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Abstract

Lanthanide-doped upconversion nanoparticles (UCNPs) have emerged as promising
candidates for various biological applications since they can be excited with near-
infrared light, which is characterized by minimal scattering and negligible
background fluorescence excitation in tissues. Within this thesis, one of the main
challenges of UCNPs is tackled: the low upconversion efficiency and thus low
brightness. An enhancement strategy is presented that combines an augmented NIR
absorption rate through increased sensitizer content with the blocking of energy
migration pathways to the particle surface by passivating the active core with an
optically silent shell. Notably, 8.5 nm sized UCNPs composed of NaYbF4(20%Er) with
a 2 nm thick NaYF4 shell exhibit significantly improved upconversion luminescence in
the red spectral range compared to commonly used particles with only 20% Yb3* and
2% Er3*. The impact of particle size, composition, and core-shell architecture on the
photophysical properties is investigated, demonstrating that increased doping rates
enable the design of small and bright UCNPs with immense potential for biological
applications. To bridge the gap between such a particle design and applications in
biologically relevant environments, sophisticated surface chemistry of nanoparticles
is fundamental. In this context, a bilayer-based surface modification strategy is
introduced, offering excellent colloidal stability in aqueous environments, while
enabling facile surface functionalization through simple carbodiimide chemistry. This
is demonstrated using originally hydrophobic UCNPs coated with oleate, on which a
bilayer forms after addition of further excess oleate. The resulting hydrophobic
interlayer prevents the diffusion of water or other hydrophilic molecules to the
particle surface and thus reduces luminescence quenching. By incorporating
additional amino-functionalized molecules, the colloidal stability is enhanced and at
the same time the introduction of desired functionalities is facilitated. This was
demonstrated with two proof-of-concept studies using a photosensitizer and a nitric
oxide (NO) probe. When attached to the particle surface, their functionality for
producing singlet oxygen and detecting intracellular NO is maintained.

The design of UCNPs always requires sophisticated particle composition and
architecture as well as thoughtful surface engineering. When both are successfully
combined, UCNPs show promise as nanolamps in applications where deep tissue
penetration is required, such as in photodynamic therapy or optogenetics.



Zusammenfassung

Lanthanoid-dotierte Upconversion-Nanopartikel (UCNPs) haben sich als vielver-
sprechende Kandidaten fiir verschiedene biologische Anwendungen erwiesen, da sie
mit Nahinfrarot-Licht (NIR) anregbar sind, was zu einer minimalen Streuung und
Hintergrundfluoreszenz im Gewebe fihrt. In dieser Arbeit wird eine der groBten
Herausforderungen von UCNPs behandelt: die geringe Upconversion-Effizienz und
die damit verbundene geringe Helligkeit. Zur Steigerung der Effizienz wird eine
Strategie vorgestellt, die einen erhdhten Sensibilisatorgehalt zur Verbesserung der
NIR-Absorptionsrate mit einer Blockierung der Energiemigration durch eine optisch
inaktive Hulle kombiniert. Dabei weisen 8,5 nm groBe UCNPs aus NaYbF4(20%Er) mit
einer 2 nm dicken NaYFs-Hille eine deutlich verbesserte Lumineszenz im roten
Spektralbereich auf, verglichen mit Ublicherweise verwendeten Partikeln mit nur
20% Yb** und 2% Er**. Die Auswirkungen von PartikelgroBe, Zusammensetzung und
Kern-Hulle-Architektur auf die photophysikalischen Eigenschaften werden unter-
sucht. Dabei zeigt sich, dass durch hohere Dotierungen die Entwicklung von kleinen,
hellen UCNPs mit immensem Potenzial fiir Bioanwendungen ermdglicht wird. Fiir die
tatsachliche Anwendung solcher Partikel ist eine ausgefeilte Oberflachenchemie von
grundlegender Bedeutung. Dazu wird eine Strategie vorgestellt, die durch Bildung
von Doppelschichten eine ausgezeichnete kolloidale Stabilitat in wassriger Umge-
bung bietet und gleichzeitig Oberflachenfunktionalisierung durch einfache Carbo-
diimidchemie ermdglicht. Dies wird anhand von urspriinglich hydrophoben, mit
Oleat beschichteten UCNPs demonstriert, bei denen sich nach Zugabe von weiterem
Oleat im Uberschuss eine Doppelschicht bildet. Die dabei entstehende hydrophobe
Zwischenschicht verhindert die Diffusion von Wasser oder anderen hydrophilen
Molekilen an die Partikeloberflache und verringert somit Lumineszenzldschung. Ein
Einbau von zusatzlichen Aminen erhéht die kolloidale Stabilitat und erleichtert
spatere Anknlipfung gewlinschter Funktionalitaten. Dies wurde experimentell in zwei
Proof-of-Concept-Studien mit einem Photosensibilisator und einer Stickstoff-
monoxid (NO)-Sonde nachgewiesen. Die Funktionalitat dieser Molekile fur die
Singulett-Sauerstoffproduktion und den Nachweis von intrazelluldrem NO bleibt
auch nach der Bindung an die Partikeloberflache erhalten.

Das Design von UCNPs erfordert grundsatzlich eine ausgefeilte Partikel-
zusammensetzung und -architektur, sowie gut durchdachte Oberflaichenchemie.
Wird beides erfolgreich kombiniert, bieten sich UCNPs als Nanolampen fir
Anwendungen an, bei denen ein tiefes Eindringen in das Gewebe erforderlich ist, wie
z. B. die photodynamische Therapie oder die Optogenetik.



1 Introduction

11 Luminescent Nanoprobes for Bioapplications

111 The Role of Light in Medicine

The development of non-invasive imaging techniques or diagnostic tools is one of
the most elementary research goals in medicine. For the accomplishment of this goal,
optical probes have become an indispensable tool. As tracking the interaction of light
with cells or biomolecules can be usually done in a simple manner without causing a
patient harm, this principle is extremely attractive. Several areas of medicine or
molecular biology work with light, either in diagnosis by reading light information or
in therapy by irradiation with light. Optical probes can be applied to stain certain
regions in cells and tissues, and therefore eventually help to diagnose illnesses.
Techniques such as confocal microscopy or fluorescence imaging are used, for
example, for early cancer detection.?? Light-based techniques also allow real-time
monitoring of physiological parameters like glucose levels, pH, blood pressure, or
blood saturation, which are important to determine in daily medicine.*®

However, optical systems can not only be used for imaging and diagnostic purposes.
New methods have emerged in the past years which use light as therapeutic agent.
Among them are approaches like light-induced drug delivery or photodynamic
therapy, which all involve the use of light to trigger light sensitive drugs or selectively
target and destroy cancer cells upon light irradiation.®’ It is even possible to
manipulate neurons with light in a method called optogenetics, which is a promising
technique for the therapy of neuronal diseases.?

The concept is of course extremely tempting: Diagnosis and therapy with pure light.
However, to realize this, some questions need to be answered and concepts have to
be developed: How can the optical probe or therapeutic agent travel through the
organism even if the compound is not water soluble? How is it possible to create a
probe with a therapeutic function that attacks only the target cells? How is it possible
to create a self-referencing optical probe? To address these challenges, single
molecules are no longer sufficient; instead, small mobile nano-sized platforms are
needed with tailored optical features as well as the ability to attach various functions.

To meet these requirements, luminescent nanoparticles were developed.



11.2 Luminescent Nanomaterials

Nanomaterials come in the range of usually 1-100 nm in size in at least one
dimension, which places them somewhere between molecules and bulk materials.’
This can be advantageous in several respects. Much more complex structures can be
established in nanoparticles compared to single molecules, such as the combinations
of different materials to obtain special optical, electrical, mechanical, or chemical
properties, which differ strongly from bulk materials.’® At the same time, they are
small enough to be dispersible in solvents without showing significant scattering and
to move reasonably freely in organisms, which is what makes them very attractive for
medical applications."

The main advantage of nanoparticles in comparison to simple molecules, complexes,
or proteins is that they have in total a large surface, which can be functionalized with
receptors, targeting moieties, or drugs and hereby often achieve a higher
bioavailability compared to direct administration.’>'®* The application of
nanoparticles for medical purposes is not only advantageous in terms of creating a
nanocarrier; depending on the material chosen for nanoparticle preparation, the
particles can have fascinating optical properties, allowing them to function not only
as transporters but also as so-called small luminescent nanolamps.

Several luminescent nanomaterials are already broadly used in medical research with
very different properties, which can be based on either organic or inorganic materials.
Well-known examples for organic materials are fluorescent proteins, which are used
as markers for gene expression' or liposomes that are known to be excellent
transporters.” Such materials usually profit from low toxicity but e.g., organic
fluorescent dyes or proteins generally have the disadvantage of suffering from
photobleaching. Another example are carbon-based nanoparticles like carbon dots,
which also represent an important class of organic luminescent nanomaterials and
are used in a wide range of biomedical applications.’™ They also show low toxicity
and unlike other organic materials relatively high photostability.”” The most famous
example of inorganic luminescent nanoparticles are semiconductor quantum dots,
which are based on semiconducting materials like CdSe or PbS. Their potential for in
vivo and in vitro applications is also extensively exploited due to their excellent
photostability and their possibility for surface functionalization. However, since most
quantum dots contain toxic elements like Cd or Pb, their organic counterpart, the
aforementioned carbon dots, have received more attention in recent years when it
comes to biological applications.’®



Beside these numerous advantages for using light-based technologies in medicine,
a question remains: How is the light penetrating the body? Most of the methods are
claimed to be non-invasive, however, light in the UV and visible range, as required to
excite most optical probes, is barely able to penetrate the uppermost skin layers.®
While this may be less of an issue when working outside of organisms, such as in cell
cultures or with collected samples, it would be desirable for many applications if the
light could penetrate deeper into the tissue, thus avoiding the need to implant optical
fibers. The penetration of light into a medium depends on several factors, in
particular absorption and light scattering. Absorption in tissue is mainly attributed to
the absorption bands of hemoglobin, melanin, and water. In contrast, light scattering,
decreases continuously with increasing wavelength (~A for Rayleigh scattering, ~A™
for Mie scattering, where b is a material dependent variable), leading to higher
penetration depths with increasing wavelength (Figure 1.1).'8'° Since every skin layer
has different scattering and absorption properties and the intensity of the light has
additional influence, different values for penetration depths can be found in literature
but they generally range from 1 mm (for shorter wavelength close to UV) to 5 mm
(for wavelengths close to the NIR),'820 what means that NIR light, for example, can
be used to reach blood vessels to enable biosensing or therapeutic approaches there.
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Figure 1.1. Penetration of light with different wavelength into the skin. The graphic was reprinted from Ref.?!

To exploit the higher penetration depths of low-energy light for medical applications,
a special class of luminescent materials has been brought into the light: The so-called
upconversion nanoparticles. These are lanthanide-doped crystals, which are excitable
with near infrared (NIR) light and emit in the visible and UV range. This feature makes
them highly attractive for all kinds of bioapplications, where deeper light penetration
is desired.??



1.2 Lanthanide Luminescence

121 Rare-Earth Elements

Lanthanides, which belong to the rare earth elements, occupy the f-block of the
periodic table. Unlike the name rare earth says, they are not particularly rare, as the
abundance is partly even higher compared to cobalt or lead.?> However, they are
broadly spread around the world in relatively small concentrations and are often
found together in minerals. Thus, they are difficult to extract and it is challenging to
purify them due to their very similar chemical properties.?3

Lanthanides are indispensable for today’s world, what is attributable to their unique
properties and characteristics. Due to their special luminescent properties, they are
used for lasers and lighting applications like LEDs. They are also employed in display
technologies and are therefore required for smartphones, computer monitors, or flat
screens. Additionally, they have special importance in catalysis and due to their
magnetic properties also in the production of high-performance magnets.?324

Besides those more industrial applications, they have gained great importance for
medical applications. Gadolinium, for example, is widely used in magnetic resonance
imaging (MRI) as contrast agent, or the radioactive isotope of lutetium ('7Lu) is
applied in targeted radiation therapy for prostate cancer. By combining this isotope
with targeting molecules, it is possible to selectively reach tumor cells, which are then
destroyed by the radioactive radiation.?> A wide range of applications naturally results
from the excellent optical properties. The research in luminescence imaging, design
of luminescent probes, or sensors and therapeutic methods such as drug delivery,
photodynamic therapy, or photothermal therapy is expanding strongly.2

1.2.2 Optical Properties of Lanthanide lons

Lanthanides, especially trivalent lanthanides (Ln3*) with the electronic configuration
[Xelf" (n = 0 - 14), have very special optical properties since the occupation of 4f-
orbitals generates a high number of possible electronic states (up to 327 for Gd3*)
(Figure 1.2).2” Those energy levels originate from different distributions of the valence
electrons in the seven f-orbitals and are split due to spin-orbit coupling. In spin-orbit
coupling, the magnetic field originating from the movement of the electron around
the nucleus interacts with the magnetic field generated by the electron spin.
Depending on how the spin and the orbital angular momentum are aligned to each
other (parallel or antiparallel), the state is higher or lower in energy. The levels are



described by the term symbols 25*'L;, where 25+ 1 equals the total spin (S) multiplicity,
L is the total orbital angular momentum, and J the total angular momentum.?*
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Figure 1.2. Energy level diagram of trivalent lanthanide ions. The graphic was adapted from Ref.?® with
permission from the royal society of chemistry. UV (350 nm), blue (470 nm) green (540 nm), and red (650 nm)
light is depicted in the same energy scale for comparison.

