
guenching efficiency [104] compared to thin films. The overall factor that enables the
high concentration detection is actually the total number of sensing elements which
are the y-Fe;03/SiO2/RhB core-shell nanoparticles. Their total number in a specific
volume of the material is determined by the three dimensional (3D) fibrous form and
the concentration of the functionalised nanoparticles. However, the surface
enhancement enabled by the fibrous morphology is the dominant factor which can be
considered as a nonlinear scaling factor in a three dimensional space where the
nanofibrous material is organised. The arrangement of nanoparticles in a linear shaped
fiber, scales linearly but in this 3D fibrous form the total effect can be eventually
characterised by a nonlinear scaling or enhancement factor.

The response of the sprayed samples is ~5% lower compared to the fibers electrospun
with y-Fe;03/SiO2/RhB nanoparticles. This could be attributed partially to the fact that
in the former case the nanoparticles can easily detach from the fibers’ surfaces before
and during the measurements because they are only weakly attached to them.
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Figure 5-24. Fluorescence spectra of the fibers sprayed with y-Fe,03/SiO,/RhB core-shell
nanoparticles for different concentrations of ammonia gas (a). Response of the electrospun
nanocomposite fibers at 577 nm for different ammonia concentrations (b).

The sample starts to quench above ~12000 ppm and the response curve reaches a
plateau. Therefore the sensor can be used for NHs3 concentrations detection up to
~12000 ppm. Above this limit, the sensor cannot be reliably used as it becomes
permanently "poisoned" and irreversible.

Furthermore, our experimental data show no consistent reversibility in ammonia
sensing. This can be attributed to the high ammonia concentration, as heavy loading
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(with ammonia) tends to destabilize the sensor, resulting in poor reversibility and
smaller relative signal changes [158]. However, despite the non-reversible nature of
the demonstrated behaviour, there are several sensing and detection applications
where reversibility is not required as the purpose of the sensing element is to
log/register successfully a specific high concentration of ammonia. Such cases are
important in ammonia leakage monitoring especially at very high concentrations that
can become toxic. Low cost sensing elements or materials can then be replaced after
logging an ammonia leakage event.

Although the physical form of the electrospun fibrous materials is suitable for high
concentration gas detection, it is not considered ideal for efficient collection of
fluorescent light that could enable low level of detection. This is attributed to the fact
that the material arrangement in the measuring cell could be vulnerable to external
factors like vibrations, air flow etc., resulting to possible displacements that may alter
the excitation and collection light angle. Therefore, for the optimization of the sensing
performance, the development of a more robust customised miniaturised measuring
apparatus is required in future studies.

The y-Fe203/Si0O2/RhB-functionalized CA fibers were also evaluated as pH sensors in
aqueous solutions with different pH values. Both electrospun and sprayed vy-
Fe»03/Si02/RhB-functionalized CA fibers were tested but only the nanocomposite
fibers obtained via electrospinning exhibited a consistent response/behaviour in
aquatic environments. On the contrary, detachment of the y-Fe;03/SiO2/RhB core-shell
nanoparticles decorating only the surface of the sprayed CA fibers was observed, when
the latter were immersed in aquatic solutions, thus indicating the limited robustness of
this system compared to the electrospun analogue. These results may be attributed to
the weak nanoparticle/polymer matrix interactions arising from the surface
functionalization via spray deposition. The latter is further supported by the TEM
analysis provided in Figure 5-18, (e)-(h).

In Figure 5-25 (a), the fluorescent intensity of the electrospun nanocomposite fibers
immersed in acidic aqueous solutions with different pH values, ranging from 5 to 1, is
presented. The fibers were firstly immersed in a pH 5 solution and subsequently in
solutions with lower pH values. As the pH decreases, the fluorescent intensity clearly
increases.
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Figure 5-25. Fluorescence spectra of the fibers electrospun with y-Fe;03/SiO,/RhB core-shell
nanoparticles for acidic aqueous solutions with different pH values (a). Fluorescence intensity
at 580 nm versus pH (b).

