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Abstract

Upconverting nanoparticles (UCNPs) which present outstanding optical properties
can offer new possibilities in fluorescent applications. In comparison with other
fluorescence materials like semiconductors and organic fluorophores, they show many
advantages such as high photostability, low toxicity and weak background
autofluorescence. They also exhibit characteristic properties like large shift between the
fluorescent emission signal and the infrared excitation wavelength, multi-and narrow-band
absorption and emission in visible and near infrared (Vis/NIR) which are very important
for applications like imaging and sensing. The upconversion luminescence emission or the
quenching characteristics of UCNPs can be changed if they are exposed to physical or
chemical environmental factors something that is very useful for biomedical applications
like biosensing. Furthermore, their functionalization with specific dyes can alter the range
of luminescence response and serve as ratiometric sensors to pH and to various gases like
ammonia, CO2, CO, NOx.

Flexible PMMA, PEO/PMMA and PEO/PMMA/RB fibers containing the
upconverting nanoparticles (UCNPs) of lanthanide-doped sodium yttrium fluoride have
been successfully fabricated by electrospinning. Electrospun nano- and microfibers which
offer large surface area can increase the performance of UCNPs by maintaining their
fluorescence efficiency and enhancing their overall sensibility because of the larger surface
area. The electrospun fibers with the embedded UCNPs were morphologically and
optically characterized. Morphological studies for the examination of the uniformity and
aggregation effects of the UCNP encapsulation within the fibers have been conducted,
followed by upconversion emission characterization by pulsed near-infrared excitation.
The results indicated that upconversion properties of the UCNPs are largely preserved in
the fibrous mats.

Upconversion nanocomposites with controlled morphologies, properties and
structures could be very useful in a wide range of applications. Research and optimization
of such nanocomposite fibrous systems could promote the development of efficient
upconverting electrospun fiber mats which could be used in sensing applications as gas and

pH sensors.
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Ilepiinyn

To vavocopatidio petatponnic evépyelag mpog to. dve (upconverting nanoparticles,
UCNP) ta omoia mapovotdlovv eEUPETIKES OMTIKEG 11OTNTEG UTOPOVY VO TPOGPEPOVY
véeg duvatdteg o€ papproyEs eBopiopov. Ev cuykpioet pe £tepa vaka ¢Bopiopon, 6Tmg
nuoyoyoi Kot opyovikd Oopiopo@opa, epeoavilovy moAAd TAEOVEKTNUATO OTMG LYNAN
eotootadepdtnta, younin tofwdtra kot acheviy avtoebopiopd vroBddpov. Emiong,
EMOEIKVOOLV YOPOKTNPIOTIKEG O10TNTES, OTTWG UEYAAN UETOTOMION UETAED TOV ONUATOC
exmounmng PBoPIGHOD Kol TOV PNKOVG KOUATOS S1EYEPONS VIepLOpwVY, amoppdPNOo™N Kot
EKTTOUTY] TOAAATADV Kol otevev (Ovov o€ opatd kot €yydg vmepvfpov @acuoT
(VIs/INIR), ot omoieg givor 18i0TEPO, CNUAVTIKEG Y10 EQAPUOYEG OTMG 1) OTEKOVIGT Kot M
aviyvevon. H exmoum potavyelog oo TG LETOTPOTNG TPOS TO AV® 1) TO YOPAKTNPLOTIKA
arocPeonc twv UCNP pmopodv va petafAnbodv edv ekteboldv 6g puGIKovg 1| yMUIKOHS
ePPUAAOVTIKODG TAPAYOVTES, YEYOVOS oL TO Kabiotd mOAD ypnowo oe ProlaTpikég
epapuoyés Oomwg mn Proaviyvevorn. EmmAéov, m empovewnkn €&vepyomoinoyr Tovg UeE
OVYKEKPIUEVES YPOOTIKES UTOPEL VoL AALAEEL TO EVPOC TNE OTOKPILONG TNG POTUVYELNS DOTE
Vo, YPNOIUEVCEL 1OG AOYOUETPIKOG ouoOntpag wg Tpoc to PH kot o€ dtdpopa aéplor OTMGS
appovia, CO2, CO, NO..

‘Exouv katackevaotel pe emtvyio evkoumteg ivec PMMA, PEO/PMMA «at
PEO/PMMA/RB mov Tepiéyovv o, VOvOSHOUOTIO HETOTPOTNG EVEPYEWNS TTPOG T AV®D
(UCNP) ¢@Boprovyov vttpiov vatpiov pe evioyvon AovOoviddv pEc® MAEKTPOGTOTIKNG
womnoinong. Ot vavoiveg kol UIKPOIveEC MAEKTPOCTATIKNG VOTOINGNG MOV TPOGPEPOLV
peydao gpfadov emoaveiog pmopotv va avénoovy v anddoon tov UCNP dwatnpdvrog
MV amodoTIKATNTA TOV POOPIGUODV TOVG KOl EVIGYVOVTOG TN GUVOAIKH TOVS KOVOTNTA
aviyvevong, AOy® Tov peyoAvtepov epfadov empaveiag. Ot iveg MAEKTPOCTOTIKNG
womoinong pe ta evoopatopéva UCNP yopakmpiotkay popeoroykd kot ortikd. Eyovv
OeayBel popporoykés pehéteg v v €E€taon TV EMOPAGE®V OHOOHOPPiag Kol
ocvoooudtoons g evBviAdkoong tov UCNP eviog tov wav, akoilovBovueves omd
YOUPOKTNPIGUO TNG EKTOUMNG TNG HETATPOTNG TPOG TO AVM HE TOAUKY SEYEPOT €YYVG
vrepHOpov. Ta anoteréopata VIESEENY OTL O WOIOTNTEG TNG UETATPOTNG TPOGS TO. AV TMV
UCNP diatnpovvror og peydio Babpd oto tvddn oTpdpato.

To vavosuvBeTo TG LETATPOTNG TPOG TAL AV LLE EAEYYOUEVES LOPPOAOYIES, 1OIOTNTES
Kot dopéc Ba pmopovcsav va givar oA ypnoa og £va evpl pdcua epappoymv. H €pguva

Kot M Pertictomoinon té€tolwv wmddV vovoohvieTwv cvotnudtwv o pmopovoav va
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TPOAYOUV TNV OVATTUEN OTOJOTIKAOV CTPOUATOV WOV MAEKTPOGTATIKNG VOTOINOoMG
LETATPOTNG TPOG TO. Gv®, T omoio. Ba UTopovGaV Vo YPNOILOTOMBoVY G EPAPUOYES

aviyvevong mg aicOntpec aepiwv kot pH.
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Chapter 1: Introduction

In recent years, there has been a growing interest for lanthanide-doped upconversion
nanoparticles because of their promising use ranging from data storage and photovoltaics
to biological imaging, drug delivery and DNA detection [1]. Upconverting nanoparticles
(UCNPs) are capable of converting near-infrared excitation (NIR) into visible and
ultraviolet emission due to their unique ability of upconversion (UC) luminescence [1].
Photon upconverting nanoparticles (UCNPS) consist of a crystalline host material doped
with lanthanide ions that determine the excitation and emission wavelengths and thus their
luminescence efficiency. UCNPs functioning is based on a dual sensitizer/activator energy
exchange system. One of the most widely used matrices is the NaYF4 crystalline host,
dopped with lanthanides which are used as sensitizers (Ytterbium Yb®") absorbing near
infrared light at 980nm and transferring the energy to activators such as Erbium ions Er3*
which emit visible light [2]. As a result, the upconverting nanoparticles present unique
optical properties which can be used in a wide range of applications, such as fluorescent
microscopy, deep-tissue bio imaging, nanomedicine, optogenetics and security labelling
[3]. They can also be used as biosensors and temperature sensors as well as for drug release
and delivery.

A new growing research field is the controllable fabrication, functionalization and
implementation of upconverting nanoparticles (UCNPS) in hybrid material systems in
order to either improve or exploit their unique optical properties [2].

Materials with embedded UCNPs have been used recently in a number of emerging
applications such as sensing, bioanalytical applications and in cancer therapy.

One of the most promising material systems for hosting embedded UCNPs for
practical applications are electrospun micro-nano fibers which exhibit large surface area

and can be fabricated in different customized ways depending on the application.

1.1 Motivation
Despite the current development in the field of upconverting nanoparticles there is
limited research concerning the manufacture of polymeric fibers with embedded UCNPs.
The not yet fully standardized manufacturing process of efficient upconverting

nanoparticles make their broad use more difficult.
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Undoubtedly, such hybrid material systems as the UCNPs integrated in polymer
microfibers are very promising systems for emerging applications like bioanalytical and
sensing applications.

This study has therefore tried to pave the way to the design and development of new
materials which can be employed in imaging and sensing applications.

1.2 Aim and objectives

The present thesis deals with the fabrication and characterization in terms of
morphology and optical properties of electrospun nanocomposite fibers consisting of: (a)
poly(methyl methacrylate) (PMMA) host fibers and embedded UCNPs, (b) blended fibers
consisting of poly(ethylene oxide) (PEO), PMMA and embedded UCNPs and (c) fibers
consisting of PEO, PMMA, UCNPs and integrated Rose Bengal dye.