This large number of electronic states already gives an indication of the diverse
optical properties of the Ln3* elements. However, most of the transitions are in
principle not very probable, which is mainly caused by selection rules, like the spin
selection rule or the Laporte's rule.?® The Laporte's rule states that particularly electric
dipole (ED) transitions are only allowed if the parity changes and AL = =1 holds,°
which is not the case for 4f-4f transitions. In an ED-allowed transition, the electronic
charges of the orbitals are redistributed during the transition, resulting in a change
in ED-moment. For 4f-4f transitions, there is no change in dipole moment, making
the transition ED-forbidden. Instead, a change in the electric quadrupole (EQ)
moment is observed. EQ-transitions are by far not as intense as ED-transitions (about
107-10'° times weaker).3" However, the environment plays an extremely important
role here. It is assumed that especially in low-symmetry environments a mixing of the
f and d orbitals can take place, which gives the transition 4f-5d character and thus
increases the probability of the transition.3! This was for instance demonstrated by
Blnzli et al, who found an increase of luminescent quantum yield from 35 - 39% to



50% by changing the symmetry from Cs to C; in europium complexes.®? Hence, it is
almost inevitable to deal with the symmetry of the environment of the ions,
regardless of whether one works with lanthanide complexes or with solids, since this
strongly influences the photophysics.3233

Throughout this work, lanthanide emissions are described as “luminescence”.
Luminescence is a quite general term for the emission of light, and usually the terms
fluorescence or phosphorescence are used to describe specific phenomena. While
fluorescence describes spin-allowed, very fast transitions, phosphorescence
describes spin-forbidden transitions with long lifetimes.?® According to this
definition, transitions like 2Fs; — 2F72 in Yb3*, which are spin-allowed, are denoted as
fluorescence, while the Eu3* emission Do — ’F, is phosphorescent. In case of
upconversion processes, which are explained in the next section, both descriptions
are not particularly adequate. Thus, for simplicity the term luminescence is used for
all occurring light emissions.

1.2.3 The Upconversion Mechanism

Beside the described luminescence properties of Ln3* ions, they feature a
phenomenon which makes them extremely attractive, especially for bioapplications.
It was pioneered by Francois Auzel in the 1960s that under certain conditions,
lanthanides can also have anti-Stokes emissions, the so-called upconversion
luminescence (UCL).3* This special effect is enabled by the energy levels being close
to each other, literally forming a ladder, combined with long lifetimes of the
intermediate states.3> By subsequent absorption of several photons, high excited
states can be reached. Due to this effect, the Ln3* can be excited in the NIR and emit
in the visible range up to the UV range.??3¢ There are three main pathways described
in the literature, which enable the upconversion effect: excited state absorption (ESA),
energy transfer upconversion (ETU), and photon avalanche (PA) (Figure 1.3). In ESA,
an excited-state ion must absorb a second photon to achieve upconversion, which is
a process with low probability and therefore requires high excitation power densities
to achieve efficient UCL. The main effect with the largest contribution is therefore
ETU, which is about two orders of magnitude more efficient compared to ESA.3¢ Here,
two different types of lanthanide ions are usually combined, a sensitizer with a high
absorption cross-section, serving as energy harvester, and an activator ion that serves
as the emitter.
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Figure 1.3. The three main mechanisms for upconversion: Excited state absorption (ESA), energy transfer
upconversion (ETU), and photon avalanche (PA).
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By far the most used sensitizer among the lanthanides is Yb3*, which has only one
excited state level that can be reached after NIR absorption. Therefore, competing
side processes within the Yb3* ions are limited, resulting in high energy transfer
efficiencies. Transfer of energy from the surrounding sensitizer ions to an activator
ion can consequently allow high excited states to be reached quite easily.3® The last
process that shall be discussed here, is photon avalanche. This process is rather a
special case since high power densities are required and the contribution should be
relatively small under moderate conditions. The process begins with ESA, followed
by cross-relaxation with another ion in ground state (CR), ending with both ions in
medium excited states. This process repeats until all ions are in the medium excited
state. From this point on CRs are not possible anymore, and every further occurring
ESA leads to population of high-excited states, followed by a strong emission of
UCL.3’

By combining different 4f-elements, a huge variety of excitation and emission
wavelengths is in principle possible (Figure 1.4). The most common lanthanide
combinations are Yb3*/Er3* or Yb3*/Tm3*, where Yb3* acts as sensitizer ion and
absorbs NIR light with a wavelength of 980 nm, while Tm3* or Er3* act as activators,
which emit UV or visible light.38
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Figure 1.4. Emissions of trivalent lanthanide ions. The graphic was reprinted with permission from Ref. 2°,
©2016 Elsevier.



1.3 Upconversion Nanoparticles

One of many possibilities to exploit the unique optical abilities of lanthanides,
especially the ability of creating upconverted light, is to dope the Ln3* ions into
nanoparticles. By co-doping of sensitizers and activators the upconversion effect can
be achieved and simultaneously, the suitability for bioapplications due to the small
size of the nanoparticles is ensured. Hence, those upconversion nanoparticles
(UCNPs) have gained special attention among the vast field of nanotechnology and
an incredible number of possible applications for such particles have emerged in
recent years, ranging from bioimaging and biosensing to therapeutic methods such
as drug delivery, photodynamic or photothermic therapy, and optogenetics.*®

The main feature, making those nanoconstructs so attractive for applications in the
biological world, is the NIR-excitation. Using excitation wavelengths that lie in
optically silent regions comes with great benefits: The scattering is reduced with
increasing wavelength and most biomolecules show no absorption in the NIR range.
This leads to higher penetration depth in biological tissues and to reduced
autofluorescence, and therefore high signal-to-noise ratios.*° The upconversion
emission bands are quite narrow since the 4f-orbitals are barely affected by the
chemical environments and they do not show blinking like quantum dots, for
example, or suffer from photobleaching.*' Since each Ln3* ion has its characteristic
emission bands, a wide range of possible emission bands is available for selection;
by combining Er3* and Tm3* activators, for example, emission bands in the UV, blue,
green, and red range of the spectrum can be achieved, with intensity ratios that can
be tuned dependent on the respective concentrations (Figure 1.5).
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Figure 1.5. Upconversion colors under 980 nm excitation of NaYFs particles with different doping
concentrations of Yb3*, Er3*, and Tm3* ions. The graphic is reprinted with permission from Ref.38

The fact that the photophysical properties of lanthanides are so versatile is a great
advantage, but it also requires an extremely precise particle design. As the transitions
between the energy levels are not allowed according to the Laporte rule they are in



general improbable. However, this can be partially circumvented by asymmetric
environments of the Ln3* ions. In addition, many non-radiative competing processes
such as unwanted cross-talk between lanthanides or with quenchers in the
environment can greatly reduce the upconversion efficiency.*#3 Therefore, one of
the main goals in upconversion research is to design the particles in a way that such
competitive processes are suppressed and the efficiency is maximized so that the
particles are bright enough for biomedical applications.

1.3.1  Preparation of Upconversion Nanoparticles

1.3.1.1 Choice of Host Material

For the creation of lanthanide-based nanoparticles, it is necessary to build a solid
host matrix in which the lanthanide ions can be chemically embedded. The choice of
such a host material is actually highly important, since it should interfere as little as
possible with the excitation and emission wavelengths of the lanthanides. Moreover,
the host material should be non-toxic and chemically inert under relevant biological
conditions. The most important parameter that must be considered are phonon
energies. These correspond to the lattice vibrations in solids, whose frequencies are
highly dependent on the material. Those vibrations are the main reason for non-
radiative relaxations within upconversion materials. However, luminescence loss can
be minimized in host materials with low phonon energies, since then the probability
of phonon relaxations is reduced.*’

Table 1.1. Phonon energies of selected host materials for lanthanide doping.

material highest phonon energy / cm™!  Ref.
phosphate glass (e.g., YPOJ) 1200 44
silicates 1100 4
fluoride glass 550 4
Gd20s 700 46
YVO,4 890 a7
NaYF4 360 46
LaFs 300 48
LaCls 240 49

Comparing different host materials (Table 1.1), it has been shown that fluoride-based
crystal lattices have one of the lowest phonon energies combined with excellent
chemical stability.>>>" The most extensively studied among them is NaYFs4, which is
proven to have excellent optical properties and matches the mentioned criteria for



host materials. It occurs in a cubic and hexagonal crystal system, which structures can
both be easily synthesized depending on the synthesis temperature. Since the
hexagonal crystal structure has a lower crystal symmetry, the UCL is usually much
brighter, which is why this crystal structure is most often chosen for particle design.>
Alternatives to NaYF4 with similar upconversion properties are LiYFs or LaFs, for
example.”® Even though NaYF. is superior in many cases, LiYF4 can be advantageous,
e.g., in combination with Tm3* doping since this crystal structure seems to promote
the Tm3* UV-emission.>® This example shows that there is no universal choice of host
lattice, but instead it is dependent on the desired optical output and on the
lanthanides, which shall be doped inside the lattice.

1.3.1.2  Synthesis Strategies

Over time, various strategies for UCNP production have evolved. The best known
procedure is certainly the thermal decomposition method, since high quality UCNPs
with controllable size, shape, and composition can be produced.** For thermal
decomposition, precursor materials are dissolved in high boiling organic solvents,
usually oleic acid and octadecene. As precursor salts, lanthanide trifluoroacetates or
the less toxic lanthanide chlorides can be used to introduce the lanthanides.>>®® In
the first reaction step, lanthanide oleates are formed and solvent as well as water
residues are removed (Figure 1.6). Under precisely controlled temperature increase
and inert atmosphere, the nanoparticles start to nucleate in the cubic crystal structure
above 240 °C and in hexagonal crystal structure about 300 °C, in case of NaLnF4
materials.>” Since this method is the most popular one, it is very well investigated and
the knowledge about tuning the parameters to obtain defined architectures is high.
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Figure 1.6. The basic protocol of upconversion nanoparticle synthesis via thermal decomposition using
lanthanide chlorides. Synthesis procedure is drawn schematically according to an often used protocol.®

Another method for UCNP preparation is the hydrothermal synthesis, where the
precursors are heated in aqueous, sometimes organic solvents at a controlled
temperature and under high pressure.>® This method is also frequently used even
though it suffers from quite long reaction times (12-60 h) and requires special
reaction vessels.®® Co-precipitation is also a method investigated for UCNP
production, which works with very gentle reaction conditions, since the precipitation
of the nanoparticles is induced by the addition of precipitation agents, for example,
rather than by high temperatures and pressure. This makes the method very easy to



perform, but the size distributions are usually much broader compared to the
methods already mentioned.®® The last method worth mentioning is the microwave-
assisted nanoparticle synthesis. Since this method is relatively new, it has not yet
received much attention from the research community, although some groups have
already shown that it can produce nanoparticles with well-controlled
architectures.®'%? The underlying principle and also the chemicals used are identical
to the thermal decomposition method but by using the microwave the synthesis is
comparatively faster (a few minutes), and therefore more energy efficient compared
to the classical thermal decomposition method.

