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Chapter 1

1.1 Nanotechnology
“There’s Plenty of Room at the Bottom”, a lecture given by Richard Feyman at an
American Physical Society meeting at Caltech in 1959, founded the new era of
“nanotechnology”. In the present thesis we will be concerned with nanoparticles,
amorphous or crystalline structures of which one or more of its dimensions is below about
100 nm. At the nanoscale two important considerations need to be taken into account.
Firstly, due to reduction in size quantum confinement effects start to play an important
role as is beautifully demonstrated in the dependence of optical spectra of, for example,
quantum dots. Secondly, for nanoscale materials the ratio of surface area and volume is
markedly different from that of bulk materials. As a consequence, physical and chemical
properties of nanomaterials become increasingly determined by the properties of the
surface instead of the properties of the bulk. This subtle interplay of influencing material
properties by addressing their quantum behavior and/or making explicitly use of the
difference in properties of surface and bulk material has become one of the important
targets of scientists in their quest for producing novel materials and devices. In recent
years it has led to broad applications of nanomaterials, for instance, opaque substances
become transparent (copper); inert materials attain catalytic properties (platinum); stable
materials turn combustible (aluminum); insulators become conductors (silicon). Materials,
such as gold which are regarded as chemically inert, can serve as a potent chemical
catalyst at nanoscales.

1.2 Upconversion and rare earth ions doped upconversion
nanoparticles
1.2.1 Upconversion process
One of the spectroscopic processes this thesis revolves around is upconversion. In an
upconversion process two or more photons are combined to produce photons with a
higher energy than each of the individual photons. Glasses and crystals doped with rare
earth ions have in recent years attracted particular attention as upconverting materials
since they are able to convert light in the near-infrared part of the spectrum into
wavelengths in the UV-Vis region. Moreover, since in these materials upconversion
occurs as a non-coherent process it can be done by an economic continuous wave (CW)
diode laser as opposed to the high peak power lasers that are needed to drive coherent
upconversion processes.
Various upconversion mechanisms have been proposed (Figure 1.1) and confirmed
experimentally. In most cases, the upconversion mechanism involves absorption and nonradiative energy transfer (ET). Ground state absorption (GSA) results in promotion of an
ion from its ground state to an electronically excited state. Excited-state absorption (ESA)
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involves absorption of a photon by an excited ion, and results in promotion of that ion to a
higher level excited state.

Figure 1.1. Schematic illustration of different upconversion processes: (A) Two-photon
absorption; (B) Energy transfer upconversion; (C) Cross-relaxation
Energy transfer may take a variety of forms. ET is the basis for the common
phenomenon of energy migration. A similar process between different ions may lead to
energy trapping or sensitization effects. ET among different energy levels in different ions
may result in cross relaxation (CR), by which an ion in a high electronic level is
deactivated to a lower level, which promotes the ion in the vicinity to a higher level. The
reverse of this process can also happen. In that case a lower-lying neighbor donates its
excitation energy to a neighboring excited ion, which is then promoted to an even higher
excited state. This process is referred to as energy transfer upconversion (ETU). ETU is
inherently a pairwise or multicenter effect, and is therefore very strongly dependent on ion
concentration. Whereas GSA/ESA mechanisms often dominate upconversion processes in
low-doped samples, upconversion in highly-doped samples is very often dominated by ET
processes, in particular GSA/ETU. The dependence of ETU on concentration results
directly from the strong dependence of the ET rate constant on the distance between the
donor and acceptor centers.
1.2.2 Rare earth ions doped upconversion nanoparticles/nanocrystals
Upconversion nanoparticles (UCNPs), sometimes called upconverting nanoparticles
or photo-upconversion nanoparticles and abbreviated as UCPs, can be defined as particles
with any of its dimensions in the nano scale (0-100 nm) that generate higher-energy light
from lower-energy radiation (usually NIR or IR radiation) through the doping of a
transition metal, lanthanide, or actinide ions into a solid state host lattice. The research in
the field of rare earth (RE)-doped nanoparticles for infrared to visible upconversion
emission has been recently recognized to hold tremendous potential in the areas of
photonic and biophotonic applications. Intensive research efforts have therefore been
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devoted to designing and tuning the upconversion properties of such materials. In rare
earth nanoparticles or compounds, the 4f or 5f electrons are efficiently shielded and thus
not strongly involved in the metal-to-ligand bonding. As a consequence, electron-phonon
coupling to f-f transitions is reduced, and multiphonon relaxation processes are less
competitive. The phenomenon of upconversion is therefore most common and best
studied in materials containing lanthanide ions. However, not only the doping ions, but
also the matrix plays an important role in the luminescence, RE3+ (Ho3+, Tm3+, Er3+ etc.)
doped oxide (Gd2O3, Y2O3, ZrO2 etc.) and fluoride (NaYF4, NaGdF4, YF3 etc.)
nanocrystals have attracted particular interest because those compounds are chemically
and photochemically stable. Fluorides demonstrate more efficient upconversion processes
because they have lower phonon energy, although the chemical stability is not as good as
that of oxides. Güdel et al. have identified micro-sized Er3+/Yb3+- or Tm3+/Yb3+ co-doped
hexagonal NaYF4 as the materials with highest upconversion efficiency.[ 1 ] The most
popular combination is the Er3+/Yb3+- or Tm3+/Yb3+-co-doped NaYF4 crystals, shown as
the materials with the highest upconversion efficiency.[2] The crystal structure of NaREF4
exhibits two polymorphic forms named cubic α-phase (metastable high-temperature phase)
and hexagonal β-phase (thermodynamically stable low-temperature phase).[ 3 ] For
biological applications, the required nanoparticles should have a suitable size and suitable
surface for conjugation with biological molecules, and exhibit high-intensity emission as
well.[4]
Until now, few publications report the absolute quantum yields of upconversion
nanomaterials.[5] The external radiative quantum yield, η, is defined as: [6]
η = (number of photons emitted) / (number of photons absorbed)
Since upconversion is not a linear process, quantum yield becomes a function of radiation
density. The efficiency of the upconversion process in RE ion-doped nanoparticles is
extremely low compared with quantum dots and organic dyes. In a recently published
paper,[7] a quantum yield of 3% was measured for hexagonal phase NaYF4:20%Yb3+,
2%Er3+ bulk samples at a radiation power density of 20 W/cm2. For 30 nm and 10 nm
hexagonal phase NaYF4:20%Yb3+, 2% Er3+ nanoparticles, the quantum yield are about
only 0.1% and 0.005%, respectively, under radiation conditions of 150 W/cm2. The drop
in quantum yield with decreasing particle size is attributed to the increase in surface area
of the smaller particles. Growing a homogeneous shell outside UCNPs is considered an
efficient route to enhance the quantum yield.[8] Optimization of the synthetic procedures to
obtain upconversion nanoparticles with the highest possible quantum yields is a very
critical step in realizing the potential of these nanoparticles.

1.3 Synthesis of upconversion nanoparticles
In the past decades, many different methods were invented for synthesizing
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nanomaterials: physics grinding, high-energy ball mill, sputtering, explosion, spraying,
freeze drying, chemical vapor deposition, precipitation, hydrothermal synthesis,
solvothermal synthesis, sol-gel synthesis, radiation chemical synthesis, micro emulsion,
self-assembly, ironic liquid etc. To obtain upconversion nanocrystals,
hydrothermal/solvothermal, sol-gel, thermal decomposition and ionic thermal methods are
mostly used.
For biological applications, the desired upconversion nanoparticles should have a
suitable size, a suitable size distribution, a suitable surface for conjugation with biological
molecules, and exhibit high intensity emission. To obtain high-quality nanoparticles, the
growth dynamics of the nanoparticles needs to be optimized by changing various reaction
parameters such as the concentration of the reactants, reaction time, temperature and
capping ligand used.
1.3.1 Hydrothermal/solvothermal method

Figure 1.2. FESEM photograph of cubic NaYF4:Yb3+,Er3+ nanoparticles synthesized by
hydrothermal method with different precursor concentrations: (A) 0.004 mol/L; (B) 0.01
mol/L; (C) 0.02 mol/L, and (D) 0.04 mol/L.[11a]
Hydrothermal/solvothermal synthesis can be defined as a method of synthesis of
single crystals that depends on the solubility of minerals in hot water or hot solvent under
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high vapor pressures. The crystal growth is performed in an apparatus consisting of a steel
pressure vessel called autoclave, in which a nutrient is supplied along with aqueous
solution or solvent. Compared with other synthetic routes in nanocrystal preparation, the
hydrothermal method has the following advantages: (1) synthesis occurs at relatively low
reaction temperature (in general < 250 °C); (2) size, structure, and morphology of the
products are subject to hydrothermal conditions and easy to be controlled (Figure 1.2); (3)
the purity of product is high owing to recrystallization in hydrothermal solution; and (4)
the required equipment and processes are simple. In order to obtain small and uniform
particles, organic additives are often used to stabilize the particles in solution and control
particle growth, e.g., cetyl-trimethylammonuim bromide (CTAB),[ 9 ] ethylenediamine
tetraacetic acid (EDTA),[10] and trisodium citrate (TSC)[11] etc..
1.3.2 Sol-gel method
The sol-gel approach is a wet-chemical technique widely used in the fields of
materials science and ceramic engineering. This technique is used primarily for the
fabrication of materials starting from a chemical solution, which acts as the precursor for
an integrated network of either discrete particles or network polymers.[12]
1.3.3 Thermal decomposition
High-quality rare earth fluoride nanocrystals with smaller sizes can be synthesized
efficiently with control over size and shape in non-aqueous media by a thermal
decomposition process. Rare earth precursors are first dissolved in high-boiling organic
solvents with the assistance of surfactants, subsequently those precursors are decomposed
at elevated temperature. The first commonly used rare earth precursors are rare earth
organic acid salts (e.g. trifluoroacetate, acetonacetate, oleate, acetate, etc.), and the
surfactants typically contain polar capping groups and long hydrocarbon chains such as
oleic acid (OA),[ 13 ] oleylamine (OM),[ 14 ] trioctylphosphine oxide (TOPO),[ 15 ] liquid
paraffin [16] etc. Sometimes microwave assistance is introduced to the synthesis.[17] Due to
the high temperature (> 250 ºC) at which the reaction is carried out and the use of organic
ligands to control the growth, the nanocrystals synthesized by this method often have
small size (< 20 nm or even smaller than 5 nm) and a high degree of crystallization.
However, further complex surface modification steps are required before the particles can
be used for biological applications.
1.3.4 Ionothermal synthesis
Ionic liquids (ILs) are non-volatile, non-flammable and thermally stable liquid state
organic salts, which have been recently suggested as a ‘green’ alternative to the
conventional organic solvents for the synthesis of inorganic compounds. Small, watersoluble and pure hexagonal phase NaYF4:Yb3+,Er3+/Tm3+ upconversion nanoparticles
were prepared for the first time in our group by an ionothermal method (Figure 1.3 and
Figure 1.4).[18] The key to this approach is the use of an ionic liquid, [BMIM] [BF4],
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which acts as solvent and template as well as fluoride source. Due to the overlay of ILs on
the surface, the nanoparticles are strongly positively charged, and can be directly
dispersed in water.

Figure 1.3. 1 wt% colloidal water solutions of NaYF4:20%Yb3+,2%Er3+ (i and ii) and
NaYF4:20%Yb3+,2%Tm3+ (iii and iv) with (ii and iv) and without (i and iii) 980
excitation.[18]

Figure 1.4. SEM images of the NaYF4:20%Yb3+,2%Er3+obtained at 120 °C (A:
amorphism); 140 °C (B: aggregate sphere with bad crystallization); 160 °C (C: 30-50 nm
particle); 180 °C (D: 60-80 nm particle); 220 °C (E: spindle) and 240 °C (F: hexagonal
flake).[18]
Up to date, thermal decomposition and hydro (solvo)-thermal reactions are the most
widely used and the best methods for the precise control of shape and size of rare earth
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fluoride nanoparticles. The hydrothermal route is effective to yield one-dimensional (1D)
rare earth fluoride structures.[19] In contrast to these three methods, ionic liquid-based
synthesis is a relatively green route, but the drawback is that particles synthesized
following this approach are of less quality. For example, they are of lower monodispersity,
less uniformity and have a broader size distribution relative to those obtained from the
thermal decomposition processes.

1.4 Strategies to enhance upconversion luminescence
Compared to the well-developed tags such as organic dyes and quantum dots, the
application of upconversion nanomaterials leads to less photodamage to living organisms,
weak background fluorescence due to excitation in NIR spectral range, and deeper
detection and/or treatment range. However, these upconversion nanomaterials usually
have low emission efficiency, partly because of their structure defects and large surface
area with a variety of quenchers. At the same time, the small absorption cross section of
excitation light also limits the efficiency. Therefore, how to enhance the upconversion
emission is one of the most important issues towards the application of these
nanomaterials. Doping concentration optimization, Yb3+, Er3+/Tm3+ co-doping and hightemperature annealing are well-known traditional methods to improve the upconversion
intensity, which have not yet led, however, to satisfactory result for (bio-)medical
applications, especially in in-vivo applications. In recent years new approaches have come
into sight.
1.4.1 Inert shell coating
Coating with a homogeneous layer outside the core has become a common method to
improve the optical properties of nanoparticles. NaYF4:Yb3+,Er3+@NaYF4 core/shell
structured nanoparticles were designed and studied.[8] The shell has essentially two
functions: it protects the emission centers (luminescent lanthanide ions: Tm3+, Er3+ etc.) in
the core, especially those near the surface, from non-radiative energy transfer to surface
defects, which are more prevalent in nano-sized materials. In addition, the shell protects
the ions from non-radiative relaxation processes assisted by the large vibrational energies
of the solvent and surface-associated ligands. Core/shell nanoparticles offer clear
advantages over similar uncoated materials in terms of protection of photoluminescence.
Amongst the many contributions to this approach, it is worthwhile to mention the work of
the van Veggel’s group which proved the core/shell structure [20] and investigated the
structure and chemical composition of the NaYF4/NaGdF4 nanocrystals in detail.[21]
1.4.2 Active shell coating
In 2009, it was reported that active doping of both core and shell with ytterbium ions
(active shell) as a sensitizer brings further improvement in upconversion emission
intensity.[ 22 ] The upconversion luminescence intensity of NaGdF4:Yb3+,Er3+@
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NaGdF4:Yb3+ is stronger than that of NaGdF4:Yb3+,Er3+@NaGdF4 nanoparticles. It has
been proposed that the reason for the increase is the role of the active shell which can
transfer NIR absorbed radiation to Er3+.
1.4.3 Au/Ag enhancement
Another well-known method to enhance fluorescence is to couple emitters to noble
metal surfaces or particles. Au and Ag nanomaterials are commonly chosen noble metals
due to their well-studied surface plasmonic resonance (SPR) behavior. The luminescence
of UCNPs has been improved in various structures, such as Ag nanowires decorated with
UCNPs,[23] Au shell-coated on UCNPs,[24] and Y2O3:Er hollow nanoparticles with an Ag
core inside.[25] In 2010, Schietinger et al. coupled single NaYF4:Yb3+,Er3+ nanoparticles to
a single Au sphere to obtain enhanced upconversion emission as demonstrated with a
combined confocal and atomic force microscope setup.[ 26 ] However, two different
interactions may occur simultaneously when a noble metal approaches a phosphor:
fluorescence enhancement and non-radiative quenching. In some other experiments,[27]
instead of upconversion enhancement the emitter-quencher (UCNPs-Au/Ag) nanocomplex was obtained for tuning the emission of UCNPs or biosensor constructions etc.
where the noble metallic nanomaterials were used only for quenching the emission of
UCNPs.
1.4.4 Li+/Sc3+ doping
In 2008 Zhang et al.[28] found that tri-doping with Li+ ions could enhance the visible
green and red emissions in Y2O3:Yb3+,Er3+ nanocrystals by 25 times. In 2010, Yu et al.[29]
doped trivalent Sc3+ ions in NaYF4:Yb3+,Er3+ nanocrystals. The local symmetry of rare
earth ions was changed and the blue, green, red, and UV upconversion luminescence was
clearly enhanced. This enhancement was explained by the fact that Li+/Sc3+ ions, which
have a smaller cationic radius than Y3+/Yb3+/Er3+ ions, cause a change of local symmetry
of rare earth ions. Because Ln3+ ions are sensitive to the surrounding environment, tailored
modification of the local crystal field was ascribed to be responsible to the enhancement.