The employed UCNPs are hexagonal NaYF4 nanocrystals with Yb3* as the sensitizer
and Er®* as the activator which is one of the most effective UCNP systems. Electrospinning
technique was used for the fabrication of the fibers as it is one of the most versatile
methods for creating nano- and microfibers. It is a simple and low-cost technique that can
be employed to produce nano- and microfibers in the form of 2D and 3D structures, with
the desired morphology, orientation, porosity, chemical composition etc.

The study of the composite PMMA/UCNP and PEO/PMMA/UCNP/RB fluorescent
systems is concentrated on the optimization of the process of UCNPs encapsulation in
order to succeed various loadings of UCNPs within the fibers as well as to the creation of
different combinations with the addition of another polymer and a photosensitizer dye. The
purpose is to optimize the fluorescence response that is required for a number of
applications.

In the present study, the use of UCNPs as dopants in electrospun fibers is considered
to be advantageous as the fibrous polymer matrix protects the upconverting nanoparticles
against environmental factors which could reduce their optical performance. Furthermore,
its increased surface area elevates their overall performance.

Electrospun fibers with incorporated upconverting nanoparticles which are designed
for use in fluorescence sensing are believed to be superior compared to films, because of
their larger surface-to-volume ratios. The UCNPs can be incorporated within the
electrospun polymer fibers in two ways. The first way is to be covalently attached into the

polymer backbone and the second way is to be integrated as dopants within the fibers.

10
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The functionalization of such a hybrid nanocomposite system with specific dyes
which are able to overlap with one of the emission bands of Er®* provides the possibility to
develop a highly efficient ratiometric sensor by measuring the Er®* emission at the two
different bands.

1.3 Thesis Structure

The Thesis consists of seven Chapters. The first Chapter describes the motivation
and context of the research. Chapter 2 explains the properties and applications of
upconverting nanoparticles. It also refers to the methods of characterization of the UCNPs.
In Chapter 3, the process of electrospinning is described and some applications of the
electrospun fibers are presented. Chapter 4, includes a literature survey in the field of
upconverting nanoparticles. Chapter 5, describes the materials which were used and the
experimental methods applied in the fabrication of different series of nanocomposite fibers
with embedded UCNPs. Chapter 6, includes the obtained results and provides a discussion
on the experimental findings and on potential applications of the prepared fibrous

nanocomposites. Lastly, in Chapter 7, the conclusions and future work are summarized.

11
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Chapter 2: Properties and applications of UCNPs

2.1 Upconversion nanoparticles

Upconversion nanoparticles (UCNPS) are optical nanomaterials that are composed of
an inorganic host matrix doped with lanthanide ions which display a number of electronic
transitions within the 4f electron shells.

As a result, they present outstanding optical properties and consequently they have
attracted attention for various applications such as biological sensing, photocatalysis,
photovoltaic devices, optical encoding and labeling. In relation with other single-photon
excited fluorescence materials like semiconductors and organic fluorophores, UCNPs show
many advantages such as high sensitivity, resistance to photodestruction, low toxicity,

weak background autofluoresence, high chemical stability and low-cost fabrication [4].

2.2 Upconversion luminescence

Upconversion luminescence (UCL) is the nonlinear optical process in which the
successive absorption of two or more photons, causes the emission of light at shorter
wavelength than the excitation wavelength (anti-Stokes) [4].

Comparing with other emission processes which are based on two-photon absorption,
upconversion can be achieved with a low excitation density e.g. with the use of a low-
power continuous wave (cw) laser.

In order for the upconversion process to take place, a necessary condition is the
existence of optically active long-lived excited states as the process of photon-
upconversion depends on the existence of such energy states in the inner f-orbitals of
certain lanthanide ions [5]. This is achieved with the lanthanide ions which are embedded
in an insulating host lattice.

In lanthanide-doped upconversion (UC) there is a simultaneous or successive
absorption of two or more low-energy photons through intermediate states, followed by a
high-energy photon emission. In other words, there is a successive transfer of energy from
singly excited ions (sensitizers) to the ion which eventually emits (activators). This process
is characterized by long luminescence lifetime and narrow emission bandwidth something
that provides a significant advantage for the upconverting nanoparticles [6].The intensity
of green and red emission can be affected by different parameters such as the dopant
concentration, the host matrix, dispersion and the size of NPs. [F] Furthermore, it should

be mentioned that near-infrared light is more penetrative and less destructive because the

12
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excitation with NIR light does not cause photodamage or background fluorescence in a
biological system. As a result, the UC luminescence wave-guide favors the potential
application in optical communication and biology images [6].

This unique characteristic makes lanthanide-doped UC nanoparticles very attractive

materials.

2.3 Lanthanide-doped upconversion nanoparticles

2.3.1 Lanthanides

The lanthanides consist of 15 elements with atomic number ranging from 57 to 71
(La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).

Together with the elements scandium (Sc) and yttrium (Y) they are categorized as
rare earth elements. Apart from the La, the lanthanides are f-block elements, meaning they
have filled 4f orbitals.

Not all lanthanides are photoluminescent. Pr¥*, Nd*", Sm®, Eu®*, Tb®*, Dy*", Ho®*,

Er3* and Tm3" are luminescent.

2.3.2 Lanthanide-doped upconversion nanoparticles

Upconversion nanoparticles present luminescence which is quite stable in various
environments exhibit high resistance to photobleaching and photochemical degradation.

The use of more than one lanthanide dopants can create upconverted luminescence at
a number of different wavelengths (e.g. 450nm, 525/540nm, 654nm. 980nm) and allow a
multiple color emission.

UCNPs consist of three appropriate components: the host material, the activator and
the sensitizer. It is very important to choose the right host material. The appropriate host
should be optically transparent but also optically and chemically stable.

Furthermore, the phonon dynamics and the local crystal field of the host matrix
should be examined as a high maximal phonon energy could cause strong nonradiative
electronic excitation.

Generally, host materials that have low symmetry are preferred in order to enhance

4f-4f transitions. In addition to that, the crystal matrix should match the dopant ions radius

[4].

13



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

Taking in consideration all these, fluorides (NaYFs4) are regarded to be good host
material candidates as they exhibit a stronger upconversion than others (e.g., oxides like
Gd203, Y203 as well as fluorides like NaGdFs and YFs3) because they have lower photon
energies. [7]

In order to enhance the upconversion intensity, size and morphology could be
altered. A large size and structure with low surface area-to-volume ratio, increase
luminescence and reduce surface quenching. The doping concentration also plays a
significant role in UC efficiency but it also enables concentration quenching. The core-
shell structure is an effective strategy for the production of high quality UCNPs. Core-shell
structures can decease quenching effects, separate the dopant ions and reduce cross-

relaxation.

2.3.3 Upconversion mechanisms

There are two main upconversion mechanisms. The ground state & excited state
absorption (GSA/ESA) and the transfer upconversion (ETU). [4]

In the GSA/ESA process, an ion at the ground state, interacts with incident photons
and electrons and it is excited to an excited state. Then electrons which are at the excited
state interact with the incident photons again and can be excited to a higher state which is
called ESA.

Finally, the electron at the highest state relaxes back radiatively to the ground state
by emitting an upconverted photon.

In the energy transfer upconversion (ETU) there are more than one rare-earth
elements. The matrix is doped with a sensitizer with high absorption capability and an
activator with multiple upconverting luminescence emitting states. The energy is
transferred from the sensitizer to the activator. Specifically, the sensitizer is excited through
interaction with photons and moves at a higher state. Then the electrons at the higher state
relaxes back to the ground state, transferring the energy to the neighbor activator. An
activator which receives continuous energy transfers can be excited to a higher state and
then radiatively decay. [4] An important factor that affects the ETU process is the distance

between the sensitizer and the activator, which is defined by the dopant concentration.

14
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2.4 Synthesis of Upconversion Nanoparticles

Various synthetic methodologies have been developed for synthesizing upconversion
nanoparticles such as the thermal decomposition method, the coprecipitation method and
the hydro(solvo)-thermal method [5].

Thermal decomposition is a widely used technique. In this method, rare earth
trifluoroacetates are thermolized in the presence of solvents with a high boiling point, e.g.
oleic acid (OA), oleylamine (OM), or octadecene (ODE), at temperature usually exceeding
300 °C for the synthesis of highly monodispersed UCNPs.

However, this method has some disadvantages as the use of expensive and air-
sensitive metal precursors is required and toxic byproducts might be generated. [7]

Organic molecules like oleic acid (OA) are used in order to control the size and
morphology of the UCNPs and to prevent aggregation. In addition to that, this kind of

molecules can increase solubility in organic solvents, thus acting as NP stabilizing agents.

2.5 Characterization of upconversion nanoparticles
There are two types of characterization of UCNPs: morphological and optical.
Morphological characterization includes the examination of size distribution, crystal
structure and other physical properties of the UCNPs.
Optical characterization includes photoluminescence spectra, upconversion

luminescence determination, lifetime determination and absorption/transmittance.

2.5.1 Morphology and structure characterization

For the structural and morphological characterization, X-Ray diffraction
spectroscopy, Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM) are typically used. Energy-dispersive X-ray spectroscopy (EDX) is
further employed to study the distribution of elements of the UCNPs.