Looking back at the last decades of UCNP research, it can be said that synthesis
techniques have evolved a lot. After the principle of upconversion became known in
the 1960s, it took about 40 years until the first high-quality monodisperse UCNPs
could be produced. However, the development did not end there; the synthesis
knowledge was further expanded until more complex architectures, such as core-
shell, core-multishell, or anisotropic structures were also made possible.?3%° The new
architectural designs have generated a lot more opportunities for the design of
UCNPs to achieve higher efficiencies and more versatile optical properties.

1.3.1.3  Composition and Architecture

Before starting the UCNP synthesis, it must be decided which lanthanides will be used
as dopants and in which concentrations. For activator ions, which determine the
emission wavelengths as depicted in Figure 1.4, Er**, Tm3*, and sometimes Ho3* are
the most frequently used ions, which are in most cases combined with Yb3* as
sensitizer ion. The resulting most common particle compositions are hence
NaYF4(18-20%Yb, 2%Er) and NaYF4(20-25%Yb, 0.3%Tm). Particles with such doping
levels were proven to show efficient upconversion without inducing concentration
quenching, caused by cross-relaxations and energy migration between the
lanthanide ions.??> The low content of optically active lanthanide ions in the crystals
represents a limiting factor for the absorption-cross section of the nanoparticle as
well as limited luminescence due to the low amount of emitting ions. As a
consequence, the research community has recently started to rethink the low doping
ratios and tried to optimize the composition of the particles.®® The precise effects of
enhancing lanthanide compositions have merely been addressed in detail so far, but
it is obvious that the photophysical properties of the particles are somehow
influenced. Therefore, this is a very current topic, which demands further research.



Beside the lanthanide doping, the particle architecture should be carefully designed
as well. One strategy that has proven to be particularly efficient and important for
UCNPs is core-shell architecture. In this approach, doped or undoped host material
is grown onto the original nanoparticle within the framework of a core-shell
synthesis. This strategy has been proven to be useful, for example, to increase the
absorption cross-section of the particles by doping Yb3* into an additional, so-called
active shell, or for Nd3*-sensitized systems, where a spatial separation of Nd** and
the activator ion in different compartments of the UCNP has proven beneficial.5768
However, the growth of undoped shells is a frequently used method to increase
upconversion brightness. Those shells, which are based on NaYFs, for example, do
not have optical properties by themselves but provide excellent protection of the
particles from the environment and thus from quenching molecules and help to heal
surface defects. This beneficial effect of inert shell growth usually results in a
significant increase of the UCL of several orders of magnitude depending on the shell
thickness and the particle size.*?

Mainly due to the larger surface-to-volume ratio of small particles, the particle size
itself strongly influences the particle properties (Figure 1.7), which means more
options for quenching by solvent molecules, ligand molecules, or crystal defects on
the surface.®® As a result, the UCL of small UCNPs, especially below 10 nm size is
usually low.”® However, small sizes are often preferred for many applications,
especially in the biological field. Therefore, efforts to improve the brightness of the
particles, e.g., by core-shell architecture, by co-doping with other ions such as Li* to
change the crystal symmetry, or by increasing the concentration of sensitizer or
activator, are high and still ongoing.”="4
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Figure 1.7. Dependence of surface-to-volume ratio on the nanoparticle diameter (for spherical particles).



1.3.1.4 Surface Engineering

The extraordinarily high surface-to-volume ratio of especially small nanoparticles
(Figure 1.7) has also quite beneficial effects regarding the application of the UCNPs.
Decreasing a particle size from one micron to 10 nm increases the surface area a
thousandfold if the total volume of material remains constant. For medical
applications, this means a thousandfold larger platform for attaching functional
molecules to the particle. Such molecules, which can be either hydrophilic or
hydrophobic, can be attached in high amounts, as long as the colloidal stability of
the particle is maintained. Thus, biosensors can be created by coupling receptor
molecules to the particle surface that induce a signal change in the presence of an
analyte molecule.” Nanoparticles can also be used as transporters by loading them
with therapeutic agents which are then released in a controlled manner. In such
approaches, a higher drug bioavailability and thereby a higher drug efficiency is
achieved compared to direct drug administration.' If additionally targeting ligands
are attached to the nanoparticle surface, the target cells (e.g., cancer cells) can be
recognized, leading to a more specific and local therapeutic effect.??

Until UCNPs are ready to be applied, there is a long way to go. After the initial particle
synthesis, the particles are usually coated with a hydrophobic ligand, such as oleic
acid.*® Thus, before UCNPs become accessible for biological applications at all, the
surface must be modified so that the particles are dispersible in aqueous solutions.
There are several requirements that should all be met by the surface ligands. The
particles must not aggregate in pure water, nor under physiologically relevant
conditions in the presence of salts or proteins. This issue of colloidal stability is also
a direct result of the high surface-to-volume ratio, as high surface area means high
surface energy. To minimize this energy, the nanoparticles form aggregates. This
process can only be prevented by attaching stabilizing ligands to the nanoparticle
surface, which are either highly charged or protect the particle sterically, as polymers
do, for example.” The main challenge, when working in biological matrices is that
many ions are present there, which weaken the electrostatic repulsion forces between
the particles, and that biomolecules are sometimes able to displace ligand
molecules.”® In addition to colloidal stabilization, a protective barrier should be
created around the particle to prevent water molecules from diffusing unhindered to
the surface, because water has a strong quenching effect on the UCL.”""® Such a
barrier can also mitigate dissolution processes of the nanoparticles that are triggered
in high dilution.” In addition to all these tasks that a good ligand coating must fulfill,
it is also important that the option of further functionalization is maintained, e.g., for



attaching specific targeting ligands, drugs, organic dyes, or molecular probes, so that
the above-mentioned applications are made possible. &

One of the biggest challenges in surface engineering of nanoparticles is that it is
difficult to observe what processes really take place on the particle surface. To be
able to improve the surface design, good analytical methods are needed to draw
conclusions about the surface properties. Before modifying the surface, one should
be able to estimate the amount of ligand needed to obtain reasonable and
reproducible results. For this purpose, the number of particles in the dispersion and
their total surface area should be determined. This can be achieved by a combination
of size determination via transmission electron microscopy (TEM) and concentration
determination of the lanthanides via elemental analysis, e.g., with inductively coupled
plasma optical emission spectroscopy (ICP-OES). After the surface is modified, the
colloidal stability can be checked by measuring dynamic light scattering (DLS).
Depending on the hydrodynamic diameter and polydispersity index, good
estimations can be made regarding the degree of agglomeration and the size of the
attached ligands.' To ensure the ligand attachment to the nanoparticle surface, zeta
potentials can additionally be determined, where information on the electric
potential (in mV) of the particle surface can be obtained, or, more precisely, the
potential, which is formed at the stationary charge layer surrounding the particle, is
measured.®? Based on the change in zeta potential before and after surface
modification, sometimes conclusions can be drawn about the success of a
modification. In addition, it can give an indication of whether the colloidal dispersion
is sufficiently stabilized since a zeta potential of at least + 30 mV is assumed to be
sufficient for electrostatic stabilization.®® In case the attached ligand has absorbing
or fluorescent properties, optical analytical techniques are also a common method to
determine ligand concentration. These techniques are only a fraction of the analytical
methods that can be used for surface characterizations depending on the exact
ligand properties, however, they are probably the most important and most widely
used.

Regarding the protocol of surface modification, there are already countless
possibilities how the surface of UCNPs can be customized.”®8 Which of these
possibilities is chosen in the end usually depends on the subsequent purpose of the
particles. For example, there are very simple particle modifications, like ligand
exchange procedures,” that work in a simple and reliable manner but offer little
protection in biological media regarding colloidal stability and water quenching.
However, ligand exchange strategies are extremely versatile and allow attachment of
small molecules as well as polymers, which is why many researchers choose this



method. Strategies that form a better barrier against external influences, by forming
amphiphilic layers, for example, are in contrast often expensive and/or very complex,
like methods involving amphiphilic polymers or the creation of a phospholipid
bilayer.””.”® The good results achieved with such protocols regarding colloidal stability
and UCL brightness demonstrate that amphiphilic approaches in general could be
very promising and may be a good way to proceed with research to identify an ideal
surface that works in a simple and reliable manner with sufficient protection of the
UCNP from aggregation and water quenching.

Figure 1.8 summarizes the key parameters one has to face when designing UCNPs.
Since the high goal of UCNP research is to make the particles more efficient and
applicable for biological purposes, the question arises where the screws should be
turned to get closer to this goal. Regarding particle architecture and composition,
higher lanthanide concentrations seem to be a new promising trend. Since the exact
effects of high lanthanide content on the luminescent properties of the particles have
not yet been studied in detail and it is not clear whether this can be beneficial for
biological applications with moderate power densities (compared to the already
established particles), this topic needs to be investigated. Furthermore, there is great
potential for improvement in the surface design of particles as this determines
whether the UCNPs are suitable and accessible for biological systems at all.
Amphiphilic strategies seem to be the most promising among the surface
modifications, for which the development of a simple, inexpensive, and versatile

method is highly demanded.
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Figure 1.8. Different key steps in designing an upconversion nanoparticle.
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2 Motivation and Aim of the Work

The potential of upconversion nanoparticles (UCNPs) in biomedical applications is
significant, however, their limited brightness poses a challenge. Thus, improving
upconversion efficiency is a key goal. Previous research kept lanthanide
concentrations low to avoid quenching effects, but recent studies suggest that
increasing sensitizer and activator doping could be beneficial. However, the impact
of this increased doping on the energetic processes within the particles remains
poorly investigated, yet crucial for optimizing UCNPs. Therefore, in this thesis, various
UCNPs with high Yb3* and Er** content will be synthesized, characterized, and
compared to particles with low doping. The brightness of UCNPs is not the only
challenge; their strong tendency to aggregate in biological environments must be
stopped to make them attractive for medical applications. Surface engineering plays
a vital role in addressing this issue by designing precise surface coatings that ensure
colloidal stability, minimize water quenching effects, and enable further
functionalization with molecules such as dyes or receptors. Although no ultimate
strategy exists for achieving good surface protection and functionalization,
amphiphilic surface coatings are promising. Addressing those challenges by
developing a simple method for surface design is an objective of this thesis so that
eventually bright, colloidal stable, and functional particles are obtained by a
combination of thoughtful particle design with precise surface engineering
(Figure 2.1).

bright
upconversion Yb
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Figure 2.1. Bright upconversion, colloidal stability, and functionality achieved by combination of improved
particle architecture and precise surface engineering.



3 Upconversion Nanocrystals with High Lanthanide
Content: Luminescence Loss by Energy Migration
versus Luminescence Enhancement by Increased NIR
Absorption

3.1 Abstract

Lanthanide-doped upconversion nanoparticles (UCNPs) have attracted a lot of
interest due to their benefits in biological applications: They are not suffering from
intermittence and provide nearly background free luminescence. The progress in
synthesis nowadays enables access to complex core-shell particles of controlled size
and composition. Nevertheless, the frequently used doping ratio dates back where
mostly core-only particles of relatively large size have been studied. Especially at low
power excitation as needed in biology, a decrease in particle size leads to a drastically
decrease in the upconversion efficiency. An enhancement strategy based on an
increased absorption-rate of NIR light provided by an increase of the sensitizer
content, together with the simultaneous blocking of the energy migration pathways
to the particle surface is presented. NaYbF4(20%Er) particles of 8.5 nm in diameter
equipped with an about 2 nm thick NaYFs shell show significantly enhanced
upconversion luminescence in the red (660 nm) when compared to the most
common used particles with only 20% Yb3* and 2% Er**. The impact of size, the
composition, and the core-shell architecture on the photophysical properties was
studied. The findings demonstrate that an increase in doping rates enables the
design of small, bright UCNPs useful for biological applications.
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3.2 Introduction

Luminescent probes have established themselves as important reporters in
biosensing and biomedicine, including organic dyes, fluorescent proteins, metal
complexes, and semiconductor quantum dots. One promising class of luminescent
probes are upconversion nanoparticles (UCNPs), which can overcome some
drawbacks of common fluorophores. Those lanthanide-based nanocrystals absorb
near-infrared (NIR) light and convert it into higher-energy visible or ultraviolet (UV)
light52 Since the excitation lies in a wavelength range, where scattering and
autofluorescence of biomolecules are very low, UCNPs allow deep tissue penetration
and have the benefit of high signal-to-noise ratios additional to their photostability
and sharp and tunable emission bands.’®'" The nanocrystals usually include a
sensitizer — activator pair of lanthanide ions doped inside an NaYF4 host lattice. The
sensitizer absorbs NIR excitation light, transfers the energy of one, two or three
photons to the activator, which subsequently emits the upconversion
luminescence.'>'3 Many applications require strong upconversion to achieve high
signal intensities and to keep the amount of nanoparticles in the organism low, which
is why high efficiency of the upconversion process is probably the most important
issue when UCNPs are designed for biological applications.*™ Several strategies
such as energy harvesting, plasmonic enhancement, or triplet excited states in order
to improve the upconversion efficiency were already discussed in the literature.’®-23
One essential strategy is the protection of the lanthanide ions from the environment
by passivating the nanoparticle surface with a non-doped NaYFs4 shell. High energy
vibrations of ligand or solvent molecules as well as crystal lattice defects, changing
the local field around the lanthanides, lead to non-radiative decay processes that
reduce the luminescence intensity.?* As shell growth enlarges the distance between
the lanthanides and surface quenchers, strong increases of luminescence intensities
and quantum yields can be achieved.?#?