The electrospun nanocomposite fibers were also tested as fluorescent sensors in
alkaline aqueous solutions with different pH values ranging from 8 to 13. The fibers
were firstly immersed in a pH 8 solution and subsequently in solutions with higher pH
values. As the pH increases the fluorescent intensity decreases (Figure 5-26 (a)). The
intensity at the 580 nm peak is linearly depended on the pH value with R-square values
of 0.9577 and 0.8817 for the acid and alkaline environments, respectively (Figure 5-25
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(b) and Figure 5-26 (b)). The values of the slopes for the acid and alkaline
environments are -0.00158 and -0.00165, respectively, with corresponding standard
deviations of 0.0001917 and 0.0003028. The fact that the standard errors are less than
20% of the slope values, strongly indicates that the correlation is linear.
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Figure 5-26. Fluorescence spectra of the fibers electrospun with y-Fe;03/SiOs/RhB core-shell
nanoparticles for basic aqueous solutions with different pH values (a). Fluorescence intensity at
580 nm versus pH (b).



The samples were also evaluated towards pH sensing reversibility, by alternating
solutions with pH values of 2 and 7. The sample exhibited reversible on/off switchable
fluorescence emission as presented in Figure 5-27 in accordance to the literature
[159], [160]. It is noteworthy to emphasize that the y-Fe,03/SiO2/RhB—functionalized
electrospun nanocomposite fibers characterised 6 months after production towards
pH sensing, exhibited a measurable response for a relatively long range of pH between
2 and 7, together with a consistent reversibility, demonstrating their stability and long
term functionality.
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Figure 5-27. Reversibility of the pH-dependent on-off-on fluorescence intensity profile of
electrospun fibers functionalized with y-Fe;03/SiO,/RhB nanoparticles.

To summarize, concerning the ammonia sensing performance, the nanocomposite
fibers obtained via spray deposition of the Fe;03/SiO2/RhB core-shell nanoparticles
showed a ~5% lower response compared to the electrospun fibrous analogues,
partially due to nanoparticle concentration differences in the two samples deriving
from the fact that in the case of spray deposition, the NPs are detached from the
fibers’ surfaces before and during the measurements because they are only weakly
attached to them.

Further to the above logical assumption, it should be underlined that the absolute
value of NPs concentration and the resulted photoluminescence (Figure 5-20) of the
two different fiber types should not be related to their sensing responses, as the
response is calculated to a reference intensity value connected to the absolute initial
photoluminescence. The absolute photoluminescence is reflected only by the absolute
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values of the measured intensity in the graphs appearing in Figure 5-23 (a) and Figure
5-24 (a), which are indeed higher for the case of the sprayed fibers (Figure 5-24 (a)).
Therefore, it is noteworthy to stress out that the response in the case of the
electrospun fibers (Figure 5-23) is higher despite the fact that the sensing
functionalized NPs are embedded in the hosting fibers and are not directly exposed to
ammonia gas as in the case of the NPs deposited onto the fibers’ surface via spraying.
The adsorption mechanism of ammonia in the electrospun fibers is proved equivalent
(or even more efficient), compared to the direct sensing on the sprayed NPs, because
of the minimal dimension of fibers. Furthermore, the stability of the NPs is retained,
since these are protected within the fibers and they are not directly exposed to
external degradation factors.

Based on the above, the nanocomposite fibers obtained via spray deposition were
found to be less robust as pH fluorescent sensors owned to the fact that the y-
Fe»03/Si02/RhB core-shell nanoparticles decorating only the surface of the sprayed CA
fibers were detached upon immersion of the fibers in aquatic solutions indicating their
ineffectiveness in applications involving aquatic environments.

5.3.4 Conclusions

In this work, the fabrication of cellulose acetate electrospun fibers dopped with RhB-
functionalized core-shell ferrous nanoparticles is reported. Due to the covalent
anchoring of the RhB fluorophore onto the nanoparticle surfaces its leakage from the
fibrous mat is prevented. Two different fabrication protocols of the CA fibers dopped
with the Fe;03/SiO2/RhB core-shell nanoparticles were followed. In the first synthetic
approach, the nanoparticles were sprayed on top of the fibrous mat while in the
second a nanoparticle suspension in the CA polymer solution prepared in acetone was
electrospun producing the fibers. The electrospun nanocomposite fibers were
evaluated for both gas ammonia and pH sensing. Due to the large surface-to-volume
ratio of the functionalized fibrous mats, high ammonia concentrations up to 12000
ppm were detected. Furthermore the fibers showed fast and linear response to
aquatic solutions of different pH values.
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Chapter 6