2.5.2 Optical characterization

In order to measure the absorption/transmittance, photoluminescent intensity and
photoluminescence lifetime, a glass or plastic cuvette is usually used. A beam of excitation

photons is passed through the cuvette being scattered or absorb.
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2.6 Applications of UCNPs

UCNPs have characteristics which include the required low excitation power density,
the ability of upconversion at NIR and the easily determined upconversion wavelength. All
these desirable properties make them suitable for applications in bioimaging, biosensing
and also for solar cells. They have two main advantages that make them unique. First, the
use of light excitation in the NIR range which is invisible to naked eyes and also bio-
transparent and the emission in the visible range. Second, the emission of colors at a
number of wavelengths which exhibit narrow profile without overlap. However, there are
some limitations which need to be overcome such as:

i) The weak and narrow IR absorption because of the nature of f-f transitions
i) The limited number of wavelengths for upconversion excitation for solar energy
conversion of IR photons and

iii) The relatively low upconversion efficiency [4].

2.6.1 UCNPs in Biomedical Applications

Upconversion nanoparticles have been widely used for biological applications. In
contrast with other fluorophores like fluorescent organic dyes and quantum dots (QDS)
which relay on down-conversion fluorescence, UCNPs do not appear disadvantages such
as bio-tissue autofluorescence, photobleaching and photodamage to biological cells, tissues

and organs.

2.6.1.1 Bioimaging application

Bioimaging is used for visualizing biological processes, cells and tissues.

UCNPs, can be excited by biologically transparent NIR light (e.g., 800nm, 980nm)
and emit multi-wavelength light of shorter wavelength in the range of NIR, Vis and UV.

The unique optical properties of UCNPs as well as their low toxicity, high chemical
and physical stability, low cost synthesis, low auto-fluorescence (from surrounding
tissues), good photostability, decreased photo damage to biological species (e.g. RNA,
DNA) because of the lower energy NIR excitation [7], large penetration depth of the
excitation light into tissues and sharp emission made them ideal candidates for medical
bioimaging. Researchers have studied the target imaging of tumor cells with UCNPs

functionalized with biomolecular recognition moieties. [7]
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Furthermore, UCNPs can be used in high contrast imaging as the NIR-NIR

upconversion allows high contrast in vivo bioimaging and deep tissue penetration. [4]

2.6.1.2 Optical encoding applications

The technology to store and transfer information (biological, physical or chemical)
through optical processes like data storage, bar coding, document security encoding, is
called optical information technology. Optical encoding fluorophores such as organic dyes,
have certain disadvantages. For example, the spectrum overlap between excitation and
emission can strongly affect the interpretation of the signal. In addition to that, the wide
emission bands and the low photostability can be barriers for the use of organic dyes in
optical encoding. [Y] The use of QDs for encoding could be a good solution, but their high
toxicity is a big obstacle for their bioapplication. So, UCNPs prevail in comparison with
organic dyes and QDs.

2.6.1.3 Applications in photovoltaic devices

Photovoltaic devices are electrical devices that are capable of transferring solar
energy directly into electricity. Lately, there is a lot of interest for these devices because of
the climate change and the global warming. The infrared region (IR), which contains half
of the solar irradiation cannot be efficiently absorbed by the contemporary solar cells.

UCNPs can be used, as they can convert NIR light into shorter wavelength in the
range of IR, Vis or even UV which can then be absorbed by photovoltaic devices. UCNPs
can be easily produced and packed into solar cells, however, there are some issues [REF]
that need to be examined and solved for the exploitation of UCNPs into photovoltaic

devices.

2.6.1.4 Photodetectors
UCNPs have been studied for producing NIR photodetectors for narrow band
detection [7].

2.6.2 Photodynamic therapy

Conventional treatment for cancer like surgery, chemotherapy, radiation therapy
could have a negative effect on healthy tissues. New therapies are under development and

some of them have already been tested. One of them is the photodynamic therapy (PDT).
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In PDT, photosensitizer (PS) molecule is bound and kept in tumor lesions. After irradiation
with light of specific wavelength, PS molecules can interact with molecular oxygen and
generate reactive oxygen species (ROS, type I) or singlet oxygen (O2 type Il) which are
very toxic and can destroy the cancer cells [7]. However, there are some main obstacles for
the use of PDT. Firstly, there is the fact that despite the targeting of cancer cells, healthy
cells also absorb to some extend PS molecules. Secondly, is the limited treatment depth.
Most of the PS molecules need UV-Vis light for excitation but unfortunately light in this
wavelength range has a very low penetration depth in tissue [7] and as a result cancer cells
are not effectively destroyed.

Lately, there is a great interest for using upconvesrion nanoparticles which can
convert NIR to visible light under low power density excitation in photodynamic therapy.
The reason is because NIR excitation sources can penetrate deeper into bio-tissues.

Until now upconversion nanoparticles have been explored in applications like
biotechnology and photovoltaic devices because of their upconversion luminescence and
their low autofluorescence but there is still much to understand in order to take advantage

and utilize their unique properties.

Quenching effects

Luminescence quenching is one of the major obstacles in designing lanthanide-doped

nanoparticles with enhanced brightness.

Energy transfer

Energy transfer (ET) is the transfer of energy from one particle (the donor) to another
(acceptor) and most often occurs after the transition of a molecule (or atom) to an electron
excited state upon absorption of a photon.

This energy transfer is very important for the optical performance of lanthanide-
doped upconversion nanoparticles (UCNPS).

However, UC luminescence quenching which occurs at high lanthanide ion doping
levels and is related with energy transfer may result in weak UC emissions and affects the
optical performance.

The high doping concentrations which means shorter distance between the lanthanide
ions, lead to an increased possibility of energy transfer between the dopants. The electrons

of the excited states can quickly immigrate to the surface of the nanomaterial where there
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is a large number of quenchers. As a result, there is a dramatic decrease in luminescence
intensity. [3]

Specifically, the high-doping concentrations enable the energy migration of excited
levels (within the sensitizers) to the surface quenchers but also enhances cross-relaxation
especially between the activators something that causes reduction in emission intensity.

To diminish luminescence quenching, the doping levels are kept low to achieve some
distance between the dopants in order to avoid unwanted interaction. [3] At the same time
this action also reduces the UC efficiency.

Decreasing the size from the bulk over microparticle to nanoparticle dimensions
leads to an increase of the surface-to-volume ratio of the material and thus surface effects
become clearer [5]. For example, energy migration from the center of the nanocrystal to
the surface via neighboring lanthanide ions (as the depth from the surface is smaller and
energy migration takes place on the surface where several quenchers exist) reduces the
emission intensity [5].

Additionally, in nanomaterials that exhibit a high ratio of surface area to volume, an
increased doping concentration can cause cross-relaxation energy loss. As a result, there is
a lower luminescence quantum vyield. [3] However, sometimes an increased dopant
concentration is necessary in order to achieve a higher UC efficiency.

Furthermore, dopant ions near the nanoparticle surface result in point defects of the
crystal structure of the host material and may further decrease the luminescence intensity
[5].

Apart from that, it is possible that molecules which are close to the UCNP surface
will reduce the luminescence intensity because the chemical bonds (e.g. O-H, C-H) that are
created match the phonon states of the host material something that causes a non-radiative
relaxation of the excited lanthanide ions [5].

In the case of Yb®*" - Er®* ion couple, the Yb®* has only one (?Fsr2) excited state and it
is used as a sensitizer in order to achieve a brighter UC emission. The energy transfer from
Yb** to the Er¥* feeds the UC emission. But the fast relaxation of the Yb3* emission
through the energy transfer and also the migration to quenching sites reduces the UC
efficiency. Increasing the Yb®* concentration shortens the emission lifetime because of the
concentration quenching that is related with the energy migration to quenching areas at the

surface and of the cross-relaxation.
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Generally, there are two types of quenching, surface quenching and cross-relaxation
quenching. Both types appear in high dopant concentrations but they are also observed in

nanoparticles with lower concentrations

Cross-relaxation

Cross-relaxation occurs between two neighboring ions when the ion which is initially
in an excited state exchanges energy with a second ion that is initially in the ground state.

This cross-relaxation is responsible for the concentration quenching because
neighboring ions, one in the excited state and the other in the ground state, non-radiatively
exchange energy which is followed by phonon relaxation [8].

Furthermore, electrostatic interactions may occur between a lanthanide ion and its
nearest neighbors. They are usually very weak but they could cause nonradiative transfer
of electronic excitation. An ion in an excited state transfers energy to a neighboring ion. As
a result, it quenches the excited state and decreases the decay time [5].

Cross-relaxation because of the dipole-dipole electrostatic interaction between the
lanthanide ions decreases the fluorescence quantum vyield and shortens the excited state

lifetime.

Surface guenching

The surface quenching effect is caused by energy transfer between lanthanide ions
(usually within the system of the sensitizers) and migration to the surface.

It can be caused by diffusion of the excited state from ions in the center to identical
ions at the surface where there are many quenchers. As a result, there is a faster decay time
for high doping concentrations [8].

Surface quenching is possible to appear because of defects, surface ligands and
surrounding solvent molecules with high-energy vibrational modes [8].

These mechanisms appear more often at the surface (or close to the surface) of the
nanoparticles.

The smaller the material is the smaller the distance from the surface and the more
intense the phenomenon of energy migration. When there is no large depth inside the

material, the energy migration occurs at the surface [8].
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Solvent quenching

Except from the dopant concentration the solvents in which the NPs are dispersed
affect the UC efficiency. The important role of the solvent in the quenching process has
been previously investigated [8]. Fast migration to surface ions which are quenched by
coupling with high-energy vibrations of solvent molecules (e.g. —H vibrations from
surrounding solvent molecules and surface ligands, O-H vibrations, O-D vibrations),
reduces the energy levels of the UC process [8]. Researchers who studied the role of
solvent quenching found out that there is a much stronger quenching in aqueous media,
something that can be explained by the high-energy O-H vibrations. The core-shell
structure can reduce the quenching phenomenon by increasing the distance between the

optically active centers and the high-energy vibrations but does not eliminate it [8].

