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Chapter 1. Introduction

During the past decade, lanthanide-doped upconverting nanoparticles
(UCNPs) have been extensively investigated due to the advantages associated
with their unique luminescent properties [1]. In general, these nanoparticles
can convert near-infrared (NIR) excitation light into the ultraviolet (UV),
visible and NIR emission light via a multiphoton process known as
upconversion (UC) [2]. This non-linear optical process is commonly observed
in lanthanide-doped inorganic materials [3]. The emission intensities and
wavelengths of UCNPs are important performance characteristics, which
offers a wide range of applications, including sensing, imaging, diagnostics
and therapy, as well as photovoltaic, security and display technology [4].
Compared with traditional semiconductor quantum dots (QDs) or organic
fluorophores, UCNPs show superior features such as sharp emission peaks,
long emission lifetime, high chemical stability, high resistance to
photobleaching and low toxicity [5]. Driven by these factors, UCNPs could
serve as excellent candidates for numerous biomedical applications [6-8].
Followed by combination with biologically active molecules, UCNPs could
be multifunctional in both therapy and diagnostics (theranostics) [9, 10].

Despite many promising advantages of UCNPs, a number of limitations
still need to be addressed. First of all, the small size, rational design and
appropriate co-doping strategy are typically required to construct high-
efficient UCNPs for biomedical applications. One of the major methods to
enhance the upconversion luminescence (UCL) intensity is to use a core—shell
structure, where the non-active shell protects the luminescent rare earth (RE)
ions in the core from quenching caused by surface defects and organic ligands
[11]. At the same time, nanoscale lanthanide-doped upconversion materials
with core-shell structure open up new avenues for the modulation of
upconversion properties, e.g., through combining UC luminescence and
magnetic resonance imaging (MRI) modalities into a single structure [12].
Another effective way to improve upconversion efficiency is increasing the
amount of emitters, however, high doping concentration leads to increased
occurrence of energy transfer process between the dopants, resulting in
guenching of excitation energy [13]. Designing a core-shell structure, where
high content of lanthanide ions is incorporated into the core and the inert shell
blocks the way of energy migration to surface quenching sites, is a rational
and convenient route to overcome these obstacles [14]. It can be concluded,
that traditional synthesis methods hardly fulfil the growing requirements for
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practical uses, revealing an emerging need for more complex fabrication
approaches [15].

As a unique class of luminescent materials, UCNPs also show great
promise in thermal sensing and security applications [16, 17]. The previous
studies have shown that Er®* ions suit well as an effective temperature sensing
unit [18, 19]. One of the sensing techniques, fluorescence intensity ratio (FIR),
involves monitoring of temperature-induced changes of specific thermally
coupled energy level emission intensity ratios. Owing to its high spatial and
thermal resolutions, wide measurement ranges and affordability, this non-
contact technique is one of the most promising for temperature determination
at the sub-micrometer and nanometer scale [20, 21]. Apart from the
biomedical and thermal sensing application, the unique optical properties of
lanthanide-doped upconversion materials have potential in security
applications [22]. UCNPs have been suggested as the basis for the next
generation of luminescent inks for anti-counterfeit labelling. Placing a printed
area under a beam of NIR light, under specific excitation power densities or
temperature, initiates the conversion of the covert inks into the correct colour
rendering. Thus, a predetermined read condition becomes a security feature
itself [4].

The main aim of this work was to synthesize multifunctional lanthanide-
doped (Yb®* and/or Er®") nano and micro size NaGd(Yb)F, particles and to
investigate their optical properties, as well as to explore their potential use in
various applications. The single (NaGdF,) and double (NaYbF.@NaGdF.)
shell coating was applied in order to tune and enhance the upconversion
luminescence. In addition, the concentration of the activator (Er®*) was
optimized and the effect of the sensitizer and activator separation on the
optical properties was also investigated. Furthermore, the thermochromic
features of microparticles are presented. Finally, the temperature-sensing
properties and cellular metabolic activities as well as the distribution of
nanoparticles in human breast cancer cells were evaluated. The tasks of the
present thesis were formulated as follows:

1. To synthesize lanthanide-doped upconversion nano- and
microparticles, as well as to epitaxially grow a shell layer on as-prepared
particles surface via thermal decomposition synthesis method.

2. To investigate the upconversion luminescence and decay dynamics
properties of the obtained materials as well as to improve these features by
growing single or double epitaxial shell layers.
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3. To investigate the influence of separation of activator and sensitizer in
different layers, as well as to determine the optimal activator concentration for
optical properties.

4. To examine the temperature-sensing and thermochromic properties of
nano- and micro-size particles

5. To evaluate the potential use of UCNPs for imaging and detection with
focus on cancer diseases.

11



Chapter 2. Upconversion
2.1 The Phenomenon of Upconversion

Upconversion (UC) is a nonlinear optical process, where a sequential
absorption of two or more low energy photons leads to the emission of photons
with higher energy. The emission of light at a shorter wavelength than the
excitation wavelength is also known as anti-Stokes photoluminescence. This
general concept was first introduced by Francois Auzel and Nicolaas
Bloembergen in the 1960s [23, 24]. Since then, the UC process has been
extensively studied and widely applied in optical devices.

2.2 Upconversion Luminescence Mechanisms

The upconversion process proceeds by different mechanisms, however the
two major mechanisms can be distinguished: excited state absorption (ESA),
and energy transfer upconversion (ETU) (Figure 2.1 a, b). These processes are
frequently accompanied by cross-relaxation (CR) (Figure 2.1 c). ESA and
ETU mechanisms are based on the sequential absorption of two or more
photons by metastable, long-lived energy states. This sequential absorption
leads to the population of a higher excited state from which upconversion

emission occurs.

Ton 1 I, lon2 Ion 1 Ion 2
— 71 — E |" i\ E, E; £ E,
hv f

YW\~ |
Ton 1 i,""\
———FL 1 7 = = —E,; E, 3 ——Ei
hv hv hv hv
G G : G G G
(a) ESA (b)) ETU (©) CR

Figure 2.1 Schematic representation of the: (a) excited-state absorption
(ESA), (b) energy transfer upconversion (ETU), and (c) cross relaxation (CR)

process.
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ESA is an upconversion process, in which the sequential absorption of two
photons via a single ion occurs. As shown in the Figure 2.1 a, if an incoming
photon is of a wavelength resonant with the energy gap separating ground and
excited states, it will bring the ion to an intermediate excited level (E1) from
the ground state (G), which is known as the ground state absorption (GSA).
Subsequently, second absorbed photon promotes this ion from E; level to the
upper emitting level (Ez) and results in UC emission of a photon having higher
energy than either of the photons absorbed. This is the least efficient
upconversion mechanism [1, 25].

Energy transfer upconversion (ETU) mechanism can be derived from the
ESA by including a second ion in the excitation stage (Figure 2.1 b). ETU
process involves the successive energy transfer from ion 1 (sensitizer or
donor) to second ion (activator or acceptor). Usually, the sensitizer has a large
absorption cross-section in the NIR region. In this upconversion process, each
of two neighbouring ions can absorb a pump photon of the same energy and
populate to their intermediate states (Ei1) via GSA. Then, a non-radiative
energy transfer from ion 1 to the ion 2 results in the promotion of the latter to
its upper emitting state (Ez), while the ion 1 relaxes back to ground state G.
ETU is by far the most efficient upconversion process [1, 26].

Similar to ETU mechanism, the cross relaxation (CR) process involves
energy transfer between two neighbouring ions in close proximity where one
ion acts as a donor of energy (ion 1), while the second acts as an acceptor of
energy (ion 2). In this upconversion process, two identical ions in close
proximity are both excited from the ground state (G) to intermediate excited
state (E1) by GSA, then energy transfer occurs through a non-radiative process
in which one ion returns to the ground state while another is promoted to the
upper emitting level (Ez) (Figure 2.1 ¢). However, CR can also depopulate the
excited state by partial energy transfer to a neighbouring ion. This directly
guenches the excited states and shortens the decay time [27]. The CR process
is a fundamental result of ion-ion interaction and its efficiency is in close
relation with the dopant concentration [1, 9].

Crucial requirements for photon upconversion, such as long lifetimes of
the excited states and a ladder-like arrangement of the energy levels with
similar spacings, are met by certain ions of the d and f elements [2]. The most
efficient photon UC process is demonstrated by the lanthanides [3].
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2.3 Upconversion Process Efficiency and Quenching

One of the most important parameters in the upconversion process is
upconversion efficiency, which is often referred to as an upconversion
guantum yield. UC quantum yield is defined as the ratio of the number of
emitted upconverted photons to the number of absorbed photons. This value
will always be lower than 0.5 because the emission of one photon in the
upconversion process requires the absorption of at least two photons [28].
However, the UC luminescence efficiency is attenuated by a few deleterious
energy migration processes, including non-radiative decay, cross-relaxation,
energy back-transfer and energy dissipation due to the high-energy vibrations
of surface ligands [29, 30]. Any process that lowers the number of metastable
excited states without giving off upconverted radiation is referred to as
guenching. For example, phonons provide a competing energy transfer route
to radiative emission through multi-phonon transitions to lower energy levels,
and therefore ions with closely spaced energy levels are susceptible to
guenching. Multiple phonons are required to bridge the same energy gap
compared to a single photon in radiative process; therefore, the probability of
phonon guenching decreases exponentially as the energy gap between levels
increases. Quenching can also occur in case the sublevel exists between the
excited state and the ground state, so emission may proceed in two steps rather
than one. Another quenching mechanism occurs via cross-relaxation to
impurities or other lanthanide ions in the material [31].

The optical efficiency of lanthanide-based upconversion is related to the
choice of crystalline host lattice, nanoparticle size, as well as the
concentrations of optically active dopants. Fischer et al. investigated six
distinct alkaline-earth rare-earth fluoride host materials and benchmarked
their upconversion quantum yield [32]. They found that the host material
SrLuF is the most efficient, with UC quantum yield values of 0.53 % at 80
W/cm? excitation. Resch-Genger’s group assessed the influence of dopant
concentration on the quantum yield and their results showed that optimal
sensitizer and activator concentration is 14 % and 1 %, respectively [33].
Furthermore, it was reported that the upconversion efficiency of UCNPs
decreases significantly with decreasing nanoparticle diameter [34].
Interestingly, the upconversion efficiency of UCNPs with exactly the same
size depends on the surface ligand coating and dispersion medium [35, 36].
These findings suggest that there are many factors that contribute to the low
upconversion luminescence efficiency of UCNPs. The recent effort to boost
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the upconversion luminescence efficiency comprises of introducing inert
shells coating [37], high concentration of activators doping [38], organic dyes
modification [39] and so on. Up to date, the maximum reached upconversion
quantum yield is approximately 9 % for the 45 nm core—shell UCNPs [37],
which approaches the quantum yield of micron-sized crystals with the same
composition.

2.4 Upconversion Luminescence Decay Kinetics

Upconversion luminescence decay kinetics is an important aspect of its
temporal characteristics. In contrast to QDs and organic dyes, lanthanide-
doped upconversion materials demonstrate distinct photoluminescence
lifetimes from microseconds to even milliseconds. The long-lived
intermediate energy states in lanthanide ions can be attributed to the parity-
forbidden nature of the 4f-4f transition, which results in low transition
probabilities but these rules are relaxed by several mechanisms [40]. The
interactions between sensitizer and activator, i.e. ETU, makes it to operate as
an integral unit, leading to the complex luminescence kinetics of the individual
nanoparticle [41, 42]. The upconversion luminescence profile, recorded after
a short-pulsed NIR laser beam excitation, typically features a delayed rather
than immediate time trace maximum, reflecting both rise and decay behaviour.
Such luminescence Kinetics can generally adequately fit the following
equation [43]:

t t
I(t)=A4 [exp (— a) —exp (— T—T)] (Eg. 2.1)
where [(t) is the intensity of emission at time t, A is a scaling constant, zq
and 7, are the rise and decay time constants, which describe the time scales of
the population and depopulation for corresponding energy levels,
respectively. The function can be simplified to an exponential decay only:

t
1(t) = lpexp (—2) (Eq. 2.2)
where lo is the intensity of emission at time t = 0, and z is the mean lifetime

of the emission. The decay lifetime (z) is defined as the required time for
transient emission intensity to decay from its maximum value to its 1/e value.
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Usually, after the exponential fitting of the decay profile data, the decay time
constant is extracted and interpreted as the intrinsic lifetime of the UC
luminescence emitting state [42].

Recent studies showed that the luminescence lifetime is influenced by
several factors, including particle shape and size, surface passivation and
dopant concentration. Regarding the effect of particle shape, the aspect ratio
of UCNPs has been demonstrated to affect the lifetimes, which has been
attributed to anisotropic multi-phonon relaxation processes due to different
ion-ion distances and lattice energies along different crystal planes within a
single nanoparticle [44]. Further, it was reported that UCL lifetime of the
excited states of lanthanide ions in nanostructures exhibit strong size-
dependence [45, 46]. In addition to the effects of size and shape, Wirth et al.
investigated the surface passivation effects on ultra-small UCNPs and it was
found that by variation of the shell thickness results in tuning the luminescence
lifetimes [47]. Moreover, Dayong Jin group developed an approach to
precisely tune the microsecond-to-millisecond luminescent decays and
produce individual populations of rare-earth doped nanocrystals with distinct
lifetimes by stepwise variation of lanthanide ions concentration in the UCNPs
[48].

Upconversion luminescence dynamics has long been believed to be
determined solely by the emitting ions and their interactions with
neighbouring sensitizing ions. However, recent studies showed that the
luminescence time behaviour in the nanomaterials is also affected by the
migration processes of the excitation energy. Yet, for the most efficient UC
mechanism — energy transfer upconversion (ETU) — the proper luminescence
dynamics is still not well disentangled due to the complexity of interactions
between multiple excited lanthanide ions [49]. It is important to analyse the
luminescence decay profile as it can help to understand specific physical
mechanisms responsible for non-radiative decay processes.

2.5 Design of Upconverting Materials

The development of highly efficient upconverting materials requires
precise selection of appropriate host material, the dopant ions (usually
lanthanide ions) and the dopant concentration. The ideal host material should
be transparent in the spectral range of interest, have high optical damage
threshold and be chemically stable, while the dopants suitability is defined by
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its type and concentration, which determine the emission wavelengths and the
efficiency of the upconversion process.