To increase the upconversion efficiencies one should also reconsider the content of
sensitizer and activator ions. For many years (or decades), low doping of lanthanide
ions inside nanocrystals was believed the best for efficient upconversion
luminescence. To achieve green upconversion luminescence, the lanthanide doping
inside a NaYF4 crystal was once optimized to 18% Yb3*(sensitizer ion) and 2%
Er3*(activator ion).’® The reason for the relative low lanthanide concentrations is the
theory of concentration quenching, where higher concentrations of lanthanide
dopants lead to cross-relaxations between the ions as well as energy migration to
surface quenchers — and hence reduced upconversion emission intensities.?®?’ Even



if the optimized composition was proposed for powders with crystals in the
micrometer-range, these concentrations are still prominent for nanoparticle
dispersions with diameters < 50 nm,?® where non-radiative decay processes on the
surface become dominant, resulting in low upconversion efficiency.?® To compensate
for the loss of luminescence caused by quenching processes, strategies emerged to
increase the absorption cross-sections of the particles through higher lanthanide
doping.?® It was found that concentration quenching can be overcome by high
excitation power densities since cross relaxation and energy migration processes are
hindered when all lanthanide ions are in excited state.?’ Increasing the activator
concentration with constant sensitizer concentration was demonstrated to lead to
improved luminescence intensities.3%3! Similar results were achieved by increasing
the Yb** concentration, where it was discovered that the higher the Yb** content, the
higher are the luminescence intensities. High excitation power densities should be
avoided for applications in living organisms,®? therefore it was an significant step
when it was discovered, that not only high excitation power densities enable high
lanthanide doping but also inert shell growth around the particles, what protects
them from energy migration to surface quenchers.33-3¢ Core-shell structures with
high lanthanide content were synthesized,?’=° which all showed improved
luminescence intensities compared to similar particle architectures with lower
lanthanide doping. One very promising approach was the synthesis of so-called
“alloyed” nanocrystals by Cohen et al, where different Yb/Er ratios in a sodium
lanthanide fluoride lattice equipped with an NaYF4(20%Gd) shell were monitored at
different power densities.*® They introduced alloyed UCNPs for low irradiance
imaging, only composed of NaYbFs and NaErF4 without the need of NaYF4 as host
lattice.

Enhancing the absorption of UCNPs is clearly beneficial for the upconversion
performance, but higher lanthanide doping also facilitates energy transfer processes
between the single ions due to decreasing ion-ion distances.*' While on the one hand
energy migration can be useful, e.g. for the transportation of energy across core-shell
interfaces,*™° it can on the other hand strongly limit upconversion intensities. For
example, NaErFs nanoparticles suffer from low luminescence intensities if they are
not equipped with an NaYF shell since the energy migrates through the crystal lattice
until it gets quenched on the particle surface.3>>%>3 The reduction of upconversion
efficiency due to energy migration followed by surface quenching is an issue which
should be valid for all systems with high concentrations of lanthanide ions.
Consequently, it's unavoidable to get control over the energy migration and hinder
the quenching processes to achieve bright luminescence.



Within this publication, the two main impacts of high lanthanide content in UCNPs
will be discussed: higher absorption cross-sections on the one hand and increased
energy migration between the lanthanide ions on the other hand. Ytterbium as
sensitizer and erbium as activator ions were chosen to enable the energy transfer
upconversion process (Figure 3.1a) leading to luminescence emissions in the green
and red range of the electromagnetic spectrum, attractive for a broad variety of
applications in biosensing and theranostics.>#>¢ For this, core-shell nanoparticles with
high sensitizer and activator content were synthesized. Those UCNPs consist of
B-NaYbF4(20%Er) equipped with NaYFa. Inspired by the approach of Cohen et al.,*°
who used similar particles for low-irradiance imaging, those particles are referred to
as alloyed UCNPs, whereas reference particles based on B-NaYFs doped with 20%
Yb3* and 2% Er** are titled as doped UCNPs (Figure 3.1b). The influence of
nanoparticle size and the surface passivation effect depending on the shell material
and shell thickness will be thoroughly discussed to give an insight on what
parameters are important during particle design.
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Figure 3.1. (a) Energy level diagram of Yb3* and Er3* ions inside an upconversion nanocrystal. Wavenumbers
of the electronic states are from Reference 7. ETU: energy transfer upconversion, BET: back energy transfer
and CR: cross relaxations. Curly arrows indicate non-radiative decay processes. (b) Schematic representation
of nanocrystals with high lanthanide content vs low lanthanide content (alloyed vs. doped).



3.3 Results and Discussion

Enhancing the lanthanide content inside the UCNPs brings one obvious advantage
in contrast to low-doped UCNPs: the high number of sensitizer ions is accompanied
by a higher absorption of the excitation light. Comparing small alloyed f-
NaYbF4(20%Er) (diameter: 85+ 1.2 nm, Figure 3.2a) and doped
B-NaYF4(20%Yb,2%Er) (diameter: 7.6 = 1.2 nm, Figure S3.5) nanoparticles, one finds
absorption cross-sections about six times higher for alloyed compared to doped
particles (Figure S3.1a). The slightly larger alloyed particles contain about 5.6 times
more Yb3* ions, and 14 times more Er** ions, which are both capable of absorbing
976 nm light. Since the absorption coefficient of Yb** is one order of magnitude
higher compared to Er3* at 976 nm, the amount of sensitizer is mainly responsible
for the difference.®® In contrast to the high absorption cross-section, upconversion
luminescence (UCL) of alloyed UCNPs without a protective shell of NaYF4 revealed a
very low brightness (Figure 3.2b and c). The doped UCNPs, which have an about six
times less absorption cross-section, show an about 50 times brighter UCL, which
emphasizes that high absorption does not necessarily lead to high emission intensity.
In contrast, after equipping the alloyed nanoparticles with an approximately 2 nm
thin NaYF4 shell, a remarkable luminescence enhancement of a factor of ~ 100,000
was found (integration between 400 - 750 nm).

The intense luminescence of the alloyed core-shell particles is contradictory to the
concentration quenching theory, which says that cross-relaxations and energy
migration between lanthanide ions in proximity are responsible for low luminescence
emissions (Figure 3.2d). The strong impact of surface passivation in core-shell
systems on the luminescence intensity leads to the conclusion that cross-relaxation
cannot be the main reason for low brightness of the core particles, as the shell has
no influence on the cross-relaxation processes between the Er3* ions. In contrast, the
concept of energy migration between the lanthanide ions is very plausible: One ion
in excited state can transfer the energy to a second ion in ground state, from where
again energy is transferred to the next ion. In this way, energy migrates until the
surface of the nanoparticle is reached, where surface quenching deactivates the
excited lanthanide ion before the upconversion luminescence is emitted. In case of
core-shell architecture, the shell shields the particle from the environment and
therefore inhibits the last step of energy transfer to quencher molecules, which
enables the Er3* ions to emit the upconversion luminescence.



B-NaYbF,(20%ET) B-NaYbF,(20%Er)@NaYF,
2 2 ve - - -

228, ot

d=132%£0.9 nm

il

10 20 10 20
particle diameter / nm particle diameter / nm

d=8.5£12nm | s

1000 |-| H
0 alllila 0

number of particles

ive intensity
w & (2]
[=3 (=] (=]
o o o
1 1 1

200 4

©0-©
Erlo Er:k

Er*

relat

100

o
—)

400 500 600 700 800
wavelength / nm

Figure3.2. (a) TEM micrographs of alloyed core (B-NaYbF4(20%Er)) and core-shell
(B-NaYbF4(20%Er)@NaYF.) particles with corresponding size histograms. (b) Alloyed core (right) and core-
shell (left) particles dispersed in cyclohexane, illuminated with 980 nm laser (200 mW, cw) in quartz cuvettes.
(c) Luminescence comparison of core and core-shell particles at 980 nm irradiation with 140 W-cm™, spectra
are normalized to particle concentration [particless-mL™"] and measured in cyclohexane. (d) Schema of cross-
relaxation and energy migration processes between lanthanide ions.

Ytterbium as well as erbium ions are both enabling energy migration. In the alloyed
particle system, the number of ions was significantly increased in contrast to
conventional doped particles (factor 4 for Yb3*, factor 10 for Er** for particles with
the same size). Since the Yb3* content is already high for doped particles (20%), it can
be assumed that the Er3* ions are mainly responsible for the enormous loss of energy
for alloyed core-only systems. To prove this hypothesis, two core-shell structures
have been synthesized: B-NaYbF4(20%Er)@NaYbFs and B-NaYbF4(20%Er)@NaErF,
(Figure 3.3a). If one of the lanthanide ions in the shell does not favor energy
migration, brighter UCL will be expected similar to the passivation effect known from
NaYF4 shells. The luminescence spectra of those particles and the corresponding core
particles reveal the effect of the two kinds of shells (Figure 3.3b). An Er-shell has no
significant effect on the luminescence since integration over the visible range (400-
750 nm) led to an enhancement factor of 1.8 compared to the core particles, both
very close to the noise. These results confirm that the Er3* ions promote the energy



to migrate through the shell without a barrier ending up in non-radiative deactivation
at the particle surface or at crystal defects.
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Figure 3.3. (a) TEM micrographs of B-NaYbF4(20%Er)@NaYbF4 and B-NaYbF4(20%Er)@NaErF,s core-shell
nanoparticles with corresponding size histograms. (b) Luminescence of core and core-shell particles. Core
particles are 8.5 + 1.2 nm in diameter (see Figure 3.2a). Spectra are recorded at 980 nm excitation with
140 W-cm? (cw) and normalized to particle concentration [particlessmL"] in cyclohexane.

Quenching effects by the solvent cannot explain the very low luminescence
intensities of the Er-shelled particles, as an H/D exchange in the solvent leads only to
an enhancement of approximately factor 5 (Figure S3.2a). Therefore, quenching at
crystal defects seems to be the more probable deactivation pathway. For the Yb3*
shell one would expect a luminescence enhancement independently from blocking
energy migration, as about four times more Yb3* ions are implemented into the
particle, which would lead to an about four times higher absorption cross-section
and therefore — in a simplified, ideal case — about four times higher luminescence. In
fact, a strong luminescence enhancement by a factor of 51 was found for the Yb-
shell. Surprisingly, the influence of non-radiative deactivation by C-H quenching of
the solvent is comparable to the particles with NaErFs4 shell. The 2Fs/, level is not
known to be influenced by C-H-vibrations3®, but an H/D exchange in the solvent leads
to an enhancement factor of 4.5, which can only be caused by quenching of Er-ions
in the core (Figure S3.2b). Even when the particles are dispersed in strong quenching
media enabling non-radiative deactivation of the 2Fs/, level by O-H- vibrations?®, the
Yb-shelled particles still show brighter luminescence compared to Er-shelled particles
in D20 (Figure S3.2¢). The fact that the Yb-shelled particles are still brighter in a high-
quenching environment confirms our assumption that energy migration is more
facilitated between Er* ions compared to Yb3* ions, which is why the Yb-shell
functions also as surface passivator here. A saturation of Yb ions, which also can
suppress energy migration, can be excluded as the power dependent luminescence



tends not to flatten out at the excitation power at 140 W-cm (Figure S3.2d).
However, as a NaYF4 shell of similar thickness leads to an enhancement factor of
about 100,000 (Figure 3.2c), it becomes obvious that the Yb-shielding cannot
compete with growing an inert shell despite the higher absorption cross-section.