Solutions for decreasing quenching

Generally, lanthanide ions distributed in conventional UCNPs with only core
structures exhibit low excitation and emission intensities.
The quenching effect could be reduced by:

1) A hierarchically designed core/shell structure. This core/shell design can block the
emitters from the surface and the surroundings quenchers. The manufacture of
core/shell structures is an effective measure for preventing the quenching effects. A
core/shell morphology can cause a reduction of the surface quenching and at the
same time it enhances the luminescence intensity [5]. The shell increases the distance
between lanthanide ions and the surface quenchers and consequently it minimizes the
energy transfer of the dopants from the core of the nanoparticle to the surface [5]. It
also enlarges space among the ions and the surface ligands of high vibrational states
and decreases the non-radiative energy transfer.

2) Designing heterogeneously doped multilayered UCNPs, something that allows a
precise control of the energy migration process [8].

3) An inert epitaxial shell growth (passivate the particle’s surface with an inert shell
(e.g. NaYFs: Yb@). NaYF4 with no dopants) which can block the path of energy
migration to surface quenchers). [8] The shell layer shields the core from the
environment and the surface ligands to reduce quenching.

4) The selection of a large host crystal which will act as a large unit cell to keep the

donor-activator distance large enough [8].
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Chapter 3: Electrospinning — Basic principles and applications

Electrospinning is one of the main electro-hydrodynamic methods for the fabrication
of continuous nano/micro-fibers deriving from natural and synthetic polymers, ceramics
and composites with diameters typically in the range of tens to hundreds of nanometers [9].

There is a number of processing techniques such as drawing, template synthesis,
phase separation, self-assembly, electrospinning, etc. that have been used to prepare
polymer nanofibers in recent years.

The electrospinning process seems to be the only method which can be further
developed for mass production of continuous nanofibers from various polymers [10].

Its simplicity, low cost and high versatility in surface modification and
multifunctionality enables the production of novel, functional fibers which have at least
one dimension at the nano/micrometer scale. This creates new possibilities in materials
science and nanotechnology allowing for their exploitation in biomedical applications but
also their use in many other fields including sensing, catalysis, electronics, environmental
and energy [9].

When the diameters of polymer fiber materials are reduced from micrometers to sub-
microns or nanometers, they show several unique characteristics such as very large surface
area to volume ratio (the ratio for a nanofiber can be as large as 10° times of that of a
microfiber), flexibility in their surface functionalities and advanced mechanical
performance (e.g. stiffness and tensile strength) compared with any other form of the
material. These properties make the polymer nanofibers ideal candidates for many
applications [10].

The fiber morphology and dimensional characteristics depend on the polymer and
solution properties as well as on processing parameters [11].

Polymer micro- and nanofibers have many applications in various fields. One of the
most important applications is in making nanocomposites as micro-nanofiber
nanocomposites may exhibit additional advantages that cannot be met in traditional
composites.

During the last few years, the manufacturing of electrospun nanocomposite polymer
nanofibers have attracted considerable attention. In 2003, Z. Huang et al. wrote a review on
polymer nanofibers by electrospinning and their applications in nanocomposites [10]. In
2013, I. Savva et al. studied the fabrication, characterization, and evaluation in drug release

properties of magnetoactive poly (ethylene oxide) — poly (L-lactide) electrospun
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membranes [2] and in 2017, M. Nikolaou et al. examined electrohydrodynamic methods
for the development of pulmonary drug delivery systems [9].

Up to date, the combination of polymer electrospun micro-nanofibers with
nanoparticles has been developed for providing some outstanding physical (e.g. optical and
electrical) and chemical properties.

Other application fields of polymer electrospun micro-nanofibers include
electromagnetic shielding, tissue engineering, water remediation, filtration, sensing,
energy, optoelectronics etc. For example, in 2018, Q. Liu et al. wrote a paper about the
recent advances in energy materials by electrospinning. V. Thavasi et al. in 2008, examined
the fabrication of electrospun nanofibers in energy and environmental applications. In
2020, M. Rahmati et al. wrote a review in electrospinning for tissue engineering
aplications. Furthermore, in 2012, A. Camposeo et al. studied the processing, properties
and applications of electrospun light — emitting nanofibers.

3.1 Applications

As it was mentioned above, electrospinning is a versatile technique for generating
polymeric nanofibers from a broad range of polymers. It is a low-cost technique which also
provides the ability to control the characteristics of polymeric nanofibers such as stiffness,

strength, fiber diameter and porosity [12].

3.1.1 Filtration processes

Filtration is necessary in many engineering fields. Fibrous materials show high
filtration efficiency and low air resistance [10]. Electrospun nanofibers present a very high
surface to volume ratio which leads to high surface cohesion and as a result tiny particles
of <0.5 pum can be trapped in the electrospun nanofibrous structured filters and enhance the

filtration efficiency [10].

3.1.2 Biomedical applications

Polymer nanofibers fabricated via electrospinning have a lot of applications in the
field of biomedical engineering because almost all of the human organs and tissues have a
nanofibrous form or structure.

e Medical prostheses
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They can be used in soft tissue prostheses applications such as blood vessel,
vascular, etc. Furthermore, electrospun biocompatible polymer nanofibers can also be
placed as a thin porous film above a hard tissue prosthetic device which will be
implanted in the human body. They work as an interface between the prosthetic device
and the host tissues, preventing the device failure [10].

e Tissue engineering scaffolds
The design of ideal scaffolds/synthetic matrices that are able to mimic the structure
and biological operations of the natural extracellular matrix (ECM) has gained the interest
of many scientists in the field of tissue engineering/biomaterials who try to find treatments
for human organs’ damages.
Human cells can organize and grow around fibers with diameters smaller than those
of the cells [10].
A special interest has been showed in the fabrication of biocompatible and
reproducible three-dimensional scaffolds for cell growth for tissue repair [10].
e Delivery systems

Fibers produced by electrospinning present additional advantages as delivery
systems such as the capability to modify (chemically and physically) their surface with
bioactive molecules and cell recognizable ligands which are capable of imitating the
natural extracellular matrix (ECM). In addition to that their inherently high surface-to-
volume ratio can improve cell attachment and drug loading [11].

e Wound dressing

Polymer nanofibers can be also used in the treatment of wounds or burns of a
human skin. Electrospun fibers of biodegradable polymers can be sprayed or spun
directly on the injured skin to create a fibrous mat which can help in the growth of
normal skin and prevent the creation of scar tissue as it would happen in a traditional
treatment [10].

e Drug delivery and pharmaceutical composition

Drug delivery using polymer nanofibers is based on the fact that the dissolution
rate of the drug increases with increasing the surface of both the drug and the carrier
[10].

The absorption of the drug depends on its size. The smaller the dimensions of
the drug and the coating material which is used to encapsulate the drug the better the

absorption [10].
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The fabrication of electrospun polymer nanofibers for pharmaceutical
applications can be used for controlled, rapid, immediate, or sustained (slow)
dissolution.

The nanofiber-drug composition can be designed in three forms:

1) The drug in the form of particles can be attached on the surface of the nanofibers-
carrier.
2) The drug and the carrier have a nanofiber form weaved together
3) The blend of drug and carrier shaping nanofibers which contain both components
4) The carrier material is electrospun in a tube-shaped form with the drug particles
encapsulated inside [10].
e Cosmetics
Electrospun polymer nanofibers have been used for cosmetic skin care and
specifically for skin cleansing, skin healing or other therapeutic reasons. For example, a
nanofibrous skin mask with a high surface area can transfer additives to the skin faster and
improve the healing or care treatment [10].
e Protective clothing application
Electrospun nanofibers can be used for the manufacture of protective clothing in
military. The design of a permeable to air and water vapor and impenetrable to nerve gases
and other deadly chemical agents would be a great advantage. Electrospun nanofibers
present high porosity and at the same time very small pore size, something that gives
advanced resistance to the penetration of dangerous chemical agents [10].
e Electrical and optical applications
Conductive nanofibers can be used to design sensors, photovoltaic devices, and
materials that could be used in electromagnetic shielding [10].
e Optical sensors
Electrospun polymer nanofibers can be also used in manufacturing sensors. Their
high surface area enhances the sensitivity and they can operate as chemical and
biochemical sensors. Especially fluorescent electrospun polymer nanofibers have a wide

application in medical and biomedical fields.

3.2 Electrospinning setup
A typical electrospinning set-up consists of a high-voltage power supply, a syringe

where the polymer solution is placed connected to a needle (spinneret), a syringe pump
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which controls the flow and a grounded conductive collector, on which the produced
polymer fibers are deposited.