1.5

Hydrophobic
nanoparticles

to

hydrophilic

phase

transfer

of

Amongst known chemical routes, high-temperature thermolysis of organometallic
species in nonpolar solvents with a high boiling point has been widely shown to be a
general approach capable of making colloidal nanostructure materials with a narrow size
distribution, low crystalline defects, tunable shape and a good dispersibility in organic
solvents. The problem of this approach is that it typically produces nanocrystals with
hydrophobic surfaces. As is well known, the ideal luminescence nanoparticles used for
biology/biomedicine should meet several requirements, such as being homogeneously
dispersed and colloidally stable in aqueous solvents, maintaining a high quantum yield,
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and showing high specific binding to biological components. The insolubility of such
nanocrystals in aqueous solution thus greatly limits their bio-applications. Surface
modification of nanocrystals has become one of the research foci in the fields of materials
science. The surface coating of nanoparticles is crucial as it determines their properties.
Several strategies have been developed to phase-transfer nanocrystals from hydrophobic
into hydrophilic, not only for UCNPs but also for other hydrophobic nanoparticles such as
quantum dots, magnetic nanoparticles and others.
1.5.1 Ligand exchange (ligand substitution)
The dispersibility of inorganic nanoparticles in water or organic solvent is achieved
by ligand-stabilization. The ligand is normally a molecule that binds to a central metal
atom to form a coordination complex. The bonding between metal and ligand is in general
realized by formal donation of one or more of the ligand’s electron pairs. One popular
method to make a nanoparticle hydrophilic is based on ligand exchange, where the
hydrophobic surfactants on the particle surfaces are replaced by molecules containing
polar groups on both ends. The advantage of this method is that it generates water-soluble
nanoparticles with the lowest possible hydrodynamic diameter.
In 2007, Yin et al.[ 30 ] reported a general approach for transferring hydrophobic
nanocrystals into water through a ligand exchange procedure. Polyelectrolytes such as
poly(acrylic acid) and poly(allylamine) are used to replace the original hydrophobic
ligands on the surface of nanocrystals at an elevated temperature in a glycol solvent and
eventually render the nanocrystals highly water soluble. The physical properties of the
nanocrystals, such as superparamagnetism, photocatalytic activity, and photoluminescence,
are maintained or improved after ligand exchange.
In 2009, Yang et al.[ 31 ] utilized poly(ethylene glycol) grafted hyperbranched
poly(amino amine) (h-PAMAM-g-PEG) to modify different types of hydrophobic
nanoparticles, and transferred them into water with better stability. In the case of CdSe
nanoparticles, the h-PAMAM-g-PEG layer leads to a lower cytotoxicity when compared
with bare CdSe particles, and the applications in biology are extended.
1.5.2 Polymer encapsulation
Polymer encapsulation is another method for phase transfer. In this method the
original hydrophobic ligands are retained on the nanoparticles surface. Because single
polymer chains can contain multiple hydrophobic units and their interactions with the
native organic coatings on nanocrystals can be numerous, they can be bound more
strongly than conventional surfactants. One advantage of this method is that the
functionality of the nanocrystal-polymer assembly can be widely varied through
introduction of different amphiphilic moieties.
In 2004, a general strategy was reported by Parak et al.[32] for phase transfer by
wrapping an amphiphilic polymer around the particles. Here, the hydrophobic alkyl chains
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of the polymer intercalate with the surfactant coating. The surface of the polymer shell
becomes negatively charged, stabilizing the particles in water by electrostatic repulsion. In
particular, high-quality CoPt3, Au, CdSe/ZnS, and Fe2O3 nanocrystals were watersolubilized in this way.
In 2007, Colvin et al.[ 33 ] used amphiphilic copolymers containing poly(ethylene
glycol) (PEG). Those copolymers are generated using a maleic anhydride coupling
scheme that permits the coupling of a wide variety of PEG polymers, both
unfunctionalized and functionalized, to hydrophobic tails. The benefit of this approach is
that after encapsulating the hydrophobic nanocrystals the amphiphilic polymers offer not
only PEG chains available for biocompatibility but also free carboxylic acid groups for
further reaction. Nonspecific binding can thus be reduced.[34]
Yi et al.[35] synthesized upconversion nanoparticles with an amphiphilic layer, which
was 25 % octylamine and 40 % isopropylamine modified poly(acrylic acid) (PAA). The
upconversion luminescence decreased 30 % due to the interaction of PAA with the
UCNPs.
In 2009, Parak et al.[36] described a general approach for synthesizing an amphiphilic
polymer that could be used for the coating of hydrophobic nanoparticles. The amphiphilic
polymer was based on a poly(maleic anhydride) backbone that was modified with
hydrophobic side chains and functional organic molecules. Au, CdSe/ZnS QDs and Fe3O4
inorganic colloidal nanoparticles (with the ligand of TOPO, trioctylphosphine or
dodecanethiol etc.) were successfully transferred to aqueous solution. The attachment of
the polymer to the inorganic nanoparticles was shown to be only mediated by the
hydrophobic interaction and did not depend on the particular surface chemistry of the
nanoparticles.
However, it is obvious that the polymer encapsulation method has one large
disadvantage and that is that it increases the hydrodynamic diameter. The polymers are
often not commercially available and functionalized polyethylene glycol (PEG)
derivatives are therefore expensive.
1.5.3 Silica coating
Silica coating is one of the most popular methods for nanoparticle surface
modification.[37] This coating technique can introduce a silica shell to protect the core
nanoparticle from the external environment. It can be used for both hydrophilic and
hydrophobic nanoparticles of metals, metal oxides, and quantum dots in a size range of 1100 nm.
The silica coating method has also several drawbacks. The formation of insoluble
silica-nanoparticle aggregates is a common problem due to the sensitive surface chemistry
of nanoparticles. Preparation of finer core/shell particles by this method is also difficult as
particles with thin silica coatings have a very high tendency to aggregate, leading to
multicore formation within the silica shell. Moreover, this method is difficult to apply to
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nanoparticles that are insoluble in the alcohol-water media.
1.5.4 Other methods
Apart from the popular methods to convert the hydrophobic UCNPs into hydrophilic
ones such as ligand exchange, polymer encapsulation and silica coating, a few other
strategies such as ligand oxidation reaction, cyclodextrin assembly and ligand-free
UCNPs have also been developed recently.
Huang et al.[ 38 ] introduced a new strategy to prepare hydrophilic upconversion
nanoparticles. The Lemieux-von Rudloff oxidation method was utilized to oxidize
selectively a carbon-carbon double bond (R-CH=CH-R’) in the oleic acid ligand to
provide two carboxylic acids. Owing to the presence of the free carboxylic acid groups on
the surface, the oxidized UCNPs could be directly conjugated with some biomolecules.
This method, however, still suffers from some limitations such as a relatively long
reaction time (> 48 hours) and a low yield.
Li et al.[39] developed a method for converting hydrophobic UCNPs into amphiphilic
UCNPs based on epoxidation of the surface oleic acid ligand and further coupling with
polyethylene glycol monomethyl ether (mPEG-OH). No clear changes were observed in
the morphologies and luminescent properties of the UCNPs during the epoxidation and
functionalization processes. However, this method is still limited to the oleic-capped
nanocrystals.
In 2010 Li et al.[40] developed a simple (only stirring or shaking was needed) and
rapid (< 20 s) synthetic method to “draw” hydrophobic UCNPs into water through selfassembly of β-cyclodextrin and adamantaneacetic acid, which was coated on the surface
of UCNPs. However, 1-adamantaneacetic sodium is expensive and not a common
chemical used in the synthesis of UCNPs. Moreover, conjugation of UCNPs and
biomolecules is difficult because of the absence of proper coupling groups outside βcyclodextrin, which necessitates an additional functionalization process.
In 2011, Capobianco et al.[ 41 ] obtained water-dispersible ligand-free UCNPs by
removing the oleate ligand from the surface of oleate-capped UCNPs synthesized via
thermal decomposition using a simple acid treatment process. After adding HCl solution,
the carboxylate groups of the oleate ligand were protonated to yield oleic acid. The
ligand-free nanoparticles could be dispersed in water. Further modification of these
UCNPs offers potential bio-applications.
In conclusion, when one chooses a phase transfer method, many parameters need to
be considered, such as cost, change of size, or more specific, hydrodynamic diameter,
luminescence properties, stability in aqueous solution, type of biofunctional groups on the
surface of the particles, mono-dispersibility and cytotoxicity after phase transfer etc.
Encapsulating nanoparticles in amphiphilic polymers is a well-established method for
generating biocompatible nanoparticles. However, the process is costly and/or nontrivial,
and the hydrodynamic diameter of the final water-soluble nanoparticles is significantly
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increased by this method. For some in-vitro experiments, or experiments in which small
size is not required, amphiphilic polymers encapsulation is not a bad choice. If
nanoparticles are intended to be used for loading drugs or some special molecules, silica
coating might be more suitable.
Ligand oxidation reaction and cyclodextrin assembly are not mature enough and not
used widely. Modification of ligand-free UCNPs might be a novel and facile method to
make functionalized and water dispersed nanoparticles.

1.6 Upconversion nanoparticles in bio-applications
Traditional fluorophores such as fluorescent organic dyes and quantum dots (QDs)
are mainly based on downconversion fluorescence. These fluorophores have several
inherent drawbacks such as photobleaching, high background noise from bio-tissue
autofluorescence, and considerable photodamage to biological materials. Upconversion
luminescent nanoparticles emit detectable photons of higher energy in the visible and
near-infrared range upon irradiation with NIR light, and thus avoid some of the
disadvantages of conventional downconversion labels. Upconversion nanoparticles are
presently widely regarded as an ideal photonic label/platform for biological applications.
1.6.1 Fluorescence cell imaging and bioimaging in vivo (multimodal imaging)
Nowadays, the molecule has become the key to understand at a fundamental level
processes that occur in wide variety of sciences ranging from physics to biology to health
sciences. In health sciences, for example, one aims to be able to detect disease and injury
at a stage that one still can employ less invasive therapies, as well as to develop highly
specific therapies. There is thus an increasing need to develop methods that allow one to
measure biological pathways and observe cellular events at a molecular level using noninvasive methods Examples of such bioimaging modalities include X-ray imaging,
magnetic resonance imaging (MRI), positron emission tomography (PET), single photon
emission coherence tomography (SPECT), ultrasound imaging, optical coherence
tomography (OCT), computed (X-ray) tomography and fluorescence imaging.
Fluorochrome imaging is an important method. Conventional fluorescent markers are
separated into endogenous and exogenous fluorophores. Endogenous fluorophores are the
fluorescent biomolecules naturally present in tissue, exogenous fluorophores are external
markers like quantum dots, Cy3, Cy5, GFP, CFP etc. with downconversion fluorescence.
There are several problems one has to face when using these fluorophores for imaging: the
fluorescence signals from endogenous fluorophores cause background noise
(autofluorescence), the exogenous fluorophores need to be excited by UV or visible light.
In general, tissue strongly absorbs UV and visible light. As a result, penetration depth is
limited.
Traditional organic dyes and fluorescent proteins have been used successfully for in
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vivo imaging, but suffered from a high bleaching rate in these high-intensity cell imaging
studies, thus making long-term experiments unfeasible. More recently, metal and
semiconductor nanocrystals have been employed as labels in biological detection.[42] The
advantages of the fluorescent nanocrystals are high quantum yield, tunable emission
wavelength and high stability against photobleaching. Furthermore, in contrast to
downconversion fluorescent materials, upconversion nanoparticles show very low
background emission and deep penetration depth. Due to their unique luminescence
properties they have become a new generation of fluorescent labels.[43]
1.6.2 Immunoassay and nucleic acid detection
Upconversion-based homogeneous assays are commonly based on a Förster
resonance energy transfer (FRET) process (Figure 1.5) between a donor and an
acceptor.[44] FRET, also known as fluorescence resonance energy transfer, is in some cases
called luminescence resonance energy transfer (LRET). FRET is an interaction that
strongly dependent on the distance of the donor and the acceptor. Excitation energy is
transferred from the donor to an acceptor molecule without emission of a photon. The
efficiency of FRET is inversely proportional to the sixth power of the intermolecular
separation.[ 45 ] The FRET efficiency (E) is the quantum yield of the energy transfer
transition, i.e., the fraction of energy transfer event occurring per donor excitation event:
E = kET / ( kf + kET + Σki)
where kET is the rate of energy transfer, kf the radiative decay rate and the kj the rate
constant of any other de-excitation pathway. Based on the dipole-dipole coupling
mechanism the FRET efficiency can be described as:
E = 1 / [1 + ( r / R0)6]
where R0 is the Förster distance of this pair of donor and acceptor.
FRET is a simple and effective method to investigate the changes of biological
phenomena in nanoscale, partly because unbound acceptors in the solution are too far to
accept energy nonradiatively due to the sensitivity to the distance between donor and
acceptor. Upconversion based FRET typically relies on FRET coupling of UCNPs (donor)
and a downconversion fluorophore (acceptor). The fluorophore is chosen such that the
emission spectra of the UCNPs overlap with the excitation spectra of the downconversion
fluorophore. It is advantageous for FRET to use UCNPs as donor because NIR does not
excite the fluorophore acceptor. This results in a good detection sensitivity of the signal
from the acceptor. Another advantage is that the narrow and sharp lanthanide emission
band is easily distinguishable from the emission wavelength of the acceptor. The
photostability, low cytotoxicity, deep penetration depth, and minimum photodamage
enable prolonged FRET sensing. Many preliminary applications of using UCNPs for
FRET have been published. Some representative ones are listed below.
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Figure 1.5. Schematic illustration of FRET process between donor and acceptor
In 2005, Li et al.[ 46 ] constructed a FRET system with upconversion luminescent
nanoparticles as energy donors and gold nanoparticles (λabs ~520 nm) as energy acceptors
to detect trace amount of avidin. Both UCNPs and gold nanoparticles were
biofunctionalized with biotin. Because the absorption of gold nanoparticles matched well
with the UCNPs emission, the luminescence of UCNPs is quenched when UCNPs and
gold nanoparticles are in close proximity due to the biotin-avidin interaction. The results
indicated the FRET system is a sensitive and simple system for biological analyses.
Xu et al.[47] utilized a UCNP-gold nanoparticle system to determine the amount of
goat antihuman IgG in a sandwich-type bioassay. Rabbit antigoat IgG functionalized
NaYF4:Yb3+,Er3+ nanoparticles served as the donor, human IgG functionalized gold
nanoparticles as the acceptor. A short spacing between the donor and acceptor
nanoparticles was achieved through sandwich-type immunoreactions. The presence of the
goat antihuman IgG as a bridge leads to energy transfer, which enables the determination
of the concentration of the goat antihuman IgG in the system.
In 2007, Rantanen et al.[ 48 ] changed this model to a two-step energy transfer
homogeneous immunoassay system for which enhanced energy transfer efficiency and a
large anti-Stokes shift were observed. In this system, the acceptor was a tandem dye
molecule that was constructed using B-phycoerythrin as an absorber and the Alexa Fluor
680 (AF680) dye as emitter. Biotinylated tandem dye molecules can be captured by
streptavidin-coated upconversion nanoparticles. The emission of the acceptor is
modulated by a binding event. Energy transfer from UCNPs through a FRET process is
only possible for acceptors in the proximity. Energy transfer from B-phycoerythrin to
AF680 dye leads to 704 nm emission from the AF680 dye. With the tandem dye, it was
possible to achieve four times higher signal from a single binding event compared to the
conventional AF680 dye on its own. The applications of tandem dyes are currently
expanded to fluorescence-based homogeneous assays.
Some immuno-applications of upconversion nanoparticles are not based on FRET
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processes.[ 49 ] In 2001, Hampl et al.[ 50 ] reported upconversion particles used in
immunoassays as alternatives to conventional labeling agents. Submicron-sized (400 nm
diameter) Y2O2S:Yb3+,Er3+ particles were shown to enable a detection limit of 10 pg
human chorionic gonadotropin in a lateral flow (LF) immunochromatographic assay
format. In contrast to conventional labeling agents such as gold nanoparticles or colored
latex beads, the upconversion particles exhibit a 10-fold improvement in detection
sensitivity.
In 2001, Niedbala et al.[51] developed an LF-based strip assay for the simultaneous
detection of amphetamine, methamphetamine, phencyclidine, and opiates in saliva by
using multi-color (550 nm diameter) particles. By analyzing the test strip for each colored
phosphor, the drug molecules were successfully detected on the basis of phosphor color
and position.
1.6.3 DNA detection
DNA/RNA analysis is of great importance in molecular biology, genetics, and
molecular medicine. Many efforts have been made to identify specific variations and
mutations in the human genome. DNA hybridization-based detection is a major technique
for the diagnosis of genetic disease where clinical symptoms are linked to DNA sequence
alterations.[52]
In 2006, Li et al.[53] combined magnetic-field-assisted bioseparation and concentration
techniques with magnetic nanoparticles. Magnetic nanoparticles were modified with
capture DNA and UCNPs were modified with probe DNA, respectively. Capture DNA
was hybridized with target DNA, after which probe DNA was hybridized with the
overhanging region of the target sequences. In this way UCNPs were conjugated
indirectly to the magnetic nanoparticles. After magnetic separation and luminescence
measurement, capture DNA detection was achieved.
In 2009, Rantanen et al.[54] simultaneously utilized the separate emission bands of the
UCNPs donor. Such a method can be used as long as the emission wavelengths of the
acceptor fluorophores are sufficiently apart from each other and do not overlap with the
other labels in the assay. In a dual-parameter sandwich-hybridization assay, two probe
oligonucleotides with sequences complementary to a target sequence of β-actin or HLAB27 were selectively conjugated to AF546 and AF700. The oligonucleotide-modified dye
molecules (AF546 and AF700) and target oligonucleotides were then mixed with UCNPs
premodified with capture oligonucleotides. Upon formation of the sandwich complex
through hybridization, the upconversion emissions at 540 and 653 nm were quenched by
AF546 and AF700, respectively. By measuring the intensities of probe-specific emissions
at 600 and 740 nm, two different target-oligonucleotide sequences could be detected
simultaneously and quantified with a measurement range from 0.35 to 5.4 nM.
FRET is also an excellent tool used in DNA detection. P. Zhang et al.[55] and C.H.
Huang et al.[56] designed a highly sensitive and specific single-stranded nucleotide sensor
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based on the upconversion nanoparticles in 2006. A sandwich-type hybridization format
was adopted by using two short oligonucleotides with designed sequence to capture the
longer target oligonucleotide. One of the short oligonucleotides was covalently bound to
the UCNPs, the other was labeled with a TAMRA fluorophore (580 nm emission) with
the excitation spectrum overlapping with the emission spectrum of UCNPs. In the
presence of target oligonucleotides, the TAMRA was brought close to the UCNPs. Under
NIR excitation, the excitation energy was transferred to TAMRA from which the target
oligonucleotide could be detected.
In 2009 P. Zhang et al.[57] designed a more simple DNA biosensor: upconversion
nanoparticles as energy donor and an appropriate intercalating dye (SYBR Green I) as
energy acceptor. This biosensor is of high sensitivity, specificity and simplicity. The
detection limit of this approach was 20 fmol, and targets could be distinguished with an
accuracy at the single-nucleotide level.
In 2010, Y. Zhang et al.[58] constructed a FRET model for RNA detection and studied
the intracellular fate of siRNA (small interference RNA) in live cells. In this complex
system, BOBO3 (intercalating dye) – stained siRNA was attached to the surface of amino
groups modified UCNPs, and energy was transferred from UCNPs to BOBO3 in close
proximity under excitation of nanoparticles with NIR laser. The FRET efficiency in the
complex increased with the siRNA/nanoparticle ratio. The occurrence of FRET between
the UCNPs and BOBO3 provided real-time evidence for the release and biostability of
siRNA molecules in a buffer and even in live cells. This system could detect some other
biomolecules such as nucleic acid and proteins in both PBS buffer and live cells.
1.6.4 Photodynamic therapy
Photodynamic therapy (PDT) is a novel treatment that involves the use of
photosensitizers (so-called PDT drugs), oxygen molecules, and light of appropriate
wavelengths that can excite photosensitizers. Under proper light illumination, the
photosensitizers act as catalysts that convert oxygen molecules into reactive oxygen
species (ROS), amongst which singlet oxygen (1O2). Singlet oxygen is very reactive and
can cause oxidative damage to biological substrates. It can ultimately lead to nearby cell
death, thus displaying antitumor and/or antibacterial properties. PDT is a relatively new
treatment compared to chemotherapy and radiation therapy. It is also not as widely
practiced. However, most PDT treatments are so far limited to cancers very close to
surface, because visible light which is needed for excitation of photosensitizers does not
penetrate well through tissues. Light of longer wavelengths, such as far red and infrared
light, can penetrate deeper into tissues.
In recent years, the development of upconversion nanoparticles (UCNPs) capable of
converting NIR to the visible range under normal conditions has attracted considerable
interest in PDT because the excitation at NIR can penetrate deep into bio-tissues. In
comparison to traditional fluorescent labels such as organic dyes and quantum dots (QDs),
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UCNPs can be excited by IR radiation with an excellent signal-to-noise ratio owing to the
absence of auto-fluorescence and reduction of light scattering. NaYF4:Yb3+,Er3+ UCNPs
are one of the mostly studied upconversion materials.
The first report of using UCNPs for PDT was in 2007 when NaYF4:Yb3+,Er3+
nanoparticles were coated with a thin layer of SiO2 doped with Merocyanine-540
photosensitizer and functionalized with a tumor-targeting antibody on the surface.[ 59 ]
Under 980 nm excitation, the number of cancer cells in vitro was decreased by 1O2. This
nanosystem could be delivered to cancer cells in a highly specific way, and was capable of
targeting different types of cancer cells. The only problem was the low photosensitizer
loading.
In 2008 Y. Zhang et al. made 50 nm PEI/NaYF4:Yb3+,Er3+ nanoparticles modified
with a zinc phthalocyanine photosensitizer and targeted to folate receptors on human
colon cancer cells.[60] Significant cell destruction was observed. But still, loading of the
photosensitizer ZnPc was low because it was non-covalently adsorbed to the
nanoparticles’ surface. After that, Y. Zhang’s group coated NaYF4 UCNPs by a uniform
layer of mesoporous silica,[61] which has a large surface area of ~ 770 m2g-1 and an
average pore size of 2 nm. A high loading of zinc phthalocyanine photosensitizers could
be achieved by incorporation into the mesoporous silica. It was claimed that “the
photosensitizer encapsulated in mesoporous silica is protected from degradation in the
harsh biological environment and was not released out of the silica during the NIR
excitation”. The nanoparticles are reusable since the photosensitizers encapsulated in the
silica can be romoved by soaking them in ethanol. However, this approach does not work
in deionized water, PBS buffer, or cell culture medium.