For a better understanding of the role of Yb** and Er®* in the process of energy
migration and quenching, four particle systems of almost identical sizes with different
percentage of Yb3* and Er** doping have been compared: (80:2, 20:20, 20:2, and
alloyed: 80:20). They were all equipped with an ~ 1 nm NaYF4 shell (TEM micrographs
in Figure S3.3). The particles with 80% Yb3* should profit from the higher absorption
cross-section, while particles with 20% Er3* suffer from stronger energy migration to
the particle surface, which is to a certain extend prevented by the NaYF4 shell.
Luminescence measurements (Figure S3.4) revealed that the total intensity in the
visible range is comparable for particles with 20%Yb3* : 2%Er3*, 80%Yb3* : 20%Er*,
or 80%Yb3* : 2%Er3*, with green-to-red ratio changing from 6.7 to 2.5 to 0.9 for those
particles. The stronger green emission of the 80%Yb3*, 20%Er3* particles probably
results from the increased number of emitting ions, which is 10-fold higher compared
to particles with 80%Yb, 2%Er. As the higher Er3* rate also leads to more C-H
quenching, which mainly affects the red emission®?, the green-to-red ratio changes
for those particles. The red emission is unexpectedly intense for both systems with
80% Yb3* content and highest for the 80%Yb3*:2%Er3* system compared to
80%Yb3* : 20%Er3*. This is somehow surprising, since high amounts of Er3* in the
particle core are known for small green-to-red ratios.3>*° Apparently, high Yb3*
content also encourages population of the red emitting level, what can be explained
with the back-energy-transfer (BET) process (Figure 3.1a). After absorption of three
photons, energy can be transferred from Er3* to Yb3*, ending up in the *Fq. level,
where the red emission emerges.®® The more Yb3* ions are surrounding one Er3* ion,
the higher is the probability for this process. According to the theory that Er®*
facilitates energy migration, stronger quenching effects for the particles with
20% Er3*were expected.

The UCL of the 20%Yb3* : 20%Er3* particles proves this assumption, as its intensity is
much weaker at a green-to-red ratio of 3.5, compared to the 20%Yb3* : 2%Er3*
particles (Figure S3.4). For the alloyed system, the two effects of enhanced absorption
and enhanced energy migration are both contributing to the luminescence, which is
why the total luminescence is similar compared to the doped system
(20%Yb3* : 2%Er3*). Since the alloyed system is stronger influenced by energy
migration and surface quenching, the degree of surface passivation shall be more



important for this system. Shell growth of a 1 nm NaYFs shell is already improving
the UCL efficiency. This leads to the question in what extent an increasing shell
thickness shells prevents the migration.

Alloyed B-NaYbF4(20%Er)@NaYF4 particles with 8.5 nm core size and varying shell
thicknesses were synthesized (Figure S3.5). For comparison, also core-shell structures
with doped composition in the core (B-NaYF4(20%Yb,2%Er))@NaYF4) were prepared
(Figure S3.5). Since the alloyed particles are more influenced by energy migration and
surface quenching, a stronger effect from shell growth was expected for those
particles with high lanthanide content. This assumption was verified by the
experimental data (Figure 3.4).
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Figure 3.4. (a) Scheme of core-shell structures with different thicknesses of NaYF, shells. Luminescence
spectra of alloyed B-NaYbF4(20%Er)@NaYF4 (b) and doped B-NaYF4(20%Yb,2%Er))@NaYF4 (c) core-shell
structures with varying shell thicknesses. Luminescence decay of (d) green and (e) red upconversion
emissions of alloyed and doped core-shell particles. (f) Integrated luminescence intensities of green and red
emissions of alloyed core-shell structures as a function of the shell thicknesses. Luminescence spectra were
recorded in cyclohexane upon 980 nm excitation with 140 W-cm (cw) and normalized to the particle
concentration [particles-mL"].

The probably most special difference of alloyed and doped particles is the effect of
the first, thin (1 nm) NaYFs shell. While for doped particles the difference in
luminescence intensities between core-shell and core is about two orders of
magnitude, the difference is about four orders of magnitude for alloyed
nanoparticles (Figure S3.6a). This means, already a thin shell is sufficient to block a
large part of the energy transfer processes and therefore leads to an impressing



enhancement of the luminescence intensities, which are then in a comparable range
to the doped UCNPs. Surprisingly, further shell growth affects the green emission in
a comparable way for alloyed and doped particles, while the red emission undergoes
a significant increase of intensity. The strong enhancement of the red emission for
alloyed particles with increased shell thickness is also reflected in the green-to-red
ratio, which is > 1 for core particles and particles with 1 nm shell, while it changes in
favor of the red emission (< 1) for thicker shells (Figure 3.4f). For doped particles,
this remarkable change in peak ratios with increasing surface passivation was not
observed (Figure S3.7).

Alloyed nanoparticles in general have a much stronger red luminescence compared
to doped nanoparticles. To understand this phenomenon, one has to review the
processes which feed the red emitting *Fq/2 level (Figure 3.5).69-62 While pathways 1
and 2 should happen more or less equally for both particle systems, pathways 3 and
4 are dominated by cross relaxation and back-energy-transfer processes. The
probability of cross-relaxations increases with rising Er3* content, while back-energy-
transfer — where energy is transferred back from Er3* to Yb3* — should be facilitated
for higher Yb3* content. As in alloyed nanocrystals sensitizer and activator ions are
not separated by optical silent ions, one can assume that pathways 3 and 4 play a
major role additionally to the popular pathways 1 and 2, which then leads to the
intense red emission. According to this theory, the contribution of three-photon-
excitation is also increased for alloyed particles compared to doped particles. This
was confirmed by excitation power dependent luminescence measurements
(Figure S3.6b).
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relaxations Curled arrows indicate nonradiative decay processes.



The impressive difference in red luminescence for surface protected and unprotected
UCNPs is an indication that quenching processes have a strong impact on the
population of the red emitting level (*Fo.2) in alloyed UCNPs. Meijerink et al. have
shown that the #Fq, level is quenched by aliphatic C-H vibrations, while the green
emission is stronger influenced by aromatic C-H vibrations.>® With cyclohexane
(twelve C—H bonds) as solvent and oleic acid (33 C-H-bonds) as surface ligand, this
is a reasonable explanation for the increase of the red UCL with rising shell thickness.
To prove this theory, luminescence of alloyed particles with 1 nm and 4.9 nm shell
were both compared with and without oleic acid ligand in cyclohexane and DMF (six
C-H-bonds) (Figure S3.8). The change in peak ratio was stronger for the thin shell
(36%) compared to the thicker 4.9 nm shell (11%), which supports the hypothesis of
strong impact of the interface and the environment of a particle system in
dispersions.

The large difference in population pathways of alloyed and doped systems also
influences the luminescence lifetimes of the green (°Hi1/2 and #S32) and red (*Foy2)
emitting states. The main parameter influencing the visible upconversion decay times
is quenching of the 1 um level, which is also the level where probably most of the
energy migration occurs.® In an ideal case, where the surface of the alloyed particles
is perfectly protected and hence surface quenching is prevented, energy migration
still takes place, but is not followed by quenching. This would lead to strong but
delayed luminescence, as it was also observed by Zhang et al, who found longer
luminescence lifetimes for samples with increased energy migration pathways.®* The
green levels are depopulated by cross-relaxation processes in particles with high Er3*
content, leading to shorter lifetimes. Luminescence decay curves were recorded for
the core-shell variants with the thickest shell (Figure 3.4d and e). While doped
particles possess a longer luminescence lifetime for the green emitting states, the
alloyed particles show a longer lifetime for the red emitting state (*Fg2), which
confirms the theory. For particles with thin shells, this effect is not as obvious, since
the quenching processes of solvents and ligands play a greater role (Figure S3.9).

Surface passivation is inevitable for alloyed nanoparticles to emit bright upconversion
luminescence. The high lanthanide content favors energy migration which leads to
quenching of excited state levels at the nanoparticle surface. According to this theory,
surface processes are responsible for the non-radiative energy loss. Since small
nanoparticles have a higher surface-to-volume ratio compared to nanoparticles of
larger diameter, alloyed core-shell UCNPs were synthesized with different core
diameters to validate this fact (Figure S3.10). An X-ray-diffraction pattern of the



largest core variant is displayed in Figure S3.11 and proves the hexagonal crystal
structure of the alloyed particles. For acquiring information from the UCL spectra of
dispersions of particles of different size, doping, and concentration it is of greatest
importance to carefully choose the method of data normalization. The informative
value in normalizing to the particle concentration regarding the influence of surface-
to-volume ratio is limited, as a larger particle just contains a higher number of
absorbing and emitting ions, which is why higher luminescence intensities are
recorded independently from the surface-to-volume ratio (Figure S3.12). Hence,
normalization to the concentration of Er3* ions was performed (Figure 3.6), as this
results in the relative emission intensity per emitting ion.
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Figure 3.6. Upconversion luminescence spectra of alloyed (a) core and (b) corresponding core-shell particles
with varying core diameters and constant shell thickness. Corresponding green-to-red ratios (G/R) of the
integrated green and red luminescence emission are indicated in the legend. Measurements were performed
in cyclohexane at 980 nm with an excitation power density of 140 W-cm™. The spectra were normalized to
the Er3* concentration which was determined via ICP-OES.

In that respect, the largest particles are the brightest and show the longest decay
times (Figure S3.13), while smallest nanoparticles show the lowest luminescence
intensity and shortest lifetimes, what confirms the impact of surface-to-volume ratio
on the photophysical properties. From these results one can expect that shell growth
is even more important for small particles with high surface-to-volume ratios to
prevent the quenching processes. Indeed, for small (8.5 nm) nanoparticles, the effect,
comparing core to core-shell particles, is quite large (~ factor 12,000). For the bigger
(20.3 nm) particles an enhancement factor of only ~ 5,800 was found, which is in
accordance with the lower surface-to-volume ratio. Additionally, the different
degrees of quenching do not only affect the total luminescence intensity but also the
green-to-red ratio (Figure 3.6). As it was found for particles with varying shell
thicknesses, the influence of C-H-quenching on the red emission is stronger



compared to green, which is why the green-to-red ratio decreases with larger
diameter for core-only as well as for core-shell particles.

3.4 Conclusion

This study focusses on the two effects of high lanthanide content inside upconversion
nanoparticles affecting their photophysical properties: enhanced absorption cross-
section on the one side and enhanced energy migration on the other side. To profit
from the higher absorption cross section of alloyed particles with 80% Yb and 20% Er
content, it is inevitable to have control about the energy migration as otherwise huge
losses in luminescence intensity were observed. Surface passivation by NaYFs shell
growth was demonstrated as a very efficient way to enhance particle luminescence,
where luminescence increases with rising shell thickness. Reduction of the surface-
to-volume ratio by increasing the particle diameter also helps to increase the particle
brightness. Interestingly, depending on size and shell thickness, very different green-
to-red-ratios can be achieved. The examination of the influence of particle diameter
and shell thickness can also be a decision aid for particle design. If the size plays no
roll at all, core particles as large as possible with a shell thickness as thick as possible
will give the brightest luminescence. As most applications involve a size limitation
one must weigh up whether to choose a small core particle with thick shell or a large
core particle with thin shell. Nevertheless, our results suggest equipping alloyed
upconversion nanoparticles with a NaYFs4 shell of at least 2 nm thickness. As already
demonstrated, one can achieve bright UCL at low power in microscopy*’, or if one
envisions to use those particles as a reporter in biosensing, a thin shell might be the
best choice to improve FRET efficiencies. Hopefully, this work stimulates researchers
to rethink the optimal composition of small colloidal dispersed upconversion
nanoparticles. Modelling of rate equations for alloyed upconversion nanoparticles
might be helpful to find the best combination in lanthanide content and thickness of
a NaYFs shell.