After connecting the positive electrode of the high-voltage power supply to the
metallic needle of the spinneret and the negative electrode on a grounded conductive
collector, a powerful electrical potential is applied onto the polymer liquid (typically
between 5 and 40kV). This induces the generation of positive charges onto the surface of
the polymer solution droplet formed at the trip of the needle. Consequently, at a certain
critical voltage the development of strong electrostatic repulsive forces exerted on the
droplet overcome the surface tension of the solution, resulting in the ejection of a charged
liquid jet from the tip of the needle which is directed towards the grounded metallic
collector. Upon ejection, the jet undergoes stretching and whipping processes and the
solvent evaporates rapidly resulting in the solidification and collection of
polymer/microfibers onto the collector [9]. (A schematic diagram to interpret
electrospinning of polymer nanofibers is shown in Fig.1.) [10].

awlee
B o .

High voltage
DC power

Grounded collector

Polymer solution

Figure 1: Schematic diagram to interpret electrospinning of polymer nanofibers [5]

Morphologies, structures, and compositions of electrospun nanofibers can be altered
in order to be used in different applications. For example, by adjusting the solution
properties and processing conditions, electrospun nanofibers can be fabricated in various
shapes, such as cylinder, beads-on-string, and ribbon. Furthermore, a variety of functional
materials (e.g. nanoparticles, biomolecules and lanthanide-containing nanomaterials) can

be encapsulated into electrospun nanofibers. The resulting composite nanofibers have
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demonstrated great potential in applications such as tissue engineering, surface-enhanced

Raman scattering (SERS), catalysis, antimicrobial infection and drug delivery [1].

3.2.1 Influencing Factors

The influencing factors include the processing parameters and the ambient

parameters.

Processing parameters

1.

The solution flow rate. An increase in the solution flow rate results in an increased

diameter of the electrospun fibers [9].

. The polymer solution concentration. It affects the morphology of the obtained

structures. At low solution concentrations, collapsed particles are usually obtained
while by increasing the solution concentration spherical particles are generated. Near
a critical solution concentration, bead-on-string morphologies are typically observed,
i.e. electrospun fibers co-exist with particles, whereas above the critical solution

concentration uniform fibers are produced.

. The solution properties such as viscosity, elasticity, conductivity and surface tension

[10].

. The type of solvent used (solvents of higher conductivity promote the generation of

bead-free fibers even at lower polymer solution concentration regimes).

. The applied voltage. By increasing the applied voltage, the particle and fiber

diameters decrease.

. Governing variables such as hydrostatic pressure in the capillary tube [10].

. The needle-to-collector distance. At smaller distances the solvent does not have

sufficient time to completely evaporate, resulting in defects in fibers’ morphologies.
At shorter distances the presence of bead-on-string morphologies may be observed,
whereas upon increasing the distance continuous, bead-free fibers are generated and

the fiber diameters decrease.

. The needle diameter

Ambient parameters

1. Temperature
2. Humidity

3. Air velocity in the electrospinning chamber
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Therefore, by modifying the above it is possible to change the morphological

characteristics and dimensions of the resulting nanofibers.

3.2.2 Ideal targets

As long as a polymer can be electrospun into nanofibers, ideal targets would be in
that: 1) the diameters of the fibers be consistent and controllable, 2) the fiber surface be
defect-free or defect-controllable and 3) continuous single nanofibers be collectable.
However, these three targets are not easily achievable.

3.2.3 Fiber diameter

One of the most important quantities related with electrospinning is the fiber
diameter. Since nanofibers result from evaporation or solidification of polymer fluid jets,
the fiber diameters will depend primarily on the jet sizes as well as on the polymer contents
in the jets. It has been recognized that during the travelling of a solution jet from the
pipette onto the metal collector, the primary jet may or may not be split into multiple jets,
resulting in different fiber diameters. As long as no splitting is involved, one of the most
significant parameters influencing the fiber diameters is the solution viscosity. A higher
viscosity results in a larger fiber diameter. However, when a solid polymer is dissolved in a
solvent, the solution viscosity is proportional to the polymer concentration. Thus, the
higher the polymer concentration the larger the resulting nanofiber diameters will be.

Another parameter which affects the fiber diameter to a remarkable extent is the
applied electrical voltage. In general, a higher applied voltage ejects more fluid in a jet,

resulting in a larger fiber diameter.

3.2.4 Challenges

The first challenge refers to the polymer solution viscosity as it is an important
parameter which influences the spinnability. However, different polymers have different
spinnable viscosity ranges [10]. So in the case of a polymer blend the solution viscosity
cannot be used as a controlling factor.

The second challenge is the control or the elimination of defects such as beads and

pores in the electrospun nanofibers. Apart from the electrospinning process the polymer
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concentration also affects the formation of the beads. Higher polymer concentration results

in fewer beads.
The third challenge is to achieve nanofibers with consistent diameter and finally the

fourth challenge is the collection of continuous single nanofibers.
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Chapter 4: Literature Survey

Despite the recent development in the field of upconverting nanoparticles and the
extensive studies dealing with the fabrication of electrospun nanocomposite fibers with
embedded inorganic nanoadditives (P.J.Rivero et al studied nanomaterials for functional
textiles and fibers[13], S. Li et al examined nanocomposites of polymer and inorganic
nanoparticles for optical and magnetic applications [14] and C. Lopez et al. focused on the
use of nanoadditives within recycled polymer for food packaging [15]) so far there is a
very limited number of papers concerning the manufacture of polymeric fibers with
embedded upconverting nanoparticles.

As an example, Y. Bao et al. have studied the characteristics of poly (methyl
methacrylate) electrospun nanofibers containing the upconversion nanoparticles (UCNPs)
of lanthanide-doped sodium yttrium fluorides [1]. Their results revealed that the UCNPs
which were encapsulated in the fibers maintained their upconversion efficiency so they
could be used in various photonic applications.

L. Neuman et al. managed to produce active polymer optical fibers (POFs) by
integrating fluorescent nanoparticles into a polymer matrix via in situ polymerization. They
specifically used poly (methyl methacrylate) (PMMA) as the matrix which was doped with
B-phase NaYF4:Yb®*, E3* upconversion nanoparticles (UCNPs) [16].

W. Zhang et al. in their paper refer to the facile production of transparent and
upconversion photoluminescence nylon 6 (PA6) nanofiber mats based on PA6 nanofiber
mats, carboxylic acid-functionalized upconversion nanoparticles (UCNP-COQOH), and poly
(methyl methacrylate) (PMMA) [17]. UCNP-COOH were prepared by a solvothermal
method and then the electrospinning method was used to incorporate PA6 nanofiber mats
with UCNP- COOH and PMMA in order to introduce upconversion photoluminescence
properties and transparency into the nanocomposite mats. Their results showed that mats
were transparent and exhibited green emission under 980nm laser excitation.

In 2019, E.D. Martninez et al. developed nanocomposite materials based on
upconversion nanoparticles (UCNPSs) dispersed in a polymer matrix of either polylactic
acid or poly (methyl methacrylate) for the direct application or the manufacturing of
optoelectronic devices [18].

Furthermore, M. Schaer et al. [reference number] examined the co-encapsulation of
UCNPs (NaYF,4 doped with Yb** and Er®* and superparamagnetic iron oxide nanoparticles,

SPIONS) in a polystyrene (PS) matrix (micro and nano fibers). With this approach they
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have managed to integrate near-infrared (NIR) light sensitive 500-nm B-NaYF4:YDb, Er
UCNPs with 10-nm y-Fe.O3 SPIONSs in PS fibers [19].
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Chapter 5: Materials and Methods

5.1 Solvents and reagents

Poly (methyl methacrylate) (PMMA, M, = 350000 g/mol), Poly (ethylene oxide)
(PEO, Mn = 600000g/mol) and Rose Bengal dye (RB) were obtained from Sigma-Aldrich
and used without further purification. Chloroform (Analytical grade, Sharlau) was the
solvent used in the preparation of the PMMA, the PMMA/UCNP, the PEO/PMMA, the
PEO/PMMA/UCNPs and the PEO/PMMA/RB solutions which were further processed by
electrospinning. The core-shell UCNPs used in the present study (NaYFs:Yb%*,
Er**@NaYFs) were synthesized in the research group of Prof. Artur Bednarkiewicz
(Institute of Low Temperature and Structure Research, Polish Academy of Sciences) as

described in our recent publication [2], and used without further purification.

5.2 Fabrication of polymer, polymer/UCNP and polymer/UCNP/dye

electrospun fibers

Electrospinning was employed in the fabrication of polymer-based fibers with
different chemical compositions. A schematic of the electrospinning set-up used is
provided in Figure 2.

The first fiber series prepared in the present study included pristine PMMA fibers
and PMMA/UCNPs nanocomposite fibers.

PMMA electrospun fibers were obtained starting from polymer solutions prepared in
CHCIs, at a polymer solution concentration of 20% w/v. In the first series of experiments
the following UCNP solution prepared in CHCI3 was used:

Sample code: AP 146.G -core shell, NaYF4: 20%, Yb, 2%Eu @NaYF4

The density of this solution was calculated to be 0.21215 g/ml.

The electrospinning conditions employed for obtaining continuous, bead-free fibers
were the following: Flow rate: 1.7 mL/hr; applied voltage: 17 kV; needle-to-collector

distance: 12 cm; Needle diameter: 16G.
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Figure 2: Photograph of the custom-made electrospinning set-up used in the present study.

All electrospinning experiments were performed at room temperature. Equipment
included a controlled-flow, four-channel volumetric microdialysis pump (KD Scientific,
Model: 789252), a syringe with a connected spinneret needle electrode, a high-voltage
power source (10-50 kV) and a custom-designed, grounded target collector, enclosed in a
safety cabinet (plexiglass). Systematic parametric studies were carried out by varying the
applied voltage, the needle-to-collector distance, the needle diameter and the flow rate so
as to determine the optimum experimental conditions for obtaining PMMA and
PMMA/UCNP bead-free fibers.