1.7 Outline of the thesis
In the next chapter (Chapter 2), the upconversion photoluminescence properties of
NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Er3+@NaYF4 core/shell structure UCNPs are
characterized. In Chapter 3 we systematically study the effect of the surface-related
organic vibrational modes on the spectroscopic properties of rare earth ions in NaYF4
nanoparticles. In Chapter 4 a new structured doping strategy, which could efficiently
enhanced upconversion luminescence intensity was investigated in detail. In Chapter 5
we introduce a new design of a dual-functional nanosystem where the bioimaging and
photodynamic therapy can be realized simultaneously. In Chapter 6 core/shell structured
UCNPs are introduced to a FRET system for singlet oxygen generation. As energy donor
in a FRET process, a proper shell thickness of core/shell UCNPs can facilitate not only
strong luminescence but also optimization of energy transfer efficiency compared to pure
core UCNPs.
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Upconversion Luminescence of
β-NaYF4:Yb3+,Er3+@β-NaYF4 Core/Shell Nanoparticles

Chapter 2

Abstract: Coating nanoparticles with a homogeneous layer outside the core has
become a common method to improve the optical properties of nanoparticles. For rare
earth ions doped nanoparticles a homogeneous coating is found to enhance the
upconversion luminescence. However, so far a wide range of enhancements has been
reported, which indicates that a fundamental picture of the enhancement mechanism is
still lacking. In this work we have performed steady-state and time-resolved spectroscopic
studies on one of the most efficient upconversion nanosystems - β-NaYF4:Yb3+,Er3+ and
β-NaYF4:Yb3+,Er3+@β-NaYF4 core/shell nanoparticles. The role of the surface quench
centers, typically the high-frequency vibrational modes provided by the organic
surfactants in the upconversion luminescence, are studied in detail.
Our results show that the excitation power density, once over a threshold of ~150
W/cm2, has a non-negligible annealing effect, which may even lead to high luminescence
upconversion intensity of the core nanoparticles compared to the shell coated counterparts.
The surface related high-frequency vibrational modes play an important role in the
upconversion process as well as in the laser annealing process. The latter manifests itself
in the difference of the laser annealing effect between the core and core/shell
nanoparticles. From the upconversion luminescence kinetics analysis it turns out that the
luminescent centers of the core nanoparticle are quenched to a large extent. Homogeneous
coating can effectively reduce the quenching and enhance the upconversion luminescence.
It is concluded that the upconversion emission spectrum, or more specifically, the ratio
between the red and green emissions, can be greatly altered by excitation power density
for core nanoparticles, but not for core/shell nanoparticles.
Keywords: upconversion · nanoparticle · vibrational mode · power density · core/shell
structure · annealing
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2.1 Introduction
In recent years, upconversion nanoparticles have attracted much attention because
of their superior spectroscopic properties, which may used advantageously in many fields,
especially in biology and biomedicine.[1] Amongst other advantages is the fact that
excitation can be realized by a compact and inexpensive diode laser at near-infrared, e.g.
980 nm, which is within the optimal optics window of human tissue. In these biomedical
applications upconversion efficiency is of critical importance since the sensitivity of
labeling or the efficacy of the therapy relies on the luminescence of individual
nanoparticles.
Hexagonal phase sodium yttrium fluoride (β-NaYF4), known as the most efficient
host material ever, has been widely studied recently.[2] In bulk, the low phonon energy of
the host strongly suppresses multiphonon relaxation process in the emission centers,
leading to a strong green upconversion emission (2H11/2, 4S3/2 → 4I15/2) and a very weak red
upconversion emission (4F9/2 → 4I15/2) at low doping level, because feeding of 4F9/2, from
which the red upconversion emission comes, requires phonon assistance to bridge the
gaps of the order of several thousand cm-1. Such gaps can not be efficiently bridged by the
phonons of the host lattice that are of the order of several hundred cm-1. When the size of
the crystal decreases to the order of nanometers, it is generally observed that ratio between
the red upconversion emission and the green one is (much) larger than in the bulk. This is
usually ascribed to the presence of modes with high vibrational frequencies such as -OH,
-CH, etc., which are provided by the organic surfactant molecules and match the energy
gaps of the emission centers.[3] However, the underlying mechanism to date is still rather
vague.
In order to enhance the emission, a core/shell structure has been generally adopted
for nanoparticles, including rare earth ions doped nanocrystals, with the hope that the
surface, and hence the quench centers, and emission centers would be separated in space.
Both homogeneous and inhomogeneous core/shell structures have been synthesized and
examined.[4] Typically, a homogeneous core/shell structure is favorable since this design
can reduce the lattice mismatch between the core and the shell. Indeed, enhancement of
down-conversion and upconversion luminescence has been observed for the core/shell
nanoparticles.[2f,4k] The factor of enhancement is often given based on the experimental
results under relatively high excitation radiation without taking into account possible
laser-induced annealing.[5] One may expect, however, that the annealing dynamics are
related with the surface-related vibrational properties since the annealing process is

- 41 -

Chapter 2
basically thermodynamic in nature.
The situation introduced above encouraged us to perform the present research in
order to illustrate the influence of the excitation power density and the surface properties
on the upconversion dynamics of the rare earth ions doped in the nanoparticles, employing
the most efficient upconversion system yet - β-NaYF4:Yb3+,RE3+ nanoparticles and
β-NaYF4:Yb3+,RE3+@β-NaYF4 core/shell nanoparticles. Our results demonstrate that
excitation power, once over ~150 W/cm2, has a non-negligible annealing effect on the
luminescence upconversion dynamics. Enhancement of the emission arising from the
core/shell structure would be largely overestimated if this laser-induced annealing effect
were not taken into account. In our case the luminescence upconversion intensity of the
core can even exceed that of the core/shell ones subject to the same excitation power
density at 980 nm. This “unusual” behavior is related to the high-frequency vibrational
modes of the organic surfactant molecules, which contribute to the upconversion
processes differently in the core and core/shell nanoparticles. From an analysis of the
luminescence kinetics it becomes clear that luminescent centers, which are severely
quenched in the core nanoparticle, can indeed be recovered by the homogeneous coating,
and that the recovery effect depends on the shell thickness. It is concluded that the
upconversion emission spectrum, e.g. the ratio between the red and green emissions, can
be greatly altered by excitation power density for core nanoparticles, but not for core/shell
nanoparticles.

2.2 Experiments
2.2.1 Chemicals
Rare earth oxides (RE = Y, Yb, Er), oleylamine (OM, >80%, Acros), oleic acid (OA,
90%), octadecene (ODE, 90%, Acros), trifluoroacetic acid (99%, Acros), CF3COONa
(>97%, Acros), ethanol, chloroform and hexane of analytical grade were purchased from
Beijing Chemicals and used without further purification. Water used in the experiment
was purified to a resistivity of 18.2MΩ.
2.2.2 Synthesis of β-NaYF4:Yb3+,Er3+ nanoparticles and β-NaYF4:Yb3+,Er3+ @β-NaYF4
core/shell nanoparticles
The synthesis basically followed the routes previously reported in literature.[2a,2f,6]
Briefly, rare earth trifluoroacetates (CF3COO)3RE were prepared at beginning by
dissolving rare earth oxides in trifluoroacetic acid (CF3COOH), followed by drying at 60
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°C. Sodium trifluoroacetate was prepared from sodium carbonate in a similar way. A
mixture of designated molar ratio of CF3COONa (2 mmol), (CF3COO)3Y·3H2O (0.78
mmol), (CF3COO)3Yb·3H2O (0.2 mmol), (CF3COO)3Er·3H2O (0.02 mmol) powder were
dissolved in 10 mL oleylamine (OM), and then filtered to get rid of the residues. Under
vigorous stirring in a three neck flask, the mixture was then heated to 110 °C under the
protection of a nitrogen or argon atmosphere and maintained at the same temperature for
30 minutes to remove the oxygen and residual water. Afterwards, the solution was totally
clear with a slight yellow color. The mixture was then heated slowly to 300 °C in an argon
atmosphere. After 30 min, 5 mL of the core product was taken out for reference. Reaction
of the rest was continued for another 30 minutes with a slow addition of the shell
precursors solution containing CF3COONa (1 mmol), (CF3COO)3Y·3H2O (0.5 mmol) in 5
mL OM. The final mixture was cooled down rapidly to room temperature. Both
nanoparticles were then precipitated using ethanol and isolated via centrifugation for at
least three times. The resulting nanoparticles were dried in vacuum at 60 °C for a
minimum of 24 hours.
2.2.3 Characterizations
XRD studies were performed on powders using a Japan Rigaku D/max-rA X-ray
diffractometer system with monochromatized Cu Kα radiation (λ = 1.5418 Å). The
upconversion emission spectra were acquired using a Jobin-Yvon LabRam Raman
spectrometer system equipped with holographic gratings of 1800 and 600 grooves/mm,
respectively, and a Peltier air-cooled CCD detector. A 980 nm laser diode was used as the
excitation source and the beam was either focused (about 8 cm focal length) to a spot size
of approximately 0.2 mm in diameter to reach high excitation density or defocused to
allow low density excitation. The upconversion luminescence kinetics was recorded with
a 500 MHz Tektronix digital oscilloscope. Excitation was realized by a 10 Hz nanosecond
optical parametric oscillator at 980 nm. Precise control of sample temperature (0.1 °C)
was achieved by means of a Linkam THMS600 temperature programmable
heating/cooling microscope stage. The THMS stage was used in conjunction with a
Linkam LNP cooling system when cooling. In the excitation power dependent
upconversion luminescence experiments, the power density was increased step by step.

2.3 Results and discussion
The powder X-ray diffraction (XRD) patterns (Figure 2.1) of the samples show
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well-defined peaks, indicating the high crystallinity of the synthesized core and the
core/shell structure nanoparticles. The diffraction peaks of β-NaYF4:Yb3+,Er3+@ β-NaYF4
core/shell structure nanoparticles are slightly narrower than the XRD pattern of the core.
Their peak positions and intensities of the XRD patterns match closely with that of
hexagonal β-NaYF4 in JCPDF (28-1192). From the line broadening of the diffraction
peaks the crystallite sizes of the samples are estimated to be approximately 13.9 nm for
the core and 17.2 nm for the core/shell nanoparticles, respectively, based on the
Debye-Scherrer formula. The volume ratio of the core and core/shell nanoparticles is
about 1:1.9, which is consistent with the molar ratio of reaction materials (1:2). The cell
parameters of the two samples were calculated by Unitcell with the crystal system, peak
positions of XRD and corresponding crystal planes: ac = 5.994 Å, cc = 3.522 Å for core
and ac/s = 5.973 Å, cc/s = 3.518 Å for core/shell nanoparticles, which are somewhat larger
than the cell parameters of the bulk β-NaYF4 (a = 5.960 Å, c = 3.510 Å) (JCPDF 28-1192),
indicating that the shell growing process has improved the crystallinity of the
nanoparticles. Large size (~500 nm) β-NaYF4 particles were synthesized following the
same route for the mimic of bulk situation.

Figure 2.1. XRD patterns of β-NaYF4:Yb3+,Er3+ (a) and β-NaYF4:Yb3+,Er3+@ β-NaYF4
core/shell (b) nanoparticles.
When the β-NaYF4:Yb3+,Er3+ nanoparticles are coated with β-NaYF4 shells, the
upconversion emission intensity is enhanced with respect to that of the core nanoparticles
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under low excitation power density (see Figure 2.2). Here, low excitation power density
is meant for the scenario that in this power region the upconversion spectrum is unique for
a specific power density, regardless of its radiation history. Usually, this enhancement is
attributed to the fact that a significant amount of nonradiative centers located on the
surface of β-NaYF4:Yb3+,Er3+ nanoparticles are eliminated by the β-NaYF4 shell.
Moreover, the distance between the luminescent rare earth ions and the surface quench
centers in the core/shell structure is increased, which will reduce the nonradiative
transition probabilities as well.

Figure 2.2. Excitation power density dependence of 525, 545 nm green emissions (2H11/2 /
4

S3/2 → 4I15/2) of core (a), core/shell (b), bulk counterpart (c) and 660 nm red emission

(4F9/2 → 4I15/2) of core (d), core/shell (e), bulk counterpart (f) at low power density (< 150
W/cm2 ).
At high Yb3+ concentration the upconversion processes for the red and green
emission are depicted in Figure 2.3, from which it can be seen that the origin of the red
emission is complex since three population routes co-exist for the 4F9/2 level.
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Figure 2.3. Schematic illustration of the upconversion processes of Er3+ in
β-NaYF4:Yb3+,Er3+ under 980 nm excitation. CR: cross relaxation.
In an upconversion mechanism (excited-state absorption (ESA) or energy-transfer
upconversion (ETU)) where linear decay is dominant, the visible output intensity (IV) will
be proportional to some power (n) of the infrared excitation (IIR) power at low excitation
power density:[7]

IV  I IRn
where n is the number of IR photons absorbed per visible photon emitted.
In our experiments n varies from 2.45 (core) to 2.22 (core/shell) for red emission
and from 2.27 (core) to 2.25 (core/shell) for green emission This phenomenon manifests
itself the involvement of processes other than ETU and/or ESA which should lead to n
being not over 2. Considering the relatively high concentration of Er3+ (2 mol %) cross
relaxation (2H11/2 → 4F9/2 vs. 4I11/2 → 4F9/2) should occur here,[ 8 ] which might be
responsible for the high n. This explanation, however, would seem to be at odds with the
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observation that in a core/shell structure n is closer to 2, especially for red emission. This
concern might be met by the following argument. Compared to the core nanoparticles, the
influence of the high-frequency vibrational modes brought in by the surface organic
groups will be much less in core/shell nanoparticles due to the space separation between
the vibrational modes and the luminescent centers (vide supra). These vibrational modes
are essential for the two population routes of the red emission (Figure 2.3). Indeed, for the
bulk counterpart the upconversion red emission is very weak at low doping level.[9]
However, one should not forget that the relatively high concentration of Yb3+ and Er3+
causes here a non-negligible cross relaxation process as evidenced by the strong red
emission of the “bulk” sample (Figure 2.3). If a linear decay of the intermediate state is
dominant, emission from

2

H11/2/4S3/2 and

4

I11/2 should exhibit, respectively, a

quasi-quadratic and a quasi-linear excitation power dependence, and n should therefore be
around 3. Otherwise n should be smaller and reach a minimum when the upconversion,
instead of the linear decay, becomes dominant. The former scenario is similar to the case
of core nanoparticles when nonradiative vibrational relaxation is very effective, whereas
the latter one refers to core/shell nanoparticles where the surface related high-frequency
vibrational modes do not affect greatly the luminescent centers due to the separation of the
luminescent centers from the surface. This argument is supported by the fact that for the
red emission n is the lowest for the “bulk” sample among the three samples. Note that the
cross relaxation is not important for green emission and thus n does not vary much
between the core and core/shell structures. This relationship can be used to change the
color of the upconversion luminescence. In Figure 2.4 the intensity ratio of red to green
upconversion emissions demonstrates a dependence on the excitation power density and
the nanostructure. For core nanoparticles the ratio is almost 1 at low excitation power
density, but increases significantly with the excitation power density. This does not
happen, however, for core/shell and the “bulk” samples where the ratio decreases only
slightly with excitation power density. Therefore, the upconversion emission spectrum can
be greatly modulated in the presence of an intermediate level with efficient nonradiative
relaxation channels, as occurs, for example, in the case of core nanoparticles.
In the discussion so far we have not brought the effect of laser-induced thermal
effects into consideration. In general, one should be cautious when trying to assess
quantitatively the enhancement of the upconversion luminescence because various factors
other than the separation between the surface quench centers and the luminescence centers
might contribute to the enhancing mechanism. These include excitation power density
dependence of the upconversion luminescence, laser induced annealing, and the fact that
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unequal numbers of luminescent centers are excited in core/shell and core nanoparticles
on account of their difference in size. Such factors are often neglected.
Highly doped sensitizer Yb3+ increases significantly the excitation absorption, and
could thus lead to increased heating. To study the excitation power effect we compare two
scenarios: low excitation power density as we have discussed so far, i.e., <150 W/cm2
where the upconversion spectrum under lower excitation density can be recovered when
the excitation power density decreases back to a low value, and high excitation power
density, i.e., >150 W/cm2, where the spectrum under lower excitation density can not be
recovered when the excitation power density is decreased back.

Figure 2.4. Excitation power density dependence of the intensity ratio of red to green
emissions for the core (a), core/shell nanoparticles (b) and bulk counterpart (c).
In Figure 2.5 the upconversion spectra in the two scenarios are shown for both the
core and core/shell nanoparticles. It can be seen that at the lowest excitation power density
applied in our experiment the upconversion emission of the core nanoparticles is weaker
than that of the core/shell nanoparticles. This trend holds in the entire low-excitation
power density region, but is reversed when the excitation power density is larger than ~
200 W/cm2 (Figure 2.6), in which case upconversion emission is stronger for the core
than for the core/shell nanoparticles. Here the difference of Er3+ distribution between the
two samples has been taken into account and calibrated. The behavior under high
excitation power density is apparently related with an annealing effect since the
upcoversion spectra of both samples can not be recovered when the excitation power
comes back. Similar observations have been reported before.[10]
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In order to understand the mechanism underlying these observations we have
measured the local temperature of samples. As is well known, the close-lying 2H11/2 and
4

S3/2 satisfy a Boltzmann distribution and the relevant emission intensity ratio can be used

to label the local temperature of the luminescent centers.[11] The temperature dependence
of

green

and
3+

red

upconversion

emission

of

β-NaYF4:Yb3+,Er3+

and

3+

β-NaYF4:Yb ,Er @β-NaYF4 nanoparticles under a fixed excitation power density of
about 110 W/cm2 are shown in Figure 2.7 and Figure 2.8. Therefore the radiation power
density and the corresponding local temperature of the radiation area can be related, as has
been done in Table 2.1. For core nanoparticles it is clear that at low excitation the
temperature of the samples is not higher than ~100 °C, whereas at high excitation the
induced temperature can be as high as >300 °C, causing serious annealing of the samples.
One could wonder why the influence on the upconversion spectrum is not the same for the
core and core/shell nanoparticles. To answer this question we have to consider the surface
properties of the two samples. For core nanoparticles the excitation energy of Yb3+ ions
can efficiently excite the surface-related high vibrational frequency modes which will then
be transferred to the low-frequency lattice vibrational modes, increasing the lattice
temperature. For the core/shell structure, on the contrary, the surface is separated by a
shell from Yb3+ ions and the energy transfer channel of the excitation energy is thus
blocked to a certain extent since the blocking effect depends on the quality of the shell.
Thus the temperature increase in the core/shell nanoparticles will not be as clear as in the
core nanoparticles under the same excitation power. The annealing naturally affects
upconversion luminescence since it will lead to a more rigid structure, enhancing the
upconversion emission (Figure 2.6). If the annealing effect is significant, the
upconversion spectrum after excitation with high power density is expected to be different
from the spectrum before excitation. This is indeed what is observed, i.e., when the
excitation power density is >150 W/cm2 (≈100 °C) the upconversion spectrum can not be
recovered.
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Figure 2.7. Temperature dependence of green and red upconversion emission of
β-NaYF4:Yb3+,Er3+ nanoparticles under a fixed excitation power density of about 110
W/cm2. (inset: temperature dependence of the intensity ratio of 2H11/2 → 4I15/2 and 4S3/2 →
4

I15/2 of β-NaYF4:Yb3+,Er3+ nanoparticles).