For comparison, also particles with 20% Yb, 2% Er were synthesized, which have
similar luminescence intensities for thin NaYF4 shells, while a great increase in the red
emission with rising degree of surface passivation was only found for the alloyed
system. The very intense red emission can be a great chance for new applications
including upconversion nanoparticles. Since scattering effects are about factor two
times lower for red compared to green visible light (for Rayleigh scattering, ~A*),°
highly doped or alloyed nanoparticles are very suitable for bioimaging applications.
There is also a huge application potential in photodynamic therapy, as many



photosensitizer dyes (e.g. porphyrines or cyanines) have their absorption maximum
in the range of the red upconversion emission.®®

3.5 Materials and Methods

3.5.1 Chemicals

Oleic acid and 1-octadecene (both of technical grade, > 90%) were obtained from
Alfa Aesar. Yttrium chloride hexahydrate (YCl3-6H20, > 99.9%) and ytterbium chloride
hexahydrate (YbCl3-6H>O, > 99.9%) were purchased from Treibacher Industrie AG.
Sodium oleate (82%) and erbium chloride hexahydrate (ErCl3-6H>0O, > 99,9%) were
acquired from Sigma Aldrich. Oleylamine (80 - 90%) was bought from Acros Organics.
Sodium hydroxide and ammonium fluoride (98%) were acquired from Merck. A
multielement standard of the six elements Er, Gd, Nd, Tm, Y, and Yb, each
1,000 mg mL" (dissolved in 1.5 M HNO3) was received from Bernd Kraft GmbH. Nitric
acid (HNOs, 65%) was obtained from VWR Chemicals. Sulfuric acid (H2SO4, > 95%
(w/w)), cyclohexane (analytical reagent grade), dimethylformamide (DMF, > 99.5%)
and methanol (MeOH, > 99.9%) were purchased from Fisher Scientific. All other
organic solvents were of analytical grade. All chemicals were used without further
purification. For aqueous solutions, double distilled water was used in each case.

3.5.2 Characterization

Transmission electron microscopy images (TEM) were recorded with a 120 kV CM12
microscope (Philips). Particle dispersions (1 mg mL") were dropped on carbon
coated copper grids, several micrographs were recorded per sample and to reveal a
particle-size distribution at least 1,000 particles were analyzed using the software
Imagel). Lanthanide concentrations were determined using optical emission
spectroscopy with inductively coupled plasma excitation (ICP-OES) with an
SPECTROBLUE FMX36 instrument (SPECTRO). Details for the calibration and
concentration determination can be found in the SI. X-ray powder diffraction patterns
(XRD) were collected using a STOE STADI P diffractometer equipped with a Dectris
Mythen 1K detector. Monochromatic Cu Kq1 radiation (A = 1.54056 A) was used and
the resolution of the patterns was 0.005° (26). For luminescence recording, a custom-
built spectroscopic set-up was used, including a Qmini UV/VIS spectrometer with the
corresponding software Waves (Broadcom) and in 90° configuration a 980 nm,
200 mW (cw) laser module (Picotronic). The luminescence curves were normalized to
the particle concentration or the Er®*-concentration. Signal smoothing was



performed for samples with very low luminescence signals, using percentile filtering
or Savitzky-Golay filtering.®” Green-to-Red ratios were calculated by dividing the
integral of the green emission [510 nm — 570 nm] by the integral of the red emission
[625 nm — 705 nm]. Luminescence decay curves were recorded with a custom-built
setup, which is equipped with a 980 nm 200 mW (cw) laser module (Picotronic) and
an optical chopper (Thorlabs). To collect green and red upconversion signals, two
filters with transmission at [446 - 629 nm] and [572 - 763 nm] are inserted. A
photomultiplier (PreSens) was used for signal amplification, while the oscilloscope
Voltcraft PLUS DSO 8204 (Conrad) was incorporated for signal analysis. Absorption
spectra of the particle dispersions in cyclohexane were recorded with a Cary 50 Scan
UV-Visible Spectrophotometer (Agilent).

3.5.3 Synthesis of Upconversion Nanoparticles

The synthesis of alloyed UCNPs was performed according to a protocol published by
the group of Bruce Cohen*® with modifications. For a 10 mmol batch size of
B-NaYbF4(20%Er) nanoparticles, the lanthanide trichloride hexahydrates YbCls-6H,O
(8 mmol) and ErCl3-6H>O (2 mmol) were dissolved in methanol. Other particle
compositions were prepared analogously using desired molar ratios of lanthanide
ions. The solution was transferred into a three-necked round-bottom flask, oleic acid
(82.5 mL) and octadecene (100 mL) were added and heated to 110 °C under nitrogen
atmosphere. Solvent and crystal water were evaporated by applying vacuum for 1 h.
After cooling to room temperature, sodium oleate (31.25 mmol), NH4F (50 mmol),
oleylamine (95 mmol), and octadecene (43.75 mL) were added. To reach different
nanoparticle sizes, the amount of oleylamine and sodium oleate was varied (see
Table 3.1). Vacuum was applied for another 20 minutes followed by degassing the
solution three times. Subsequently, the mixture was heated to 315 °C under reflux
with a heating rate of 16 °C min™! before rapidly cooling to room temperature after
45 min. For smaller batch sizes, the time at 315 °C was shortened (for T mmol:
15 min). The nanoparticles were precipitated in a centrifuge tube by addition of
excess of ethanol, collected via centrifugation (3,000 g, 5 min) and purified by
redispersing in cyclohexane and precipitating with ethanol three times. Afterwards,
the particles are dispersed in cyclohexane, aggregates were removed via
centrifugation (3,000 g, 5 min) and the particle dispersion was stored at 8 °C.



Table 3.1. Variation of amounts of sodium oleate and oleylamine for different particle sizes and
compositions. Values refer to a batch size of 1 mmol rare earth ions.

resulting diameter

composition /nm n(Na-oleate) / mmol  n(oleylamine) / mmol
B-NaYbF4(20%Er) 8.5 3.13 9.50
B-NaYbF4(20%Er) 14.0 3.13 /
B-NaYbF4(20%Er) 20.3 2.13 /
B-NaYF4(20%Yb,2%Er) 7.6 3.13 9.50
B-NaYbF4(18%Y,2%Er) 8.8 3.13 16.50
B-NaYF4(20%Yb,20%Er) 7.6 3.13 8.25

3.5.4 Synthesis of Core-Shell Nanoparticles

A shell precursor consisting of cubic NaYF4 was prepared first. For a 10 mmol batch
size, YCl3-6H20 (10 mmol) was dissolved in methanol. The solution was transferred
into a three-necked round-bottom flask and oleic acid (80 mL) and octadecene
(150 mL) were added. The mixture was heated to 160 °C under nitrogen flow before
vacuum was applied for 30 min. After cooling to room temperature, NH4F (4.0 mmol)
and NaOH (2.5 mmol), which was dissolved in methanol, were added and the mixture
was heated to 120 °C for 30 min followed by a heating step to reflux (about 240 °C)
for 30 min. After cooling to room temperature, the cubic particles were purified as
described for hexagonal particles.

For the growth of a 2.4 nm shell, a three-necked round-bottom flask containing
hexagonal particles (0.5 mmol) dispersed in cyclohexane, oleic acid (2.5 mL), and
octadecene (2.5 mL) was heated to 100 °C under nitrogen atmosphere. A second
flask containing cubic precursor material (1.2 mmol), oleic acid (6 mL), and
octadecene (6 mL) was also heated to the same temperature. After applying vacuum
to both flasks for 30 min, the flask containing the core particles was heated to reflux
(about 325 °C). During heating, 0.5 mL of shell precursor was injected to the core
particles via a syringe. At 325 °C, after every 4 minutes, small portions of shell
precursor were injected to the core particles to obtain uniform shell formation. After
the last injection, the dispersion was kept at 325 °C for another 4 min and
subsequently cooled to room temperature. Purification of the core-shell particles was
performed as described for the core particles. For synthesis of other shell thicknesses,



the core to shell-precursor material was varied and the corresponding amounts of
oleic acid and octadecene adjusted, according to following calculations:

First, the average volume of the core particle and the shell were calculated, where
dcore Was determined by TEM and dcore-shelt is the desired diameter of the final particle.
Although the particle growth of a hexagonal crystal lattice leads to hexagonal prisms,
such shapes were not observed by TEM for the nanoparticles (hexagonal prisms are
usually clearly to identify for particles > 25 nm diameter). Instead, a quasi-spherical
shape is revealed in the TEM images, which is why spherical geometry was assumed
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With a chosen amount of core particles (e.g., 0.5 mmol), the required amount of shell
precursor can be determined including the calculated molar ratio.

3.5.5 Calculation of the Particle Concentration

Concentrations of the rare earth ions were determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES). A multielement standard containing
Y, Gd, Er, Tm, Yb, and Nd (all 1,000 mg mL" in 1.5 M HNOs) was used to prepare
calibration solutions (V=25 mL) with lanthanide concentrations of 0 ppb (blank),
100 ppb, 500 ppb, 2,000 ppb, 5,000 ppb, 10,000 ppb and 20,000 ppb using 1.5 M
HNOs for dilution of the standard and including addition of concentrated H>SO4
(1.25 mL) to each solution. Sample preparation was performed as follows: 10 uL of
UCNP-dispersions were dried in a glass vial, concentrated H,SO4 (0.5 mL) was added,
and the sample was sonicated for several minutes to dissolve the nanoparticles. The
solution was diluted to a total volume of 10 mL using 1.5 M HNOs. After calibration
of the instrument, each sample was measured three times and the mean
concentration of each element was calculated. An average molar mass for NaREF,
(RE=rare earth) can be calculated including the percentage proportion of each rare

earth ion molar masses:



C.
Mnarer, =Mna+4 Mg + Z C—RIE‘Mi
i

Where ¢; is the concentration per rare earth element with corresponding molar
weight M;, cre the total concentration of rare earth ions and Mne and Mr the molar
weights of sodium and fluor, respectively.

The mass concentration 8 was then determined as
Bnp=Mnarer, "Cre

For normalization of the curves, the particle concentration C [particles-mL™"] was
required. It was calculated by dividing the mass concentration by the mass of a single
nanoparticle mnp, according to following formula, assuming a spherical particle
shape.

B B
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Mnp 4 (d 3 4
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3.5.6 Calculation of Absorption Cross-Sections

The absorption cross-sections are calculated according following equations:
1 Py
O'()\)— a In <p—)\>

where C is the number of molecules (or nanoparticles) per volume, [ is the optical
pathlength of 1cm, and px° and px are incident and transmitted spectral radiant

power.%8
With
0
o0 In<%>
A= Ig<p—}‘>— In18 =e(\)-c
A
and

C=C‘NA

where A corresponds to the absorbance, £(A) is the extinction coefficient, ¢ the molar
concentration in [mol/L] and Na=6.022-102> mol", one finds the following relation:

In10-e(A
|n']0.A: n—s()

0-(}\)= NA‘C'l NA




For calculation of the errors, gaussian error propagation was performed, including

the error of the concentration, particle diameter, and uncertainty of absorbance

measurement.