2.5.1 Host Matrices

Host matrices with low lattice phonon energies are required to minimize
the non-radiative loss and maximize the radiative UC emission [50]. Various
inorganic crystals, for example such as the oxides and phosphates, have been
studied for use in upconversion; however, the associated phonon energies are
usually quite high (usually >500-1000 cm™) [9], resulting in lower
upconversion efficiencies due to the enhancement of non-radiative pathways.
Although, heavy-halide hosts such as chlorides, bromides, and iodides
normally exhibit low phonon energies (< 300 cm™), but their use is limited
because their hygroscopic nature. Among investigated host materials,
fluorides have been proven to be ideal host candidates for UC because of the
low phonon energies (ca. 350 cm™) of the crystal lattice and relatively high
chemical stability.

Trivalent lanthanide ions-based inorganic compounds are excellent host
materials for upconversion materials because all trivalent lanthanide ions
exhibit similar ionic size and chemical properties. In addition, host lattices
based on cations such as Na*, Ca%*, Sr?*, and Ba?* with ionic radii close to
those of the lanthanide dopant ions prevent the lattice mismatch and
consequent lattice stress. Thus, the best host materials for upconversion are
considered to be Na*-, Ca?*-, and Y3*"-based fluorides [1]. For example, the
upconversion efficiency of NaYF.:Yb® Er®* compared to La,Os:Yb* Erd*
and Lax(MoOa)s:Yb®* ,Er¥*is 20 and 6 times stronger, respectively [2].

Another important parameter for UC material choice is the crystallographic
host symmetry. The local crystal symmetry surrounding a lanthanide ion
influences its optical properties [9]. One of the most studied fluoride host
material is NaYFs [51-54], which has two different crystal structures —
hexagonal and cubic. As shown in Figure 2.2, the cubic structure (a-NaREF4)
creates a dopant environment with high symmetry, while the hexagonal
structure (5-NaREF,) consists of an ordered array of F~ ions with two types of
relatively low-symmetry cation sites selectively occupied by Na* and RE®**
ions [18]. Low-symmetry hosts typically exert a less symmetrical crystal field
around the dopant ion in the lattice matrix compared to high-symmetry
counterparts. The phase-dependent optical properties can be ascribed directly
to the low-symmetry enhanced electronic coupling between 4f energy levels,
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which results in greater probability of f-f transition of the optically active
dopants [1]. It was reported, that the UC efficiency of the green emission in
hexagonal-phase NaYF4:Yb*/Er®* is approximately one order of magnitude
stronger than that in cubic NaYF4:Yb3*/Ers* [55].

Selection of an appropriate host lattice with a low phonon energy, less
symmetrical crystal structure and small lattice mismatch for the dopant ions is
therefore essential for development of an efficient UC process.

®Nat(1) *F
» RE3+, Na+(2)

Figure 2.2 Schematic representation of (a) cubic and (b) hexagonal phase
NaREF; structures (RE - rare earth ions). In the cubic phase, fluorite structure
are formed, with the cation sites randomly occupied by either Na*or
RE3* ions. In the hexagonal phase, an ordered array of F~ ions contains two
types of cation sites: one occupied by Na* and the other occupied randomly
by RE®* or Na* [18].

2.5.2 Dopant Selection Criteria

The dopant ions are usually present in the form of localized luminescence
centres. In the case of the energy transfer upconversion, the dopant ion radiates
upon its excitation to a higher energetic state obtained from the non-radiative
transfer of the energy from another dopant ion (see section 2.2 Upconversion
Luminescence Mechanisms). The ion that emits the radiation is called an
activator, while the donor of the energy is the sensitizer. Although UC can in
principle be expected from most lanthanide-doped crystalline host materials,
efficient UC only occurs in a small number of well selected dopant—host
combinations [25]. The main requirements for efficient photon upconversion
are: the long lifetimes of the excited states and a ladder-like arrangement of
the energy levels with similar energy spacings [2].
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Almost all the trivalent lanthanides fulfil these requirements when the
appropriate excitation energy is applied. The lanthanides, which are associated
with the filling of the 4f-shell, commence with the element lanthanum (La)
and end with the element lutetium (Lu). They essentially exist in their most
stable oxidation state as trivalent ions (Ln%*). The shielding of the 4f electrons
in Ln% by the completely filled 5s* and 5p° sub-shells results in weak
electron—phonon coupling that is responsible for important phenomena such
as sharp and narrow f-—f transition bands. In addition, the f-f transitions are
Laporte forbidden, resulting in low transition probabilities and substantially
long-lived (up to 0.1 s) excited states. With the exception of La*, Ce®*", Yb®*,
and Lu®*, the lanthanide ions commonly have more than one excited 4f energy
level [1, 25], and a large number of close energy levels, which can therefore
facilitate multiple types of upconversion processes. The energy states of Ln3*
ions are specified in terms of the orbital (L), total angular momentum (J) and
spin (S) of each of their f electrons, and denoted in the Russell-Saunders
notation as 25*1L; [56]. The energy level structure of lanthanide ions is usually
called a Dieke chart (or Dieke diagram) which is presented in Figure 2.3.

2.5.3 Activators

The luminescent centre in the upconverting material, which emits the
output photon, is called the activator. Er¥*, Tm**, and Ho®*" typically feature
desirable ladder-like arranged energy levels and are thus frequently used
activators. The upconversion efficiency of Er®* is particularly high due to the
similar energy gap in different energy levels (Figure 2.3). For example, the
energy difference in Er®* (~10 350 cm™) between the “l11 and 1352 levels is
similar to that (~10 370 cm™) between the *F7, and *l112 levels. Thus, the
energy levels of *lis, *l112, and *F72 can be used to generate UC emission
using ~970 nm laser excitation. Instead of being directly excited to the “F7
state, Er® ion in the “l11, state can relax to the “li3 state, followed by
excitation to the *F7, state with phonon-assisted energy transfer [1, 2, 25].
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Figure 2.3 The lower 4f levels of trivalent lanthanide ions in a LaCls crystal

[57].

Since 4f-4f transitions are Laporte-forbidden, inefficient absorption of the
exciting light can be an obstacle for efficient UC emission. Generally, the
absorption can be improved by increasing the concentration of the lanthanide
dopant in the material. However, non-radiative multi-phonon relaxation can
occur, and the process of cross-relaxation severely limits the range of efficient
dopant concentrations [1, 2]. The upper limit of concentration depends on the
exact distance between the lattice sites occupied by lanthanide ions, but in
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most upconversion materials the concentration of Er®* does not exceed 3% [2,
58]. However, new studies showed that growing a core-shell structure while
using high content of lanthanide ions could help to overcome above-
mentioned obstacles and result in improved UC luminescence intensity, but
these findings will be discussed in chapter 3.3 Core-shell Concept.

2.5.4 Sensitizers

The co-doping with another lanthanide, a so-called sensitizer, can greatly
enhance the upconversion efficiency. According to ETU mechanism (see
section 2.2. Upconversion Luminescence Mechanisms), the ideal sensitizers
should possess relatively large absorption cross-section and energy levels
matching with those of activators. The most widely used sensitizer for Er®* is
the Yb3* ion. Yb®" possesses an extremely simple energy level scheme with
only one excited 4f level of 2Fs;, (Figures 2.3 and 2.4). As shown in Figure
2.4, the energy separation of the 2F;, ground state of Yb®* and its 2Fs, excited
state matches well the transition energy between the *l112 and *lis2 and the
“Fzr2 and #1111 states of Er®* [1]. This feature allows a highly efficient energy
transfer to the activator and thus greatly strengthens the probability of the ETU
process. Abovementioned optical characteristics make Yb** particularly
suitable for use as a sensitizer for upconversion, thus, in this thesis the Yb%*
and Er®* co-doping system is adopted.

In contrast to activator, the concentration of the sensitizer can be higher
(18-20 mol%). Intriguing, new studies showed that heavily doped with Yb®*
(even up to 100 %) materials results in both overall and red UC luminescence
intensity increase and might be the cause of recently introduced effect of
negative thermal quenching [59]. Higher concentrations of Yb*' increase
absorption cross-section per nanoparticle and enhance energy transfer rates
between Yb3* and Er®* ions [60]. On the over hand, high Yb®* content could
decrease the Yb---Yb interatomic distance, and thus, facilitating energy
hopping in the Yb®" sub-lattice and excitation energy would be transferred
from interior to the peripheral region of the nanoparticle, leading to an
enhanced surface-quenching effect [61]. Again, these obstacles could be
eliminated by growing a passivation layer and will be discussed in details in
chapter 3.3 Core-shell Concept.
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Figure 2.4 The energy level diagram of Yb** and Er* ions.
Chapter 3. Lanthanide-doped Upconversion Nanomaterials

The research in the field of photon upconversion has been devoted almost
exclusively to bulk materials in form of films, glasses or fibers. Its application
was the main focus of investigation especially in regard of optical devices
including infrared quantum counter detectors, temperature sensors, and
compact solid state lasers [25]. From the late 1990s, when nanoparticles
research became prevalent, the UC became more prominent in the fields of
biological assays and medical imaging [62]. Compared with conventional
luminescent markers (organic dye molecules, QDs , and dye-doped silica/gold
nanomaterials), which are excited in the ultraviolet (UV) or visible light,
excitation in the near-infrared (i.e. 808 or 980 nm) has the great advantages
such as low photodamage to biological specimens, high resistance to
photobleaching, and low auto-fluorescence [5]. These advantages prompted
the development of a new type of high-quality and well-shaped
nanomaterials known as upconversion nanoparticles (UCNPs). Nanoscale
manipulation of UCNPs also leads to important modification of their optical
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properties in excited-state dynamics, emission profiles and UC efficiency. For
example, the reduction in particle size provides the ability to modify the
lifetime of intermediate states of the doped rare earth ions. The control of
spatial confinement of dopant ions within a nanoscopic region can lead to
remarkable enhancement of a particular wavelength emission as well as
generation of new types of emissions [25].

Thereafter, finally an urge for the development of efficient synthesis routes
to obtain upconverting materials in the micro- or nano- meter range emerged.
During the past decade, several methods including co-precipitation [63],
thermal decomposition [53], hydrothermal [64] and microwave [65] have
been developed to synthesize these materials. The material characteristics
including size, monodispersity, shape, surface functionality, or phase
modification strongly depend on the type of synthesis and its conditions.
Among all these methods, the thermal decomposition synthesis route (see
chapter below 3.1 Thermal Decomposition Synthesis Method), which is
carried out in high-boiling organic solvents, is most successful and widely
used one.

After the synthesis, the lanthanide-doped upconversion nanoparticles
usually possess a hydrophobic surface, thus subsequent modification step is
required to create a hydrophilic surface for bioanalysis. Several methods
including surface silanization [66], ligand exchange [67], ligand oxidation
[68], ligand removal [69], and amphiphilic polymer coating [70] have been
developed in order to transfer nanoparticles with hydrophobic surfaces into
aqueous media. Water soluble UCNPs were widely applied for determination
of biocompatibility, bioimaging and therapy [71, 72].

3.1 Thermal Decomposition Synthesis Method

Thermal decomposition method was first used for synthesis of highly
monodisperse LaF; nanoplates in 2005 [73]. This approach was later modified
and extended as a common route to the synthesis of high quality UC NaYF,
nanoparticles [53]. The conventional thermal decomposition method involves
the decomposition of trifluoroacetate precursors in high boiling point organic
solvents in the presence of long alkyl chain surfactants. The mixture of
solvents is composed of both the coordinating solvent and non-coordinating
solvent. 1-octadecene (ODE) with a high boiling point (315 °C) is used as the
non-coordinating solvent which provides medium for a high temperature
synthesis. Oleic acid (OA) acts as the coordinating solvent which caps the
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surface of NPs to prevent agglomeration [50, 74]. Although, the process is
suitable for high quality UCNPs synthesis, it is not environmentally friendly
as the use of metal trifluoroacetates produces fluorinated and oxy-fluorinated
carbon species which are considered to be toxic [50]. Chen et. al. reported a
non-toxic thermal decomposition method for the preparation of NaYF, and
NaGdF4 nanoparticles by using lanthanoid-oleate complex and NaF as the
precursors [75, 76]. Another synthesis modification was introduced, where
methanol solutions of NH4F and NaOH is added to the homogeneous solution
of rare earth chlorides, OA and ODE [77-79]. Advantages of the thermal
decomposition synthesis includes narrow particle size distribution, high
luminescence efficiency and high phase purity of the obtained particles [2]. In
this thesis, based on the above-mentioned features, thermal decomposition
method was chosen for the synthesis of UCNPs.

3.2 Control of Size, Phase and Morphology

Size, phase and morphology of UCNPs are the major concerns in many
applications. For example, the biomedical application requires material to be
in the range of 4-30 nm, in order to trace biological activity on the subcellular
level. Yan et. al. reported that nanocrystal phase, shape, and size can be
manipulated by tuning the reaction time, the ratio of Na/RE and solvent
composition in OA/oleylamine/ODE [80]. Another group determined that,
Na* promotes the transformation from o-NaGdFs into f-NaGdFs and the
reaction temperature plays a key role in the morphology evolution process of
self-assembled nanoparticles [81]. Besides crystal phase and morphology, the
monodispersity and precisely controllable size are another important factors.
Johnson et al. showed that ultra-small (less than 10 nm), monodisperse
NaGdF4 NPs can be obtained by optimizing the reaction parameters associated
with both nucleation and growth phases. In their study, the nucleation was
controlled by the concentration of the coordinating ligand (i.e., oleic acid),
while the growth phase was tuned by the reaction time and temperature [82].

3.3 Core-shell Concept

The nanoscale size of the upconversion luminescence particles is favoured
in many applications, however, nanoparticles have lower luminescence
efficiency compared to of the corresponding bulk materials, owing to the large
surface-to-volume ratio of nanoparticles [2]. In the case of lanthanide-doped
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upconversion materials, the presence of surface defects and solvent
interactions with the surface of UCNPs can lead to quenching of the excited
lanthanide states by enhanced multi-phonon relaxation processes. The design
of core—shell structures can minimize the surface quenching effects and thus
strongly enhances the luminescence intensity. Growing a shell on the surface
of the nanoparticles both increases the distance between lanthanide ions and
surface ligands of high vibrational states as well as reduces the non-radiative
energy transfer of the dopants from the core to the nanoparticle surface (Fig
3.1). It should be kept in mind, that the luminescence or upconversion
efficiency is significantly increased only if the interface between the particle
core and the shell is of high quality, that is, if the interface contains a much
smaller number of quenching sites than the surface of the core particle before
coating. In such core-shell structures, the dopants are confined in the interior
core of the nanocrystals. The shell can effectively suppress energy loss on the
crystal surface, leading to enhanced luminescence efficiency [1, 11, 15].