Figure 2.8. Temperature dependence of green and red upconversion emission of
β-NaYF4:Yb3+,Er3+@β-NaYF4 core-shell nanoparticles under a fixed excitation power
density of about 110 W/cm2. (inset: temperature dependence of the intensity ratio of 2H11/2

→ 4I15/2 and 4S3/2 → 4I15/2 of β-NaYF4:Yb3+,Er3+@β-NaYF4 nanoparticles).
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Table 2.1. Excitation power density and the corresponding local temperature of the core
and core/shell nanoparticles.
Low power density
Power density
(W/cm2)
Core temperature
(°C)
Core/shell
temperature (°C)

High power density

60

90

120

150

187.5

225

262.5

300

337.5

31.4

54.8

76.7

100.1

157.4

199.6

239.8

274.9

324.0

15.3

27.6

40.3

52.5

72.2

94.0

115.1

136.9

158.3

Finally, we would like to discuss the time behavior of the upconversion spectra at
the two excitation power levels. Figure 2.9 depicts the time evolution of the upconversion
luminescence of the core and core/shell nanoparticles and the “bulk” samples. Rise and
decay components are observed similar to other reports.[12] All curves can be well fitted
with the following equation:

where A and B1 and B2 are all positive parameters. The assumption of a single rise
component is simply due to limitation of the time resolution of the setup. In analysing the
curves one has to realize that luminescence decay does not always represent the
depopulation of the emissive state, and that similarly luminescence rise does not always
represent the population of the emissive state. This is due to the fact that when a rise and a
decay component coexist in luminescence kinetics, decay is always the longer one, even if
population is slower than depopulation. Upconversion luminescence of rare earth ions is
precisely one of these examples. Since the intermediate states mediate the upconversion
process, e.g., 4I11/2 and 4I13/2 have much longer lifetimes relative to the final upconversion
emission states, e.g., 4S3/2 (for green emission) and 4F9/2 (for red emission), the rise
components in our measurements are determined by the lifetimes of the latter states,
whereas the intermediate states, i.e., 4I11/2 and/or 4I13/2, determine the decay components of
the upconversion luminescence kinetics. Therefore τ1 and τ2 in fact reflect mainly the
nature of 4I11/2 and 4I13/2 states, and τr represents the lifetime of the 4S3/2 or 4F9/2.
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Figure 2.9. Temporal behavior of the green (A) and red (B) upconversion luminescence of
the core, core/shell nanoparticles and counterpart bulk β-NaYF4:Yb3+,Er3+.
Table 2.2. Rise and decay times of green and red emission of core, core-shell
nanoparticles and the bulk counterpart.
4

S3/2 → 4I15/2 (green emission)

Core

Core / Shell

7.0 ± 0.2

8.9 ± 0.4

τ1 = 39.2 ± 0.5

τ1 = 128.7 ± 0.9

Decay

(64.3%)

(78.8%)

time (μs)

τ2 = 92.7 ± 0.6

τ2 = 302.4 ± 2.1

(35.7%)

(21.2%)

Rise time
(μs)

4

Bulk

F9/2 → 4I15/2 (red emission)

Core

Core / Shell

13.8 ± 0.4

29.3 ± 1.0

τ1 = 87.5 ± 1.6

τ1 = 342.0 ± 1.7

406.3 ±

(48.0%)

(91.8%)

492.7 ±

1.5

τ2 = 222.4 ± 1.1

τ2 = 511.0 ±

0.1

(52.0%)

13.0 (8.2%)

40.0 ±
1.0

Bulk
136.3 ±
0.1

The fit results are given in Table 2.2. The decay time constant of the green
emission (4S3/2 → 4I15/2) increases from ~ 7 µs for the core to ~ 9 µs for the core/shell to ~
40 µs for the “bulk”. Clearly, the core/shell structure differs from the core in removing the
surface effect. This difference might be understood as follows: the core/shell structure
separates in space the surface from the luminescent centers, which can (i) to a certain
extent block the excitation energy transportation to quench centers on the surface, and (ii)
recover the surface luminescent centers, which are severely quenched in the core.
Moreover, the multiphonon relaxation processes in the luminescent centers mediated by
the surface-related organic high vibrational frequency modes will be different. The
core/shell structure increases the distance between the luminescent centers and the
surfactants that provide the vibrational modes responsible for nonradiative vibrational
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relaxation. As a result, the interaction between the two is reduced, and nonradiative
vibrational relaxation becomes inefficient.
The discussion above leads to the conclusion that the lifetimes in core/shell
nanoparticles are shorter than in the bulk, although they are longer than those of the core
nanoparticles, the actual increase depending on the shell thickness. Simultaneously n will
decrease resulting from the evolution from linear-decay dominant to upconversion
dominant.

2.4 Conclusions
Steady-state and time-resolved spectroscopic studies have been performed on one
of

the

most
3+

efficient

upconversion

nanosystems

–

β-NaYF4:Yb3+,Er3+

and

3+

β-NaYF4:Yb ,Er @β-NaYF4 core/shell nanoparticles. It has been found that excitation
power and surface properties - typically the high-frequency vibrational modes provided by
the organic surfactants during the synthetic process - affect the luminescence
upconversion dynamics.
Our results show that excitation power, once over a certain threshold, e.g. ~150
2

W/cm in the present case, has a non-negligible annealing effect. The surface-related high
frequency vibrations play an important role in the upconversion process as well as in the
laser induced annealing process in the core and core/shell nanoparticles. From an analysis
of the luminescence kinetics it has become clear that a large number of luminescent
centers of the core nanoparticle are severely quenched, but can be recovered by
homogeneous coating. It is concluded that for core nanoparticles the upconversion
emission spectrum can be changed to a large extent by the excitation power density but
not for core/shell nanoparticles.
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Effect of Surface-Related Organic Vibrational
Modes in Luminescent Upconversion Dynamics of
Rare Earth Ions Doped Nanoparticles

Chapter 3

Abstract: The surface of nanoparticles is known to be of large importance for
determining the physical and chemical properties of nanoparticles. For their
biological/biomedical applications the surface of the nanoparticles has to be modified
which inevitably affects their performance. In this work we have studied the effects of the
surface-related organic vibrational modes on the spectroscopic properties of rare earth
ions in one of the most efficient luminescence upconversion nanosystems - NaYF4.
Specifically, the effects of the surface quench centers, the surface-related luminescent
centers, as well as the role of shell properties have been investigated spectroscopically.
Our results demonstrate that the surface-related high-frequency vibrational modes can be
critical for the spectral properties of the nanosystems once the surface is not well
separated from the discrete luminescent centers.
Keywords: upconversion · nanoparticle · surface · core/shell structure · vibrational
mode
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3.1 Introduction
Surface interactions between inorganic nanoparticles and organic molecules, as well
as their effects on the physical and chemical properties of the nanoparticles are key to the
application of nanomaterials, especially in the biological and biomedical field.
Upconversion nanoparticles (UCNPs), typically rare earth ions doped ones (e.g. NaYF4[1]),
are considered as being of great potential as fluorescence labels for applications such as
imaging, therapy and detection.[2] Their unique advantages include the virtual absence of
photobleaching, multicolor labeling, deep penetration of (NIR) excitation light in human
tissues and the fact that upconversion can simply be induced by a continuous wave (CW)
diode laser. In recent years several approaches have been taken to improve the
upconversion efficiency. These approaches addressed host material, lattice structure,
doping concentration and vibrational energy of surface ligands, etc.. Lower symmetry and
lower phonon energy of the crystal lattice are beneficial for the upconversion emission
since vibrational coupling with the transition of rare earth ions can enhance the
non-radiative relaxation. Sensitizer-acceptor co-doped upconversion material is
considered to be a good choice and the Yb3+ ion is usually taken as a good sensitizer for
upconversion, as it has a large absorption cross section for NIR irradiation and a proper
energy level scheme for efficient energy transfer to Er3+/Tm3+ ions.
To study the effect of the surface-related organic vibrational modes on the
spectroscopic properties of rare earth ions in upconversion nanoparticles, we have
designed a series of core/shell nanoparticles with a varying thickness of the homogeneous
shell. Coating with a homogeneous shell outside a core is considered as an efficient route
to improve the luminescence properties of upconversion nanoparticles.[3] In general it is
thought to be able either to modify/minimize the surface defects and/or to shield
high-frequency vibrating bonds from the outside. In this work we focus on the influence
of the shell thickness of α-NaYF4:Yb3+,Er3+@ α-NaYF4 on the upconversion dynamics,
and elucidate the role of a homogeneous coating.

3.2 Experiments
3.2.1 Chemicals
Rare earth oxides (RE = Y, Yb, Er), oleylamine (OM, >80%, Acros), oleic acid (OA,
90%), octadecene (ODE, 90%, Acros), trifluoroacetic acid (99%, Acros), CF3COONa
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(>97%, Acros), 2-aminoethyl dihydrogenphosphate (AEP) was purchased from Aldrich.
Ethanol, chloroform and hexane of analytical grade were purchased from Beijing
Chemicals and used without further purification. Water used in the experiment was
purified to a resistivity of 18.2MΩ.
3.2.2 Synthesis of NaYF4:Yb3+,Er3+@NaYF4 core/shell structured upconversion
nanoparticle
The synthesis of nanoparticles followed a similar scheme as reported before.[4]
Briefly, rare earth trifluoroacetates (CF3COO)3RE·3H2O were prepared by dissolving
relative rare earth oxides in trifluoroacetic acid, followed by drying at 60 ºC. A mixture of
designated molar ratio of trifluoroacetate salts powder (Na+/RE3+ = 1/1, Y3+/Yb3+/Er3+ =
78/20/2, mol/mol) was dissolved in 10 mL oleic acid (OA), 10 ml oleylamine (OM) and
20 mL octadecene (ODE), and then passed through a filter to get rid of the residues.
Under vigorous stirring in a three-neck flask, the mixture was heated to 110 ºC under
vacuum and maintained at this temperature to remove the residual water and oxygen for
more than 30 min during which time the flask was purged periodically with dry argon gas
for protection from oxidation. At this point the solution was totally clear with a slight
orange color. Subsequently, the mixture was heated slowly to 250 ºC under argon
atmosphere conditions. After 2 hours, all the products were cooled to room temperature
and separated into six equal parts. Every part of the product we obtained was reheated to
250 ºC under vigorous stirring and under dry argon gas conditions, after which different
amounts of shell precursors solutions containing equal molar of sodium trifluoroacetate
and yttrium trifluoroacetate were slowly added into the reaction systems. All of the
followed reactions were allowed to continue for another 1 hour. Every final mixture was
cooled down rapidly to room temperature, precipitated with ethanol, and isolated via
centrifugation for at least three times. The resulting nanocrystals were dried in vacuum at
60 ºC for a minimum of 24 hours. According to the increasing amount of shell materials
we added, the samples were marked as S1, S2, S3, S4, S5 and S6 (see also Scheme 3.1).
3.2.3 Phase transfer of upconversion nanoparticle from hydrophobic to hydrophilic
The AEP ligand surface UCNPs were obtained via a ligand exchange process by
2-aminoethyl dihydrogenphosphate (AEP). 200 mg of AEP was dispersed into a 10 ml
mixture of water and ethanol (volume ratio is 3:2). The hydrophobic UCNPs solution (~20
mg, purified and dispersed in 5 mL of chloroform) were mixed with the AEP solution and
stirred vigorously over 48 hours at 30 °C. The UCNPs transferred from the bottom
chloroform layer to the top H2O/CH3CH2OH layer, which was collected and washed three
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times by water. After centrifugation, the obtained nanoparticles were redispersed in water.
After phase transfer, the AEP-terminated UCNPs provide an amino group which can be
used for covalently coupling with carboxyl-terminated molecules.
3.2.4 Characterizations
Structure characterization was performed via (i) XRD studies at a Japan Rigaku
D/max-rA X-ray diffractometer system with monochromatized Cu Kα radiation (λ =
1.5418 Å), and (ii) SEM images obtained at a field emission scanning electron microscope
(FE-SEM, Hitachi, S-4800). In the latter case a small drop of the sample re-dispersed in
hexane was deposited on a silicon substrate and air-dried. The upconversion emission
spectra were collected using a Jobin-Yvon LabRam Raman spectrometer system equipped
with holographic gratings of 1800 and 600 grooves/mm and a Peltier air-cooled CCD
detector. A 980 nm CW laser diode was used for optical excitation, and the beam was
focused to a spot size of approximately 0.2 mm in diameter. The lifetimes of the 4S3/2 and
4

F9/2 states of Er3+ were measured with (1) a 500 MHz Tektronix digital oscilloscope

under excitation of 980 nm light pulses from an ns optical parametric oscillator, and (2) a
Hamamatsu C5680-21 streak camera in combination with excitation around 960 nm
provided by a dye laser.

3.3 Results and Discussion
In this experiment six α-NaYF4:Yb3+,Er3+@α-NaYF4 core/shell structure samples
were synthesized. A schematic illustration of the structures of these six samples is given
in Scheme 3.1 (this scheme does not show Yb3+ doping ions). In these samples the
α-NaYF4:Yb3+,Er3+ cores remain of the same size. The only difference between them is
the shell thickness, which was controlled during the shell-growing period. Compared to
the other samples, samples S5 and S6 can not be dispersed in non-polar organic solvents
in a stable manner. Figure 3.1 shows the SEM images of the six samples. The average
particle sizes are 8.8 nm (S1), 10.9 nm (S2), 12.8 nm (S3), 15.1 nm (S4), 17.5 nm (S5),
and 20.0 nm (S6), respectively. As a reference, an SEM image of the bare core
nanoparticle is also given in Figure 3.1. From this figure the size of the core is determined
as 6.0 nm.
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Scheme 3.1. Schematic illustration of the structure of the samples S1 to S6.

Figure 3.1. SEM images of S1, S2 up to S6; S0 are the naked core nanoparticles.
The powder X-ray diffraction (XRD) patterns of the samples displayed in Figure 3.2
show well-defined peaks, indicating the high crystallinity of the synthesized nanoparticles
of pure α-NaYF4 referenced with the JCPDS card: 77-2042. Increasing the shell thickness,
the X-ray diffraction peaks become sharper and sharper. From the line broadening of the
diffraction peaks, the crystallite sizes of the six samples were determined to be
approximately 9.1, 10.4, 12.5, 14.6, 16.3 and 18.5 nm using the Debye-Scherrer formula.
These sizes are in agreement with the results obtained from the SEM images.
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Figure 3.2. XRD patterns of samples of S1, S2 up to S6.
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Figure 3.3. Green and red integrated upconversion emissions of the six samples under the
excitation power density of about 60 W/cm2. The green emission band (520 - 560 nm) is
enlarged by five times.
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The upconversion emission spectra of Er3+ ions in α-NaYF4 nanoparticles are shown
in Figure 3.3. In these experiments an excitation wavelength of 980 nm is used with an
excitation power density of about 60 W/cm2. Compared to S1, the upconversion emission
intensity increases from 20 times (S2) to 160 times (S6). This trend can be rationalized by
the fact that for small samples the surface area determines to a large extent the properties
of the nanoparticle. For example, for nanoparticles of ~6 nm in size more than 60% of the
crystal lattice is on the surface. This means that more than 60% of the rare earth ions are
located in the surface thin layer. Here they are subject to nonradiative relaxation caused
by surface defects and high-frequency vibrational modes of the coupled organic molecules,
as a result of which the emission is quenched.
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9
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Sample
Figure 3.4. The intensity ratio of red/green of the six samples under IR excitation with the
power density of 60 W/cm2.
Surprisingly, the shape of the emission spectrum does not change monotonically as a
function of the shell thickness (Figure 3.4). In detail, the red to green emission ratio
increases from 8.5 in S1 to 12.0 in S3, and then decreases to 9.5 in S6. To understand this
phenomenon, we have to consider the complex upconversion mechanism occurring in rare
earth ions. In Er3+, for example, several population routes co-exist for the 4F9/2 level. In
our previous work we showed that cross-relaxation can not be neglected when the Er3+
concentration is around 2%.[3a] Strong cross-relaxation favors red emission. When the first
layer of the homogeneous shell is grown on the surface of the nanoparticles, a significant
amount of nonradiative centers located on the surface of NaYF4:Yb3+,Er3+ nanoparticles
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are eliminated due to the shielding effect of the NaYF4 shell. Cross-relaxation processes
will be enhanced resulting in the increase of the red to green emission ratio. The process
described above is defined as the first stage. When the shell continues to grow in the
second stage, the surface and emission centers will be spatially more and more separated.
This will weaken the interaction between high-frequency vibrational modes and optical
transitions in emissive ions and thus decrease the red emission. As a result, the red to
green emission ratio is reduced as observed at the second stage.
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Figure 3.5. Logarithmic plots of the integrated intensity of the upconversion emission
from level 2H11/2/ 4S3/2 and 4F9/2 to 4I15/2 obtained under 980 nm laser excitation.
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Considering the upconversion mechanism (excited-state absorption (ESA) or
energy-transfer upconversion (ETU)) the intensity of the visible output will be
proportional to some power (n) of the infrared excitation power. Figure 3.5 shows that in
our experiments n varies from 3.37 to 2.90 for red emission and from 3.09 to 2.51 for
green emission with the increase of the shell thickness. For processes involving only ESA
and/or ETU n should not exceed 2. We thus conclude that other processes are involved as
well. Considering the relatively high doping concentration of Er3+ (2 mol %) cross
relaxation (2H11/2 → 4F9/2 vs. 4I11/2 → 4F9/2) should occur here,[5] which would lead to
values of n larger than 2.
Population of 4F7/2 from a three-photon populated energy level (4G11/2) might be
another reason that n exceeds 2. This explanation is, however, at odds with the
observation that upon increasing the shell thickness in the core/shell structure n gets closer
to 2. When the shell thickness is increased, one expects that the influence of
high-frequency vibrational modes of the surface organic groups would be reduced.
Following this argument, the nonradiative relaxation efficiency should decrease when the
shell gets thicker, which in turn should decrease nonradiative relaxation from 4G11/2 to
4

F7/2 decreases. This will lead to a higher population of 4G11/2 contributing to ultraviolet

radiation, and a reduced contribution of emission from 4F7/2 populated via nonradiative
relaxation.
Both the green and red luminescence decay curves of the six samples are close to an
exponential form, which means that all emission centers experience nearly the same local
environment. The time evolution of the green (4S3/2 -4I15/2) and red (4F9/2 -4I15/2)
upconversion luminescence of the six samples of core/shell nanoparticles with different
shell thicknesses are depicted in Figure 3.6. All curves can be fitted well to the following
equation with one rise and one decay component:

I (t )   Ae



t
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where A, and B are all positive parameters. It has to be realized that a luminescence decay
does not always represent the lifetime of the emissive energy level,[9] and that a
luminescence rise does not always represent the population of the emissive level as well.
This is due to the fact that when a rise and a decay component co-exist in luminescence
kinetics, the decay is always the longer one, even if the population rate is faster than the
depopulation rate. Upconversion luminescence of rare earth ions is precisely one of these
examples where the population rate is usually faster. The intermediate states, e.g. 4I11/2 and
4

I13/2, that mediate the upconversion process have much longer lifetimes than the
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upconversion emissive states, e.g. 4S3/2 (for green emission) and 4F9/2 (for red emission).
The rise components in our measurements are determined by the lifetimes of the latter
states, whereas the intermediate states determine to a large extent the decay components
of the upconversion luminescence kinetics. Therefore the rise constant reflects mainly the
nature of 4I11/2 states in green emission and 4I13/2 states in red emission, and the decay
constant represents the lifetime of the 4S3/2 or 4F9/2 states.
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Figure 3.6. Temporal behavior of the green (A) and red (B) upconversion luminescence of
the series of core/shell structure nanoparticles.
Table 3.1. Rise and decay components of the green and red emission of core/shell
nanoparticles with different shell thickness.
Green emission (545 nm)

Red emission (660 nm)

r (μs)

 (μs)

r (μs)

 (μs)

S1

8

73

40

113

S2

10

168

50

327

S3

13

200

78

440

S4

13

290

93

672

S5

13

345

106

850

S6

13

350

110

990

From Table 3.1 it can be seen that for both the green and red emission the
upconversion luminescence decay lifetime increases with the shell thickness. The same is
true for the rise time of the red emission. The rise time of the green emission, however,
remains constant after sample S3, which indicates that the previously mentioned

- 69 -

Chapter 3
surface-related effects can be neglected when considering the vibrational relaxation
dynamics of the 4I11/2 state.
To elucidate further the effects of the surface, the optical properties of UCNPs with
different surface ligands were studied. Two samples were prepared. A NaYF4: 20% Yb3+,
2% Er3+ UCNPs (core) powder sample with oleylamine (OM) ligands was synthesized.
Part of these UCNPs was transferred to the hydrophilic phase by substitution of the OM
ligands with the 2-aminoethyl dihydrogenphosphate (AEP) ligand via a ligand exchange
process. We measured the upconversion lifetime of the green (4S3/2 -4I15/2) and red (4F9/2
-4I15/2) transitions of the two samples with different surface ligands of which the
time-resolved emission spectra are depicted in Figure 3.7. Table 3.2 reports the time
constants obtained from fitting the luminescence decay curves for the red and green
emissions of the two samples. We observe that both green and red emissions are quenched
to a larger extent than observed for the sample with OM ligands, which can be
rationalized by the fact that the AEP ligands contain more -OH, -NH2 high vibrational
energy modes.