A series of PMMA/UCNP nanocomposite fibers with different UCNP content was
prepared, starting from homogeneous PMMA/UCNP solutions prepared in CHCIs. The
process involved the solubilization of PMMA in the appropriate amount of CHCIs,
followed by the addition of the UCNP solution also prepared in CHCls. Table 1
summarizes the quantities used in the preparation of the PMMA/UCNP polymer solutions
that were further electrospun resulting to the generation of the UCNP-loaded PMMA

nanocomposite fibers.

33



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

Table 1: Quantities of the reagents used in the preparation of the polymer solutions that were
further electrospun to obtain nanocomposite PMMA/UCNP fibers. The UCNP loading condition
increases from SO to S4.

Sample name PMMA UCNP CHCI3 CHCls UCNP wt%
(9) solution (mL) within the
(mL) PMMA
matrix
SO 1.0 - 5.0 0
(Control
Sample)
S1 1.0 0.25 4,75 3.24
S2 1.0 0.5 4.5 6.28
S3 1.0 1.0 4.0 11.8
S4 1.0 2.0 3.0 21.1

The second fiber series that was prepared, consisted of the hydrophilic PEO and the
hydrophobic PMMA in different percentage proportions. In this way, blended fibers with
different degrees of hydrophilicity/hydrophobicity depending on the wt% of the two
polymers were manufactured.

The optimum electrospinning conditions applied for obtaining uniform, bead-free
electrospun fibers in the case of pure PMMA, pure PEO and blended PEO/PMMA are

summarized in the following:

PMMA:

Solvent: CHCI3, Polymer solution concentration: 20% wi/v. The electrospinning
conditions used for obtaining continuous, bead-free fibers were the following: Flow rate:
1.7 mL/hr; applied voltage: 17 kV; needle-to-collector distance: 12 cm; Needle diameter:
16G.

PEO (600000):

Solvent: CHCIz. Polymer solution concentration: 3% wiv.
The ideal conditions for obtaining bead-free fibers were the following: applied
voltage: 15 kV, needle: 16-18 G, needle-to-collector distance: 30 cm, flow rate: 5 ml.hr2.

PEO/PMMA

34



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

Solvent: CHCIs. Polymer solution concentration: 3% w/v. The electrospinning
conditions used for obtaining PEO/PMMA fibers were the following: Flow rate: 5 mL/hr.,

applied voltage: 15 kV; needle-to-collector distance: 28 cm; Needle diameter: 16G.

Table 2: PEO/PMMA blends (total volume: 10 ml) polymer solution concentration: 3% w/v solution
prepared in CHCI3

PEO/PMMA PEO PMMA

Weight ratio (9) (9)
90:10 0.27 0.03
80:20 0.24 0.06
70:30 0.21 0.09
60:40 0.18 0.12
50:50 0.15 0.15

Figure 3: Photos of PEO/PMMA electrospun fibers

For the third fiber series, the PEO/PMMA (70:30) solution was used. Three different
types of fibers were manufactured in total: pristine PEO/PMMA, nanocomposite
PEO/PMMA/UCNPs and nanocomposite PEO/PMMA/UCNPsS/RB containing both,
UCNPs and the organic dye Rose Bengal (RB).
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Table 3: PEO/PMMA blends (total volume: 5 ml). polymer solution concentration: 3% w/v solution
prepared in CHCIs

PEO/PMMA | PEO PMMA CHCI3 | UCNPs RB

Weight ratio (9) (9) (ml) (ml) (9)
70:30 0.105 0.045 5 0 0.003
70:30 0.105 0.045 45 05 0
70:30 0.105 0.045 45 05 0.003

For this series a freshly prepared UCNPs solution was used (sample code: AP206-G,
density: 0.135g/ml).

Electrospinning conditions

The optimum electrospinning conditions used for obtaining PEO/PMMA/UCNPs
and PEO/PMMAJ/UCNPs/RB fibers were the following: Flow rate: 3 mL/hr., applied

voltage: 10 kV; needle-to-collector distance: 30 cm; Needle diameter: 18G.

Figure 4: First row: PEO/PMMA/RB electrospun fibers. Second row: PEO/PMMA/UCNP/RB
electrospun fibers
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5.3 Materials characterization SEM - TEM

The morphological characterization of the produced electrospun fibers was
performed by scanning electron microscopy (SEM) (Vega TS5136LS Tescan) and
transmission electron microscopy (TEM).

The samples were gold-sputtered (sputtering system K575X Turbo Sputter Coater —
Emitech) prior to SEM inspection.

High resolution transmission electron microscopy (HRTEM) investigations of the
PMMA/UCNP nanocomposite fibers were performed by using TECNAI F30 G2 S-TWIN
microscope operated at 300 KV equipped with energy dispersive X-ray spectrometer
(EDX). Samples were placed between two copper grids (oyster) to be visualized by TEM.
TEM/EDX analysis was performed by Dr. Eugenia Tanasa (Politechnica University of
Bucharest).

Scanning electron microscopy (SEM)

As mentioned above, the morphological characterization of the produced fibers was
carried out by scanning electron microscopy (SEM).

Information that can be obtained by SEM include among others fiber diameter,
diameter distribution, fiber morphology (e.g. shape, surface roughness), their orientation
and porosity. Fibers’ porosity is very important in certain applications including filtration
processes and tissue engineering. [5]

In SEM, a focused electron beam is scanned over a surface to create an image. The
electrons in the beam interact with the sample and produce signals which provide with
information about the surface topography and composition.

The detected electrons or electromagnetic radiation which are being transmitted
secondarily from its surface, give information about the specimen.

In other words, SEM uses the electrons that are reflected or knocked off the near-

surface region of a sample to create an image [20].

37



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

Electron Vacuum

Lens

Condenser
Lens

Figure 5: Schematic of a conventional scanning electron microscope

Transmission electron microscopy (TEM)

A transmission electron microscope (TEM), unlike SEM, detects electrons that pass
through a very thin sample. The TEM instrument consists of three parts: 1) an electron gun,
which produces the electron beam 2) the image-producing systems which include the
objective lens, the specimen stage and the intermediate and projector lenses. Electrons pass
through the specimen and create a magnified image. 3) the image-recording system, which
converts the image into a visible to the human eye image. This system includes a
fluorescent screen in order to view the image and digital camera to take records.

Furthermore, there is a vacuum system which contains pumps, gauges and valves [21].
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Figure 6: Schematic of a conventional transmission electron microscope set-up.

Enerqy dispersive X-ray spectroscopy (EDX)

EDX is a technique that is used to determine the chemical characteristics and/or
elemental composition of a sample. The technique is versatile as it can be qualitative and
quantitative.

A beam of high energy charged particles (electrons or protons) are focused into the
investigated sample. An electron from a higher binding energy electron level falls into the
core hole and an X-ray with the energy of the difference of the electron level binding
energies is emitted. EDX analysis gives a spectrum that displays the peaks correlated to the
elemental composition of the investigated sample. In addition, the elemental mapping of a

sample can be created with this characterization method [22].
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Figure 7: Energy dispersive X-ray spectroscopy

5.4 Photoluminescence characterization

A continuous wave (CW) laser diode of 8.5W optical power (CNI Laser, China),
modulated with a 10 us TTL trigger from FLS980 Fluorescence Spectrometerand with a
PMT model R928P from Hamamatsu was used to measure the photo-luminescence spectra
and luminescence lifetimes under 976 nm excitation.

For the optical characterization and upconversion imaging, the electrospun fibers
were examined by an inverted fluorescence wide-field microscope AxioObserveZi (Carl
Zeiss) with EC Plan-Neofluar 40x/1.3 Oil DIC M27 objective, with condenser BF (NA =
0.4) to record white light image, and 3W CW 975 nm laser diode excitation (Spectra-Laser,

Poland) in UC mode with a custom-mounted filter cube.

Fluorescence Microscopy

In order to take fluorescence images, a fluorescence microscopy was used.

Fluorescence luminescence is a process in which a physical (e.g., absorption light),
chemical or mechanical mechanism causes light emission from electronically excited states
of molecules. The phenomenon is called photoluminescence and is divided in two
categories, fluorescence and phosphorescence [23]. Generation of luminescence is
achieved through the excitation of a molecule by ultraviolet or visible light photons. In
fluorescence, atoms and molecules, absorb light of a specific wavelength and emit light of

longer wavelength, determining the fluorescence lifetime. The fluorescence process
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includes three steps. In the first step, there is excitation of a molecule by an incoming
photon (happens in 10° seconds) which causes vibrational relaxation of excited state
electrons to the lowest energy level (102 seconds). In the final step, there is emission of a
longer wavelength photon and return of the molecule to the ground state (10° seconds).
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Figure 8: The fluorescence process
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Figure 9: Characteristic diagram of absorption and emission spectra
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Chapter 6: Results and Discussion

Part of the work presented in this chapter has been published in Methods Appl.
Fluoresc. 7 (2019) 034002.