3.6 Supplementary Figures

3.6.1 Absorption Spectra
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Figure S3.1. (a) Absorption spectra of P-NaYbF4(20%Er) (alloyed, diameter: 85+ 1.2nm) and B-
NaYF4(20%Yb,20%Er) (doped, diameter: 7.6 + 1.2 nm). Spectra are background corrected and absorption
corresponds to a particle concentration of 5-10" particlessmL™ in cyclohexane. Absorption cross-sections o
per nanoparticle are displayed in the table for the absorption maximum at 976 nm. (b) Corresponding
luminescence spectra under 980 nm irradiation (140 W-cm=) with different y-scales for alloyed (left) and
doped (right) particles.
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Figure S$3.2. Luminescence spectra in cyclohexane and cyclohexane-di, for (a) B-NaYbF4(20%Er)@NaErF4
and (b) B-NaYbF4(20%Er)@NaYbF4 core-shell nanoparticles. (c) Luminescence of -NaYbF4(20%Er)@NaYbF,
in D,O/H,0 mixtures and spectrum of B-NaYbF4(20%Er)@NakErF4 in D2O. All spectra are recorded at 980 nm
excitation with 140 W-cm™ (cw) and normalized to particle concentration [particlessmL™"]. (d) Integrated
luminescence (400-750 nm) of B-NaYbF4(20%Er)@NaYbF, particles in cyclohexane at 980 nm irradiation at
different excitation power densities.
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3.6.2 Particle Systems with Different Yb** : Er* Ratio
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Figure S3.3. TEM micrographs and corresponding particle size histograms of p-NaYbF4(20%Er), B-
NaYF4(20%Yb,2%Er), B-NaYbF4(18%Y,2%Er) and B-NaYF4(20%Yb,20%Er) core particles and corresponding
core-shell particles (@NaYFy).
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Figure S3.4. Upconversion luminescence of core-shell particles with varying Yb3* and Er3* content in the
core. Green: B-NaYbF4(20%Er)@NaYF4, blue: B-NaYbF4(2%Er,18%Y)@NaYF4, red: B-NaYF4(20%Yb,20%Er)-
@NaYFy, light blue: B-NaYF4(80%Yb,2%Er)@NaYF4. Measurements were performed in cyclohexane at 980 nm
with an excitation power density of 140 W-cm?, the spectra were normalized to the particle concentration.
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3.6.3 Characterization of Particles with Varying Shell Thickness
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Figure S3.5. TEM micrographs and corresponding size histograms of alloyed and doped nanoparticles with
varying shell thicknesses.
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Figure S3.6. (a) Integrated intensity of green and red upconversion luminescence of alloyed (green) and
doped (blue) core-shell structures for different shell thicknesses (power density: 140 W-cm). (b) Integrated
intensity of green and red upconversion emission of alloyed (8.5 nm) and classical (8.1 nm) cores with ~ 1 nm
shell at varying excitation power densities. The slope is related to the number of participating photons. While
no clear difference was observed for the green emission, a higher slope was found for the red emission in
the alloyed system, which can be explained by the contribution of pathway 4. Measurements were performed
in cyclohexane at 980 nm radiation, spectra were normalized to particle concentration.
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Figure S3.8. Luminescence spectra of B-NaYbF4(20%Er) particles with (a) 1.0 nm NaYF4 shell and (b) 4.9 nm
NaYF, shell recorded in cyclohexane and DMF under 980 nm irradiation (140 W cm-2).
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Figure $3.9. Luminescence decay curves of green and red upconversion emissions under 980 nm excitation
in cyclohexane. Alloyed nanoparticles with 8.5 nm core size and varying NaYF4 shell thicknesses (a,b) and
doped nanoparticles with 7.6 nm core size with varying NaYF4 shell thicknesses (c,d).
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3.6.4 Characterization of Nanoparticles with Varying Core-diameter
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Figure $3.10. TEM micrographs and corresponding size histograms of alloyed core (top) and corresponding
core-shell (bottom) particles with varying core diameters.
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Figure S3.11. XRD pattern of B-NaYbF4(20%Er) (diameter: 20.3 nm), B-NaYbF4(20%Er)@NaYF4 (diameter:
22.2 nm) and B-NaYF4(20%Yb,2%Er) (diameter: 24.6 nm) nanoparticles. Corresponding reference pattern of
B-NaYbF4 (ICDD, PDF #00-027-1427) and B-NaYF4 (ICDD, PDF #00-016-0334) are shown in the bottom.
Dotted lines are inserted as guidelines for the eyes.
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Figure $3.12. Upconversion luminescence spectra of alloyed (a) core and (b) corresponding core-shell
particles with varying core diameters. Measurements were performed in cyclohexane at 980 nm with an
excitation power density of 140 W-cm. The spectra were normalized to the particle concentration.

14 Tex = 980 NM, },, = 446-629 nm 14 hex =980 Nm, ). = 572-763 nm

n ['2]

c c

1] Q

el e

£ =

3 3

N 04- No.1]

® di ter: © diameter:

E lameter E

1. 1

o )

c c

0.0 0.2 0.4 06 08 0.0 0.2 0.4 0.6 0.8
time / ms time / ms

Figure $3.13. Luminescence decay curves of green and red upconversion emissions under 980 nm excitation
of alloyed nanoparticles with constant NaYFs shell thickness (~ 1 nm) and varying core diameters in
cyclohexane (a,b).
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4 Bilayer-Coating Strategy for Hydrophobic Nano-
particles Providing Colloidal Stability, Functionality,
and Surface Protection in Biological Media

41 Abstract

The surface chemistry of nanoparticles is a key step on the pathway from particle
design towards applications in biologically relevant environments. Here, a bilayer-
based strategy for the surface modification of hydrophobic nanoparticles is
introduced that leads to excellent colloidal stability in aqueous environments and
good protection against disintegration, while permitting surface functionalization via
simple carbodiimide chemistry. We have demonstrated the excellent potential of this
strategy using upconversion nanoparticles (UCNPs), initially coated with oleate and
therefore dispersible only in organic solvents. The hydrophobic oleate capping is
maintained and a bilayer is formed upon addition of excess oleate. The bilayer
approach renders protection towards luminescence loss by water quenching, while
the incorporation of additional molecules containing amino functions yields colloidal
stability and facilitates the introduction of functionality. The biological relevance of
the approach was confirmed with the use of two model dyes, a photosensitizer and
a nitric oxide (NO) probe that, when attached to the surface of the UCNPs, retained
their functionality to produce singlet oxygen and detect intracellular NO, respectively.
We present a simple and fast strategy to protect and functionalize inorganic
nanoparticles in biological media, which is important for controlled surface
engineering of nanosized materials for theranostic applications.
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4.2 Introduction

Nanomaterials are attractive for tracking biomacromolecules not only because of
their exceptional physicochemical properties but also since they are similar in size.
Their high surface-to-volume ratio is beneficial for functionalization with receptors,
sensors, or drugs.’ At the same time, this feature bears the greatest challenge of
nanomaterials, as it comes along with a high tendency of agglomeration.# Thus,
functionalization strategies are desirable that protect particles from agglomeration
in biological environments and still allow the particle surface to be modified with
different molecules in a targeted manner.

Upconversion nanoparticles (UCNPs) convert low-energy near-infrared (NIR) light
into higher-energy visible or UV light. They typically consist of NaYF4 host lattices
doped with trivalent lanthanide ions. In most cases, a system of two lanthanide ions
is used, a sensitizer ion with strong NIR-absorption (e.g., Yb**, Nd3*) and an activator
ion that has a variety of energy levels, which are populated by the sequential
absorption of more than one photon (e.g., Er**, Tm3*, Ho*). The transfer of the energy
of two or more photons from the sensitizer ions to an activator ion enables the
upconversion process.>?® High temperatures are required to form hexagonal,
monodisperse UCNPs, therefore synthesis protocols utilizing temperature-stable
rare-earth-oleates in high boiling organic solvents have been established.
Consequently, these oleate-stabilized particles are hydrophobic and therefore
dispersible only in organic solvents.’®'" The same applies to many other nanosized
probes, regardless of whether they are luminescent (e.g., quantum dots) or magnetic
(e.g., superparamagnetic iron oxide particles). To date, many strategies have been
proposed to elegantly facilitate transfer into an aqueous environment.’>'* UCNPs
that are aimed for biomedical applications should exhibit colloidal stability and have
the potential to be functionalized with receptors or reporter molecules, or with
therapeutic agents.> The simplest particle modification strategy is based on ligand
exchange, in which the oleate is first removed in the presence of nitrosyl
tetrafluoroborate or acid, while the desired ligand is added during a second
modification step.'' This method has gained great popularity because of its
capability to use a wide variety of ligands, ranging from small molecules to large
polymers.’®'7 Despite the great charm of its simplicity, this method comes with a
downside: it is almost impossible to adequately protect the surface of the particle
through the ligand exchange, i.e., to cover it so completely that no further unwanted
binding of other molecules present in the solution is possible later. Molecules with
functional groups such as -SO4, -COOH, -NH;, or -H2PO3 occupy free binding sites or



even displace ligands, which can also lead to particle aggregation in addition to a
changed functionality.””'® Water molecules can diffuse to the weakly protected
particle surface, which greatly impairs the upconversion effect due to quenching or
disintegration effects.>119-21 These drawbacks have been overcome with ligand
modifications in which the oleate ligand remains on the particle surface and an
amphiphilic coating, such as amphiphilic polymers, is added to aid water dispersibility
while providing a hydrophobic barrier to protect the particle surface from quenching
and dissolution.?>23> The preparation of such protected systems is usually time-
consuming, as many parameters have to be carefully adjusted to prevent the polymer
from unwanted cross-linking, potentially leading to particle aggregation.?4-2®
Alternatively, phospholipids can be used as amphiphiles to obtain biocompatible,
bright, and colloidally stable UCNPs; however, this method is also laborious,
expensive, and results often in low yield.?"28

As an alternative, we present a fast and simple surface modification strategy that
disperses nanoparticles in aqueous media, ensures bright upconversion
luminescence and colloidal stability, and allows easy further functionalization
(Figure 4.1). The procedure starts with oleate-coated UCNPs of any size between 10
and 50 nm dispersed in an organic solvent. The particles are then added to an
aqueous suspension of sodium oleate and dodecylamine where, under mild
conditions (1 h, 60 °C), the amphiphilic molecules interact with the hydrophobic alkyl
chains on the particle surface forming a bilayer. The addition of dodecylamine in the
bilayer formation allows for later functionalization.

C e

Na-oleate

" carbodiimide
dodecylamine ¥
coupling

UCNP UCNP - UCNP

Figure 4.1. Particle modification strategy: transfer of oleate-capped UCNPs from a nonpolar environment
into an aqueous environment by bilayer formation with the possibility of further functionalization.



4.3 Results and Discussion

Oleate-coated UCNPs (UCNPs@oleate) of the type NaYbF4(20%Er)@NaYFs with a
diameter of (23.3 £ 1.7) nm (Figures 4.2a and S4.1), were synthesized according to a
previously published protocol.?® The UCNPs@oleate, initially dispersed in
cyclohexane (31.2 mg mL") were added to an aqueous mixture of sodium oleate
(50 mg mL") and dodecylamine (15 mg mL" in DMSO). The transfer of the
UCNPs@oleate from the organic phase to the aqueous phase took place within
seconds as observed monitoring the upconversion luminescence upon excitation
with a NIR handheld-laser. The initial slightly turbid solution became clear after
evaporation of the cyclohexane, indicating that the particles were surrounded by the
amphiphilic molecules and therefore were stable in the aqueous phase. In contrast,
if UCNPs@oleate were added to water without the presence of amphiphilic
molecules, the particles agglomerated and precipitated immediately. Following
purification, the formation of a uniform bilayer is confirmed by transmission electron
microscopy (TEM) images recorded on negatively stained grids (Figure 4.2b). A
hydrodynamic diameter of (36.4 + 0.6) nm (polydispersity index (PDI) =
0.147 + 0.006) verifies that micelles with multiple individual particles were not formed
(Figure 4.2¢). High upconversion luminescence losses are usually observed when
changing the solvent from organic to aqueous media.” Here, 65% of the
upconversion luminescence of the UCNPs@oleate in cyclohexane was preserved
after transfer to water (Figure 4.2d). In contrast, unprotected UCNPs (UCNPs@BFy’)
in water retained only 22% of their original upconversion luminescence. This
demonstrates the exceptional ability of the bilayer strategy to efficiently shield the
particle surface from the solvent. To prove that this bilayer modification is also
suitable for long-term storage, the particles were freeze-dried and characterized
following redispersion in water. Dynamic light scattering (DLS) results confirmed that
the UCNPs remained monodisperse (Figure S4.2). The UCNPs@bilayer exhibited a
negative zeta potential of (-57 + 4) mV and showed good colloidal stability in cell
media and in the presence of high ionic strength (Figure S4.3). Under physiological
conditions, significant agglomeration was only observed in the presence of high Ca2*
concentrations (1.8 mM). This is most likely due to the divalent character of the ion
and the consequently stronger influence on the colloidal stability. In comparison to
the also divalent Mg?*, Ca®* shows a weaker formation of hydrate shells and with this
a higher reactivity towards counterions such as the oleate on the surface of the

nanoparticles. 303
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Figure 4.2. (a) TEM micrograph and corresponding particle-size-distribution of NaYbF4(20%Er)@NaYF,
(UCNPs@oleate). (b) TEM micrograph of the same UCNPs after bilayer formation (UCNPs@bilayer). The TEM
grid was negatively stained with phosphotungstic acid. (c) DLS of UCNPs@bilayer in H,O. (d) Upconversion
luminescence of UCNPs@oleate in cyclohexane, UCNPs@bilayer in H,O and UCNPs@BF4 in H,O, where the
oleate was removed via ligand exchange.’? All surface modifications shown were performed using the same
batch of NaYbF4(20%Er)@NaYF4, which were characterized in (a). Spectra (Aexc = 980 nm at 140 W cm™?) were
normalized to the mass concentration determined by ICP-OES (for more details, see SI).