Figure 3.7. Streak image of time-resolved upconversion luminescence spectra of UCNPs
with OM (A) and AEP (B) ligands on the surface (λexc = 950nm).
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Table 3.2. Rise and decay components of the green and red emission of core/shell
nanoparticles with different shell thicknesses.
UCNPs-OM

UCNPs-AEP

545 emission

660 emission

545 emission

660 emission

Rise (μs)

10.4

29.1

9.4

22.1

Decay (μs)

137.9

269.4

114.2

209.9

3.4 Conclusions
From an analysis of the luminescence kinetics of core/shell UCNPs it has become
clear that generally a large number of luminescent centers of the core nanoparticle are
severely quenched, but can be recovered by homogeneous coating. Our results
demonstrate that the surface-related high-frequency vibrational modes play an important
role in the upconversion process. Coating a homogenous shell can alter the upconversion
channels and thus be used to manipulate the upconversion mechanism and control the
upconversion luminescence spectra.
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Structured Doping: A Strategy to Enhance
Upconversion Luminescence for Bio-applications

Chapter 4

Abstract: Luminescent upconversion nanoparticles doped with rare-earth ions have
been intensively studied in recent years because of their unique properties, in particular
their ability to perform infrared to visible photon conversion under CW illumination
conditions. For in vivo applications their upconversion luminescence quantum yield is,
however, not yet high enough, thereby impeding their potential medical applications.
Rationally enhancing the emitter doping saturation threshold is a challenge to improve the
upconversion luminescence. Here we report an approach to increase the number of the
doped emitters in a nanoparticle that is based on the distribution of the emitters over
several spatially separated areas. The spatial separation effectively blocks energy transfer
between the separated areas. As far as the upconversion nanomaterial NaYF4:Yb3+,Er3+ is
concerned we show that this approach enables us to more than double the so far accepted
upper limit of the concentration quenching threshold of ~2 mol % for Er3+, and raise it to 5
mol %, and thus enhance the upconversion luminescence significantly. Spectroscopic
studies have been carried out to elucidate the upconversion mechanism, while studies of
the efficiency with which singlet oxygen can be generated in conjugates of nanoparticles
with photosensitizers demonstrate their suitability for medical applications. Our results
suggest that our approach could very well be extended to other doped systems used for
photonic applications.
Keywords: upconversion · nanoparticle · concentration quenching · singlet oxygen ·
lanthanides
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4.1 Introduction
Rare earth ions doped luminescence upconversion nanoparticles (UCNPs) have
attracted much attention in recent years owing to their superior spectroscopic properties,
mainly arising from the existence of stable intermediate states. These properties can be
used to ones advantage for applications in many fields, especially in biology and
biomedicine.[1] Amongst these materials, hexagonal-phase NaYF4 is reported as one of the
most efficient hosts for performing infrared-to-visible photon conversion in the doped
rare-earth ions.[2] However, the inherent requirement of low excitation density level in
biological systems is a challenge for these photonic nanoparticles because of their low
efficiency in the photon upconversion dynamics, which is not higher than several
percent.[3] Thus the optimization of every step in the excitation energy transfer route
becomes vital. Hereto, one of the well-known approaches to enhance upconversion
luminescence is to couple the nanoparticles to metallic surfaces or particles. In the vicinity
of metal structures, the electric field distribution is altered, often referred to as local field
effect. As a result, the excitation field as well as the emitted radiation can be enhanced.
However, quenching by energy transfer and non-radiative relaxation in the metal is also
possible.[4] Another effective way to avoid emission quenching is to grow a homogeneous
shell outside the UCNPs.[ 5 ] The shell has essentially two functions: it protects the
luminescent lanthanide ions in the core, especially those near the surface, from
nonradiatival energy transfer due to surface defects, which are more prevalent in
nanoscale materials. In addition, the shell protects the ions from nonradiative relaxation
processes involving the large vibrational energies of the solvent and surface-associated
ligands. Core/shell nanoparticles offer clear advantages over similar uncoated materials in
terms of protection of photoluminescence. Recently, active doping of both core and shell
with ytterbium ions as sensitizer has led to further improvement in upconversion emission
intensity.[6] However, such core/shell architectures just protect the doped emitters from the
influence of the surroundings such as quenching by surface defects, solvents, as well as
the surface-bound ligands. It does not solve the problem of the low doping level.
Concentration quenching is always observed at relatively low activator doping level. In
the case of NaYF4, it is usually accepted that the optimal dopant concentrations are
approximately 20 mol% for sensitizer Yb3+ and 2 mol% for activator Er3+.[7] Very recently
it was reported that the intensity of upconversion emission could be increased by
increasing the relative content of Yb3+ ions from 20 to 100%. However, as far as activators
was concerned, a decrease in upconversion intensity was observed when the content is
more than 2%.[8]
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Scheme 4.1. Depiction of nanoparticles with a sandwich-like architecture in which the
doping activators are spatially separated. It contains four parts: the core (NaYF4:Yb3+,
Er3+), the first active shell (NaYF4:Yb3+), the second illuminate shell (NaYF4:Yb3+, Er3+)
and the final active shell (NaYF4:Yb3+).
Aiming at improving the doping level of the activators, and thus to enhance the
upconversion luminescence, we establish a strategy of spatially separating the doping area.
To this purpose a sandwich-like architecture (Scheme 4.1) has been developed of which
the shell doped only with Yb3+ serves two purposes. On the one hand, it protects the
luminescent ions against the influence of the surroundings and enables the transfer of the
absorbed NIR photon energy to activators of both sides.[6] On the other hand, it minimizes
the energy transfer between the activators inside and outside. The latter aspect leads to the
improvement of the concentration quenching threshold. It is demonstrated in the present
work that such a structured doping strategy doubles the activator doping level as far as
Er3+ is concerned. These findings open a new pathway to rationally improve the
upconversion emission, and can facilitate the realization of potential biological
applications of lanthanide ions doped nano-platforms, as well as enable new opportunities
in energy harvesting and conversion.

4.2 Experiments
4.2.1 Chemicals
(CF3COO)3Y·3H2O, (CF3COO)3Yb·3H2O and (CF3COO)3Er·3H2O were purchased
from GFS chemicals. CF3COONa, oleylamine (OM), rose bengal (RB), 6-bromohexanoic
acid, poly(allylamine) (PAAm), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3dimethyllaminopropyl) carbodiimide (EDC) were purchased from Aldrich. 1,3-
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diphenylisobenzofuran (DPBF) was purchased from Fluka. Ethanol and hexane were of
analytical grade.
4.2.2 Nanoparticle synthesis
Nanoparticles of these three different models were all synthesized using a four-step
method. The synthesis of NaYF4:Yb3+,Er3+ bare core upconversion nanoparticles has been
performed similar to the procedures reported previously (Chapter 2). Upon formation of
the core nanoparticles, the other three shell precursors were mechanically injected into the
reaction flask step by step, resulting in the final hexagonal-phase multi-shell nanoparticles.
4.2.3 Phase transfer of upconversion nanoparticles from hydrophobic to hydrophilic
The ligand exchange process was carried out to transfer hydrophobic UCNPs into
hydrophilic ones using PAAm as ligand. 0.1 mL of PAAm solution (20 wt % in water) was
dispersed in 10 mL ethanol. The hydrophobic UCNPs solution (~20 mg, purified and
dispersed in 2 mL of cyclohexane) was mixed with the PAAm solution and stirred
vigorously over 48 hours at 30 °C. After centrifugation, the obtained nanoparticles were
redispersed in water. After phase transfer, the PAAm terminated UCNPs provide amino
groups which can be used for covalently coupling carboxyl terminated molecules.
4.2.4 Conjugation of upconversion nanoparticles and rose bengal photosensitizer
First, the RB-NHS ester was synthesized as a previous protocol.[9] Then, a 2.5
mg/mL solution of UCNPs was mixed with 1 mg RB-NHS ester at room temperature for 4
hours. UCNP-RB conjugates were dialyzed in water for two days to remove unreacted
photosensitizer.
4.2.5 Singlet oxygen detection
1

O2 was detected chemically using 1,3-diphenylisobenzofuran (DPBF) as a singlet
oxygen sensor. Stock solutions of UCNP-RB conjugates were prepared by dispersing
nanoconjugates in water. DBPF was prepared as a 8 mmol/L solution in water. All
solutions were kept in the dark. In our experiments, 15 μL of the DPBF stock solution was
added to a vial containing 2 mL of the photosensitizer stock solution and the mixture was
mixed well. For detection, the mixture was irradiated at 980 nm using a CW diode laser.
4.2.6 Characterization
The structure and morphology of the UCNPs were characterized using a Bruker
D8-advance X-ray diffractometer (XRD) with Cu K radiation (λ = 1.5418 Å), and a field
emission scanning electron microscopy (FESEM, Hitachi, S-4800). Transmission electron
microscopy (TEM) was performed on a Tecnai G2 F20 S-TWIN D573 electron
microscope operated at 300 kV TEM. The upconversion emission spectra were acquired
using a Jobin-Yvon LabRam Raman spectrometer system equipped with 1800 and 600
grooves/mm holographic gratings, respectively, and a Peltier air-cooled CCD detector.
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The samples were excited by a CW semiconductor diode laser at 980 nm. The
upconversion luminescence spectra were measured under identical conditions in order to
compare their relative emission intensities. The reduction in absorption was monitored as
a function of time after irradiating samples with a 980 nm diode laser using a HewlettPackard/Agilent 8453 Diode-Array Biochemical Analysis UV-Vis Spectrophotometer.
The luminescence kinetics was recorded with a 500 MHz Tektronix digital oscilloscope,
using an optical parametric oscillator to provide excitation by a nanosecond pulse train at
480 nm.

4.3 Results and Discussion

a

b

c

d

e

f

Figure 4.1. TEM images of the different structured nanoparticles: (a) core; (b)
core/(active shell); (c) core/(active shell)/(luminescent shell); (d) core/(active
shell)/(luminescent shell)/(active shell) (model A); (e) model B; (f) model C; scale bar =
100 nm.
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The nanoparticles designed with a sandwich-like architecture (denoted as model A),
were synthesized using the well-known thermolysis protocol, which proceeds via
decomposition of metal trifluoroacetate precursors. The resulting hexagonal-phase
nanoparticles had a mean particle size of 25 nm with a standard deviation of 0.6 nm. The
core-only nanoparticles had a mean particle diameter of 10 nm (Figure 4.1 (a)) with an
extremely narrow particle size distribution. The first active shell, second illuminating shell
and the final active shell led to sizes of the nanoparticles of 15 nm, 20 nm, and 25 nm (see
Figure 4.1 (b), (c) and (d)) with a narrow size distribution as shown in Figure 4.2. The
X-ray diffraction (XRD) pattern for model A is shown in Figure 4.3. Obviously, the
model A sample is pure hexagonal-phase NaYF4 and well crystallized. During the course
of the shell preparation, the synthesis was performed using a mechanical pump for the
precise addition of the shell precursors to the reaction vessel to eliminate any variation
caused by the rate of addition. Thus, the observed increase in size of the nanoparticles is
attributed to the gradual growth of the shell around the core. From the difference in
particle size of these four structures, every shell is estimated to be 4.6 nm thick.

Figure 4.2. Histogram of the nanoparticle size distribution showing the different stages of
nanoparticles (model A): (a) core; (b) core/(active shell); (c) core/(active
shell)/(luminescent shell); (d) core/(active shell)/(luminescent shell)/(active shell).
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Figure 4.3. Experimental powder X-ray diffraction (XRD) pattern for the final products
(model A) and the calculated line pattern for the hexagonal NaYF4 phase.
To illustrate better the existence of the sandwich-type architecture and the advantage
over the traditional core/shell structure, we have designed for comparison two different
models B and C (see Scheme 4.2). Model A contains four parts: the core (NaYF4: 20%
Yb3+, 2% Er3+), the first active shell (NaYF4: 20% Yb3+), the second luminescent shell
(NaYF4: 20% Yb3+, 2% Er3+) and the final active shell (NaYF4: 20% Yb3+). Model B
differs from model A by mixing the lanthanide trifluoroacetate precursors of the first three
parts of model A, gradually growing the core (see Scheme 4.2, the yellow part in model B)
until the same size of the first three parts in model A is reached, whereas the final active
shell was kept unchanged. Compared with model A, model B has the same doped quantity
but lower doping concentration. For model C, 2% Er3+ was doped into the first active shell,
also forming a core (also see Scheme 4.2, the green part in model C) as big as the first
three parts of model A, while the final active shell was kept the same. With this structure,
model C has the same doping concentration but a higher number of emitters compared to
model A. To guarantee that the nanoparticles of these three different models have the
same size, the amount of the lanthanide trifluoroacetate precursors of every part and the
synthetic approach were kept the same. TEM images of model B and C are shown in
Figure 4.1 (e) and (f).
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Scheme 4.2. Structures of models A, B and C
Figure 4.4 shows the upconversion emission spectra of the three different UCNPs.
In all cases, upconversion emission was observed in the green and red spectral regions
following excitation at 980 nm. Green emission at 510 – 570 nm is well-known, and has
been ascribed to transitions from the 2H11/2 and 4S3/2 excited states to the 4I15/2 ground state
(centred at 525 and 550 nm, respectively). Red emission between 630 – 680 nm is from
the 4F9/2 excited state to the ground state. [10]

Figure 4.4. Upconversion luminescence spectra of colloidal nanoparticles with model A
(black line), model B (red line) and model C (blue line). The inset shows the schematic
illustration of the upconversion luminescence process with 980 nm excitation.
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The upconversion luminescence spectra also reveal distinct differences between
these three models. The most obvious one is the emission intensity. The highest emission
is observed in model A which is larger by a factor of approximately 3.5 in the green and
2.3 in the red compared to model B, and by a factor of 2.1 in the green and 1.1 in the red
compared to model C. As we know, the distance between two neighbouring activators can
significantly affect the photophysical properties of the nanoparticles, as is apparent from
the upconversion luminescence spectra of models B and C. Both of them have a similar
architecture with activators homogeneously distributed in the core, while the Er3+
concentration is larger in model C (2%) than in model B (less than 2%). We find that the
intensity and the red to green (R/G) ratio observed for model C (R/G ratio = 2.15) is
higher than observed for model B (R/G ratio = 1.70). For model C, the number of
activators is higher than for model A, whereas the Er3+ concentration, and thus the
distance between two neighbouring activators, is the same, however, the upconversiojn
emission of model C is even weaker. Furthermore, the red to green (R/G) ratio in model A
(R/G ratio = 1.15) is less than that in model C (R/G ratio = 2.15). It is interesting to note
that compared to model C, model A has a much stronger upconversion luminescence and
an even lower R/G ratio.
These spectral differences are related to the upconversion mechanism. The energy
4
level F9/2 for the red emission (4F9/2 → 4I15/2) can be populated via the following processes
(see Figure 4.4):[11] (i) direct population from the 4I13/2 level, which can be populated
through the nonradiative relaxation of the 4I11/2 level, (ii) via nonradiative relaxation from
the 4S3/2 level, and (iii) by 4F7/2 → 4F9/2 and 4I11/2 → 4F9/2 cross-relaxation processes
between two nearby Er3+ ions. The first two processes emphasize the importance of
multiphonon relaxation, which is mainly caused by the presence of the organic groups on
the surface of the nanoparticles. In this case, the particles of these three different models
are all coated with an active shell and have the same size, thus we do not expect much
difference in the red emission populated by multiphonon relaxation. The cross-relaxation,
which is dependent on the distance between two neighbouring activators, is then the one
that is responsible for the difference in red emission. From this point of view, the Er3+ Er3+ distance in model B is less than that in model C. Therefore, the red to green (R/G)
ratio of model B (R/G ratio = 1.70) is less than that of model C (R/G ratio = 2.15). As far
as models A and C are concerned, they have the same Er3+ – Er3+ distance but a different
architecture. The red to green (R/G) ratio of model A (R/G ratio = 1.15) is less than that of
model C (R/G ratio = 2.15). It is reasonable to assume that in model A the sandwich-like
architecture hampers the cross-relaxation process in the interface area, and thereby lifts
the concentration quenching threshold. This would lead to an enhancement of the overall
upconversion luminescence and a relatively low R/G ratio.
It is well known that a high doping level can lead to deleterious resonant energy
transfer, increasing the possibility of the excitation energy being trapped by quench
centers. The concentration of activator ions should thus be kept low and precisely adjusted
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to avoid the quenching effect. Therefore, in Yb3+, Er3+ co-doped NaYF4 systems the
sensitizer content is normally kept high (about 20%), while the activator content is
relatively low (about 2%), minimizing excitation energy loss. This was indeed proved by
further increasing the doping level of model C to 3%, where the concentration quenching
happened (see Figure 4.5) in line with previous reports.[8] In principle, the growth of the
activator doping concentration would lead to an increase of the R/G ratio,[12] which is also
substantiated by comparing the R/G ratio of model B and C. However, for model A, the
overall upconversion luminescence is the highest among the three model systems, whereas
the R/G ratio is the lowest when the Er3+ concentration is 2%. This is a promising sign
that architectures like model A may have the capacity of containing more activators.

Figure 4.5. Upconversion luminescence spectra of colloidal NaYF4 nanoparticles with
structure of model C co-doped with 20% Yb3+ and various concentrations of Er3+ ions
(2%, 3% and 5%) under diode laser excitation at 980 nm.
To validate this hypothesis, we gradually increased the doping quantity of the Er3+
ions. Figure 4.6 shows the upconversion luminescence spectra of colloidal NaYF4
nanoparticles co-doped with Yb3+ (20%) and various concentrations of Er3+ ions (2, 3, 5, 7,
and 10%) when excited at 980 nm with a CW laser. As seen in Figure 4.6, the absolute
intensities of the green and red emissions rise with doping concentration up to 5% and
then decrease. At the same time, the red emission grows faster than the green one. The 2
mol % sample has a red/green intensity ratio of 1.15. As the doping concentration
increases, the red component becomes more prominent. For example, for the 3 mol % and
5 mol % samples, the ratio becomes 2.25 and 3.05, respectively. When the concentration
of Er3+ ions increases to more than 5%, the distance between Er3+ ions is so close that

- 85 -

Chapter 4
concentration quenching becomes important, causing the intensity to drop down by 7%
and 10%, respectively. Thus it is evident that the structured doping approach can indeed
lift the threshold of concentration quenching.
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Figure 4.6. Upconversion luminescence spectra of colloidal NaYF4 nanoparticles codoped with 20% Yb3+ and various concentrations of Er3+ ions (2% to 10%) under diode
laser excitation at 980 nm with R/G ratio shown in the inset.
To understand further the underlying mechanism, we have studied the temporal
behaviour of the green emission (Figure 4.7). Under direct excitation of 488 nm, the
transition 2H11/2 (4S3/2) → 4I15/2 (~540 nm), which reflects directly the de-population
process of the emissive states, has been monitored in time. The decay curves can be
adequately fitted with a bi-exponential function. In all the three models, the fast
component τ1 is around 10 μs, whereas the slow component τ2 changes from 69.4 μs
(model A), to 54.7 μs (model B) to 36.8 μs (model C). The fast component τ1, to which the
outer layer Er3+ ions mainly contribute, varies little among A, B, and C because the
distribution of the Er3+ ions in the outer layer is similar in all three models. On the other
hand, the long component, τ2, reflects more the properties of activators in the inner shell
and therefore is much more model-dependent.[13]
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Figure 4.7. The decay curves of models A , B and C with 488 nm excitation.
A high doping level can lead to deleterious energy transfer, resulting in quenching of
excitation energy. The Er3+ concentration in model B is less than that in model C.
Therefore, the lifetime of model B is longer than that of model C. For the same Er3+
concentration but different doping structure, e.g. models A and C, the lifetime of A is
longer than that of C. This indicates that the emitters in model A are separated by an
active intermediate layer that only contains Yb3+. The excitation energy of the
luminescence centers of the inner layer can therefore not be effectively transferred to
surface quench centers via resonant energy transfer between activator centers, thus
extending the lifetime.
To show that this sandwich-like nanoparticle architecture is favourable for the
application of the UCNPs in biology/biomedicine, we have developed UCNP-RB
nanoconjugates to illustrate the increased efficiency of singlet oxygen generation. RB is
one of the clinically used photosensitizers in cancer therapy. When the UCNP-RB
nanoconjugates are irradiated by infrared light, the visible upconversion emission from the
nanoparticles will be transferred to the photosensitizing molecules coated on their surfaces
based on fluorescence resonance energy transfer (FRET). Subsequently, excited
photosensitizing molecules will interact with surrounding ground-state oxygen molecules,
generating the very aggressive 1O2, which attacks the targeted cancer cells. Theoretically,
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the increase of upconversion emission should promote the singlet-oxygen generation. As a
proof of concept, we carried out experiments to demonstrate the feasibility of this design.