Core
Tm®*  AnsLaser
o Er¥ Defect Core-Shell
@ Yh* - Qrganicligands

Figure 3.1 Schematic illustration of (a) possible energy losses in core only
lanthanide-doped nanoparticles and (b) the proposed core-shell structure
design for improving UC emission. Processes (I)—(1V) in (a) stand for the
excitation energy losses due to organic ligands (1), defect (I1), and the UC
luminescence quenching by defects (lI1) and organic ligands (IV),
respectively; (V) and (V1) in (b) show the typical energy transfer pathways
from the shell to the core [83].
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precursors

Figure 3.2 Main strategies for core-shell nanoparticles fabrication: (a)
synthesis of multi-shelled nanoparticles through serial hot-injections of
diverse shell precursors; (b) facile tuning of the shell composition through a
parallel heat-up of pre-synthesized core nanoparticles with varying shell
precursors [11].

The first demonstration of the core-shell structured UCNPs was reported
by Lezhnina et al. in 2005 [84]. Since then, several strategies have been
adopted to construct UCNPs with core-shell structures, for example, hot-
injection (one pot successive layer-by-layer), and heat-up strategies (Fig. 3.2).
In the case of hot-injection procedure, the epitaxial deposition of shell layers
is achieved by injecting shell precursors into a proceeding reaction, thus this
strategy allows the one-pot synthesis of multi-shelled nanostructures (Fig 3.2
a) [11]. The shell thickness and morphology can be precisely controlled by
changing the injection rate and tuning the amounts of shell precursors [85, 86].
However, only small amounts of samples from different steps could be
obtained. The heat-up method is one of the most widely used approaches to
prepare high quality core-shell UCNPs with a relatively uniform morphology
and size. Contrary to hot-injection strategy, in heat-up procedure the core of
UCNPs must be obtained first and is subsequently utilized as seed nuclei for
the epitaxial growth of the outer shell layer (Fig 3.2 b). The concentration of
shell precursor needs to be low in regard to the concentration of the core of
UCNPs to prevent the homogeneous nucleation of the shell host material alone
rather than formation of the core-shell UCNPs [15]. Zhang et al. demonstrated
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that the shell thickness can be precisely controlled by adjusting the molar ratio
of core to shell precursor [87]. Several groups showed that the size and
morphology of core-shell structures are also affected by the heating rate,
reaction temperature, time and precursor concentration [88-91]. This method
was chosen for current work on the basis of the listed advantages as well as
the fact that the pre-synthesized core nanoparticles can be used as a standard
starting material for fabrication of high-quality epitaxial core—shell structures.

It was reported that continuous shell growth gradually increases the UC
emission intensity and decay lifetimes [87]. The core—shell structure is also
used to elucidate the surface quenching effect associated with the size-
dependent luminescence of NPs, as presented in Wang et al. work [89]. In this
study, they showed that the inert thin-shell coating preserves the optical
integrity of the nanoparticles and significantly minimizes surface quenching-
induced emission losses. Several other reports claimed considerably different
enhancement factors ranging from several to hundreds of folds, which
depends on core particle size and composition as well as the excitation power
density involved in different studies [92, 93].

The most effective way to improve upconversion efficiency is by
increasing the number of emitters, however, high-doping concentration leads
to increased occurrence of energy transfer process between the dopants,
resulting in quenching of excitation energy, known as concentration
guenching [58]. Moreover, the high-doping concentration facilitates the
energy migration of excited levels to the surface quenchers as well as the inter-
dopant cross-relaxation that causes emission intensity losses [14]. Recently,
great efforts have been made to overcome concentration quenching in heavily-
doped luminescent nanoparticles by using core-shell structure. For example,
Johnson et al. showed, that after an inert epitaxial shell growth, erbium (Er®*)
concentrations as high as 100 mol% in NaY(Er)Fs@NaLuF,; core-shell
nanocrystals enhanced the emission intensity (Fig 3.3 a), with negligible
concentration quenching effect [13]. Aside from high-doping concentration of
activator ion, it is engaging to further increase Yb®" concentration to enlarge
absorption capability as well as UC luminescence intensity. Several groups
have showed that heavy doping with Yb** ions can dramatically enhance the
upconversion emission in the presence of an inert shell coating, (Fig 3.3 b)
[94-97]. Furthermore, Qui et al. reported a significant enhancement of UC
luminescence (~240 times) in a-NaYFs:Yb%* Tm*@NaYbF,@NaYF, active
core—active shell-inert shell nanoparticles, attributed to the directed energy
migration in the second shell layer [98]. Their investigation showed that the
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significant UC enhancement in UCNPs arises from directed energy transfer
from the Yb®" ions-contained in the active-shell to the dopant ions in the core
and the outer inert shell blocks the way of energy migration to surface
quenching sites.

(a) Er (up to 100%) (b) Yb (up to 98%)
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Figure 3.3 Upconversion luminescence enhancement in heavily-doped core-
shell UCNPs: (a) Luminescence spectra of colloidal dispersion of
NaYF4:x%Er@NaLuFs NPs (x = 5, 25, 50, 100); Inset: luminescence images
of NaYF4.x%Er@NaLuF, in cyclohexane excited with a 980 nm laser [13];
(b) Integrated upconversion luminescence intensity of a-NaYogs.
xYbyF4:2%Er@CaF, (x = 0.2, 0.4, 0.6, 0.8, 0.98) core-shell NPs [97].

In addition to luminescent lanthanide ions, ionic dopants exhibiting various
functionalities can be simultaneously included in the core-shell
nanostructures. This offers the possibility to bring together multimodal
imaging capabilities into a single nanoplatform, which provides rapid and
precise monitoring of biological activity. For example, dual-functional probes
for magnetic resonance imaging (MRI) and upconversion luminescence
(UCL) microscopy were obtained through incorporating Gd** ions, which
display outstanding magnetic properties [11]. Several groups showed that the
Gd®*" ions containing core-shell UCNPs (NaYF4:Yb,Er@NaGdF, [99],
NaYF4Yb, Tm@NaGdFs [100], and NaYbFsTm@NaGdFs [101]) exhibits
both T1 MR relaxivity and UC luminescence.

The core-shell design of UCNPs offers a facile way to decently engineer
the distribution of lanthanide ions spatially, thus providing unprecedented
opportunities to manipulate the electronic excitation, energy transfer and
upconverted emissions. Moreover, it provides a convenient platform for
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integrating multiple functionalities that offer new opportunities for various
applications [11, 15, 102]. All in all, the core-shell concept has proven to be a
powerful method to enhance the luminescence intensity and overcome the
concentration quenching effect in lanthanide doped upconversion
luminescence nanomaterials.

Chapter 4. Upconversion Material Applications

The development of a new type of high-quality and well-shaped
upconversion nano- and micro- particles has enabled many promising
applications ranging from security and anti-counterfeiting [16, 22, 103], 3D
display [104, 105], solar cells [74, 106], drug release and gene delivery [107],
molecular and thermal sensing [108-110], bioimaging [111-113], to
therapeutics [10, 114]. This thesis focuses on the use of lanthanide-doped
materials in thermal sensing, biological and security applications.

4.1 Thermal Sensing

During the last several centuries, the technological advancement has
prompted thermometry to evolve from contact to non-contact. With the
development of nanotechnology, it becomes possible to use nanothermometry
to detect the temperature within a single cell. Upconversion lanthanide-doped
materials are one of the most promising candidates for development of non-
contact nanothermometry [1, 115-118]. The unique aspect of these materials
is that their narrow luminescent emission bands are highly responsive to
temperature changes, thus enabling temperature monitoring.

Optical temperature sensing based on the fluorescence intensity ratio
technique (FIR) has received considerable attention in the past decades since
it allows non-contact thermal reading with a great resolution. The main
advantage of FIR technique is the fact that one single emission spectrum
contains all the information needed to compute the absolute temperature. The
FIR is based on a Boltzmann distribution of electrons between adjacent
emitting energy levels that is a function of temperature and is manifested as a
temperature-dependent intensity ratio between emissions from two distinct
lines in the spectrum [20, 119, 120]. One of the conventional dopant ions in
lanthanide-based thermometers is Er®*, which possess relatively narrow (~780
cm™) energy gap between the ?Hi1, and *Sg2 levels, where the lower energy
“Sqr, state easily thermally populates the higher 2Hii, state [121, 122].
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Consequently, Er®*-activated luminescent materials have been used as probes
for thermometry applications [19, 110, 123-125]. For example, Vetrone et al.
measured the internal temperature in HeLa cancer cells from 25 °C to its
thermally induced apoptosis at 45 °C using NaYF.:Yb* ,Er®* UCNPs [110].
In addition, Wolfbeis et al. systematically investigated the ratiometric
temperature response of core-shell UCNPs and found that these NPs have the
ability to resolve temperature differences of less than 0.5 °C in the
physiological temperature range [126]. In order to evaluate the thermometer’s
performance, among different samples and thermometers it is well agreed to
compare their relative thermal sensitivity (Sg) values. Skripka et al. presented
multi-layered UCNPs operating in aqueous media as NIR-to-NIR
nanothermometers with relative thermal sensitivity around 1.1% °C™* [118].
Recently, Brites et al. reported self-calibrated double luminescent
thermometers, which show a maximum relative sensitivity of 2.96% K with
a minimum temperature uncertainty of 0.07 K [127]. Hence, the current
thermometer design based on lanthanide UCNPs has shown high thermal
sensitivity.

4.2 Biomedical Applications

Over the past decade, tremendous progress in research on lanthanide-
doped upconversion nanoparticles has been made, particularly in the field of
biomedical applications, such as imaging, sensing and cancer therapy. Their
outstanding merits, such as multicolour emission capability under single-
wavelength excitation (i.e. NIR), high signal-to-noise ratio, low cytotoxicity,
and high chemical- and photo-stability are unquestionable [4]. Furthermore,
NIR excitation matches the biological transparency window (700-1870 nm)
and sets the basis for deeper penetration depth into biological tissues due to
less absorption, higher resolution as a result of reduced scattering, and
improved imaging contrast due to tissue autofluorescence minimization [6].

Biomedical imaging, which plays a highly significant role in cancer
diagnostics, is a technique where ultrasound, X-rays, electromagnetic fields,
etc. is used to interact with human tissues and organs, consequently capturing
specific signals and then converting them to detectable signals. After they are
imported to a computer, the structure and density of the tissues and organs is
visualized in an imaging mode, thereby providing diagnostic information. In
recent decades, a number of imaging techniques have been invented and used
in clinical diagnostics, such as magnetic resonance imaging (MRI), computed

30



tomography (CT), positron emission tomography (PET) and fluorescence
imaging [128]. Among these techniques, the fluorescence, especially NIR
fluorescence, imaging has attracted extensive attention in biomedical studies
for both in vitro and in vivo imaging due to its low cost, quick feedback, high
sensitivity and non-hazardous radiation [8, 129, 130]. More recently, UCNPs
have gained widespread attention and showed huge potential in NIR optical
imaging [7]. The possibility of using UCNPs as in vivo NIR contrast agents
was first demonstrated by Prasad's group, where they monitored the
biodistribution of NPs after intravenous injection into mice [131]. After these
early demonstrations of UCNPs as in vivo contrast agents, they have been used
as fluorescent probes in multiple biomedical applications [132-134].

To combine the merits of UCNPs bioimaging modalities, multimodal
imaging has been developed and utilized as nanoprobes for in vitro and in vivo
dual-modal luminescence imaging and MRI. Gd*" ion-based materials are
promising for use as MRI contrast agents due to seven unpaired inner 4f
electrons, which can efficiently change the spin—lattice relaxation of the
protons of coordinated and/or nearby water for T1-weighted MRI imaging [9].
A large variety of UCNPs on the basis of Gd**-doped nanoprobes have been
reported and used for in vitro and in vivo dual modal UCL/MRI imaging [135-
137]. Apart from dual-modality, UCNPs could also be used as a flexible
multimodal platform. Sun et al. presented a lanthanide-doped core—shell
nanocomposite with radioactive, magnetic, X-ray attenuation, and UCL
properties, which they applied in four-modality bioimaging of CT, MRI,
SPECT, and UCL imaging in vivo [138].

The potential toxicity and biocompatibility of UCNPs are of a great
importance for their biomedical applications. Similar to many other inorganic
nanocrystals, UCNPs should not easily degrade in biological environment.
Thus, understanding the behaviours of UCNPs in biological systems as well
as their toxicological profiles is a critical fundamental question to be
addressed in order to use this class of nanomaterials in medical applications
in the future [1]. To date the majority of the data on UCNPs toxicity has been
obtained with reference to in vitro cytotoxic activity [139, 140] and long-term
in vivo toxicity studies [141-143]. It was reported that after incubation with
UCNPs for at least 24 h, the cellular viabilities were estimated to be generally
greater than 90% at high doses, signifying the low cytotoxicity of UCNPs
[141]. Biodistribution of UCNPs conjugated with folic acid (FA) was tested
by Xiong et al., and their study showed that the NPs accumulated mostly in
cancer cells as FA guided the UCNPs to FA receptors on the cancer cell
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surface [144]. Although the presented results appear to be comprehensive and
reliable in assessing the toxicity of UCNPs, however much more complex
studies of their potential toxic activities should be carried out.

4.3 Security Applications

Apart from the thermal sensing and biomedical application, the unique
optical properties of lanthanide-doped upconversion materials possess
relevant features to be used in security applications. Yet, counterfeiters are
increasingly successful in mimicking security features based on down-
conversion photoluminescent materials. In response, UCNPs, for which long-
wavelength excitation produces short-wavelength emission, have been
suggested as the basis for the next generation of anti-counterfeiting
luminescent inks [1].

Directing a beam of NIR light to the printed area converts the covert inks
into a visible pattern [4]. UCNPs and appropriate NIR excitation sources are
more difficult to duplicate than standard fluorescent dyes and UV sources.
Moreover, the UCNPs can be formulated to produce the correct colour
rendering only under specific excitation power densities or temperature, such
that a predetermined read condition becomes a security feature itself [1].
Kellar et al.[145] presented a work on security printing using UCNPs ink,
where high level of security was achieved by printing both green and blue
upconverting inks into a single quick response (QR) code. Later, the same
group demonstrated an RGB (red, green, and blue) additive colour printing
system that produced highly resolved predefined patterns that were invisible
under ambient lighting, but viewable as luminescent multi-colour images
under NIR excitation. The development of an RGB UC printing system paved
the way for an entirely new arena in security printing [22].