6.1 Morphological characterization
6.1.1 PMMA and PMMA/UCNP - SEM characterization

The morphological characteristics of electrospun PMMA and PMMA/UCNP
composite fibers were first investigated by Scanning Electron Microscopy (SEM). The
PMMA and PMMAJ/UCNP electrospun fibers were uniform and cylindrical (Fig.9 a-e).
They exhibit a bead free morphology and they are homogeneous as far as it concerns their
diameter. Comparing the SEM images of the PMMA samples with the UCNP loaded
samples it is obvious that there is no significant influence of the nanoparticle loading on
the fibers’ morphological characteristics. In addition to that, the fibers have a belt-like
(ribbon-like morphology). The produced electrospun PMMA/UCNP composite fibers have
random orientation and they also show a low degree of porosity.

In order to change the fibers’ characteristics and influence their morphological
characteristics including the shape (cylindrical) or the texture (porosity) some important
parameters could be altered such as the solvent type, the polymer solution concentration,
the type of polymer used and environmental conditions employed (e.g., humidity). The
presence of beads for example could be related to factors like the solvent type and the
polymer solution concentration.

Some characteristics such as porosity are important factors in specific applications.
In sensing applications for example, properties like porosity play a significant role in

optimizing the effectiveness of the overall system.

42



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

e BnisaYas
Q N V\é’w;_"”h 2N ‘,
e %5'&;@5
NP kA
5l B
G s
U G 2l

v

Increasing UCMP loading

Figure 10: First row: SEM images of the PMMA (a) and the UCNP — loaded PMMA nanocomposite
fibers obtained by electrospinning (b) — (e). Images (b) — (e) correspond to samples S1, S2, S3, S4
respectively, containing various amounts of UCNPs. Second row: details of electrospun fibers for
samples S2 and S3.

6.1.2 PMMA and PMMA/UCNP TEM and EDX characterization

The morphological characterization with the transmission electron microscopy
(TEM) was conducted at the Politehnica University of Bucharest by Dr. Eugenia Tanasa.
TEM images further confirm the presence of UCNPs in the electrospun PMMA fibers. The
nanoparticles are shown to be spherical in shape with average diameters of 27.34 £5.48 nm
(S2) and 27.14+2.74 nm (S3). The effect of UCNP loading on the nanofiber morphology
was also examined by comparing the SEM images of electrospun nanofibers with different
concentrations of UCNPs. It is observed that there is a higher loading of UCNPs in sample
S3 compared toS2 which has half of UCNP loading (Fig.10). In addition to that,
aggregation of the UCNPs can be clearly observed. There is a possibility that UCNPs form
aggregates during the creation of PMMA/UCNPs fibers in the electrospinning process.
This could be attributed to the maximization of the surface-area contact (and Van der Waals
interaction) between the non-polar tails of the oleate capping ligands [1]. The upconverting
nanoparticles are accumulated within the PMMA fibers and not on the fiber surfaces. This
probably happens due to the fact that there is a molecular mixing of the polymer in CHCI3
with the pre-stabilized chloroform nanoparticle solution prior to electrospinning. It should
be mentioned that the polymer/nanoparticle solution was only mixed by stirring and it was
not sonicated. Despite the fact that the nanoparticles are not individually dispersed within
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the polymer fibers they keep their nanoscale dimensions. Apart from that, they also
preserve their crystallinity and integrity. The size of the encapsulated nanoparticles is ~20
nm. Specifically, as mentioned above the average diameter of the nanoparticles as it is
shown from the two different samples is ~27nm. Their larger size could be attributed to the
organic coating used for ensuring their stabilization in CHCIls. EDX spectra and UCNP
size histograms for samples S2 and S3 are shown in Figure 10 (b) and (c). EDX
measurements confirmed the chemical composition of the two systems. The X-Ray
Spectroscopy confirmed that the UCNPs contain Yb®" and Er®* lanthanides which are the
main elements of the sample.

The presence of Cu and O could be explained by the fact that a Cu grid is used in
TEM analysis and O is a component which exists in the PMMA matrix.

(a): S2 (b): S2 (c): S3 (d): S3

Figure 11: Bright field TEM image of samples S2 and S3

S2-EDX S3-EDX

scoo0
El 9]

(@ (b)

Figure 12: EDX spectra of samples S2 and S3
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Figure 13: size histograms of the UCNP embedded within the PMMA fibers samples S2 and S3

6.1.4 PEO/PMMA and PEO/PMMA/UCNP — SEM characterization

As previously mentioned, the second series includes fibers of the type PEO/PMMA
and PEO/PMMA/UCNP fibers. The target was the fabrication of PEO/PMMA fibers with
different degrees of hydrophilicity and hydrophobicity something that could be achieved
by preparing mixtures of the hydrophilic PEO and the hydrophobic polymer PMMA in
various proportions. PEO was used in order to make the fibers more hydrophilic so they
could exhibit enhanced wettability in aqueous solutions for pH sensing applications and for
the detection of ammonia gas.

From the SEM images it can be seen that the produced PEO/PMMA fibers are
cylindrical and uniform. They also have homogeneous diameters. In addition to that they
exhibit a porous (sponge-like) texture which varies depending on the percentage of PEO
and PMMA (Fig.14 S1-S5).
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Figure 14: SEM images of the PEO/PMMA fibers obtained by electrospinning

6.1.5 PEO/PMMA/RB, PEO/PMMA/UCNPs and PEO/PMMA/UCNP/RB - SEM

characterization

For the third series, fibers of the type PEO/PMMA/RB, PEO/PMMA/UCNPs and
PEO/PMMA/UCNPs/RB were manufactured by electrospinning starting from the
corresponding solutions prepared in CHCls.

At first, the same electrospinning conditions as in the case of the PEO/PMMA
system were applied (flow rate: 5mL/hr, applied voltage: 15kV, needle-to-collector
distance: 25cm and needle diameter: 16G). However, these conditions were proved to be
non-ideal in the case of the PEO/PMMA/UCNPs system. For this reason, the needle

diameter was changed to 18G while the needle-to-collector distance was retained the same
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(28cm). Unfortunately, under these conditions the generation of fibers was also not
possible.

The needle-to-collector distance was then changed to 30cm and the flow rate to
3.5ml/hr but again the process was not successful. After that the applied voltage was
decreased down to 10 kV and the flow rate was set at 3 ml/hr while the needle-to-collector
distance was maintained at 30cm and the needle diameter was 18G. By applying these
conditions, uniform fibers could be successfully produced. It seemed that the low voltage
plays a significant role as a higher voltage does not give enough time for the solvent to be
evaporated before the produced fibers hit the target.

From the SEM images, the fibers in all three combinations are shown to be
cylindrical and uniform and they are characterized by homogeneous diameters.
Additionally, there is no significant difference between the PEO/PMMA/RB and the
PEO/PMMA/UCNP, PEO/PMMA/UCNP/RB fibers as the dye-doping of the UCNP
polymer solution does not affect the electrospinning process. They also have random

orientation and they present a high degree of porosity.

$2: PEO/PMMA/UCNP 70:30

$3: PEO/PMMA/UCNP/RB 70:30

Figure 15: SEM images of fibers obtained by electrospinning
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6.2 Photoluminescence characterization

An inorganic upconversion phosphor consists of a crystalline host material and
lanthanide ion luminescent centers (Yb%*, Er®") doped at low concentrations. As mentioned
in Chapter 2, the host material provides a crystal structure matrix to facilitate the transfer
of these centers into optimal positions where the surroundings have minimum effect on
their energy level structures [6].

Among the host materials, fluorides exhibit a strong upconversion because they have
lower photon energies. Size, crystalline phase purity, morphology are critical parameters,
influencing the upconversion luminescence properties.

As yet, NaYFs has been shown to give rise to the highest upconversion efficiency
and this host will also be the material of choice in the present thesis.

In order to improve the upconversion efficiency of UCNPs various strategies have
been developed. One of these strategies is to use a core/shell structure. The purpose of this
strategy is to protect the emission centres such as Yb%" and Er®* doped in the core,
especially those which are near the surface, from non-radiative losses caused by surface
defects and high energy vibrational modes of molecules attached to the outer surface of the
particle [6]. As far as the core/shell approach is concerned, a thick shell usually favors the
upconversion luminescence.

The upconversion fluorescence spectra obtained from the colloidal UCNPs and the
PMMA/UCNP electrospun fibers are shown in Fig.16, in which three visible emission
peaks can be observed at 523, 539 and 656 nm. The three emission peaks correspond to the
electronic transitions of the electrons in the Er®* various states to the ground state. The
spectra agreement between the initial solution which contained only UCNPs with the
sample S4 which contains the highest concentration of UCNPs confirms the fabrication of
highly efficient electrospun fibers. It verifies the preservation of optical and upconversion
properties in all fibers in spite the fact that UCNP aggregations could arise. The intensity of
the upconversion spectra (Figure 16) is consistent with the UCNP concentration in the
fibers following the loading conditions although it is rather difficult to compare their
brightness quantitatively.

The comparison of luminescent lifetimes (Figure 17) between the nanocomposite
electrospun fibers and the colloidal UCNPs shows a similar behavior and indicates that
they cannot be distinguished which proves the preservation of the UCNP optical properties

within the fibers. Only small differences were noticed between the colloid UCNPs and
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those within the fibers. The exact luminescence lifetimes at 540 nm were equal to 313 ps in
colloidal UCNPs and 329 s in the fibers regardless of the concentration.