Figure 4.8. The decay curves of absorption of DPBF at 410 nm caused by (a) pure DPBF,
(b) 2% non-separated UCNP-RB conjugates, (c) 2% separated UCNP-RB conjugates,
and (d) 5% separated UCNP-RB conjugates in ethanol as a function of irradiation time.
The excitation wavelength is 980 nm.
Singlet-oxygen generation was confirmed by a chemical method using DPBF as a
detector. DPBF reacts irreversibly with singlet oxygen, causing a decrease in the
absorption at 410 nm.[14] Figure 4.8 shows the decrease in absorption intensity at 410 nm
in different samples (pure DPBF, DPBF/2% non-separated UCNP-RB, DPBF/2%
separated UCNP-RB, and DPBF/5% separated UCNP-RB), as a function of exposure time
under CW 980 nm laser irradiation. The slope of the curve is roughly proportional to the
efficiency of generated singlet oxygen.[15] It is therefore confirmed that the sandwich-like
architecture can indeed greatly improve the biological behaviour of the rare earth ions
doped nanoparticles.

4.4 Conclusions
In conclusion, we have put forward and validated a new strategy to improve the
upconversion emission of rare earth ions doped nanoparticles by spatially separating the
areas in which the activators are doped. It is demonstrated that such a design can improve
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the upconversion luminescence by minimizing the energy transfer between the activators
inside and outside, improving the threshold for concentration quenching. This strategy
might pave a new pathway to rationally designing nanoparticles with high upconversion
luminescence and promote relevant biological application.
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Covalently-linked Multifunctional Upconversion
Nanoconjugates for Photodynamic Therapy and
Imaging of Cancer Cells

Chapter 5

Abstract: By covalently binding NaYF4:Yb3+,Er3+ nanoparticles (UCNPs) with the
photosensitizer rose bengal (RB) and folic acid (FA), an upconversion nanoparticle
platform for detection and treatment of tumors has been created. Compared to the more
popular approach of electrostatic interaction, the present covalent approach makes the
platform more rigid and resistant to the biological environment. Upon 980 nm CW
irradiation, multicolor upconverted emission is generated by the UCNPs. The 650 nm
emission is used for imaging the location of the particles while 540 nm upconverted
emission serves to excite RB and generate singlet oxygen for photodynamic therapy. From
the confocal images of JAR choriocarcinoma cells we have confirmed the target
transfection of UCNPs mediated by the FA receptor. The present system thus has the
potential to serve as a new platform for integrated photodynamic diagnosis and therapy,
and for real-time reporting of therapeutic efficacy during treatment.
Keywords: upconversion · photosensitizer · nanoconjugates · photodynamic therapy
· imaging · covalently-link
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5.1 Introduction
Recently, the development of rare earth ions doped upconversion nanoparticles
(UCNPs) capable of converting NIR photons to visible ones has attracted considerable
interest in both in vitro [1] and in vivo [2] biomedical applications. Compared to traditional
fluorescent labels (such as organic dyes and quantum dots), UCNPs have the advantage
that they can be excited by NIR photons. As a result, auto-fluorescence is for all practical
purposes absent, while scattering of the excitation light is significantly reduced.
NaYF4:Yb3+,Er3+ is one of the most efficient upconversion materials with two strong
upconverted emission bands around 540 nm and 650 nm.
One of the applications which may greatly benefit from the unique properties of the
UCNPs is photodynamic therapy (PDT).[3] PDT is an effective, non-invasive economical
treatment for cancers. PDT involves excitation of a photosensitizer molecule into an
electronically excited state, which subsequently undergoes intersystem crossing to a triplet
state, and then transfers the energy to ground state oxygen (3O2) to initiate the generation
of cytotoxic species, such as singlet oxygen (1O2) and other reactive oxygen species
(ROS). These cytotoxic species will oxidize biomolecules which leads to eventual cell
death by apoptosis. The use of UCNPs for PDT was first reported in studies in 2007 when
NaYF4:Yb3+,Er3+ nanoparticles were coated with a thin layer of SiO2 doped with
Merocyanine-540 photosensitizer and functionalized with a tumor targeting antibody on
the surface.[4] Under 980 nm excitation, cancer cell destruction was observed in vitro. This
nanoplatform could be delivered highly specifically to cancer cells and was capable of
killing cancer cells with low photosensitizer loading. In 2008 Y. Zhang et al. made 50 nm
PEI/NaYF4:Yb3+,Er3+ nanoparticles modified with a zinc phthalocyanin photosensitizer
and targeted to folate receptors on human colon cancer cells.[3b] Significant cell
destruction was observed. In 2009, this group coated NaYF4 UCNPs with a uniform layer
of mesoporous silica.[3c] As a result, a high loading of zinc phthalocyanine
photosensitizers incorporated into the mesoporous silica could be obtained. Nevertheless,
the photosensitizer ZnPc was still noncovalently adsorbed onto the nanoparticles’ surface.
In the present study we introduce the use of covalently linked UCNP-RB
nanoconjugates for PDT of cancer cells. Under the excitation of near infrared light,
UCNP-RB conjugates emit two main bands in the visible part of the spectrum. The 540
nm emission is used for the excitation of RB for PDT, while the 650 nm emission is used
for detection of the labeled cells.

5.2 Experiments
5.2.1 Chemicals
(CF3COO)3Y·3H2O,

(CF3COO)3Yb·3H2O
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(CF3COO)3Er·3H2O

were
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purchased from GFS Chemicals. CF3COONa, oleylamine (OM), rose bengal (RB),
6-bromohexanoic acid, 2-aminoethyl dihydrogenphosphate (AEP), dimethylsulfoxide
(DMSO), folic acid, deuterium dioxide D2O, N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide (EDC) were purchased from Aldrich.
1,3-diphenylisobenzofuran (DPBF) was purchased from Fluka. PEG was purchased from
NANOCS. Folic acid and RPMI 1640 medium (folate free) were purchased from
Invitrogin.
5.2.2 Synthesis of NaYF4:Yb3+,Er3+ upconversion nanoparticles
In our construction, hexagonal-phase NaYF4:Yb3+,Er3+ UCNP was adopted because
of its high upconversion efficiency compared with the cubic one. It was synthesized by
thermal decomposition of trifluoroacetate precursors in oleylamine according to
previously published methods.[5] In detail, CF3COONa (2 mmol), (CF3COO)3Y·3H2O
(0.78 mmol), (CF3COO)3Yb·3H2O (0.2 mmol), and (CF3COO)3Er·3H2O (0.02 mmol)
were dissolved in oleylamine (12 mL). The mixture was heated to 120 °C to remove water
and oxygen with vigorously magnetic stirring under argon flow protection for 1 hour. The
mixture was then heated to 320 °C in the presence of argon for protection from oxidation.
After 1 hour, the heating was stopped and the yellowish reaction mixture was allowed to
cool to 80 °C. The nanoparticles were precipitated using ethanol and isolated via
centrifugation for at least three times, and stored in chloroform before further treatment.
5.2.3 Phase transfer of upconversion nanoparticles from hydrophobic to hydrophilic
The oleylamine terminated NaYF4:Yb3+,Er3+ upconversion nanoparticles are
hydrophobic. However, for the clinical application only hydrophilic nanoparticles can be
used. Following our previous approach with slight modifications,[6] a ligand exchange
process was carried out to transfer hydrophobic upconversion nanoparticles into
hydrophilic ones using 2-aminoethyl dihydrogenphosphate (AEP) as ligand. 200 mg of
AEP was dispersed in a 10 mL mixture of water and ethanol (volume ratio is 3:2). The
hydrophobic UCNPs solution (~20 mg, purified and dispersed in 5 mL of chloroform)
were mixed with the AEP solution and stirred vigorously over 48 hours at 30 °C. The
UCNPs were transferred from the bottom chloroform layer to the top H2O/CH3CH2OH
layer. The H2O/CH3CH2OH layer was then collected and washed three times by water.
After centrifugation, the obtained nanoparticles were redispersed in water. After phase
transfer, the AEP terminated UCNPs offer an amino group which can be used for
covalently coupling with carboxyl terminated molecules.
5.2.4 Conjugation of upconversion nanoparticles and rose bengal photosensitizer
First, the RB-NHS ester was synthesized as a previous protocol.[7] Then, a 2.5
mg/mL solution of NaYF4:Yb3+,Er3+ was mixed with RB-NHS ester at room temperature
for 4 hours. UCNP-RB conjugates were dialyzed in water for two days to remove
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unreacted photosensitizer. Different numbers of RB molecules were conjugated to UCNPs
by changing the molar stoichiometry of photosensitizer to UCNPs in the range of 10-400.
All samples were stored in the dark at 4 °C after the reaction and purification procedures.
5.2.5 Construction of upconversion nanoconjugates: NaYF4:Yb3+,Er3+-rose Bengal/
PEG-folic acid
First, the folic acid N-hydroxysuccinimidyl ester (FA-NHS) was prepared according
to the literature.[8] Then, 45 mg of FA-NHS was mixed with 100 mg of bi-functional
NH2-PEG-COOH (molar ratio 1:3) in 10 mL water and stirred for 24 hours in the dark.
The resulting solution was added to 100 mg UCNP-RB solution, and reacted at room
temperature for 48 hours. The nanoconjugates were collected by centrifugation and
washed with water for three times. Finally, the nanoconjugates were redispersed in 10 mL
phosphate buffer and stored in the dark at 4 °C. The procedure of constructing
UCNP-RB/PEG-FA nanoconjugates is schematically shown in Figure 5.1.

Figure 5.1. Schematic illustration of the construction of UCNP-RB/PEG-FA conjugates.
5.2.6 Upconversion luminescent spectra measurement
A Horiba Jobin Yvon Spex Fluorolog 3 spectrofluorometer system was used to
detect the upconversion emission spectra. For excitation a 980 nm CW diode laser was
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employed.
5.2.7 Singlet oxygen detection
Generation of 1O2 by UCNP-based photosensitizers was detected chemically using
the disodium salt of 1,3-diphenylisobenzofuran (DPBF) as 1O2 sensor.[9] When singlet
oxygen is generated, DPBF converts to its endoperoxide form, which in turn leads to its
photobleaching, which can be monitored by measuring the reduction in absorption
intensity at 410 nm. In our experiments, the absorption reduction was followed as a
function of time after irradiating samples with a 980 nm diode laser using a
Hewlett-Packard/Agilent
8453
Diode-Array
Biochemical
Analysis
UV-Vis
Spectrophotometer. In order to detect the singlet oxygen phosphorescence emission at
1270 nm, a liquid nitrogen cooled DSS-IGA020L InGaAs detector was coupled to the
system.
5.2.8 Cell imaging
The JAR choriocarcinoma cell line was purchased from ATCC and cultured as
follows. JAR cells were cultured in RPMI-1640 folate free medium (Gibco®, Invitrogen)
supplemented with fetal bovine serum to a final concentration of 10% (Gibco®,
Invitrogen), 100 U/mL penicillin, 100 g/mL streptomycin, maintained at 37 °C in a
humidified 95% air and 5% carbon dioxide CO2 atmosphere.
5.2.9 Upconversion luminescence imaging of cancer cells
JAR cells were put on the coverslip and cultured in folic acid free RPMI 1640
medium for 24 hours. Then NaYF4:Yb3+,Er3+ nanoconjugates were added into the culture
medium and incubated in physiological conditions for 6 hours. Finally, the coverslip was
washed by flushing with PBS for three times in order to remove non-bonded
nanoconjugates.
Wide field imaging and upconversion luminescent confocal imaging of the cancer
cells was carried out using an inverted Olympus IX71 microscope system equipped with a
100× oil immersion objective. In this setup excitation light is provided by a Chameleon
ULTRA-II Ti:Sapphire laser (976 nm, 80 fs, 80 MHz, Coherent) coupled into the adapted
confocal unit via a polarization maintaining single-mode fiber. A single-photon avalanche
diode (TimeHarp 200, PicoQuant) is connected to the PCI-board to perform
time-correlated single photon counting.[10] The emitted light passes through an 80/20 beam
splitter and is sent to a SPAD and a spectrograph (Spectra Pro-150, Acton Research Corp.)
equipped with a CCD camera.
5.2.10 MTT assay
JAR cells were collected, diluted to a density of 1×105 cells/mL in a culture medium,
and seeded onto 96-well plates (100 μL/well). After 24 hours NaYF4-RB/ PEG
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nanoconjugates were added to the wells in different concentrations (25, 50, 100, 200, 500,
1000 μg/mL) with 5 wells for each sample, and then incubated for another 24 hours at 37
°C. The cells were washed twice with phosphate-buffered saline to remove free
nanoparticles and exposed for 5 minutes to 980 nm NIR laser irradiation (1.0 W/cm2). The
cells were then incubated at 37 °C for an additional 48 hours, after which their viability
was measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. The MTT assay is a colorimetric method for measuring the activity of
enzymes that reduces MTT to formazan dyes which show a purple color. The cell viability
and proliferation can then be calculated from the formazan absorption intensity at 550 nm.
10 μL of MTT solution (5 mg/mL MTT in phosphate buffer solution, pH 7.4) was added
to each well, after which the cells were incubated for another 2 hours at 37 °C. After
removing the medium, the wells were washed in PBS and intracellular formazan crystals
were extracted into 100 μL of DMSO. They were quantified by measuring the absorbance
of the cell lysate at 550 nm. All results were averages ±SD of five samples.

5.3 Results and discussion
In this work, phase transfer to hydrophilic nanoparticles was conducted using AEP
to replace OM on the surface of NaYF4. The average size of the resulting hydrophilic
nanoparticles was about 20 nm as shown by the TEM image in Figure 5.2 (A). Amino
groups (-NH2) can help to disperse the UCNPs stably in water, DMSO and cell culture
medium.
Covalent conjugation of -NH2 and -COOH was used for coupling UCNPs and
biofunctional molecules. Firstly, photosensitizer RB was covalently bound to the UCNP.
After washing with water for 3 times, the colloidal nanoconjugates were redispersed in
aqueous buffer and stored in the dark at 4 °C. The absorption spectrum of RB (black line)
is shown in Figure 5.2 (B). It overlaps perfectly with the 540 nm upconversion emission
band of UCNP and thus guarantees an efficient energy transfer from UCNP to RB. To test
the stability of UCNP-RB covalent conjugates, control experiments were conducted for
RB adsorbed on NaYF4 via electrostatic interaction. Both samples were washed 3 times
by DMSO after which the absorption spectra of eluents were recorded. Contrary to the
distinct colorful elutes of the adsorption sample, the elutes from the covalently bound
UCNP-RB sample remained colorless, indicating no significant dissociation of RB from
the UCNP surface. We can thus conclude that these covalently bonded UCNP-RB
conjugates are significantly more stable than those formed via electrostatic interaction.
Following this strategy, we were able to link other biofunctional molecules such as
PEG and folic acid (FA) onto the same nanoparticles as well. For this a special PEG with
dual function groups (NH2-PEG-COOH) was adopted as the linker to combine the
nanoparticle with the targeting molecule FA, as shown in Figure 5.1. FA was chosen to be
targeting molecule as most epithelial cancer cells overexpress folate receptor on the cell
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membrane. In the present case, FA was located at the terminus of PEG to decrease the
steric hindrance, which guaranteed the target efficacy for the active reception by cancer
cell.

Figure 5.2. (A) TEM image of amino groups functionalized NaYF4 nanoparticles after
phase transfer, average size 20 nm; (scale bar=100 nm) (B) Green curve: upconversion
emission spectrum of UCNP; black curve: RB absorption, red curve is emission spectrum
of RB upon excitation of 540 nm; (C) Stability of UCNP-RB nanoconjugates in DMPI
1640 (1 mg/mL) as analyzed by spectrophotometry;
The stability of the nanoconjugates dispersed in DMPI 1640 cell culture medium
was studied by monitoring the upconversion luminescence at 650 nm every 48 hours
(Figure 5.2 C). The nanoparticle concentration was set at 1000 μg/mL. Within the 10 days
of research, the fluorescence intensity of UCNP-RB showed no significant reduction
indicating that the nanoconjugates had good stability and dispersibility in medium, and are
suitable for cell experiments.
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Figure 5.3. (A) Photographs of UCNPs under ambient light (left) and 980 nm laser diode
excitation (right); (B) Photographs of UCNP - RB under ambient light (left) and 980 nm
laser diode excitation (right); (C): Upconversion luminescence spectrum of the bare
UCNP sample (black line) and of the UCNP-RB sample (red line).
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In most cases Förster Resonance Energy Transfer (FRET) is a dipole-dipole
interaction, and the spectral overlap between donor emission and acceptor absorption is
crucial for an efficient FRET. As mentioned above, the 540 nm upconversion emission
band overlaps well with RB absorption. Therefore, if the nanoconjugate is well
constructed, excitation with 980 nm irradiation should lead to quenching of the 540 nm
emission while the 650 nm emission intensity should remain unchanged. Figure 5.3
shows that this is indeed what is observed.
Rose bengal (RB) is one of the most efficient photosensitizers, but excitation of
540 nm impedes its clinical use as this wavelength has limited tissue penetration. The
UCNP-RB conjugate avoids this limitation. Using UCNP as an energy donor, RB can
produce singlet oxygen under 980 nm irradiation. The release of 1O2 can be monitored by
detecting its phosphorescent emission at 1270 nm.[11]
Before the experiment, the nanoconjugates were centrifuged and redispersed in
D2O at a concentration of 2 mg/mL and saturated with oxygen gas for 30 minutes.
Relevant data of singlet oxygen generation are given in Figure 5.4 A. It is clear that the
covalent modification process does not affect the optical properties of RB seriously, and
that singlet oxygen can be generated efficiently via upconversion luminescent energy
transfer. Generation of singlet oxygen was confirmed by the chemical probe DPBF by
detection of the decay of its absorption peak at 410 nm[12] (Figure 5.4 B).
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Figure 5.4. (A) 1270 nm phosphorescent emission of singlet oxygen (1O2) produced by
nanoconjugates in D2O. Red line: excitation of RB at 540 nm, black line: excitation of
nanoconjugates at 980 nm. (B) The decay curves of DPBF absorption at 410 nm caused
by UCNP-RB conjugates as a function of irradiation time. The excitation wavelength is
980 nm.
Many epithelial carcinoma cells overexpress folate receptors on the membrane,
which thus can be used as a target for selective drug delivery. The human choriocarcinoma
cell line (JAR) is one of these cell lines, which was chosen here as an in vitro model.
Before imaging, the live cells were washed with PBS for three times to remove excess
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UCNPs in the medium, and then fixated with 90% glycerin. The top row of Figure 5.5
displays UCNPs positive transfected JAR cells under bright field illumination (Figure 5.5
A). The upconversion confocal image excited with a 980 nm pulsed laser is shown in
Figure 5.5 B. Finally, the merged bright field and upconversion image is displayed in
Figure 5.5 C. It is clear that UCNPs are mainly located in the cytoplasmic and perinuclear
regions, confirming the endocytosis of multifunctional NaYF4-RB/PEG-FA
nanoconjugates. . As a contrast, Figure 5.5 D–F shows images of cells when a folic acid
(2 mg/L) supplemented medium was adopted for cell culture in order to block the floater
receptor on the membrane. Because the folate receptors are now saturated by free folic
acid, only few nanoconjugates can be linked with the cell, as shown in Figure 5.5 E
where the 650 nm upconversion intensity is distinctly reduced. The non-zero background
reflects the nonspecific adsorption of UCNPs. What is equally important to notice is that
there are no cell morphology changes under both conditions (Figure 5.5 A and Figure 5.5
D), which indicates the excellent biocompatibility of nanoconjugates.
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Figure 5.5. Bright field image (A, D) and upconversion luminescent confocal microscopy
(B, E) images of JAR cells after incubation with 200 μg/mL UCNP-RB/PEG-FA
conjugates for 6 hours at 37 °C and washing three times with PBS buffer. Images C and F
are the merged images of A and B, and of D and E, respectively. (A-C): Cells cultured in a
folate-free medium, the positive staining shows folic acid mediated endocytosis of
nanoconjugates; (D-F): Cells cultured in a folic acid supplemented medium (2 mg/L), the
negative staining originates from nonspecific adsorption of nanoconjugates.
Figure 5.6 shows the viability of cells grown for 24 hours with the nanoconjugates
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with varying concentrations ranging from 2 μg/mL to 1 mg/mL. The results show that the
toxicity of nanoconjugates is not so severe below a concentration of 0.5 mg/mL, which is
higher than the concentration usually used in cell imaging. When 980 nm light is added,
more cells are killed.

no 980
980nm

Cell viability (%)

100
80
60
40
20
0

1
10
100
1000
Dose of nanoparticle (g/mL)
Figure 5.6. Cell viability of JAR cells treated with different amount of UCNP-RB
conjugates. The data indicated with red circles have been obtained under 980 nm
irradiation, the data indicated with black squares without radiation.