The use of UCNPs as anti-counterfeiting markers utilizes the advantages
of UCNPs, such as NIR irradiation, invisibility in ambient light, high stability,
as well as lack in background scattering [1]. Zang et al. reported synthesis
method for multicolour-banded UC crystals in gram quantity by varying the
composition of the activators, which allows multicolour barcoding for anti-
counterfeiting through a single particle [146].

This printing scheme adds another level of security, providing an
innovative means for data protection and identification [4]. The multi-colour
property of UCNPs is a huge advantage among other anti-counterfeit
materials.
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Chapter 5. Experimental Part
5.1 Materials

All of the chemicals used in experiments were of analytical grade and used
without further purification. Ln oxides (Gd-0Os, 99.99%, Yb,0s, 99.99%,
Er,03;, 99.99%) were obtained from Treibacher Industries AG (Germany).
Oleic acid (OA, 90%) was purchased from Fisher Scientific and 1-octadecene
(ODE, 90%) was obtained from Sigma-Aldrich. TWEEN 80 (Polysorbate 80)
was purchased from Merck Millipore. Poly(acrylic acid) (PAA, 50 wt%
solution in water, M.W. 5000) was purchased from Acros Organics. Other
chemicals including hydrochloric acid, sodium hydroxide, ammonium
fluoride, methanol, chloroform, ethanol, cyclohexane and acetone were
obtained from Reachem Slovakia.

5.2 Synthesis Methods
5.2.1 Synthesis of Hexagonal Phase Core UCNPs

The synthesis of p-NaGdosFs:Ybo.1sEree2 and f-NaGdixFa:Erx (x=0.01,
0.03, 0.05 and 0.10 mol%) NPs was developed via a modified literature
procedure [147]. Metal chloride precursors were prepared by dissolving 0.80-
0.98 mmol Gd,0s, (0.18 mmol Yb,Os in the case of f-NaGdosFa:Ybo.1sEro.o.
synthesis) and 0.01-0.10 mmol Er,0s in hydrochloric acid (HCI) and distilled
water solution at elevated temperature (~80 °C) until the solution became
clear, followed by evaporation and drying at 60 °C overnight. Metal chlorides
powder were mixed with 12 mL oleic acid (OA) and 30 mL 1-octadecene
(ODE) in three-neck round-bottom flask, then heated to 150 °C for 40 min.
under argon atmosphere to form a homogeneous solution and then cooled to
room temperature. Thereafter, 10 mL of methanol solution containing NaOH
(5 mmol) and NH4F (8 mmol) was then added and the solution was stirred at
50 °C for 30 min. Further, the temperature was increased to 100 °C and
methanol slowly evaporated under vacuum. Then, the solution was heated to
300°C for 1h under argon atmosphere and left to cool down to room
temperature. The resultant nanoparticles were precipitated by hexane/acetone
(1:4 vlv), collected by centrifugation, washed with acetone, ethanol and DI
water several times, and finally redispersed in cyclohexane. Synthesis scheme
and experimental setup is presented in Fig. 5.1.
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5.2.2 Synthesis of Core-shell and Core-shell-shell Nanoparticles

The subsequent deposition of the NaYbF, and/or NaGdF, shells followed
a similar process for the preparation of core NPs. Metal chloride precursors
were prepared by dissolving 0.5 mmol Yb.0; (Gd2Os3 in the case of NaGdF.
shell deposition) was dissolved in HCI) and distilled water solution at elevated
temperature (~80 °C) until the solution became clear, followed by evaporation
and drying at 60 °C overnight. 1 mmol of as-prepared metal chlorides powder
were mixed with 12 mL OA and 30 mL ODE and then heated to 150 °C for
40 min. under argon atmosphere to form a homogeneous solution and then
cooled to room temperature. 5 mL of cyclohexane solution of 0.33 mmol core
or core-shell NPs was added dropwise into the solution. Then 5 mL methanol
solution of NaOH (2.5 mmol) and NH4F (4 mmol) was added and stirred at
50 °C for 30 min. The mixture was degassed at 100 °C for 10 min. to remove
cyclohexane and methanol. After that, the solution was heated to 300 °C for 1
h under argon atmosphere. The resultant core-shell (core-shell-shell)
nanoparticles were precipitated by hexane/acetone (1:4 v/v), collected by
centrifugation, washed with acetone, ethanol and DI water several times, and
finally redispersed in cyclohexene. Synthesis scheme and experimental setup
is presented in Fig. 5.1.

5.2.3 Synthesis of B-NaYbF4:Er®* Microparticles

The synthesis of f-NaYbF4:Er** UCMPs was done via a modified literature
procedure [77]. Metal chloride precursors were prepared by dissolving
0.99 mmol Yb,03 and 0.01 mmol Er,0s in 5 mL hydrochloric acid and 5 mL
distilled water solution at elevated temperature (~80 °C) until the solution
became clear, followed by evaporation and drying at 60 °C overnight. Metal
chlorides powder were mixed with 12 mL oleic acid (OA) and 30 mL 1-
octadecene (ODE) in a three-neck round-bottom flask, then heated to 150 °C
for 40 min. under argon atmosphere to form a homogeneous solution and then
cooled to room temperature. Thereafter, 10 mL of methanol solution
containing NaOH (5 mmol) and NHsF (8 mmol) was then added and the
solution was stirred at 50 °C for 30 min. After methanol was evaporated under
vacuum, the solution was heated to 320 °C and stirred for 1 h under argon
atmosphere and left to cool down to room temperature. The resultant
microparticles were precipitated by hexane/acetone (1:4 v/v), collected by
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centrifugation, washed with acetone and ethanol several times, and finally
redispersed in toluene. Synthesis scheme and experimental setup is presented
in Fig. 5.1.
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Figure 5.1 (a) Thermal decomposition synthesis scheme of core and core-
shell NaREF, (RE = Gd, Yb) particles. (b) Experimental setup for synthesis
of lanthanide-doped particles. The three-neck round bottom flask is set within
the heating jacket, on top of the stir-plate. The left neck of the flask is
supporting the thermometer sensor, middle neck is used for both the argon line
and vacuum.

5.2.4 TWEEN Modification of Oleate-capped NPs

The surface modification of core-shell-shell nanoparticles was carried out
following a literature protocol with a slight modifications [148]. In a typical
experiment, 400 uL of TWEEN 80 was added into a round-bottom flask
containing ~20 mg of PB-NaGdF.Er@NaYbFs@NaGdFs and 8 mL of
cyclohexene, and the solution was stirred for 1 h at room temperature. 20 mL
of deionized water were poured in the flask and the dispersion was kept in a
80 °C water bath for 3 h. During this period, the cyclohexane was evaporated
and the hydrophobic UCNPs were gradually converted into hydrophilic ones.
The Tween 80 modified UCNPs were obtained by centrifugation. A principle
mechanism by which the Tween 80 surfactant stabilizes the UCNPs is shown
in Figure 5.2.
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Figure 5.2 Formation of water-soluble core and core—shell UCNPs by coating
with Tween 80.
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5.2.5 Preparation of UCMPs Ink

The as-prepared oleic acid-capped microparticles (MPs) were dispersed in
a mixed solution of ethanol (5 mL) and HCI (0.1 M, 5 mL) to prepare ligand-
free particles. The mixture was sonicated for 10 min. and collected via
centrifugation. The ink was prepared via mixing certain amount of as-prepared
UCMPs in a solution of PAA and ethanol. Typically, 72.5 uL of PAA was
dissolved in 5 mL of ethanol and sonicated for 10 min. Then, 2 mL of ethanol
solution containing 15 mg-mL™* -NaYbFsEr®* UCMPs was prepared and
added into the above-mentioned solution and stirred overnight to obtain the
UCMPs-containing ink. Through using the as-prepared ink, the pattern on the
paper was painted by hand. Images of the painted pattern under 980 nm laser
excitation were taken with Canon EOS 70D digital camera with 950 nm short-
pass filter attached.

5.3 Materials Characterization
5.3.1 Powder X-ray Diffraction Analysis

Powder X-ray diffraction (XRD) analysis has been carried out by
employing a Rigaku MiniFlex Il diffractometer working in the Bragg—
Brentano (6/20) focusing geometry. The data were collected within a 20 angle
from 10° to 65° at a step of 0.01° and scanning speed of 10 °/min using the
Ni-filtered Cu K, line.
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5.3.2 SEM Analysis

The particle morphology was characterized using a field emission scanning
electron microscope (SU-70 Hitachi, FE-SEM) at an acceleration voltage of
10-15 kV. The size distributions of the nanoparticles were determined from
the acquired SEM images by using ,,Gwyddion 2.36 software.

5.3.3 FTIR Measurements

The infrared spectra in the range of 4000-500 cm™ were recorded on
PerkinElmer Frontier FT-IR spectrometer.

5.3.4 Dynamic Light Scattering

Dynamic light scattering (DLS) was used to determine the hydrodynamic
particle diameter and zeta potential. These experiments were performed with
Brookhaven ZetaPALS zeta potential analyzer (Brookhaven Instruments,
USA).

5.3.5 Fluorescence Spectroscopy
5.3.5.1 Upconversion Emission Analysis

The UC luminescence spectra were recorded using an Edinburgh
Instruments FLS980 spectrometer equipped with a double emission
monochromator, a cooled (—20 °C) single-photon counting photomultiplier
(Hamamatsu R928), and a 1 W continuous wavelength 980 nm laser diode.
The emission spectra were corrected by a correction file obtained from a
tungsten incandescent lamp certified by National Physics Laboratory, UK.
The measurements were performed in standard 1 cm quartz cuvettes at room
temperature.

5.3.5.2 Chromaticity Analysis

Colour coordinates in CIE 1931 colour space diagrams were calculated
from emission spectra employing the Edinburgh Instruments F980 software
(version 1.3.1).
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5.3.5.3 Temperature-dependent Optical Measurements

Temperature-dependent steady-state emission and decay measurements
were done using a cryostat “MicrostatN” from the Oxford Instruments.
Powder samples were used for these measurements. Liquid nitrogen was used
as a cooling agent. The measurements were performed at 77 K and at 100-
500 K in 25 K or 50 K intervals. Temperature stabilization time was 120 s,
and temperature tolerance was set to +5 K. During the measurements, dried
nitrogen was flushed over the cryostat window to avoid the condensation of
water at low temperatures on the surface of the window. The UC
photoluminescence decay curves were recorded on the FLS980 spectrometer
and emission was monitored at 407, 538.5, 653.5 and 1020 nm. 980 nm pulsed
laser was used as an excitation source.

5.4 Biological and Magnetic Resonance Characterization

These measurements were performed by our collaborators — prof. R.
Rotomskis research group at Biomedical Physics Laboratory, National
Cancer Institute, Lithuania.

5.4.1 Cell Culturing

For nanoparticles cytotoxicity and accumulation evaluation two breast
cancer cell lines were used: MDA-MB-231 (American Type Culture
Collection) and MCF-7 (The European Collection of Cell Cultures). Cells
were cultured in cell growth medium (Dulbecco's Modified Eagle Medium —
DMEM), supplemented with 10 % (v/v) fetal bovine serum (FBS), 100 U/mL
penicillin and 100 mg/mL streptomycin (all from Gibco, US). Cells were
maintained at 37 °C in a humidified atmosphere containing 5 % of CO,. The
cells were routinely subcultured 2-3 times a week in 25 cm? culture dishes.

5.4.2 Cytotoxicity Assay

Cells were seeded on a 96-wellplate (BD Falcon, USA) at a density of
20000 cells/well. After 24h, old medium was replaced with fresh medium
containing 0.01, 0.05, 0.1 mg/mL UCNPs, while media alone without
nanoparticles was a control. After 24 h of treatment the old medium with
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nanoparticles was aspirated and the cells were washed three times with DPBS.
Viability of cells was evaluated using commercially available XTT cell
viability assay (Biological Industries, Israel). XTT reaction solution was
prepared according manufacturers protocol. 0.1 mL N-methyl
dibenzopyrazine methyl sulphate and 5 mL tetrazolium derivative were
mixed. 100 uL of fresh media and 50 pL of the reaction solution were added
to each well and the plate was incubated for another 4 h in an incubator at 37
°C. After incubation, optical density values at 490 nm were measured using
the microplate reader (BioTek, USA). After obtaining values of absorbance,
they were recalculated as percentage values of viability. Absorbance value of
control group was equated to 100 % and the rest values were calculated
proportionally to control. Data are shown as mean * standard deviation (SD).
Statistical significance of differences between studied groups was assessed
using a two-tailed independent Student’s t-test at the 95 % confidence level.
Significance was represented as p-value < 0.05.

5.4.3 Confocal Microscopy Cell Imaging

Cells were seeded in 8-well microscopy plates at density 3-10* cells/well.
After 24 h, the old medium was replaced with a fresh medium containing 0.1
mg/mL of UCNPs. Cells were treated with UCNPs for the next 24 hours. After
incubation with UCNPs, the nuclei of the cells were stained with Hoechst
33258 (Sigma-Aldrich, Germany). Cells were fixed with a 4%
paraformaldehyde (PFA, Sigma-Aldrich, Germany) solution and stained with
Alexa Fluor 488® phalloidin before imaging. The accumulation of UCNPs in
cell monolayers was observed using a confocal Nikon Eclipse Te2000-S C1
Plus Laser scanning microscope (Nikon, Japan) equipped with a diode laser
for 405 nm excitation, an argon laser for 488 nm excitation and a diode laser
for 980 nm excitation (Nikon, Japan). Imaging was performed using 60x/1.4
NA oil immersion objective (Nikon, Japan). The three-channel RGB detector
(band-pass filters 450/17, 545/45 and 688/67 for blue, green and red channels,
respectively) was used. Image processing was performed using the Nikon EZ-
C1 Bronze version 3.80 and ImageJ 1.46 software.