—_—S1
—_—S2
—_—S3
— 54
Colloid

Counts

525 550 650
Wavelength [nm]

Figure 16: Upconversion spectra of colloidal UCNPs (green) and electrospun PMMA/UCNP fibers.
The spectra show the typical emission bands of Er3+ in the upconversion mode.
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Figure 17: The luminescence lifetimes at 540nm measured for colloidal UCNPs and the
nanocomposite electrospun fibers for increasing concentration of UCNPs in the fiber.
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6.3 Optical characterization

The PMMAJ/UCNP electrospun fibers were also optically characterized in white light
and were imaged in upconversion mode (Fig.18) in order to visually show the
upconversion effect. This method provides qualitative information about the homogeneity
and the efficiency of the UCNP distribution. The optical characterization was performed at
the Institute of Low Temperature and Structure Research in Poland.

A better UCNP distribution was observed in sample S3 compared to sample S2 of
lower concentration. This could be attributed to the more distinguished and scattered
existence of aggregation sites in sample S2. But as it was indicated from the upconversion
spectra (Fig.16) and the luminescent lifetimes (Fig.17) for all the samples the optical
properties and UCNP efficiency were not related to the number or place of aggregations

but only to the UCNP concentration.

Figure 18: Images of the upconverting fibers. White light (top row) and upconversion image
(bottom row) of the control sample SO, without UCNPs (a,d) and the PMMA/UCNP samples S2
(b,e) and S3 (c,f). Sample S3 shows a more homogeneous distribution of UCNPs. Scale bar 20um
for all images.

6.4 Sensing applications
The purpose of this study is the efficient encapsulation of UCNPs in electrospun
fiber mats for the development of customized materials which could be used in various

applications. As mentioned before, these hybrid systems which combine the unique
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properties of the UCNPs with the flexibility of the electrospun fibers can be applied in
biomedical applications for sensing and imaging purposes.

Specifically, the functionalization of these systems with a dye which is able to
overlap with one of the emission bands of Er®*, can lead to the manufacture of ratiometric
sensors, in which the proportion difference of the Er®* emission at the two different bands
will be determined.

Furthermore, the selection of indicator dyes, sensitive to a specific gas, which have
an absorption spectrum that overlaps with the 520-540nm emission of Er* ions but does
not overlap with the 650nm emission band or vice versa, can create functionalized
electrospun mats which can be used as pH sensors as well as gas sensors for detecting
different gases including ammonia, CO,, CO, NO2, NO etc. For example, a system like this
could be used for the detection of exhaled gases like Nitric Oxide (NO) or volatile organic
compounds (VOCs) which are very important for several clinical conditions e.g.
pulmonary arterial hypertension (PAH), Crohn’s disease (CD). In addition to that, the
electrospun mats with the integrated UCNPs could be attached to other medical and

diagnostic tools, enhancing the detection process.

Photoluminescence characterization of PEO/PMMA/RB and PEO/PMMA/UCNPSs/RB
electrospun fibers

In the third series of electrospun fibers an organic dye namely Rose Bengal was
encapsulated in the fibers aiming to develop a nanocomposite fibrous mat that could be
further exploited as ratiometric sensor.

Rose Bengal was selected as it matches the emission peaks of the UCNPs at NIR
excitation and it can be efficiently and simultaneously excited by the light emission of the
upconverting nanoparticles.

Furthermore, Rose Bengal (RB) is an organic, hydrophilic dye which is used in many
biomedical applications. It is broadly used mainly because i) the absorption spectrum of
RB is well-matched with the emission spectrum of Er®* ions [24]. Specifically, its
absorption spectrum overlaps exactly with the green emission (~545nm) of the Yb**/Er3*
UCNPs (fig.19) so an energy transfer takes place between the UCNPs and RB and ii) it has

already been tested for various applications.
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Figure 19: Absorption spectrum of RB (red line) and fluorescent emission spectrum of UCNPs
(black line and hatched area) under 980nm excitation.

The PEO/PMMA/RB and PEO/PMMA/UCNPS/RB fiber mats were further
examined by fluorescence spectrometry at 375nm excitation wavelength.

The significant change in the PL spectrum of the UCNPs upon introducing RB
within the fibers indicates that there is an energy transfer taking place between the UCNPs
and RB. This is further supported by the fact that the ratio of the characteristic RB signals
appearing between 600-650 is changing in the presence of UCNPs (green line compared to
blue line (see fig.20). That is also confirmed by the findings of the study of L. Liang et al.
[25].

The samples of PEO/PMMA/RB and PEO/PMMA/UCNPS/RB were also studied by
fluorescence microscopy. The images are presented in figures 21 and 22. The images of the
PEO/PMMA/UCNPs/RB sample are brighter as these fibers exhibit stronger luminescence

because of the presence of the upconverting nanoparticles.
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Figure 20: Upconversion spectrum of PEO/PMMA, PEO/PMMA/UCNPs, PEO/PMMA/RB and
PEO/PMMA/UCNPs/RB electrospun fibers

(a) (b)

(©) (d)

Figure 21: Luminescence images of PEO/PMMA/RB fibers at 50um (a,b) and at 10um (c,d)

53



Nanocomposite Electrospun Fibers Containing Upconverting Nanoparticles Myrto Antoniadou

(€)

Figure 22: Luminescence images of PEO/PMMA/UCNPs/RB at 50um (e,f) and at 10um (g,h)

6.5 Ammonia sensing

A hybrid system as the PEO/PMMA/UCNPSs/RB fiber matrix can operate as an
ammonia sensor based on a) the use of the upconverting nanoparticles (UCNPs) of the
NaYFs:Yb®, Er¥ which can be excited with 980nm laser and give green and red
luminescence and b) the RB incorporated in the fiber matrix. The highly luminescent
NaYFs:Yb®*, Er®* core shell UCNPs exhibit three anti-Stokes emission bands at ~520,
~540 and ~650nm following 980nm irradiation. RB is chosen as the photosensitizer since
its absorption band overlaps with the green emission of the UCNPs. Only green emission
(520+540nm) falls into the absorption spectrum of the Rose Bengal dye. Because the dye
is environmentally sensitive (e.g., pH), its absorption spectrum changes and serves as a
filter to green Er®* emission while the red emission of Er®* is not affected. Green to red
ratio can be used as a calibration versus pH.

Concerning the use of the above-mentioned system in gas sensing, the exposure of
the sensor to ammonia gas will cause a strong increase in the 540-560nm absorption of the
dye (as the presence of ammonia increases the pH) which leads to a drastic decrease of the
green emission of the UCNPs. In contrast, the red emission of the UCNPs remains

unaffected by ammonia so it can be used as a reference signal [26]. An important
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advantage is that under NIR excitation (980nm), no autofluorescence of the sample is
generated and as a result the background signal is low.

For the performance of gas sensing experiments, a sensing chamber was designed
and manufactured. The experimental set-up and a photograph of the chamber are provided
in figure 23. Future work includes the evaluation of the produced PEO/PMMA/UCNPS/RB

fiber matrix as ratiometric pH and ammonia gas sensor.

[ 16cm "

p~7mm
M4 screw

- {
]

Valve with [::0

10 mm fitting

0M6 =,

l 15cm g

Figure 23: Schematic set up of the chamber that will be used in the performance of gas sensing
experiments for ammonia detection and photograph of the actual chamber that was manufactured
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Conclusions and Future work

Electrospun PMMA microfiber mats with incorporated core@shell Er**/Yb**
lanthanide doped UCNPs (NaYFs: 20% Yb®', 2% Er®*, @NaYFs) were successfully
fabricated at different UCNP loading concentration conditions for the maximization of
their fluorescence efficiency.

The produced materials were characterized by electron microscopy (SEM and TEM).
The obtained images verified the successful encapsulation of the nanoparticles within the
fibers in various loading conditions. Despite the presence of aggregation and clusters, the
upconverting nanoparticles maintain their nanoscale dimensions, crystallinity, integrity and
photo luminescence properties. Even for high concentrations, UCNP’s optical properties
are well-preserved leading to efficient fluorescent microfiber mats.

In order to make the fibers more hydrophilic so they could be used in aqueous
solutions for pH sensing applications and for the detection of various gases, a series of
PEO/PMMA and PEO/PMMA/UCNP fibers were fabricated. The microfibers were
morphologically examined by SEM. The results showed an efficient integration of the
UCNPs in the PEO/PMMA microfibers while no significant morphological changes are
observed in the presence of the UCNPs.

Finally, Rose Bengal, a photosensitizer dye was encapsulated in the
PEO/PMMAJ/UCNP fibers so they can be deployed in sensing applications. The fabricated
PEO/PMMA/UCNP/RB fibers were morphologically characterized by SEM. The fibers
were uniform and the presence of the dye did not affect the integration of the UCNPs
within the matrix or the morphology of the produced fibers.

In addition to that, PEO/PMMA/UCNP/RB fiber mats were studied by fluorescence
spectroscopy. The fibers presented a maximum at ~600nm although their luminescence
intensity was decreased compared to the PEO/PMMA/RB sample.

The luminescence images of the PEO/PMMA/UCNP/RB sample exhibited a strong
luminescence which proves that the integrated UCNPs maintain their optical properties
which are not affected by the presence of the Rose Bengal dye. Further studies for the
optimization of the hybrid upconverting microfiber mats will be conducted in the near-

future. Specifically, the fiber mats will be examined as sensors for pH and ammonia gas.
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