Summary and Future Work

6.1 Summary

Nanostructures of dimensions around the operating wavelength of light can support optical
resonances enhancing the incident light by orders of magnitude and concentrating it in the
nanoscale. Their integration to optical fiber tips with thin metallic claddings, forming
plasmonic slot nanoresonators (PSNRs), provides ease of light coupling from the fiber’s core
modes to the slot and a robust platform which can find many applications in nano-optics
and sensing. In Chapter 2 guiding and modal properties of metal-coated optical fiber tips
with embedded PSNRs were investigated through FEM simulations towards the
identification of their optimization parameters. It was found that the placement of a PSNR
at the cut-off radius of a metal-coated fiber tip, where the group velocity tends to zero,
leads to considerable intensity enhancement of the field confined beyond the diffraction
limit. Maximum intensity enhancement of optimally placed PSNRs at different radii shows a
linear dependence between excitation wavelength and radius, making it feasible to engineer
the proper radius for a specific wavelength for maximum enhancement.

Metal tips are emerging plasmonic structures that can offer high field intensity at the tip
apex and high confinement on the nanoscale. However, the fabrication of smooth metal tips
with well-defined geometrical characteristics, crucial for optimizing the performance of the
plasmonic structure, is not trivial. Furthermore, pure metal tips are exposed to the
environment and fragile, thus complicating their use in real applications. A platform based
on hybrid composite glass metal microwires which can offer the required robustness for
device development was proposed in Chapter 2. An optimized fabrication process of high-
quality all-fiber plasmonic tips by tapering such hybrid metal core/dielectric cladding
microfibers is proposed and demonstrated experimentally. The presence of the dielectric
cladding offers continuous re-excitation of the plasmon modes due to repeated total
internal reflection at the glass/air interface, which can dramatically reduce the high losses
induced by the metal core. This enables direct light coupling from the distal end of fiber
instead of side excitation of the tip, allowing thus their integration in the optical fiber and
planar circuits. Plasmonic tips were successfully demonstrated in a highly controllable
manner, and their performance was related to simulation results predicting high field
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enhancement factors up to 10°. In order to find the optimum conditions for tapering these
multicomponent optical fibers the Plateau-Rayleigh instability in such hybrid fibers was
theoretically investigated by inducing surface tension perturbations and compared to
Tomotika instability theory. The continuous-core breakup time was calculated via FEM
simulations for different temperatures and was found to be considerably higher to
Tomotika's model while the final sphere diameter is a linear function of the initial core
radius. Furthermore different sinusoidal perturbations parameters were considered
showing significant impact in the characteristics of formed spherical features.

Novel amphiphilic block copolymers having both hydrophobic poly(methyl methacrylate)
(PMMA) and hydrophilic poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) blocks
have been designed and synthesized for efficient protein detection in photonic-based
sensing and was presented in Chapter 4. Both the cationic PMMA117-b-PDMAEMA 6 and the
cationic vinyl-sulfone functionalized PMMA117-b-P(DMAEMA17-VSTEMA;) block copolymers,
where VSTEMA is 2-(2-(vinylsulfonyl)ethylthio)ethyl methacrylate, were synthesized from a
water insoluble hydrophobic PMMA block, which facilitated the formation of stable
overlayers on the silica optical fibers surface. The well-defined structure of the co-polymers
was confirmed by gel permeation chromatography (GPC). The presence of the cationic
PDMAEMA block and the vinyl-sulfone double bonds led to reversible electrostatic binding
of negatively charged proteins like bovine serum albumin (BSA) and non-reversible chemical
binding by thiol-ene reactions with cysteine in proteins, respectively. The sensing properties
of these materials were assessed and confirmed by ATR-FTIR analysis and by the
characterization of fabricated sensing heads on silica optical fibers functionalized with
suitably deposited overlayers. The sensing assessment revealed the requirements for
deposited overlayer characteristics towards proteins' detection sensitivity and selectivity
enhancement.