5.4 Conclusions
In conclusion, multifunctional upconversion nanoconjugates NaYF4-RB/PEG- FA
have been designed for target imaging and therapy of cancer cells. The covalent
combination of nanoparticle, photosensitizer, and target vector has ensured that the
nanoconjugates remain stable during delivery. The two upconversion emission bands
located at 650 nm and 540 nm have been used for imaging and PDT, respectively. It has
been demonstrated that the photosensitizer can be excited by NIR photons, which in turn
leads to the generation of singlet oxygen, killing the cancer cells. Through confocal
imaging using the 650 nm upconversion luminescence, the folic acid mediated
endocytosis of the nanoconjugates has been demonstrated.
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Critical Shell Thickness of Core/shell Upconversion
Luminescence Nanoplatforms for FRET
Applications

Chapter 6

Abstract: The influence of the structure of upconversion nanoparticles on their
fluorescence resonant energy transfer applications has been studied using core/shell
upconversion NaYF4:Yb3+,Er3+@NaYF4 nanoparticles and rose bengal photosensitizer.
From studies of the photophysics of and singlet oxygen generation by the conjugates of
upconversion nanoparticles with photosensitizers we have determined what the optimal
shell thickness is for the performance of the FRET conjugates. It has been found that the
optimal shell thickness is a trade-off between the opposing optimal conditions for
upconversion and FRET efficiency.
Keywords: upconversion · nanoparticle · core/shell · photosensitizer · energy transfer
efficiency · singlet oxygen · photodynamic therapy
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6.1 Introduction
Rare earth ions (RE3+) doped upconversion nanoparticles (UCNPs) have recently
been introduced as energy donor for Förster resonant energy transfer (FRET) based
applications in biological/biomedical fields.[ 1 ] FRET is a direct and effective method
widely used in bioassays,[2] biosensing and bioimaging[3], and photodynamic therapy.[4] In
comparison to traditional fluorescent energy donors such as organic dyes and quantum
dots, the advantages of UCNPs derive from their unique property of being able to emit
multicolor visible light under continuous wave NIR light. Due to the absence of autofluorescence and reduction of light scattering under such conditions an excellent signal-tonoise ratio in detection can be obtained. From a biomedical point of view, the use of NIR
light is very attractive, since NIR radiation has a higher tissue penetration than normal
UV-Vis radiation and leads to less photodamage to living organisms. There is thus a large
area of bio-applications where such systems could potentially significantly advance the
state-of-the-art.
However, as yet the poor upconversion efficiency of UCNPs with an upper limit of
only a few percent has been a serious hurdle. This is certainly true for biological
applications where excitation power is restricted and the upconversion efficiency is thus
even an order of magnitude lower. In recent years large efforts have been devoted to
improve the upconversion intensity of UCNPs. One strategy is to use a core/shell structure
(such as NaYF4:RE3+@NaYF4) where a shell of the same or similar material as the core is
grown on the surface of the core.[5] This strategy aims to protect the excited activators emitters, such as Er3+, Tm3+ ions in the core, especially those near the surface - from nonradiative loss caused by surface defects and high-energy vibrational modes outside the
particle. Our previous work[5f,5g] has demonstrated already that a large enhancement of the
upconversion emission intensity can be achieved by such a core/shell structure.
However, a high upconversion yield does not guarantee high-quality performance in
afore-mentioned FRET applications, because the energy transfer efficiency from donor to
acceptor could be impaired in the effort of enhancing upconversion luminescence. As is
well known, FRET is a nonradiative process where an excited state donor transfers its
energy to a proximal ground state acceptor. The rate of energy transfer strongly depends
on the distance between the donor and the acceptor. As far as the core/shell approach is
concerned, a thick shell favors usually the upconversion luminescence within the
saturation limit, whereas the distance between the donor, (basically the core where
emitters are located) and the acceptor (usually the organic molecules on the surface of the
nanoparticle) is becoming larger when the shell is getting thicker. Therefore, for FRET
application the shell of the core/shell UCNPs can not be increased to such an extent that
the strongest upconversion luminescence is reached.

- 109 -

Chapter 6
In this work core/shell structured NaYF4:RE3+@NaYF4 UCNPs are introduced for
the first time together with photosensitizing molecules to form a FRET model for PDT
application. The relationship between the shell thickness and 1O2 generation is studied in
detail. The most important result is that there is an optimal value for the shell thickness,
which corresponds neither to the thickness for which the strongest upconversion
luminescence is reached nor to the thickness for which the highest energy transfer
efficiency is obtained.

6.2 Experiments
6.2.1 Chemicals
(CF3COO)3Y·3H2O, (CF3COO)3Yb·3H2O and (CF3COO)3Er·3H2O were purchased
from GFS Chemicals, CF3COONa, oleylamine (OM), rose bengal (RB), 6-bromohexanoic
acid, poly(allylamine) (PAAm) solution (Mw~17000), 1-ethyl-3-(3-dimethyllaminopropyl)
carbodiimide (EDC), and N-hydroxy succinimide (NHS) were purchased from Aldrich.
1,3-diphenylisobenzofuran (DPBF) was purchased from Fluka. Ethanol and hexane were
of analytical grade.
6.2.2 Synthesis of NaYF4:Yb3+,Er3+@NaYF4 core/shell structured upconversion
nanoparticle
The synthesis of NaYF4:Yb3+,Er3+@NaYF4 core/shell structured upconversion
nanoparticles has been performed similar to the procedures reported previously.[4g, 6 ]
Briefly, a mixture of designated molar ratio of trifluoroacetate salts powder (Na+/RE3+ =
1/1, Y3+/Yb3+/Er3+ = 78/20/2 mol/mol) was dissolved in oleylamine (OM) and then passed
through a filter to get rid of the residues. Under vigorous stirring in a three neck flask, the
mixture was heated to 110 ºC under vacuum and maintained at this temperature to remove
the residual water and oxygen for more than 30 min. During this time the flask was
purged periodically with dry argon gas for protection from oxidation. Afterwards the
solution was clear with a slight orange color. The mixture was subsequently slowly heated
to 310 ºC in the presence of an argon atmosphere. After half an hour, all the products were
left to cool to room temperature and separated into six equal parts. Every part of the
product we obtained was reheated to 310 ºC under vigorous stirring and in a dry argon gas
atmosphere, after which different amounts of shell precursors solutions containing sodium
trifluoroacetate and yttrium trifluoroacetate of equal molarity were slowly added into the
reaction systems. All the reactions that followed were allowed to continue for another half
an hour. Every final mixture was left to cool to room temperature, precipitated with
ethanol, and separated via centrifugation for at least three times. The resulting
nanoparticles were dried in vacuum at 60 ºC for a minimum of 24 hours. According to the
increasing amount of shell materials we denote the samples as A, B, C, D, E and F.
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6.2.3 Phase transfer of upconversion nanoparticle from hydrophobic to hydrophilic
A ligand exchange process was carried out to transfer hydrophobic upconversion
nanoparticles to hydrophilic. 40 μL of poly(allylamine) (PAAm) solution (10% wt. in
water) was dispersed in 10 ml ethanol, then 1 ml hydrophobic UCNPs solution (0.1
mmol/mL) was added drop by drop to the PAAm solution and stirred vigorously over 36
hours at 40 °C. After centrifugation (13000 rpm, 4 °C, 2 hours) the nanoparticles that
were obtained were redispersed in water. In the resulting system, PAAm has replaced
oleylamine as a ligand. The PAAm terminated UCNPs provide a terminal amino which
can be used for covalently coupling with carboxyl terminated molecules.
6.2.4 Conjugation of upconversion nanoparticles and rose bengal photosensitizer
First, the RB-NHS ester was synthesized as a previous protocol.[7] In the present
work we want to compare singlet oxygen generation from the different UCNP-RB
nanosystems and thus it was necessary to have the same ratio of RB/UCNP for all six
samples. To this purpose, an ethanol solution of UCNPs with a concentration of 7.2×1013
particles/mL was mixed with 2.5 nmol RB-NHS at room temperature in the dark for 10
hours, leading to about 20 RB molecules attached on one nanoparticle. Almost all the RB
molecules were bound covalently to the surface of UCNPs, and UCNP-RB conjugates
were washed twice with water to remove the “free” photosensitizer.
6.2.5 Singlet oxygen measurements
Generation of 1O2 by these UCNP- photosensitizers was detected chemically by 1,3diphenylisobenzofuran (DPBF).[8] Under reaction with singlet oxygen, DPBF is converted
to its endoperoxide form, which in turn leads to its photobleaching. Bleaching was
monitored by measuring the reduction in absorption intensity at 410 nm. To this purpose,
25 μL (2 mmol/L) DPBF solution was added to 1 ml ethanol solution of UCNPs with a
concentration of 7.2×1013 particles/mL. The UV-Vis absorption spectrum of DPBF was
measured every 5 minutes. The reduction in absorption was monitored as a function of
time after irradiating samples with 980 nm diode laser. All measurements were performed
at room temperature.
6.2.6 Characterizations
Structure characterization was performed with TEM images obtained with a
MorgagniTM Transmission Electron Microscope (FEI Company). UV-Vis spectra of
solutions were recorded in quartz cuvettes (1 cm) with a Hewlett-Packard/Agilent 8453
Diode-Array Biochemical Analysis UV-Vis Spectrophotometer. The steady-state
upconversion spectrum of upconversion samples was measured with a SPEX Fluorolog 3
spectrometer using excitation from a CW semiconductor diode laser at 980 nm. The
upconversion luminescence spectra were measured under identical conditions in order to
compare their relative emission intensities. Time-resolved luminescence of upconversion
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samples was measured with a Hamamatsu R9110 PMT in a single-photon counting setup
(Fast Comtec).[9] For excitation a 980 nm laser pulse (~10 ns, 100 Hz) generated by a
Nd:YAG laser system (Solar Inc.) was used.

6.3 Results and discussion
The core UCNPs and five core/shell structured UCNPs of different shell thicknesses
were synthesized following a modified version of the well-known thermolysis method.[6]
A schematic illustration of the six samples is given in Figure 6.1. Sample A is the
NaYF4:20%Yb3+,2%Er3+ core UCNP; samples B, C, D, E and F have the same core as A
but a different shell thickness which was controlled during the synthesis. All of these six
samples have good dispersibility in hexane. Figure 6.1 shows the TEM images of the six
hydrophobic samples. The average particle diameters are 16.0 nm (A), 20.2 nm (B), 23.0
nm (C), 27.4 nm (D), 34.4 nm (E) and 40.4 nm (F), corresponding to the shell thickness
of 0 nm, 2.1 nm, 3.5 nm, 5.7 nm, 9.2 nm and 12.2 nm, respectively.

Figure 6.1. TEM results of six NaYF4: Yb, Er@ NaYF4 nanoparticles samples. Insets
show a schematic illustration of the structures. (A): NaYF4:20%Yb3+,2%Er3+ core UCNP.
(B) to (F): core/shell structure NaYF4:20%Yb3+,2%Er3+@NaYF4 UCNPs with different
shell thicknesses as described in the text.
The overlap of the RB absorption and UCNP emission spectra was shown in the
previous chapter (Figure 5.2 B). These spectra show that energy transfer between RB and
UCNP can occur. The mechanism of FRET from UCNPs to RB photosensitizing
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molecules upon 980 nm excitation is shown in Figure 6.2. Absorption of pump photons
populates the 2F5/2 level of Yb3+, which is followed by energy transfer from excited Yb3+
ions to Er3+ ions, populating the 4I11/2 level of the latter. Higher electronic levels of Er3+,
such as 4F7/2 level, can then be populated by absorbing the energy of another excited Yb3+
ion or by direct absorption of another 980 nm photon. Part of the 4I11/2 excited ions relaxes
to the 4I13/2 level through multiphonon non-radiative relaxation. The 4F7/2 level can decay
nonradiatively to the 2H11/2, 4S3/2 and 4F9/2 levels, leading to the green emission bands
around 520 and 540 nm, and the red emission band at 650 nm. Another population route
of the 4F9/2 level is by absorption of a 980 nm photon or energy transfer from another Yb3+
ion from the 4I13/2 level of the Er3+ ions. The absorption band (520-570 nm) of RB
overlaps well with the green emission band of UCNPs. Therefore, if RB molecules are
bound to the surface of UCNPs, one should be able to excite them indirectly by 980 nm
light via FRET through UCNPs.

Figure 6.2. Mechanism of upconversion in the UCNP-RB nanoconjugate under excitation
of 980 nm, and the oxidation reaction process of DPBF by 1O2.
The integrated intensities of the upconversion emission of the six samples are
shown in Figure 6.3 a. This figure shows that the upconversion emission become
monotonically stronger for thicker shells. We observe that upon binding with RB
molecules the green upconversion emission decreases for all samples, consistent with the
energy transfer from the upconversion nanoparticle to photosensitizing molecules. The
energy transfer efficiency of this process can be calculated from the quenching value of
donor luminescent intensity given by E = (ID - IDA) / ID where ID and IDA are emission
intensities of the donor in the absence and presence of the acceptor, respectively.[10] The
result is shown in Figure 6.3 b. It is clear that for the bare core sample A-RB, 53% green
emission is quenched, which is in line with the fact that the upconversion emission centers
(donors) and photosensitizer molecules (acceptors) are very close leading to efficient
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energy transfer. For the core/shell structured upconversion samples the efficiency
decreases monotonically from around 40% for sample B to less than 18% for sample F.

Figure 6.3. (a) Green upconversion emission intensity of samples A-F before (darker
green columns) and after (green columns) RB attachment. Pink columns refer to the
emission (580 nm) from RB, bound covalently to UCNPs. Excitation occurs by a CW
diode laser at 980 nm with an excitation power of about 730 mW. (b) Energy transfer
efficiency of the six UCNP-RB samples.
However, singlet oxygen generation does not only depend on the energy transfer
efficiency. To study this in more detail we have monitored the fluorescence of RB in these
samples (Figure 6.3 a). As illustrated in Figure 6.2, the fluorescence of RB can be used
to measure the efficiency of RB excitation, provided that S1→T1 intersystem crossing is
about the same in the six samples. The results shown in Figure 6.3 demonstrate
unambiguously that there exists an optimal shell thickness as far as the RB excitation is
concerned. The samples C, D and E are in this respect the best with sample D showing the
maximum emission. This means that a thinner or thicker shell is not efficient for exciting
RB, even though a thin shell would favor energy transfer from nanoparticles to
photosensitizer. This “inconsistency” actually reflects the surface dependence of the
photophysics of upconversion nanoparticles. This is a typical feature of nanomaterials for
which the surface is much more critical in determining their properties than for their bulk
counterparts. In the present case the upconversion efficiency was enhanced with the
increase of the shell thickness due to the better separation between the emitters in the core
and the quenchers on the surface. The shell thickness therefore has two opposite effects on
the excitation of RB. On the one hand, a thick shell facilitates a strong upconversion
emission, and thus favors excitation of RB. On the other hand, a thick shell is not
favourable for the energy transfer efficiency, and thus excitation of RB will be reduced.
Combination of these two opposing effects thus indeed is expected to lead to an optimum
in the fluorescence of RB as a function of the shell thickness.
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Figure 6.4. Temporal behavior of the 540 nm upconversion luminescence of the series of
(a) UCNPs; (b) UCNP-RB conjugates. (λex= 980 nm)
To verify that RB was indeed excited by NIR light via energy transfer from UCNPs
in this covalently bound nanoparticle-photosensitizer conjugate, we have determined the
temporal behavior of the emission from these samples. Figure 6.4 shows the time
evolution of the 540 nm upconversion luminescence of the six UCNPs and the six UCNPRB conjugates. Biexponential fits of the 540 nm emission decay lead to decay times listed
in Table 6.1. From this Table it can be seen that the decay times of 540 nm emission of
UCNP-RB conjugates are shorter than those of corresponding UCNPs.
Table 6.1. Results of fits of the 540 nm upconversion luminescence decay of the series of
UCNPs and UCNP-RB conjugates.

540 nm-rise (μs)
540 nm-decay (μs)

A
5.3
51.7

B
10.8
123.5

C
10.9
144.9

D
13.0
169.2

E
17.4
210.5

F
35.5
339.1

540 nm-rise (μs)
540 nm-decay (μs)

A-RB
4.1
42.7

B-RB
8.4
109.4

C-RB
8.5
119.9

D-RB
9.9
154.5

E-RB
16.2
184.4

F-RB
19.1
312.3

The fluorescence lifetime of RB is of the order of tens of picoseconds,[11] while the
upconversion luminescence of Er3+ lasts much longer, usually (sub)microseconds. If RB is
excited via energy transfer from UCNPs in the UCNP-RB conjugate, then the
fluorescence of RB should be lengthened to the (sub)microsecond time scale. Figure 6.5
records the temporal behavior of the RB fluorescence at 580 nm for the six UCNP-RB
conjugates, and demonstrates that indeed all the decays are extended to the microsecond
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regime. Figure 6.5 shows that the thicker the shell (from A to F), the longer the trace,
exactly the same as observed for the temporal behavior of upconversion luminescence of
UCNPs. Fits of the emission traces in Figure 6.5 to a biexponential function are given in
Table 6.2. From this Table it is clear that the microsecond rise component as well as the
even longer decay component increase with the shell thickness. Thus time-resolved
fluorescence confirms that FRET occurs in UCNP-RB conjugates.

Figure 6.5. Temporal behavior of the 580 nm emission from the six UCNP-RB samples AF after excitation at 980 nm.
Table 6.2. Fitting results of 580 nm emission of the six UCNP-RB samples.

580 nm-rise (μs)
580 nm-decay (μs)

A-RB
1.9
24.2

B-RB
3.8
65.7

C-RB
5.8
68.7

D-RB
7.3
72.1

E-RB
12.4
124.6

F-RB
23.1
258.2

The generation of singlet oxygen is usually monitored by a chemical method using
DPBF as a probe.[8] When reacting with singlet oxygen, DPBF converts to its
endoperoxide form. Therefore the decrease of the absorbance of DPBF can be used to
determine the amount of singlet oxygen. Figure 6.6 shows the absorption spectra of
ethanol solutions of DFBF and the six UCNP-RB conjugates as a function of exposure
time to CW 980 nm irradiation. The main absorption band around 410 nm is due to DPBF
and the 560 nm absorption band is associated with RB. The UV-Vis absorption spectrum
of DPBF was taken every 5 minutes. For all samples degradation of DPBF is observed.
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Figure 6.6. Time dependence of spectra of sample A to F under irradiation of 980 nm
diode laser (730 mW). Time interval between subsequent traces is 5 minutes.
Figure 6.7 displays the absorbance of DPBF at 410 nm versus exposure time. The
rate at which the curve falls off as a function of time is roughly proportional to the
efficiency with which singlet oxygen is generated.[12] It is readily seen that UCNP-RB
conjugates C, E, and in particular D are the best in generating singlet oxygen. Thus,
nanoparticles with a 16 nm core and a 6 nm shell are the best in generating 1O2, although
these particles show neither the strongest upconversion luminescence nor the highest
energy transfer efficiency.
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Figure 6.7. Absorbance at 410 nm of DPBF in ethanol solutions of A to F as a function of
irradiation time. The excitation wavelength is at 980 nm.