5.4.4 In vitro Magnetic Resonance Imaging

The magnetic resonance (MR) signal enhancement measurements were
carried out on a 1.5 T clinical MRI scanner (Achieva, Philips Medical
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Systems, Best, The Netherlands) in conjunction with a Sense Flex-M coil
(Philips Medical Systems, Best, The Netherlands). Dilutions of core and core—
shell UCNPs (0.125, 0.25, 0.5, 1.0 mg/mL) in deionized water were prepared
for T1-weighted MR imaging and T1-weighted contrast enhancement. A
series of aqueous solutions of UCNPs were placed in an array of 2.0 mL
Eppendorf tubes with the order of UCNP concentrations and deionized water
(0 mg/mL) was used as the reference. The parameters for T1-weighted MR
imaging sequence was set as follows: echo time (TE) = 15.0 ms, repetition
time (TR) = 500 ms, number of averages (NSA) = 8, matrix = 1024 x 1024,
FOV =200 x 200 mm, and slice thickness = 1.5 mm. The MR signal intensity
(S1) in the tubes was determined by the average intensity in the defined regions
of interests (ROIs). The resulting SI values in ROIs were plotted as a ratio of
UCNP: water against the concentration of UCNPs.
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Chapter 6. Synthesis and Functionalization of Upconversion
Core-shell Nanoparticles for Possible Application as
Multimodal Contrast Agents

As mentioned in Chapter 4.2 Biomedical Application, upconverting
nanoparticles are promising, new imaging probes capable of serving as
multimodal  contrast agents. In  present  chapter, ultra-small
NaGdF4:18%Yb,2%Er core and NaGdFs:18%Yb,2%Er@NaGdF4 core—shell
upconversion nanoparticles were synthesized via a thermal decomposition
method. Hexagonal phase S-NaGdF. was chosen as host lattice for its ability
to combine optical and magnetic resonance imaging. The upconversion
luminesce intensity enhancement was achieved by employing core-shell
structure, where the non-active NaGdF, shell protected the luminescent rare
earth (Yb® and Er®") ions in the core from quenching caused by surface
defects and organic ligands. In addition, as biomedical application requires
nanoparticles to be hydrophilic and biocompatible, the surface modification
was performed and the biocompatibility studies were conducted.

6.1 Size, Phase and Morphology

The scanning electron microscopy (SEM) images of the NaGdFa4:Yb,Er
core and NaGdF4:Yb,Er@NaGdFs core—shell nanoparticles are shown in
Figure 6.1. Core nanoparticles are monodisperse and have a spherical shape
with an average diameter of approximately 8 nm. However, the as-synthesized
core-shell nanoparticles are polydisperse with an average diameter of 16 nm
and 8 nm side core NaGdFs NPs are present. The polydispersity may have
occurred owing to secondary nucleation during the shell growth process.
However, an increase of the size suggests that the NaGdFs has been
successfully epitaxially grown on the NaGdFa4:Yb,Er core nanoparticles. The
diffraction peaks of the NaGdosFs:018Yboo2Er core (Figure 6.2 b) and
NaGdogF2:0.18Ybo.o2Er@NaGdF4 core—shell (Figure 6.2 ¢) nanoparticles can
be indexed as pure hexagonal f-NaGdF4 phase JCPDS, Card No. 27-0699
(Figure 6.2 a), indicating no change in the crystalline phase during the shell
growth.
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Figure 6.1 SEM images of the core NaGdFsYb,Er (a) and core-shell
NaGdF4:Yb,Er@NaGdF. (b) nanoparticles. The insets display the UCNPs
diameter distributions.
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Figure 6.2 XRD patterns of: (a) the standard hexagonal NaGdF. (JCPDS No.
27-0699); (b) NaGdosFa:0.18Y bo.o2Er core-only; (©
NaGdo sF4:0.18Ybo.o2Er@NaGdF4 core—shell nanoparticles.

6.2 Surface Modification

The as-obtained core and core—shell UCNPs were hydrophobic as they
were stabilized by oleic acid molecules. In this work, hydrophobic core and
core—shell nanoparticles were converted into hydrophilic ones using a non-
ionic surfactant Tween 80. The presence of the Tween 80 coating was verified
by comparing its FTIR spectra to that of pure oleic acid, oleate ligands coated
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particles, pure Tween 80, and the final coated nanoparticles (Figure 6.3).
NaGdF4:Yb,Er UCNPs prepared in the presence of oleic acid shows
characteristic absorption peaks of oleate ligands. The absorption peak at 1710
cm (Figure 6.3 f) corresponds to the stretching vibration of C=0 in pure oleic
acid (Figure 6.3 a) which is replaced by two carboxylate stretching bands
(1560 and 1447 cm™t in Figure 6.3 &), which indicates oleate ligand adsorption
on the UCNP surface.
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Figure 6.3 The structure of (a) oleic acid (OA) and (b) Tween 80. FTIR
spectra of (c) pure Tween 80, (d) NaGdF.Yb,Er@Tween80, (e)
NaGdF4+:Yb,Er@OA, and (f) pure OA.

Tween 80 is composed of three building blocks: aliphatic ester chains,
three-terminal hydroxyl groups and an aliphatic chain (Figure 6.3 b). The
aliphatic chain can be adsorbed on the hydrophobic surface by hydrophobic
interactions of UCNPs as synthesized in oleic acid [149]. The strong band
around 3400 cm™* can be assigned to the O—H stretching vibrations (Figure
6.3 d) from terminal hydroxyl groups of Tween 80 (Figure 6.3 b) and the
remaining moisture in the samples. The bands centred at 2922 and 2855 cm
are associated with the asymmetric (vas) and symmetric (vs) stretching
vibrations of methylene (—-CH>), respectively. The adsorption peaks at 1730
and 1094 cm™* are attributed to the ester group stretching. The band at 946
cm is present, which corresponds to the ether bond from the aliphatic ester
chains (Figure 6.3 ¢). The FTIR data of UCNPs@Tween80 (Figure 6.3 d) is
highly comparable with that of pure Tween 80 (Figure 6.3 c), indicating that
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the Tween 80 was successfully coated onto the UCNPs. Additionally,
dynamic light scattering (DLS) was employed to measure the hydrodynamic
diameter of Tween-coated UCNPs in the cell culture medium as well as their
surface zeta potential (Fig. 6.4). The measured mean hydrodynamic diameter
of the Tween-coated core NaGdF4:Yb,Er UCNPs was 38 nm and the core—
shell NaGdF4:Yb,Er@NaGdF, particles was 48 nm. The zeta potential of
Tween 80-coated core nanoparticles was about 26 mV and for core—shell
nanoparticles it was slightly higher at about 33 mV.

[ Core NaGdF,:Yb,Er@TWEENS0
100 } o Ry Core/Shell NaGdF ,:Yb, Er
/~\ @NaGdF,@TWEENS0
3 g0} ,
Jr o
g ¢ =26.04 mV £=3347mV
o 60}
=
©
Q i\
‘S \
© 40} N
5 \
£ A
> 20} \
\
N
\
0 L} L] L L] L]
20 30 40 50 60 70 80

Hydrodynamic size of particles, nm

Figure 6.4 Hydrodynamic size distribution of core-only and core-shell
UCNPs and their zeta potential in the cell culture medium.

6.3 Optical Properties

The upconversion emission spectra of different
NaGdF4:Yb,Er@NaGdF,@Tween80 core-shell and
NaGdF4:Yb,Er@Tween80 core nanoparticles dispersed in water are shown in
Figure 6.5 a. The major emissions located at 381, 408, 521, 540, 654 and 756
nm can be attributed to radiative transitions from *Gi1/2, 2He2, 2Hu11s2, *Sa2, *For2
and “lg;, levels to the *lis level of Er®* (Figure 6.5 b), respectively. The
comparison with the core-only nanoparticles showed that coating the
NaGdF4:Yb® Er®* core with a shell that has the same crystal lattice structure
reduce the effects of luminescence quenching from the addition of ligands
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and/or surface defects and therefore a significant increase in the UCL can be
observed. For the core-only nanoparticles, lanthanide dopants are exposed to
surface deactivations owing to the high surface-to-volume ratio at the
nanometer dimension, thus yielding UCL at low efficiency. The integrated
intensity (540 nm) of the core—shell NaGdF4:Yb,Er@NaGdF. nanoparticles
was estimated to be about two magnitudes higher than the core-only
NaGdF4:Yb,Er UCNPs. The results indicate that the core—shell structure can
effectively spatially isolate lanthanide dopants from being quenched, and also
negate the influence of surface defects. The results correlate well with what is
presented in the literature. Yi et al. reported that the UC emissions of
hexagonal phase NaYF4:Yb**,Er®* were enhanced by as much as seven times
by growth of a 2 nm layer of NaYF4 [92]. In a later publication, the same
conclusion was independently verified in core-shell UCNPs of
NaGdF4Yb¥* Tm*@NaGdF, and KGdF.Yb* Tm*@KGdF:  when
compared to the core under 980 nm excitation [89, 147, 150].
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Figure 6.5 (a) Upconversion luminescence spectra of Tween 80-coated
UCNPs upon 980 nm excitation and (b) energy level diagram of Yb*" and Er®*
ions.

6.4 Invitro Magnetic Resonance Imaging

As shown in Figure 6.6 (inset), a positive enhancement for the
magnetic resonance (MR) signal was observed for all the UCNPs samples
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when compared to water. Moreover, with the increase of the concentration of
UCNPs, the T1-weighted MRI signal intensity (SI) continuously increased,
resulting in brighter images for both types of UCNPs. The MR Sl values of
UCNPs are presented in Figure 6.6. The maximum MR signal enhancement
was of approximately 3.5-fold compared with the reference. There was no
significant difference observed in MR signal enhancement between the core
and core—shell UCNPs. Therefore, it can be concluded that the UCNP coating
does not affect the favourable MRI properties of UCNPs. That signifies that
the Gd® ions in the shell of the UCNPs are the major contributors toward the
relaxation of water protons, and the UCNP core does not show any significant
effect towards relaxivity enhancement. However, it has been shown in the
literature that reduced water access to the Gd** ions may yield reduced values
for MR signal enhancement [82, 151]. These observations indicate that both
core and core—shell UCNPs could be applied as efficient MRI contrast agents
as they both present enhanced MR signal intensity.
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Figure 6.6 Magnetic resonance (MR) signal intensity (SI) plot of core (dots)
and core-shell (squares) UCNPs of different concentrations of aqueous
solutions. Water Sl is marked as a dashed line as a reference; Inset: T1-
weighted MR in vitro images of core and core-shell UCNPs at different
concentrations of aqueous solutions.
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6.5 Biocompatibility Studies

The as-prepared Tween 80-coated core-shell NaGdF4:Yb,Er@NaGdF,
nanoparticles were studied to evaluate their application to biological imaging
using MDA-MB-231 breast cancer cells. The confocal image of MDA-MB-
231 breast cancer cells after 24 h incubation with UCNPs is shown in Figure
6.7 a. The scatter of excitation light by intracellular cell structures was marked
with red colour. This was obtained by excitation at 514 nm and detected at
500-530 nm. Tween 80-coated core—shell UCNPs were marked with green
colour (excitation was continuous wave at 980 nm and detection at 500-530
nm). The cell nuclei were labelled with DAPI and imaged using an excitation
of 405 nm and detected at using a bandpass filter with a center wavelength of
450 nm and bandwidth of 35 nm. As seen from Figure 6.7 a, the luminescence
of the UCNPs came from the intracellular region, suggesting that Tween 80-
coated nanoparticles were non-specifically internalized into cells and
concentrated within the cytoplasm. The similar localization of Tween 80-
coated nanoparticles was observed in MCF-7 cells as well. The same results
of endocytic NP accumulation in cells was demonstrated in different studies
with UCNPs [152], quantum dots [153], magnetic nanomaterials [154] and
noble metal nanoparticles [155]. Cell viability assay XTT was performed to
measure the cellular metabolic activity of human breast cancer MCF-7 and
MDA-MB- 231 cell lines after 24 h treatment with core—shell Tween 80-
coated UCNPs (Figure 6.7 b). Untreated cells were used as a control group.
After 24 h of incubation in the UCNP concentration range from 5 to 100
ug/mL, the viability of human breast cancer MCF-7 cells remained over 92—
100 % and the viability of MDA-MB-231 cells remained 85-93 %. These
results clearly express that core—shell gadolinium-based UCNPs have low
cytotoxicity and are in good agreement with previous studies [156, 157].
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Figure 6.7 (a) Confocal images of MDA-MB-231 cells after 24 h treatment
with Tween 80-coated core—shell UCNPs (10 pg/mL); UCNPs are green,
DAPI staining is blue, the red colour represents excitation scattering from
intracellular structures. Scale bar equals 10 um. (b) Viability of MCF-7 and
MDA-MB-213 cells, treated with different concentrations of UCNPs for 24 h.
Toxicity of UCNPs was investigated using XTT cell viability assay.

6.6 Review of the Main Results

In this chapter, the synthesis of ultra-small, monodisperse, hexagonal
phase core NaGdF.:18%Yb,2%Er nanoparticles and polydisperse, core—shell
NaGdF4:18%Yb,2%Er@NaGdF. nanoparticles were presented. Oleate-
capped core NaGdF4:Yb,Er nanoparticles and core—shell
NaGdF4:Yb,Er@NaGdF, nanoparticles were successfully transferred to
aqueous solutions after surface modification with the surfactant Tween 80.
The core-shell UCNPs presented enhanced upconversion intensity and MR
signal intensity, which indicates that these nanoparticles could be applied as
an efficient dual optical, MRI contrast agent. Moreover, an in vitro uptake and
cytotoxicity evaluation study showed that the UCNPs internalized into breast
cancer cell lines and possessed low cytotoxicity and good biocompatibility.
All these findings indicate that Tween 80-coated NaGdF4:Yb,Er@NaGdF.
UCNPs are a promising nanomaterial platform for imaging and detection in
oncology.
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Chapter 7. Optical Properties Study of Core-shell-shell
Nanoparticles with Different Er3* Activator Concentration and
Their Application for Thermal Sensing and Bioimaging

The development of core-shell structure removes the low upconversion
luminescence efficiency associated barrier in the way of upconversion
nanoparticles multimodal applications, as mentioned in Chapter 3.3 Core-
shell Concept. However, there is still plenty of room for further improvement
of the upconversion luminescence by optimizing shell growth strategies and
the dopant content in the materials. In this chapter, the core-shell-shell
nanoparticles with different activator concentrations were synthesized and
their upconversion luminescence and corresponding decay dynamics were
investigated. In addition, the temperature-sensing properties and cellular
metabolic activity as well as the distribution in human breast cancer cells of
nanoparticles are discussed.