The fabrication of cost-effective, polymer-based electrospun fluorescent fibrous grids and
their evaluation as candidates for sensing is reported in Chapter 5.1, drawing useful results
on their applicability and efficiency in gas sensing applications. A well-defined, methacrylic
homopolymer functionalized with anthracene moieties as fluorescent elements has been
blended with a commercially available poly(methyl methacrylate) for the production of
fluorescent electrospun polymer fibers. The formation of 3D grids can provide large
interaction area with gas analytes and thus overcome quenching limitations induced by
polymeric films, for more efficient sensing. These materials have been evaluated for
ammonia sensing based on the fluorescence quenching of the anthracene fluorophores in
the presence of ammonia vapors, exhibiting fast response at concentration up to 10000
ppm. The covalent bonding of the anthracene fluorophore onto a hydrophobic
polymethacrylate- based backbone enables the future exploitation of the presented
materials in sensing applications involving metal ions and biomolecules in agueous media.
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In Chapter 5.2 ferrous core-shell nanoparticles consisting of a magnetic y-Fe;Os multi-
nanoparticle core and an outer silica shell have been synthesized and covalently
functionalized with Rhodamine B (RhB) fluorescent molecules (y-Fe203/SiO2/RhB NPs). The
resulting y-Fe,03/Si0,/RhB NPs were integrated with a renewable and naturally-abundant
cellulose derivative (i.e. cellulose acetate, CA) that was processed in the form of electrospun
fibers, to yield multifunctional fluorescent fibrous nanocomposites. The encapsulation of
the nanoparticles within the fibers and the covalent anchoring of the RhB fluorophore onto
the nanoparticle surfaces, prevented the fluorophore’s leakage from the fibrous mat,
enabling thus stable fluorescence-based operation of the developed materials. These
materials were further evaluated as dual fluorescent sensors (i.e. ammonia gas and pH
sensors), demonstrating consistent response for very high ammonia concentrations (up to
12000 ppm) and fast and linear response in both alkaline and acidic environments. The
superparamagnetic nature of embedded nanoparticles provides means of electrospun fibers
morphology control by magnetic field-assisted processes and additional means of
electromagnetic-based manipulation making possible their use in a wide range of sensing
applications.

6.2 Future Work

The need of high field confinement beyond the diffraction limit of light has led to a
remarkable progress in the field of plasmonics over the last decades. Many different
plasmonic structures that can confine and enhance the electromagnetic field by orders of
magnitude by exploiting the coupling between light and conductive electrons have
extensively been studied. Such structures have found applications in many research fields
such as data storage, microscopy, SERS and sensing.

Metal coated optical fibers and fiber tapers with embedded PSNRs, studied in this thesis,
suggest a robust platform for high field confinement. FEM simulations can be performed in
order to further optimize the shape and dimensions of the PSNR which could result to
increased intensity enhancement, even by orders of magnitude, due to resonances
corresponding to the cut-off wavelength (~700 nm). By nano-patterning the PSNR creating
shapes with sharp edges the field intensity can be further enhanced. The fabrication of the
optimized gold coated fiber tips with the appropriately sized PSNRs can validate the
theoretical results. Cascaded PSNRs or circular grating structures on the fiber surface could
be also studied.

Metal core fiber tips, as the ones studied in Chapter 3, can also be fabricated with different
metals. Silver and copper core metal tips could provide a more cost-effective solution for
the development of robust hybrid plasmon tips which can offer ease of light coupling from
the fiber’s distal end. Computational fluid dynamic simulations can help for defining the
optimum parameters for the fabrication of metal core microfibers with continuous cores, as
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core discontinuities can affect their post-processing resulting in cladding collapse and fiber
breakage. Microfluidic simulations will be also performed for different metal cores and for
even smaller initial core diameters towards the development of optimized hybrid metal tips
as well as the fabrication of in-fiber uniform sized spheres which can act as microresonators.
Fabrication approaches could allow the controllable placement of embedded microspheres
at close proximity to plasmonic tips in order to allow excitation of microresonators.

Additionally novel polymeric materials, as the ones studied in Chapter 4, can be integrated
on fiber tip PSNRs or at the apex of the developed hybrid metal tips. As discussed in Chapter
4.4 the refractive index of the polymeric materials does not affect the light enhancement at
the PSNR and hence their integration can form a highly sensitive sensing platform for the
adsorption or immobilization of different biomolecules decreasing the detection limits up to
single molecule detection. Different polymers can be developed and integrated depending
on the target to be detected.

Successfully identified electrospun materials for gas sensing studied in Chapter 5, could be
suitable as overlayers in optical fibers or plasmonic structures. Adaptation of
electrospinning deposition process could allow the controllable deposition of such
electrospun micro/nano fibers on the surface of optical fibers for sensors development.
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