6.4 Conclusions
We have studied UCNPs for FRET applications with a model system of NaYF4:Yb3+,
Er @NaYF4. From studies of the photophysics of UCNPs-photosensitizer conjugates and
studies of the generation of singlet oxygen by these conjugates we have determined the
optimal shell thickness for the highest upconversion efficiency and for the FRET
efficiency. Optimization of these two efficiencies requires opposing conditions: increasing
the upconversion efficiency leads one to increase the shell thickness, increasing the FRET
efficiency leads one to decrease the shell thickness. Since 1O2 generation is determined by
both processes we thus find an optimal shell thickness for 1O2 generation which is a tradeoff between these two conditions. In other words, our results show that to optimize
UCNPs based FRET conjugates one should not just be guided by only the upconversion
luminescence efficiency or the FRET efficiency, but consider both at the same time.
3+
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Summary
Rare earth ions doped upconversion nanoparticles (UCNPs) have attracted much
attention in recent years because of their unique spectroscopic properties such as low
photobleaching rates, multicolor labeling, and deep penetration of (near-IR) excitation
light into human tissues. Different from most upconversion processes for which high peak
powers are usually required, these materials allow for the conversion of CW NIR light
into UV/Vis light at relatively low excitation power. As a result, there is a large potential
in various fields, especially in biology/biomedicine where there is an increasing need for
more sensitivity in applications such as detection, imaging, and therapy. Despite many
efforts the upconversion efficiency is so far often the major bottleneck in (bio-)medical
applications, especially when in vivo tests are concerned for which excitation power
density is restricted. This thesis describes spectroscopic research of rare earth ions
(co-)doped NaYF4 UCNPs with the aim of exploiting possible routes to improve the
upconversion efficiency.
Chapter 1 provides an overview of the recent advances in the research on the
fundamental properties of lanthanide ions doped UCNPs, including the techniques used to
prepare nanoparticles, the surface chemistry of nanoparticles, and the history of UCNPs
with respect to their use in different (bio-)medical fields. Chapter 2 describes the research
that has been done on the characterization of the upconversion photoluminescence
properties of NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Er3+@NaYF4 core/shell structures. The
core/shell structure has been regarded as an efficient approach to enhance efficiently the
emission intensity and increase the decay lifetime. However, in Chapter 2 we show that
the upconversion emission intensity of the core can be stronger than that of core/shell
nanoparticles when the excitation power density is high enough. We show that the
explanation for this behavior lies in a photon-induced “annealing” process. From a study
of the luminescence dynamics it becomes clear that the green emission from the core is
more sensitive to quenching.
Nanoscale materials differ in two important aspects from bulk materials. Firstly,
quantum confinement starts to play a critical role. This has become evident, for example,
in quantum dots. However, for rare earth ions the De Broglie wavelength is on the order of
0.1 nm and thus the effects of quantum confinement are less important. Secondly, the
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surface to volume ratio is dramatically increased on the nanoscale. Surface effects thus are
the main factor determining the spectroscopic properties of discrete luminescence centers
in nanoscale materials. For biological/biomedical applications, the surface of the
nanoparticles has to be modified which inevitably affects the photophysical properties of
the nanoplatform. Such effects are studied in Chapter 3 where we focus on the influence
of the surface-related organic vibrational modes on the spectroscopic properties of rare
earth ions doped NaYF4 nanoparticles. In these experiments we investigate
spectroscopically the role of the surface quenching centers, the surface related
luminescent centers, the surface related organic high-frequency vibrational modes, as well
as the role of shell properties, excitation power density, and ligand exchange. Our results
demonstrate that the surface related high frequency vibrational modes play an important
role in the upconversion process as well as in possible laser annealing processes. We show
that the surface-related high-frequency vibrational modes can be critical to the spectral
properties of the nanosystems once the surface is not well separated from the discrete
luminescent centers.
Aiming at improving the upconversion luminescence of UCNPs, we have discovered a
novel mechanism to increase the doping level of the activators. Chapter 4 presents a
strategy of spatially separating the doping area by a sandwich-like core/shell architecture.
This structure serves two purposes. On the one hand, the shell, doped only with
sensitizing Yb3+ ions, protects the luminescent ions from the influence of the surroundings
and transfers the absorbed NIR photon energy to the activators on both sides of this shell.
On the other hand and more importantly, it also minimizes the energy transfer between the
activators inside and outside, which leads to a significant improvement of the
concentration quenching threshold. It is demonstrated that such a structured doping
strategy doubles the activator doping level as far as Er3+ is concerned. The results of these
studies open new pathways to improve rationally the upconversion emission, facilitate the
realization of biological applications of lanthanide ions doped nano-platforms, and enable
new opportunities in energy harvesting and energy conversion.
Photodynamic therapy (PDT) has come into the clinic in the 1980s as a medical
technology for treating premalignant pathology and cancer. It is based on the effective
localization of photosensitizers (PSs) into tumor tissues and the selective destruction of
these tissues after irradiation with light. In Chapter 5 application of upconversion
nanoconjugates in PDT is explored. A model, which may be used as a dual-functional
probe for live-cell target imaging and PDT, is established. We have designed and
constructed covalently bound UCNPs-PSs that emit two main bands at 540 and 650 nm
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under excitation of a CW NIR light source. The 540 nm band is employed to excite PSs
for PDT treatment, while the 650 nm emission band is simultaneously used for cell
imaging.
Application of a core/shell structure in UCNPs-PSs conjugates for PDT is not trivial
because the efficiency of the platform, constructed from UCNPs-PSs conjugates and
targeting vectors, does not only depend on the upconversion intensity. The shell layer can
significant improve the upconversion luminescence by protecting the emitters from
nonradiative decay caused by surface defects and high-energy vibrational modes outside
the UCNPs. On the other hand, the shell also increases the distance between the donor and
acceptor and thus impedes excitation of the PS via a FRET process. In Chapter 6
NaYF4:Yb3+,Er3+@NaYF4 core/shell UCNPs are used to form UCNPs-PSs conjugates.
Our results indicate that as far as the singlet oxygen generation is concerned an optimal
shell thickness exists that can be considered as a trade-off between the opposing effects
the shell thickness has on luminescence enhancement and FRET enhancement.
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Samenvatting
Nanodeeltjes met daarin zeldzame aardmetaal ionen, in het Engels aangeduid als “rare
earth ions doped upconversion nanoparticles (UCNPs)” hebben de unieke eigenschap dat
ze laag-energetisch licht, in het nabij-infrarode (NIR) deel van het spectrum, kunnen
omzetten in hoger-energetisch licht in het zichtbare deel van het optisch spectrum. Dit
kunnen ze bovendien doen bij relatief lage excitatievermogens in tegenstelling tot de
meeste alternatieve processen waarbij in het algemeen hoge piekvermogens van het
inkomende (excitatie)licht nodig zijn om licht naar kortere golflengtes om te zetten. Door
deze en andere superieure eigenschappen voor spectroscopische toepassingen zoals de
fotostabiliteit en de mogelijkheid om de deeltjes te ontwerpen met een gewenste emissie
golflengte, hebben ze in de afgelopen jaren veel aandacht getrokken in verschillende
onderzoeksgebieden. De lage vermogens die nodig zijn voor het energie opconversie
proces, in combinatie met de relatief grote diepte waarmee NIR licht kan doordringen in
verstrooiend materiaal zoals weefsel zijn in het bijzonder belangrijk voor toepassingen in
de biologie en geneeskunde. In deze disciplines wordt veel onderzoek gedaan naar de
bruikbaarheid van de UCNP’s voor toepassingen zoals detectie van specifieke structuren
als tumoren, het maken van afbeeldingen en voor therapie.
Ondanks de vele inspanningen is de efficiëntie waarmee het licht kan worden omgezet
tot nu toe het grootste probleen bij gebruik van de deeltjes voor (bio-)medische
toepassingen, in het bijzonder als het gaat om in vivo toepassingen waarbij slechts
beperkte excitatievermogens gebruikt mogen worden. Dit proefschrift beschrijft
spectroscopisch onderzoek naar UCNPs gebaseerd op NaYF4 en zeldzame aardmetalen
met als doel nieuwe aanpakken te ontwikkelen waarmee deze efficiëntie verhoogd kan
worden.
Hoofdstuk 1 geeft een overzicht van de meest recente ontwikkelingen in het
onderzoek aan de fundamentele eigenschappen van UCNPs met lanthanide ionen. Hierbij
wordt ingegaan op de technieken waarmee nanodeeltjes worden gemaakt, de
oppervlaktechemie van nanodeeltjes, en de historie van UCNPs met betrekking tot hun
toepassingen in verschillende (bio-)medische gebieden. Hoofdstuk 2 beschrijft het
onderzoek dat wij hebben gedaan aan de karakterisering van de op-geconverteerde
fotoluminescente eigenschappen van NaYF4:Yb3+,Er3+ en van NaYF4:Yb3+,Er3+@NaYF4
kern/schil structuren. De kern/schil structuur wordt beschouwd als een efficiënte manier
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om de emissieintensiteit efficiënt te verhogen en om de stralende vervaltijd te verlengen.
Echter, in Hoofdstuk 2 laten we zien dat, wanneer het excitatievermogen hoog genoeg is,
de intensiteit van de op-geconverteerde emissie van nanodeeltjes met alleen een kern
sterker kan zijn dan die van de nanodeeltjes met een kern en schil structuur. We laten zien
dat de verklaring voor dit gedrag gevonden kan worden in een door licht-geïnduceerd
verschijnsel van het materiaal, het zogenaamde temperen. Door een studie aan dynamica
van de luminescentie van de nanodeeltjes wordt het duidelijk dat de emissie van groen
licht uit de kern gevoelig is voor verstoringen en daardoor snel gedoofd kan worden.
Materialen met nano afmetingen verschillen in twee belangrijke aspecten van bulk
materialen. Als eerste kan kwantumopsluiting een kritische rol spelen zoals bijvoorbeeld
duidelijk is geworden in onderzoek aan zogenaamde quantum dots. Voor zeldzame
aardmetaal ionen is de De Broglie golflengte echter van de orde van 0.1 nm, en de
effecten van kwantumopsluiting zijn derhalve minder belangrijk. Als tweede neemt de
verhouding tussen de oppervlakte en volume dramatisch toe voor een nanodeeltje.
Effecten die geassocieerd zijn met het oppervlak bepalen dus in hoge mate de
spectroscopische eigenschappen van discrete luminescente centra in nanodeeltjes. Daar
komt nog bij dat, om de deeltjes geschikt te maken voor biologische/biomedische
toepassingen, de oppervlakte van de nanodeeltjes aangepast moet worden, wat
onvermijdelijk de fotofysische eigenschappen van het resulterende nanoplatform zal
beïnvloeden. Zulke effecten worden bestudeerd in Hoofdstuk 3 waar we ons richten op de
invloed van vibraties van organische moleculen waarmee NaYF4 nanodeeltjes met daarin
zeldzame aardmetaal ionen worden bedekt. In deze experimenten onderzoeken we
spectroscopisch de rol van emissiedovende centra aan de oppervlakte, de luminescente
centra aan de oppervlakte, de hoogfrequente vibraties van organische moleculen aan de
oppervlakte, als ook de rol van de eigenschappen van de schil, de vermogensdichtheid van
het excitatielicht, en het uitwisselen van liganden. Onze resultaten laten zien dat de
hoogfrequente vibraties een belangrijke rol spelen in het energie opconversieproces, maar
ook bij het temperen zoals dat optreedt door verhitting door de laser.
Met als doel de op-geconverteerde luminescentie van UCNPs te verbeteren, hebben
wij een nieuw mechanisme ontdekt waarmee we de concentratie van activators kunnen
verhogen. Hoofdstuk 4 presenteert een strategie waarmee we de gebieden met zeldzame
aardmetaal ionen ruimtelijk scheiden door het creëren van een sandwichachtige kern/schil
structuur met daarin meerdere lagen. Deze structuur heeft twee doelen. Aan de ene kant
beschermt de laag met alleen sensibiliserende Yb3+ ionen de luminescente ionen van de
invloed van de omgeving, en brengt deze laag de geabsorbeerde NIR foton energie over
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naar activatoren aan beide kanten van deze laag. Aan de andere kant, en zelfs belangrijker,
minimaliseert deze laag ook de energieoverdracht tussen de activatoren zelf wat leidt tot
een aanzienlijke verbetering van de concentratie drempel voor uitdoving. Wij laten zien
dat een dergelijke gestructureerde mengstrategie de concentratie van de activatoren - in dit
geval Er3+ ionen - kan verdubbelen. De resultaten van deze studies geven nieuwe
mogelijkheden om rationeel de op-geconverteerde emissie te vergroten, vergemakkelijken
de realisatie van biologische toepassingen van nanoplatforms waarin lanthanide ionen zijn
opgenomen, en kunnen leiden tot nieuwe strategieën voor het verzamelen en omzetten van
energie.
Fotodynamische therapie (PDT) is in de tachtiger jaren van de vorige eeuw in de
kliniek gekomen als een medische technologie om in een vroeg stadium kanker te
behandelen. PDT is gebaseerd op de effectieve lokalisatie van fotosensibiliseerders (PSs)
in tumor weefsels en de selectieve vernietiging van deze weefsels na bestraling met licht.
In Hoofdstuk 5 wordt de toepassing van energie op-converterende nanoconjugaten voor
PDT onderzocht. Er wordt een systeem voorgesteld dat zowel gebruikt kan worden om
selectief bepaalde typen cellen in beeld te brengen, als ook om PDT mee uit te voeren. We
hebben covalent gebonden UCNPs-PSs ontworpen en geconstrueerd die 540 en 650 nm
als belangrijkste emissie banden hebben bij excitatie door een CW NIR lichtbron. De 540
nm band wordt gebruikt om PSs te exciteren voor een PDT behandeling, terwijl de 650
nm band tegelijkertijd gebruikt kan worden om de cellen in beeld te brengen.
De toepassing van de kern/schil structuur in UCNPs-PSs conjugaten voor PDT is niet
triviaal omdat de efficiëntie van het platform, bestaande uit UCNPs-PSs en
doelherkennende moleculaire systemen zoals antilichamen, niet alleen afhangt van de
intensiteit van het emissie licht. De laag die de schil vormt kan aan de ene kant deze
emissie aanzienlijk verhogen door de emitterende ionen af te schermen van niet-stralend
verval veroorzaakt door oppervlakte defecten en hoge-energie vibraties van moleculen aan
de buitenkant van de UCNPs. Aan de andere kant vergroot een dergelijke schil ook de
afstand tussen de energie donor en ontvanger, and belemmert daarmee excitatie van de
fotosensibiliseerder door Förster Resonance Energy Transfer (FRET). In Hoofdstuk 6
gebruiken we NaYF4:Yb3+,Er3+@NaYF4 kern/schil UCNPs om UCNPs-PSs conjugaten te
vormen. Onze resultaten laten zien dat er wat betreft het genereren van singlet zuurstof
een optimale dikte is voor de schil. Deze dikte kan beschouwd worden als een compromis
tussen de elkaar tegenwerkende effecten die de dikte van de schil heeft op de verhoging
van de luminescentie en op de verhoging van FRET.
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摘

要

近年来，稀土离子掺杂的上转换纳米颗粒（UCNPs）由于具有很低的光漂白特性、
多色标记功能、以及其近红外激发光在生物体中有较深的穿透深度，因而得到了广
泛的关注。大多数的上转换现象需要极强功率的激发光，而稀土离子掺杂的上转换
材料只需很低强度的红外连续光激发就能产生紫外/可见光，因此有着广阔的应用前
景，尤其适用于生物医学和生物制药领域中对于灵敏度要求很高的检测、成像和治
疗等应用。到目前为止，尽管人们做了大量的工作，上转换材料的低发光效率仍是
其在生物医学应用中的瓶颈，尤其是对于在体实验只能接受较低功率的激发光。本
论文对于稀土离子掺杂（以及多种稀土离子共掺）的氟化钇钠（NaYF4）上转换纳
米粒子进行了研究，目的在于找到一些提高上转换效率的方法。
第一章介绍了近年来对于镧系稀土离子掺杂的上转换纳米材料的研究成果，包括
纳米材料制备技术、纳米粒子的表面改性，以及上转换纳米颗粒在各个生物领域的
应用进展。第二章中我们研究了裸核结构（NaYF4:Yb3+,Er3+）和核壳结构上转换纳
米粒子（NaYF4:Yb3+,Er3+@ NaYF4）的发光性质。同质包覆的核壳结构是公认的一
种有效提高上转换发光强度并有效提高发光寿命的方法。但是我们发现了当激发功
率密度足够大的时候，由于存在激发光引起的褪火现象，裸核结构的上转换纳米粒
子发光会强于核壳结构。通过对光动力过程的研究揭示了核中的绿光发射对于猝灭
过程更加敏感。
与体材料相比，纳米尺度下的材料性质有两个不同之处。首先，量子限域效应起
着很重要的作用，这在量子点的研究上得到了证实。而稀土离子则不同，其德布罗
意波长在 0.1 纳米左右，因而受到量子限域效应的影响并不明显。其次，材料尺寸缩
小至纳米尺度会导致比表面积的急剧增大，表面效应是改变纳米材料中稀土离子等
分立发光中心光谱性质的主要因素。由于上转换纳米粒子的光学性质必将受到粒子
表面的影响，因此必须对其表面进行修饰才能考虑生物应用。第三章中针对稀土离
子掺杂的上转换纳米粒子的表面有机振动模式对粒子光谱性质的影响，我们对表面
猝灭中心、表面发光中心、表面关联的高能有机振动模式、壳层包覆的作用、激发
光功率密度以及表面配体交换前后通过光谱进行了研究。通过我们的实验得知表面
关联的高频振动模式也像激发光导致褪火一样会影响着上转换过程。表面关联的高
能振动模式对于粒子表面附近的发光中心的光谱性质更是起着至关重要的影响。
为了改善上转换纳米粒子的发光能力，我们提出了一个可以增加发光离子掺杂量
的新方法。第四章介绍了将纳米粒子做成类似三明治多层结构的分区域掺杂法。此
结构有两个功能：一方面，掺入 Yb3+的中间层不仅能够阻隔环境对发光中心的影响，

- 129 -

并且可将吸收的红外能量传递给两侧层中的发光离子；更重要的另一方面，是削弱
了两个发光层中发光中心的能量传递，因此提高了掺杂离子的猝灭浓度。实验发现
分区掺杂方法可以将 Er3+的掺杂浓度提高一倍。这是一个有效提高上转换发光效率
的全新方法，为稀土掺杂纳米粒子的潜在生物应用提供了更多的机会，同时为能量
接收以及能量转换问题提供了新思路。
从上世纪八十年代开始，光动力疗法（PDT）作为一种治疗癌前病变的技术而被
应用于临床。首先将光敏剂有效地定位于肿瘤组织，之后在激发光的作用下光敏剂
产生的单态氧分子会选择性进行杀伤。第五章中我们将上转换纳米材料应用于光动
力治疗中，建立了一个可以同时用于活细胞成像和光动力治疗的模型。通过共价键
结合的上转换粒子-光敏剂纳米复合物在近红外连续光激发下产生 540 nm 和 650 nm
两条发射带。540 nm 能量提供给光敏剂分子进行光动力治疗，同时利用 650 nm 红
光发射带进行细胞成像。
由于考虑到上转换粒子-光敏剂纳米复合物的效率不仅取决于上转换粒子的发光
强度，因此传统方法中都没有采用核壳结构的上转换粒子。包覆同质壳层的上转换
纳米粒子由于减少了表面缺陷和高频振动引起的无辐射驰豫过程，因此可以有效地
增加上转换的发光强度。但另一方面，壳层也增大了能量传递施主与受主的距离，
使得光敏剂分子不能通过能量传递过程被有效地激发。在第六章中，核壳结构的
NaYF4:Yb3+,Er3+@NaYF4 上转换纳米粒子被用于上转换-光敏剂复合体中。实验结果
证实了优化的核壳结构的上转换纳米粒子存在一个合适的壳层厚度，在上转换发光
效率和能量传递距离之间找到平衡，用于得到最大的单态氧产率。
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