7.1 Phase and Morphology

The core-shell-shell NaGdF4;:Er¥*@NaYbF.@NaGdF, UCNPs with
different activator concentrations were synthesized via modified three-step
thermal decomposition method. The core, core-shell and core-shell-shell
samples were confirmed to be hexagonal phase by X-ray diffraction (XRD)
analysis (Fig. 7.1). It is observed that for core and core-shell-shell
nanoparticles the diffraction peaks could be indexed to the pure hexagonal-
phased NaGdFs (JCPDS No. 27-0699), and no trace of the other phase or
impurities was detected (Fig. 7.1 b, d). In the case of core-shell NPs (Fig. 7.1
c), the XRD peak split at 30° indicates the formation of NaYbF, (JCPDS No.
27-1427) shell.
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Figure 7.1 XRD patterns of: (a) the standard hexagonal NaGdF, (JCPDS No.
27-0699); (b) NaGdF4:3%Er®* core-only; (c) NaGdF4:3%Er**@NaYbF, core—
shell; (d) NaGdF4:3%Er*@NaYbF,@NaGdF core-shell-shell nanoparticles;
and (e) the standard hexagonal NaYbF, (JCPDS No. 27-1427).

Fig. 7.2 shows the SEM images of the NaGdF.: X%Er®* core nanoparticles
with different Er®* activator concentrations (X = 1, 3, 5 and 10 mol%). It can
be seen, that some of the samples contain slightly polydisperse nanoparticles.
The obtained core nanoparticles are spherical in shape and their average
diameter is less than 14 + 2.1 nm (see Table 7.1). As shown in Fig 7.3, after
coating with NaYbF. shell, particle size has increased. The resulting core-shell
nanoparticles are monodisperse and have an average diameter of 20 + 3.0 nm,
indicating that the core nanoparticles are covered with approximately 3 nm
shell. In order to protect the optically active core-shell nanoparticles, the third,
inert, shell coating was applied. However, the secondary nucleation occurred
and resulted in the formation of undoped NaGdF. nanoparticles (Fig. 7.4). The
obtained side core nanoparticles (~ 11 £ 1.3 nm) are smaller than primary
core-shell (~ 20 nm) NPs, thus confirming formation of undoped NaGdF,,
which has no influence on optical properties. The resulting core—shell—shell
B-NaGdi.«FsErx@NaYbF.@NaGdF. UCNPs have an overall size of around
27 £ 2.6 nm (x = 0.01, 0.03, 0.05 and 0.10) (see Table 7.1).
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200 nm 200 nm

200 nm 200 nm
Figure 7.2 SEM images of the as-prepared (a) NaGdF.1%Er®, (b)

NaGdF4:3%Er®*, (c) NaGdF45%Er®* and (d) NaGdF4:10%Er®* core
nanoparticles. The insets display the UCNPs diameter distributions.

200 nm

200 nm 200 nm

Figure 7.3 SEM images of the as-prepared (a) NaGdF4:1%Er**@NaYbF4, (b)
NaGdFs:3%Er**@NaYbFs, (c) NaGdF45%Er**@NaYbF, and  (d)
NaGdF4:10%Er**@NaYbF, core-shell nanoparticles. The insets display the
UCNPs diameter distributions.
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Figure 7.4 SEM images of core-shell-shell nanoparticles containing different
Er®* concertation in the core: (a) 1%, (b) 3%, (c) 5 % and (d) 10%. The insets
display the UCNPs diameter distributions.

Table 7.1 The UCNPs size and shell thickness of the core nanoparticles doped
with different concentrations of Er®* ions, core-shell and core-shell-shell
nanoparticles. The values in brackets represents the size of side core
nanoparticles in core-shell-shell samples.

Shell
Sample Size (nm) thickness
(nm)
NaGdF4: 1%Er 10.2+1.4
NaGdF4:3%Er 15.1+2.3
NaGdF4:5%Er 13.4+2.6
NaGdF,:10%Er 15.8+2.0
NaGdF4:1%Er@NaYbF, 15.7+2.7 2.8
NaGdF4:3%Er@NaYbF, 19.7+2.4 2.3
NaGdF4:5%Er@NaYbF, 21.4+£2.7 4.0
NaGdF4:10%Er@NaYbF, 22.814.2 35
NaGdF;:1%Er@NaYbF,@NaGdF, 24.242.7+(9.9£1.3) 4.3

NaGdF4:3%Er@NaYbF,@NaGdF, 27.0£2.7+(11.6+£1.4) 3.7
NaGdF4:5%Er@NaYbF,@NaGdF, 26.8+2.4+(11.4+1.4) 2.7
NaGdF4:10%Er@NaYbFs@NaGdF4 28.0£2.3+(11.2+1.2) 2.6
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7.2 Optical Properties

In this study, we fabricated B-NaGdi«Fs:Erx@NaYbF.@NaGdFs core-
shell-shell UCNPs, in which f-NaGdF4:Er core particles were used as emitting
center only and the S-NaYbF, shell was further introduced to act as laser
energy absorption layer (Fig. 7.5). The Yb®* sensitizer is confined in inner
shell layer and spatially isolated from surrounding environment by inert
NaGdF, shell. Such NP design provided a spatial isolation between sensitizer
and activator ions. Higher concentrations of Yb*" were introduced to increase
absorption cross-section per nanoparticle and enhance energy transfer rates
between Yb® and Er®* ions [60]. However, pure B-NaYbF, has a tendency to
form bigger particles and controllable synthesis of small NPs by a single-stage
reaction remains an emerging goal [158]. For this reason, we restrained Yb**
ions in the inner shell of the core-shell-shell system (Fig. 7.5). Growing a
passivation layer on Yb®* sub-lattice is a crucial synthesis step in order to
eliminate luminescence intensity loss due to surface quenching effects. Figure
7.6 shows upconversion emission spectra of the NaGdF.3% Er* core,
NaGdF4:3% Er¥*@NaYbF, core-shell and NaGdF4:3%
Er**@NaYbF.@NaGdF, core-shell-shell UCNPs under excitation at 980 nm.
The major emission bands located at 381, 407, 521, 539.5 and 653.5 nm can
be attributed to radiative transitions from “Gii» *Hop, 2Hiwp, *Ssp and *Fep
levels to the “lis level of Er**, respectively (Fig. 7.6). Compared with
NaGdF4:Er®* core-only NPs, the obtained enhancement factor of total
integrated emission intensity was 50 times greater for the core-shell and
almost 300 times stronger for core-shell-shell NPs (Figure 7.6). In contrast,
when a double (NaYbF:@NaGdF.) shell was grown on NaGdF4:Er to form
the core—shell-shell structure, we observed an extraordinary 914-fold red
emission (Aem = 653.5 nm) enhancement under 980 nm excitation at room
temperature. This enhancement could be attributed to the back-energy-transfer
from core Er®* ions to Yb® ions in the shell [159].
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Figure 7.5 Schematic design of the lanthanide-doped core—shell-shell
nanostructure for management of energy transitions. The core and shell layers
are highlighted with different background colours. ETU — energy transfer
upconversion, EM represents energy migration. Photoexcitation takes place in
the absorption layer followed by energy transfer to the emitting layer where
energy migrates among activators ions leading to higher-energy emissions.
The passivation layer acts as inert protection layer.
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Figure 7.6 UC emission spectra of core NaGdFs:3% Er®, core-shell
NaGdF4:3% Er**@NaYbF, and core-shell-shell NaGdF4:3%
Er**@NaYbF,@NaGdFs UCNPs.

54



As mentioned before, high Yb** content can enhance upconversion process
due to the capacity of absorption and sustain excitation energy. However, the
excitation energy can migrate a long distance through Yb®*" sub-lattice
especially at high Yb** content, which leads to a depletion of excitation energy
(also known as concentration quenching) [13]. Since concentration and
surface quenching would decrease the lifetime of emitting states, we examined
the time-resolved population of most intense red emitting (*Fo.2) level under
980 nm excitation for the core, core—shell and core—shell—shell nanoparticles
(Fig. 7.7). The comparison of decay lifetimes indicates that unprotected core-
shell NPs have shorter lifetimes than core and core-shell-shell samples (see
Table 7.2). The results suggest that high Yb®" content could decrease the
Yb---Yb interatomic distance, and thus, facilitating energy hopping in the
Yb3* sub-lattice and excitation energy would be transferred from interior to
the peripheral region of the nanoparticle, leading to an enhanced surface-
qguenching effect [61]. After surface coating with inert NaGdF. layer,
significantly longer decay lifetimes were observed, confirming the role of the
protection layer.
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Figure 7.7 Decay kinetics of red emitting state of “Fg/, for core, core-shell and
core-shell-shell nanoparticles under 980 nm laser excitation.
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Table 7.2 Fitted lifetimes and relative ratio factor (R;) of the “Fg (653.5 nm)
level.

T1, MS Ri1, % T2, US R2, % T average, US
Core 255.7 90.6 620.3 9.4 290.0

Core-shell-shell 189.3 51.7 335.6 48.3 260.1

In order to study the luminescence kinetics and investigate the effect of
different Er** doping concentration, the decay profiles of emission were
measured. Since core sample contains only activators ions and emission
intensities are relatively weak, we examined only core-shell and core-shell-
shell samples. As seen in Fig. 7.8 and Fig. 7.9, the decay curves were obtained
by monitoring the wavelength of 407 nm (*Hoz—*l1s2), 539.5 nm
(*Sa—*1152) and 653.5 nm (*Fo2—*l1s2) for Er®*ions. The decay curves are
bi-exponential and can be written as:

1(6) = I exp (- %) + Lexp (—5) (Eq. 7.1)

where 7; and 7 represent the shorter and longer lifetime constants,
respectively, and I; and I, are the original contribution for the shorter and
longer decay times, respectively. The obtained lifetime values were listed in
Table 7.3. As shown in Fig. 7.8, the sample, which contains 1% of Er**
concentration in core, shows longest decay lifetimes for all emission bands.
The lifetimes of 2Hg,—*l152 and *Sa,—*l1512 transitions are shorter than that
of *Far—*l152 and these observations are in good agreement with previous
investigation involving high Yb** concentrations [160]. This could be ascribed
to the more relaxation pathways of 2Hg2 and “Ssy, states than that of *Fg. one
and could be caused by back-energy transfer (BET) from Er®* to Yb** ions
[61]. The decay lifetimes of core-shell-shell samples are about two times
longer than of core-shell ones (Fig. 7.9 and Table 7.3), indicating that the
growth of an inert shell on the core-shell NPs can significantly increase the
average lifetimes. It was also found, that the emission decay lifetimes at 653.5
nm of core-shell-shell UCNPs show similar decay profiles and was
determined to be around 253.3 ps, around 1.4 times longer than the core-shell
ones (187.3 ps) (Table 7.3). However, the decay lifetime for the red emitting
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state of the NaGdF4:3% Er**@NaYbF,@NaGdF, sample shows slightly
longer lifetimes (260.1 ps) and for this reason, we choose this sample for
further investigation on temperature-dependent measurements and
bioimaging studies.
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Figure 7.8 Variation of visible UC emission lifetimes in core-shell
nanoparticles with different concentration of Er®* ions in core.
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Figure 7.9 Variation of visible UC emission lifetimes in core-shell-shell
nanoparticles with different concentration of Er®* ions in core.
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Table 7.3 Lifetime values of Er®* (*Hgj, *Sar, *Far) in core-shell and core-
shell-shell UCNPs doped with different concentration of Er®* ions in core

NPs.
Core-shell Core-shell-shell
Er3* in core 1 3 5 10 1 3 5 10
(X, mol%)
| mws | 201 | 175 | 171 | 222 | 169.3 | 1107 | 864 | 1057
E R,% | 402 | 825 | 718 | 384 | 1000 | 1000 | 927 | 687
o
S| wps | 1113 | 1240 | 937 | 1106 - - 188.5 | 215.9
f R.,% | 598 | 175 | 282 | 616 - - 73 31.3
2| taw, | 750 | 361 | 387 | 766 | 169.3 | 110.7 | 93.9 | 1402
E s
| t,ps | 560 | 479 | 474 | 389 | 1977 | 143.0 | 1104 | 1287
L%_ R,% | 528 | 637 | 761 | 764 | 833 | 861 | 885 | 783
% T, us | 158.8 | 141.1 | 119.8 | 221.1 | 386.0 | 3186 | 313.8 | 4317
ﬁ R.,% | 472 | 363 | 239 | 236 | 167 | 140 | 115 | 217
T% Tag, | 1045 | 818 | 647 | 819 | 2291 | 1675 | 1338 | 1945
g s
o | ks 1340 | 766 | 847 | 877 | 2388 | 189.3 | 161.4 | 198.0
o | Ru% | 500 | 258 | 225 | 306 | 948 | 517 | 382 | 628
% T, us | 2927 | 207.3 | 2232 | 206.8 | 478.2 | 335.6 | 3059 | 339.3
ﬁ R2,% | 500 | 742 | 775 | 694 5.2 483 | 618 | 372
L% Tavg, | 2133 | 1736 | 1921 | 1704 | 2514 | 260.1 | 250.8 | 250.6
d us

58




7.3 Temperature-Dependent Upconversion Luminescence
Properties

As reported, the temperature-induced processes of energy migration from
activators to surface defects contribute to the increased UC emission intensity
of lanthanide-doped fluoride NPs [160, 161]. The UCL properties of
NaGdF4:3% Er**@NaYbF,@NaGdF, nanoparticles were investigated by
temperature-dependent steady-state PL spectroscopy under a 980 nm
continuous-wave (CW) laser excitation. The spectra show systematic changes
as the temperature increases from 77 to 500 K (Fig. 7.10). As shown in
Fig. 7.10 a, b, the UCL intensity of red (*Fo2 —*11512) emission does not remain
constant as the temperature changes. At cryogenic temperatures (77<T<250)
emission remains stable until the temperature reaches 250 K. With increasing
the temperature from 250 K to 400 K, the integrated UCL emission intensity
increases by ~8.6 times and decreases with further rising the temperature to
500 K. This enhancement may be associated with negative thermal quenching
effect [162], which was proposed by several groups in their recent works [162-
165] and ascribed to the reduced energy migration-mediated surface quenching,
enabled by high Yb*" concentrations. These findings imply that high Yb®*
doping concentration may intensify the local energy supply to the activator
ions and thus promote upconversion emission.
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Figure 7.10 (a) Steady-state UCL spectra at different temperatures (77-500 K)
of NaGdF4:3% Er**@NaYbF:@NaGdF, nanoparticles under a 980 nm laser
irradiation; (b) Temperature dependent integrated UCL intensity values of the
emission peak at 653.5 nm.
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The two 4f levels of Er®*: 2Hiuz and “Ss: exhibit distinguishable difference
in temperature dependent variations, which has been widely applied in
fluorescence intensity ratio (FIR)-based temperature sensing [116, 166]. The
electrons of the “Sg;, state could easily thermally populate the 2Hii, state,
resulting in the emission intensity variation as a function of temperature. The
relative FIR versus absolute temperature could be well fitted with an
exponential function [17]:

FIR = ’I—’; = Cexp(- kATET) (Eq. 7.2)

where Iy and Is are the fluorescence intensities for the emissions from the
higher (*Hi1z) and lower (“Ssz) thermally coupled levels, respectively, C is a
temperature-independent constant, 4E is the energy gap between the two
excited states (*Hiz and “Ssz ), ks is the Boltzmann constant, and T is the
absolute temperature. As shown in Fig. 7.11, the green UC emission (522 nm)
intensity enhances evidently with normalizing the intensity to 539.5 nm. The
dependence of FIR on the absolute temperature for NaGdF4:3%
Er¥*@NaYbF,@NaGdF, sample, which is shown in Fig. 7.11 b, can be well
fitted with an exponential function:

Ln(FIR) = 1.78 — =2 (Eq. 7.3)
(b)oo— L] . = .E;t(p":!;memal data
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Figure 7.11 (a) NaGdF4:3% Er¥*@NaYbF,@NaGdF, temperature-dependent
green UC luminescence spectra normalized to 539.5 nm, under 980 nm laser
excitation; (b) FIR data versus absolute temperature.
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The effective energy difference (AE) obtained from the fitting is 622 cm™,
which is close the splitting of ~700 cm™ between ?Hi1, and “Sz, multiplets.
One of the most important parameters describing luminescent thermometers
is their relative sensitivity (Sg) to temperature changes, which is
mathematically expressed as [109]:

Sp = d(FIR) , 1 _ AE

dr FIR ~ kgT?

(Eq. 7.4)

As shown in Fig. 7.12, in the examined temperature range (200-500 K) the
Sr value decreases from 2.24 to 0.36 %-K* (Sg=895/T%) and in the
physiological temperature range Sg value is around 0.99 %-K™. These results
imply that the core-shell-shell nanoparticles are comparable to most of the
reported Er¥*-based nano-systems [167, 168].
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Figure 7.12 Plot of the relative sensitivity Sg as a function of temperature in
the range of 200-500K for NaGdFs3% Er**@NaYbF.@NaGdF,
nanoparticles.

7.4 Biocompatibility Studies

Furthermore, cell viability assay XTT was performed to measure cellular
metabolic activity after 24 hours treatment with different concentrations of
NaGdF.:3%Er**@NaYbF.@NaGdF, nanoparticles (Fig. 7.13). Nanoparticles
have no influence on viability of both MDA-MB-231 MCF-7 cells after
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incubation with 0.01 mg/mL NaGdF:3% Er*@NaYbF,@NaGdF, UCNPs
solutions. After incubation with 0.05 mg/mL solution, there was not any
significant influence on viability of MCF-7 cells, but viability of MDA-MB-
231 slightly decreased (88+5 %). However, a decrease of viability was
observed after incubation with 0.1 mg/mL
NaGdF4:3% Er**@NaYbF,@NaGdF; UCNPs solution for both MDA-MB-
231 and MCF-7 cells, viability decreased to 76+8 % and 78+3 % respectively.
Though, 0.1 mg/mL concentration is extremely high and for biological
application lower concentrations, such as 0.01 mg/mL should be more than
sufficient.
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Figure 7.13 Viability of MDA-MB-231 and MCF-7 breast cancer cells
incubated at different concentrations (0.01; 0.05; 0.1 mg/mL) of NaGdF4:3%
Er¥*@NaYbF,@NaGdF, UCNPs for 24 h. Toxicity of nanoparticles was
investigated using XTT cell viability assay. Error bars show the standard
deviations. * indicates significant differences compared to the non-treated
cells (Control) (p < 0.05).

NaGdF4:3%Er**@NaYbF,@NaGdF, UCNPs accumulation in MDA-MB-
231 and MCF-7 cells was investigated with confocal microscopy.
Nanoparticles uptake studies revealed that
NaGdF4:3%Er**@NaYbF,@NaGdF, UCNPs had penetrated into both cell
lines (Fig. 7.14). Higher UC emission was collected from MDA-MB-231
cells, implying that MDA-MB-231 accumulates UCNPs better that MCF-7
cells. The same difference of nanoparticles accumulation in this two cell lines
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was demonstrated in previous publication [10]. In MDA-MB-231 cells
UCNPs were clearly localized in the perinuclear region (Fig 7.14 a—c),
whereas distribution of UCNPs in MCF-7 is not so accurate: UCNPs were
mostly localized near nucleus, but there were nanoparticles localized in
cytoplasm near plasma membrane (Fig. 7.14 e—f). In both cell lines no UCNPs
were detected in nuclei, indicating that UCNPs could not penetrate trough
nuclear envelope.
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Figure 7.14 Accumulation of NaGdF4:3% Er**@NaYbF,@NaGdF; UCNPs
(red colour) (Aex=980 nm) in MDA-MB-231(a-c) and MCF-7 (e-f) breast
cancer cells after 24 h of incubation with nanoparticles. (a) — distribution of
UCNPs in MDA-MB-231 cells; (b) - enlarged area of the region highlighted
by the white box in a; (c) —intracellular accumulation of UCNPs in MDA-MB-
231 cells; (d) — measured spectrum of UCNPs inside cell (area marked with
white circle); (e) — distribution of UCNPs in MCF-7 cells; (f) - enlarged area
of the region highlighted by the white box in e. Cell nuclei stained with
Hoechst 33258 (blue colour) (Aex=404 nm). Filamentous actin of cells stained
with Alexa Fluor 488® phalloidin (Aex=488 nm). Scale bars in all images
correspond to 20 pm.
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7.5 Review of the Main results

In this chapter, the series of NaGdF.:Er@NaYbF.@NaGdF, core-shell-
shell UCNPs with different Er** doping concentration were prepared via
thermal decomposition synthesis method. The enhancement degree of the
integral UC emission intensity increases with double shell coating and
significant red emission enhancement were observed in core-shell-shell NPs.
The luminescence decay properties of samples containing different Er3*
doping concentration were analysed and the best results were obtained from
3% containing core-shell-shell. In addition, based on the different temperature
dependent UC emission intensity variation of the two thermally states of
Er¥:2Hy1, and “Ssp, the maximum relative temperature sensitivity (Sg) of
0.99%:-K*at 300 K is achieved. Moreover, as prepared UCNPs are stable in
higher temperatures and also shows good biocompatibilities.
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Chapter 8. Synthesis of Er¥*-activated NaYbF4 Upconverting
Microparticles for Optical Temperature Sensing

The temperature-dependent photoluminescence is of a great importance for
both science and technology fields as discussed in Chapter 4.1 Thermal
Sensing. Therefore, it is important to choose an appropriate thermally stable
host material, which provides efficient fluorescence signal for successful
practical applications using fluorescence intensity ratio technique. In this
chapter the detailed analysis of the optical properties of Er**-activated NaYbF,
microparticles is presented. In addition, the temperature sensing capabilities
as well as possible application as anti-counterfeiting pigments are evaluated.

8.1 Phase, Size and Morphology

Fig.8.1a show the XRD pattern of NaYbF4Er** microparticles
synthesized via the thermal decomposition method. The XRD pattern reveals
that the diffraction peaks of the sample coincide with the standard data of
NaYbF, from Joint Committee on Powder Diffraction Standard (JCPDS No.
27-1427) and no extra peaks of impurities are seen, which indicates that the
Er®* dopants uniformly enter the lattice of NaYbF4. The crystal structure is
hexagonal (5) phase with space group P6 (#168). The scanning electron
microscopy (SEM) image of the as-synthesized sample is shown in Fig. 8.1 b.
The morphology of synthesized A-NaYbF.Er¥* particles is hexagonal
microplates with average diameter of ~360 nm and height up to ~130 nm. The
diameter and height size distribution histograms of microplates are shown in
Fig. 8.1 c-d.
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Figure 8.1 (a) XRD pattern, compared to the standard hexagonal NaYbF,
(JCPDS No0.27-1427); (b) SEM image; histogram of diameter (c) and height
(d) size distribution of the NaYbF4:Er®* microplates.

8.2 Upconversion Emission Properties

Under the excitation of 980 nm laser radiation, the room-temperature UC
performance of the NaYbF4:1%Er®* microparticles was studied. As presented
in Fig. 8.2, the UC spectrum was dominated by a red UC emission at 653.5 nm
corresponding to the “Fo2 — *lise transition of Er®* ions. Meanwhile, a
relatively weak near-infrared, two green, and blue UC emissions at ca. 810,
538.5, 519.5 and 407 nm are attributed to the “*lop — *lisn, *Szn — *lisp,
2Hyp — *lise and 2Hep — *lise transitions, respectively. Since the red UC
emission intensity was much higher than the rest, the synthesized
microparticles can emit eye-visible red emission under 980 nm excitation, as
shown in the inset of Fig. 8.2.
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Figure 8.2 Room-temperature UC emission spectrum of the Er¥*-activated
NaYbF4 microparticles excited at 980 nm. Inset on the right shows the cuvette
with NaYbF4:Er®* MPs under the 980 nm laser irradiation, and inset on the
left shows the close-up of blue emission.

8.3 Temperature-Dependent Upconversion Luminescence
Properties

The UCL properties of NaYbF4Er®* were investigated by temperature-
dependent steady-state PL spectroscopy under a 980 nm continuous-wave
(CW) laser excitation. The spectra show systematic changes as the
temperature increases from 77 to 500 K (Fig. 8.3). As shown in Fig. 8.4 a, the
UCL intensities of red, green and blue emission do not remain constant as the
temperature changes. At cryogenic temperatures (77<T<250) red and green
emission shows a maximum intensity point at ~150 K and then decreases until
the temperature reaches 250 K, because of the excitation energy dissipation
processes. Enhancement at low temperatures could be attributed to the
increased probabilities of the energy transfer upconversion (ETU) processes
by thermal activation (Fig. 8.4 b). The ETU processes result from interactions
within different energy levels of Yb3** and Er®* with temperature change.
Moreover, the cross-relaxation (CR) processes can be significantly enhanced
at higher temperatures (Fig. 8.4 b), which could alter the emission intensity.
Intriguingly, another UCL enhancement is recorded at 325 K, which may be
associated with negative thermal guenching effect [162]. This phenomenon
was proposed by several groups in their recent works [162-165], which is

67



ascribed to the reduced energy transfer possibility from activators to surface
defects at elevated temperatures. These findings imply that at different
temperature upconversion process may possess different energy relaxation
mechanisms. The overall effect is a result of the competition of different non-
linear optical processes and it can be observed that total luminescence
emission intensities decrease as temperature increases.
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Figure 8.3 Steady-state UCL spectra at different temperatures (77-500 K) of
NaYbF41%Er** microparticles under a 980 nm laser irradiation. Inset
illustrate the blue emission UCL spectra.

In order to further understand temperature effect on UCL processes, the
blue, green and red UC emission dynamic curves of 2Hgz — “l1s2 (407 nm),
Sz — s (538.5nm), and  “*Fgp — “lis2 (653.5 nm)  transitions  were
measured under 980 nm pulsed laser excitation as shown in Fig. 8.5. Each
decay curve can be fitted with a single-exponential equation, as follows:

Iy = Iyexp (_Tt) (Eqg. 8.1)

where | is the luminescence intensity at a given time, lo is the initial
emission intensity at t = 0 and zis the lifetime.
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Figure 8.4 (a) Temperature dependent integrated UCL intensity plots of the

emission peaks at 407, 519.5, 538.5 nm and 653.5 nm; (b) Energy scheme of

Er®* co-doped NaYbFs; ETU: energy transfer upconversion and CR: cross

relaxation at higher temperatures.

Table 8.1 shows the calculated luminescence lifetimes of the sample under
980 nm excitation according to Eq. (8.1). At low temperatures, predictable
decline in luminescence lifetime was observed, but an unexpected rise for all
the emission bands (407, 538.5, and 653.5 nm) was noticed with increasing
the temperature. This abnormal thermal enhancement was detected at various
temperatures for different emission bands. As shown in Fig. 8.5Db, e, the
lifetime of Er®* 4Ss, excited state exhibits a significant increase from 79 to 204 ps
as the temperature goes from 250 to 500 K, which could be associated with a
growing thermal suppression of non-radiative relaxation process. Similar
behaviour was recognized for blue emission band (*Hgz) as shown in Fig.
8.5 a, d. Furthermore, the lifetime of the “Fq. excited state (Fig. 8.5¢, f)
increases gradually with a rise from 281 to 442 ps, in temperature interval
from 400 to 500 K, which might be due to the negative thermal quenching
effect [162-164].
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Table 8.1 Fitted lifetimes and coefficient values () of the 2Hgp (407 nm),
43312 (538.5 nm), and *Fap, (653.5 nm) levels at different temperatures (77-500 K).

407 nm 538.5 nm 653.5 nm
Temperature 7, Us 12 7, Us 1 7, US a
77K 90.56 1.258 110.68 1.216 710.73 1.314
100 K 84.55 1.283 106.90 1.382 710.65 1.217
150 K 76.55 1.119 96.82 1.166 682.93 1.274
200 K 67.27 1.125 85.84 1.216 627.32 1.088
250 K 61.80 1.083 78.47 1.148 546.93 1.112
300 K 69.09 1.256 83.14 1.010 449.68 1.003
350 K 79.31 1.104 105.07 1.039 35210 1.170
400 K 87.01 1.176 11466 1.000 281.69 1.235
450 K - - 13596 1.021 305.15 1.341
500 K - - 20434 1238 44254 1.339
(a) — (b
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Figure 8.5 Temperature dependence of the Kkinetic decay curves and
calculated lifetimes of the 2Hg, — *lisz (407 nm) (a, d), “Ssp— *lisp
(538.5 nm) (b, &), and *Fa, — *l1s2 (653.5 nm) (c, f) transitions in the 77-500 K
temperature range of NaYbF4:1%Er®" microparticles.
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To fully investigate this unique UC luminescence prolonged lifetimes,
temperature-dependent down-conversion luminescence (DCL) decay curves
of NaYbF4:Er®* were also investigated upon excitation at 980 nm (Fig. 8.6).
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Figure 8.6 (a) Temperature-dependent down-conversion luminescence (DCL)
decay curves of Yb®': 2Fs;, excited state (Aem = 1020 nm) and (b) calculated
average lifetimes of NaYbF4:Er®* microparticles.

The Yb® DCL lifetimes at 1020 nm in NaYbF4Er* UCMPs increase
gradually with raising the temperature from 225 to 500 K (Fig. 8.6 a).
Contrarily to previously obtained Er®* kinetic curves, the decays of Yb** were
fitted with a bi-exponential equation (Eg. 7.1). The reasonable explanation
could be that the appearance of bi-exponential decay profile comes from the
emission of the Yb** ions at different local environments. The shorter decay
component (1) is usually assigned to the Yb?** atoms located closer to the surface
of the NaYbF4:Er®* microparticles and thus it follows a faster decay process due to
the surface induced quenching (i.e. solvent, defects). The longer decay component
() is attributed to the emission of Yb?** ions located in the bulk phase of the
microparticles [101]. As shown in Fig. 8.6 b, the lifetime of Yb3* excited state
2F5, exhibits a significant increase from 116 to 343 us as temperature goes
from 225 to 500 K. The detailed calculations of the lifetimes are given in
Table 8.2, where the average lifetime value (zyg) is calculated by following
equation:

Taverage =11 X Rl + Ty X RZ (Eq 82)
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The prolonging of Yb® lifetimes could be associated with thermal
alleviation of energy migration-mediated surface quenching as described in Ji
et al. work [169]. Commonly, the higher temperature induces increase of the
non-radiative multi-phonon relaxation, leading to a reduced excited state
lifetime [170], which is controversial to our measurements. However,
satisfactory explanation of this controversy requires a more detailed
experimental data.

Table 8.2 Fitted lifetimes 4, relative ratio factor Ri and coefficient values
(%) of the 2Fs; (Aem = 1020 nm) level of Yb** at different temperatures (77-
500 K).

Temperature, K 1020 nm

s Ri ppus  Re ' Tavg, 1S

77 73.37 0.145 14131 0855 1.063 131.48
100 73.87 0.202 13196 0.798 1.109 120.21
125 7250 0.200 130.09 0.780 1.033 118.55
150 66.13 0.158 127.10 0.842 1.021 117.48
175 70.38 0.182 127.35 0.818 1.048 116.96
200 66.57 0.164 12544 0.836 1.034 115.82
225 72.88 0.195 128.23 0.805 1.048 117.43
250 7231 0.169 133.62 0.831 1.001 123.26
275 76.70 0.162 14091 0.838 1.021 130.53
300 85.05 0.207 156.76 0.793 1.037 141.90
325 91.33 0.187 176.58 0.813 1.017 160.68
350 99.67 0.221 196.26 0.779 0.998 174.91
375 98.98 0.183 206.52 0.817 0.996 186.84
400 105.36 0.207 214.69 0.793 1.001 192.09
425 108.81 0.221 223.35 0.779 1.004 198.04
450 128.72 0.248 25557 0.752 1.075 224.10
475 170.81 0.231 311.37 0.769 1.006 278.94
500 201.26 0.095 366.62 0.905 1.038 350.89
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8.4 Influence of Input Excitation Power on Upconversion
Dynamics

In order to understand the mechanisms involved in the UC process, the
pump power-dependent UC emission spectra were recorded. It reveals that the
UC luminescence intensity decreases with the pump power, as depicted in
Fig. 8.7. As known, for an unsaturated UC process, the relation between the
UC emission intensity and the laser pump power can be written as [171]:

Iypoo P (Eg. 8.3)

In this expression, luc is the UC emission intensity, P is the laser pump
power and n is the number of photons that are required to populate the upper
excited state level. According to the fitting results (Fig. 8.7 inset), the n values
for the 2Hiwp — *lisi, *San — *lisp and *Fep — *lisi transitions were determined
to be 1.33, 1.35 and 1.34, respectively. The obtained n values reveal that both
green and red UC emission is a result of more than one-photon absorption
process.
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Figure 8.7 Room temperature UC emission spectra of NaYbFsEr** as a
function of pump power. Inset on the left top represents the dependence of
two green and red UC emission intensities on pump power; inset on the left
bottom shows a close-up of green UC emission.
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8.5 Chromaticity of NaYbF4:Er3*

From the recorded upconversion spectra of the NaYbF4:Er®* (Fig. 8.3) we
calculated the Commission International de I'Eclairage (CIE) coordinates as a
function of temperature. The exact calculated values are given in Table 8.3.
As shown in Fig. 8.8, an orange colour perception with coordinates of (0.516,
0.472) was obtained at a low temperature (77 K), and the colour coordinates
moved toward the pure green region (0.420, 0.554) following elevating the
temperature to 500 K. The results demonstrate that the output colour of
NaYbF4:Er®* can be adjusted by the temperature.

Table 8.3 Chromaticity coordinates (x, y) of the NaYbF4:Er®* microparticles
under 980 nm laser excitation at different temperatures.

Temperature, K Chromaticity Chromaticity
coordinate (X) coordinate (y)
77 0.516 0.472
100 0.509 0.481
125 0.501 0.489
150 0.494 0.496
175 0.485 0.505
200 0.475 0.515
225 0.466 0.523
250 0.460 0.528
275 0.452 0.535
300 0.454 0.533
325 0.453 0.533
350 0.449 0.535
375 0.440 0.541
400 0.431 0.549
425 0.422 0.556
450 0.419 0.558
475 0.421 0.554
500 0.420 0.554
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Figure 8.8 CIE 1931 colour space diagram with colour coordinates of
NaYDbF4:Er®* microparticles at different temperatures. Inset shows a close-up
of output colour shift area.

8.6 UC Luminescence for Temperature Sensing

Temperature-dependent optical properties have potential in applications
for temperature sensing and anti-counterfeiting [16, 17]. Er®* ions possess
relatively narrow (~700 cm™) energy gap between the 2Hiiz and “Sae levels,
thus the lower energy “Ss» state could easily thermally populate the higher
2Hy1 state. Therefore, both excited states are in thermal equilibrium and the
relative population follows the Boltzmann distribution, as emission intensities will
vary as a function of temperature. The potential for thermometry applications is
associated with fluorescence intensity ratio (FIR) and can be evaluated using the
equation (Eq. 7.2). Fig. 8.9 a present normalized green upconversion emission
spectra measured in the temperature range from 175 to 475 K under 980 nm
laser excitation. The fluorescence intensities of 2Hiiz — *lis and Sz — *lisi
transitions were integrated from 505.0 nm to 534.0 nm and from 534.0 nm to
570.0 nm, respectively. The dependence of FIR on absolute temperature for
NaYbF4:1%Er** sample, which is shown in Fig. 8.9 b, can be well fitted with

an exponential function:

1059.69

Ln(FIR) = 2.21 — (Eq. 8.4)
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The effective energy difference (AE) obtained from the fitting is 736 cm™,
which matches the splitting of 700-800 cm™ between 2Hii, and “Ssp
multiplets. The relative temperature sensitivity (Sg) is described as relative
change of the FIR value with respect to temperature variation and is
commonly used as a parameter for direct comparison of different FIR-based
optical temperature sensors [109]. Sr can be mathematically expressed as (Eq.
7.4). As shown in Fig. 8.10, in the examined temperature range the Sg value
decreases from 3.46 to 0.5 %-K™* (Sr=1060/T?), which is rather promising in
comparison with other Er** doped materials presented in similar studies
(Table 8.4). These results imply that the UCMPs could be employed as highly
sensitive temperature sensors based on the FIR technique.
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Figure 89 (@) NaYbF4s1%Er** temperature-dependent green UC
luminescence spectra normalized to 538.5 nm, under 980 nm laser excitation;
(b) FIR data versus absolute temperature.

4

]

3

Sensitivity S, (%

1060
"=
T T T T T T
200 250 300 350 400 450
Temperature (K)

Figure 8.10 Plot of the relative sensitivity Sg as a function of temperature in
the range of 175-475 K for NaYbF4:1%Er3* microparticles.
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Table 8.4 Sensing materials, temperature range, maximum Sg value and
corresponding temperature T (K) of several typical FIR-based optical
temperature sensors based on upconversion emission from 2Hii2 and *Sap
levels of Er** ion.

Sensing materials Temperature SR T(K) Ref.
range (K) (%K™)
NaYF4:Yb% Er®* MPs 75-600 0.48 515 [172]
NaBiF,:Yb®* ,Er®* NPs 303-483 1.24 303 [173]
KYDb,F7:Er®* glass ceramics 300-480 0.45 590 [174]
NaYF4:Yb% Er** NPs 288-328 1.37 288 [168]
NaErFs@NaYF,@NaYbF,; Tm@NaYF, NPs 293-413 0.71 315 [167]
NaYF,:Yb* Er*@NaYF,: Yb* Nd* NPs 200-450 2.00 200 [175]
NaYF,:Er**, Yb* NPs 173-350 3.58 173 [176]
LiLaP,401,:Yb®* Er®* NPs 173-350 1.80 200 [176]
NaYbF,:Er** MPs 175-475 3.46 175 This
work

8.7 UCMPs Printing

The thermochromic features might significantly contribute to the
properties of security markers [177]. Upconversion luminescence
temperature-responsive colour shifting could be achieved by excitation with
980 nm laser. As shown in Fig. 8.11, the symbol “Er” painted on paper
exhibits orange emission at room temperature (Fig. 8.11 b), and output colour
shifts to green upon increasing the temperature to ~400 K (Fig. 8.11c).
Multicolour shifting of Er**-activated UCMPs could be simply achieved by
exposing them to commercially available laser and colour response can be
easily recognized by naked eye for visual authentication. Temperature-
responsive luminescent marker with properties mentioned above may provide
strengthened security for anti-counterfeiting applications.
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Figure 8.11 Digital photographs of painted symbol “Er” with colourless
NaYbF4Er®* UCMPs ink: (a) without artificial irradiation, (b) at room
temperature and (c) at higher temperature (~400 K) under 980 nm laser
excitation.

8.8 Review of the Main Results

In this chapter, the hexagonal phase Er®*-activated NaYbF, microparticles
were synthesized via thermal decomposition method. The temperature-
dependent UC luminescence and dynamics properties were investigated.
Following the increase of temperature, the integrated UC emission intensity
decreased, but an unexpected enhancement of luminescence lifetimes for all
the emission bands was observed. Moreover, the temperature sensing
properties based on the FIR technique from the thermally coupled ?Hi1/, and
“Sqro levels of Er®* ions were studied. It was found that NaYbFs:1%Er*
microparticles can be operated in the temperature range of 175-475 K with a
maximum relative sensor sensitivity of 3.46 %-K™ at 175 K. These findings
have great potential in developing luminescent materials with unique
temperature-related performance, such as temperature sensing and anti-
counterfeiting applications.
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Chapter 9. Conclusions

The thermal decomposition method was adapted for synthesis of
NaGdF4Yb,Er, NaGdFsEr, NaYbFs, NaGdFsYb,Er@NaGdF,,
NaGdF4Er@NaYbF,, and NaGdF.Er@NaYbFs@NaGdF, particles.
The SEM analysis showed that the obtained nanoparticles were
spherical in shape with average diameter of approximately 10 nm, 20
nm and 27 nm for core, core-shell and core-shell-shell samples,
respectively. In the case of NaYbF4Er synthesis, the as-prepared
particles were hexagonal microplates with average diameter of ~360 nm
and height up to 130 nm.

The hydrophobic core and core-shell, as well as core-shell-shell
nanoparticles were converted into hydrophilic ones using a non-ionic
surfactant Tween 80. The FTIR data of UCNPs@Tween80 was highly
comparable with that of pure Tween 80, indicating that the Tween 80
has successfully coated the UCNPs surface.

It was determined that the integrated emission intensity of *Szn — *lise
transition (Aem = 540 nm) of the core—shell NaGdF.:Yb,Er@NaGdF,
nanoparticles is two magnitudes higher than the core-only
NaGdF4:Yb,Er UCNPs.

It was observed that the T1-weighted magnetic resonance (MR)
imaging signal intensity has enhanced approximately 3.5-fold for
NaGdF4:Yb,Er and NaGdF.:Yb,Er@NaGdF, UCNPs samples when
compared to the water.

The influence of separation of activator and sensitizer in different layers
and inert-shell coating on optical properties was investigated. It was
found that NaGdFs:Er@NaYbF, core-shell NPs have shorter lifetime
value (173.6 pus) than NaGdF4Er core-only (290.0 ps) and
NaGdF4Er@NaYbF,@NaGdF, core-shell-shell (260.1 ps) samples.
The observed prolonged decay lifetimes of core-shell-shell samples are
compared to those of core-shell indicate that growing an inert shell on
the core-shell NPs significantly increases the average lifetimes. Also, it
was determined that the optimal Er** concentration in the core of
NaGdF4:Er@NaYbFs@NaGdF; NPs is 3 %.

It was observed that the double shell coating greatly enhances the
upconversion luminesce. In comparison with NaGdF4:Er®* core-only
NPs, the obtained enhancement factor of total integrated emission
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10.

intensity is ~300 times stronger for core-shell-shell NPs. Moreover, an
extraordinary 914-fold red emission (Aem = 653.5 Nnm) enhancement in
NaGdFs;:Er@NaYbFs@NaGdF; NPs was obtained.

The temperature-dependent  upconversion  luminescence and
corresponding decay dynamics of NaYbF4:1%Er®" microparticles were
systematically investigated. Following the increase of temperature, the
integrated UC emission intensity decreased, but an unexpected
enhancement of luminescence lifetimes for all the emission bands was
observed.

The temperature-sensing properties based on fluorescence intensity
ratio technique of NaGdF.:3%Er@NaYbF.@NaGdF. core-shell-shell
NPs and NaYbF4:1%Er®* MPs were determined. In the case of core-
shell-shell NPs, the results showed that in the physiological temperature
range (~ 300 K) relative temperature sensitivity (Sg) has a promising
value of 0.99 %- K. Also, it was demonstrated that the NaYbF,:1%Er3*
microparticles can be operated as ratiometric fluorescence
thermometers in the temperature range of 175-475 K with a maximum
relative sensitivity of 3.46 %-K ! at 175 K.

Upconversion luminescence temperature-responsive colour shifting of
NaYbF4Er** microparticles containing ink was observed under the
excitation with 980 nm laser. It was showed that the symbol painted on
paper with UCMPs ink exhibited orange emission at room temperature
and output colour shifted to green upon increasing the temperature to
~400 K.

The in vitro uptake and cytotoxicity evaluation study showed that the
core-shell and core-shell-shell UCNPs internalized into breast cancer
cell lines and possessed low cytotoxicity and good biocompatibility. All
these findings indicate that Tween 80-coated UCNPs are a promising
nanomaterial platform for imaging and detection in oncology.
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