The incorporation of organic molecules is often required to introduce additional
functionality to the particles and, consequently, improve their applicability. This
should be achieved without losing colloidal stability. Since both carboxyl groups and
amino groups are available on the UCNPs@bilayer, carbodiimide-coupling chemistry
can be easily applied (Figure 4.3). The coupling of a carboxyl group to the UCNPs was
demonstrated using the photosensitizer Rose Bengal (RB) as model molecule. An RB-
NHS-ester derivative was prepared and reacted with the UCNPs@bilayer (Figure 4.3,
top). The particles were purified via centrifugation to remove unbound RB-NHS ester
molecules.
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Figure 4.3. Carbodiimide-chemistry-based strategies for functionalization of UCNPs@bilayer with organic
dyes containing a carboxy function (top) or an amino function (bottom).

Especially for FRET-based nanosystems, it is desirable to control the dye-loading of
the UCNPs surface. The challenge is to find a compromise between sufficient signal
intensities and self-quenching at too high concentrations. A plethora of surface
modification strategies reported in the literature to date allow only little control of
this property.323# In the case of bilayer modification, two strategies can be followed
to adjust the amount of dye: (1) varying the ratio of UCNP : dye in the coupling
protocol, or (2) controlling the ratio of sodium oleate : dodecylamine during bilayer
formation. When attaching RB to the UCNPs, the possibility of controlling the amount
of dye on the particle by varying the ratio of UCNPs to RB in the coupling step was
confirmed by absorbance measurements (Figure 4.4). The colloidal stability of the
particles was not affected by the attachment of the organic dye as only a slight
increase in the hydrodynamic diameter was observed for the particles with the
highest number of attached dye molecules (Figure S4.4a). When comparing the
systems containing different amounts of RB, no clear difference in the luminescence
measurements was observed under 980 nm excitation. In addition, the emission
corresponding to RB at about 600 nm indicates radiative or non-radiative energy
transfer from UCNP to RB either via FRET or reabsorption (Figure S4.4b).

Different UCNPs@bilayer systems with varying percentages of dodecylamine (5%,
10%, 15%, 20%) and the respective added constant amount of activated RB were
synthesized to examine whether RB was covalently attached to the amine groups in
the bilayer and not only intercalated between the amphiphilic molecules. The
increase in the absorbance of RB with higher amounts of dodecylamine suggests that



a binding of the dye to the amine groups is taking place (Figure S4.5a). These results
also support that the degree of functionalization can be easily adjusted via the amine
content in the bilayer. However, an optimal colloidal stability was found for
UCNPs@bilayer with 10 mol % dodecylamine (Figure S4.5b).
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Figure 4.4. (a) Extinction spectra and calculated number of RB molecules per nanoparticle of
UCNPs@bilayer-RB with different ratios of m(RB) : m(UCNPs). The spectra are normalized to the mass
concentration of UCNPs (1.0 mg mL™") as for some of the samples (4 : 1 and 3 : 1) dilution was required. (b)
UCNPs@bilayer-RB dispersions with different ratios of m(RB) : m(UCNPs).

The number of organic dyes and molecules with potential pharmacological
properties that contain terminal amine groups is extensive, so expanding the
application of the UCNPs@bilayer to support this type of molecule is paramount. As
a proof-of-concept study, the bilayer was formed using activated oleate (oleate-
NHS-ester) along with non-activated oleate and an amine derivative of the nitric
oxide (NO)-sensitive dye DANPY-NO,** referred to herein as the NO-probe
(Scheme 2, bottom). This two-photon excitable molecular probe has shown excellent
performance for the detection of NO in a broad range of cells, including human
macrophages and endothelial cells.3>3¢ The functionalization of UCNPs@bilayer with
the NO-probe, motivated by the potential that a NIR-excitable ratiometric nanoprobe
could have for biological applications, was achieved by a coupling reaction to
previously carbodiimide-activated oleate molecules (1 mol % of total oleate), which
were present during the bilayer formation. The resulting UCNPs@bilayer-NO-probe
were characterized by a monodisperse size distribution with a hydrodynamic
diameter of (36 + 2) nm (Figure S4.6a). A control experiment, in which a NO-probe
was added to the reaction mixture without pre-activation of the oleate, resulted in
unstable particles without labelling confirming the covalent interaction between the
NO-probe and the oleate (Figure S4.7). The UCNPs@bilayer-NO-probe exhibited the
characteristic absorption maximum (Figure S4.6b), and fluorescence excitation



(Figure S4.6¢) and emission (Figure S4.6d) of the NO-probe, confirming the successful
functionalization.

Since the oleate-based bilayer of the UCNP surface offers good protection against
hydrophilic molecules and thus ions have a low affinity to diffuse through the
hydrophobic barrier, biomolecules are unlikely to replace the oleate on the
nanoparticle surface and induce nanoparticle aggregation. Additionally, electrostatic
repulsions further stabilize the particles as indicated by the high zeta potentials of
the systems ((-44.5 + 0.5) mV for UCNPs@bilayer-RB (see Figure S4.8 for full
nanoparticle characterization) and (-42.6 £ 0.6) mV for UCNPs@bilayer-NO-probe).
To check the colloidal stability under biological conditions, these particle systems
were dispersed in cell medium (DMEM +10% FCS) showing no agglomeration after
72 h (Figure S4.9) and demonstrating the applicability of such modified UCNPs under
biological conditions.

The ability of UCNPs@bilayer-RB to generate singlet oxygen via indirect NIR
excitation of the UCNPs was confirmed by the decrease in fluorescence emission
intensity of the singlet oxygen probe 9,10-anthracenedipropionic acid (ADPA) upon
980 nm irradiation (Figure 4.5a). No singlet oxygen production was observed for the
free RB when excited with NIR light, further indicating the energy transfer from the
nanoparticles to the RB. The ability of the NO-probe to detect NO once bound to the
surface of the UCNPs@bilayer particles was demonstrated using diethylamine
NONOate as a NO donor. As expected, the fluorescence emission intensity of the
probe increased in the presence of NO (Figure 4.5b). To further confirm the NO-
sensing ability of the UCNPs@bilayer-NO-probe, their potential to monitor
intracellular levels of NO was investigated. As shown by confocal laser scanning
microscopy images and corresponding intracellular spectra (Figure S4.10a and b,
respectively), the nanoprobe was successfully internalized by RAW264.7y NO™ cells.
The high cell survival rates at the concentrations tested, indicate the great
biocompatibility of the UCNPs@bilayer-NO-probe (Figure S4.10c).

To evaluate the ability of the nanoprobe, which accumulated in the lysosomes of the
tested cells (Figure S4.10d), to detect NO, two pathways of NO production in
RAW264.7y NO™ cells were examined: endogenous and exogenous. NO was
endogenously produced by RAW264.7y NO™ macrophages following stimulation with
lipopolysaccharide (LPS) and interferon-gamma (IFN-y) and exogenous NO was
released by treating the cells with the NO-donor S-nitroso-N-acetylpenicillamine
(SNAP). In both cases, strong intensity changes of the NO-probe fluorescence
emission were observed in the presence of NO (Figure 4.5c and d, and Figure S4.11),



suggesting that NO detection is indeed possible by the UCNPs@bilayer-NO-probe.
Additionally, the selective detection of NO by the particles was proven using a NO
synthase inhibitor (N(w)-nitro-L-arginine methyl ester, L-NAME), which blocked the
endogenous production of NO resulting in the decrease of the fluorescence emission
intensity. This is the first indication that the bilayer coating is still intact, even after
being taken up by biological cells.
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Figure 4.5. (a) Singlet oxygen generation at different time periods of 980 nm irradiation detected by
monitoring the fluorescence bleaching of ADPA excited at 390 nm. Normalized fluorescence decays of ADPA
in the presence of UCNPs@bilayer-RB (pink), free RB (gray), and the corresponding control of only ADPA
(black) in H,O. (b) Normalized fluorescence emission spectra of UCNPs@bilayer-NO-probe (100 ug mL™")
before (yellow) and following (green) addition of NONOate (1.5 mM); Aexc = 405 nm. (c and d) Intracellularly
recorded fluorescence emission spectra (Aexe = 405 nm) of RAW264.7y NO- cells incubated with
UCNPs@bilayer-NO-probe (25 pg mL', 3h) and treated under the following conditions: (c)
unstimulated(black), stimulated with LPS (0.7 pg mL™") and IFN-y (17 ug mL™") (green) and pre-treated L-
NAME and stimulated with LPS (0.7 ug mL™") and IFN-y (17 pg mL™") (red); and (d) unstimulated (black),
treated with SNAP (275 uM, 1 h, purple). Control unstimulated cells (blue in (c) and (d)) and control
stimulated cells (pink in (c)) were also recorded.



The precise arrangement of the bilayer on the nanoparticle surface remains unclear
since the incorporated amines appear to have an impact on the colloidal stability of
the particles. This phenomenon was studied with different sized UCNPs and with
different types of amines, which confirms that the stability is influenced by the
presence and type of amine (Figure S4.12, Table S4.1). For example, for 23 nm
particles, small hydrodynamic diameters and low PDIs were only observed for bilayer
modifications including 10 mol % dodecylamine (Figure S4.12b). If no amine or other
amines (octylamine, oleylamine) were incorporated into the bilayer, the particle size
distributions indicated aggregate formation. The same effect was observed for
smaller UCNPs (13 nm, Figure S4.12a), while the influence of the amine tends to
become negligible for larger particles (Figure S4.12c). Comparing small and large
UCNPs, it is known that small particles usually have a quasi-spherical shape and
therefore large curvature, while the hexagonal prismatic shape usually evolves for
larger particles.32® This shape changing effect is also evident by TEM studies
(Figure S4.13). With regard to bilayer formation, a large curvature is disadvantageous
because gaps can be expected between the oleate molecules.®® It is conceivable that
the offered amine molecules fill the gaps and thus increase the stability of the
UCNPs@bilayer. This is a phenomenon already known from catanionic surfactant
mixtures consisting of fatty acids and amines, which form extremely stable colloidal
structures due to the decrease in the average ion head size and hence increasing
packing parameters.*%4! For geometric and electrostatic reasons, these colloidal
structures are strongly dependent on the chain length of the surfactant and the molar
ratio anion : cation, which could explain the widely different results for the distinctive
kind of amines.*® The stabilizing function of dodecylamine appears to be more
important for small, highly curved particles. For larger UCNPs, the crystal edges are
probably the most critical spots, as this is where a gap between the oleate molecules
is to be expected. To verify this hypothesis, citrate-coated gold nanoparticles
(AuNPs@citrate, 16 nm) were attached to 60 nm x 48 nm UCNPs@bilayer via
carbodiimide chemistry (Figure 4.6a). A clear tendency of the AuNPs to arrange
predominantly on the edges than on the facets was observed in the TEM images. A
control experiment with UCNPs@bilayer without amine showed no significant
binding of AuNPs to the UCNPs, demonstrating the selective binding to the amine
groups (Figure 4.6b). These results confirmed that the amines act as a gap filler
stabilizing the bilayer. Incorporation of 10 mol % dodecylamine is a reasonable
choice for all particle sizes between 10 and 50 nm and is therefore recommended for
bilayer modifications and functionalization. However, the ratio oleate : dodecylamine
may need to be adjusted for very small (<10 nm) or very large (>50 nm) particles to



address changes in the ratio of the total surface area to the total length of edges in
the nanoparticle crystal. Furthermore, other amine-containing molecules, such as the
NO-probe, can also be used to achieve stabilization via catanionic electrostatic
interaction.

a UCNPs@bilayer(w/ 10% dodecylamine) - AuNPs b

Figure 4.6. TEM images of UCNPs@bilayer (60 nm x 48 nm) coupled to AuNPs@citrate (16 nm). (a)
UCNPs@bilayer with 10 mol % dodecylamine incorporated in the bilayer. (b) Negative control of
UCNPs@bilayer without dodecylamine in the bilayer and AuNPs which were treated under the same coupling
protocol.

4.4 Conclusion

The bilayer-strategy for simple surface modification and functionalization of
hydrophobic nanoparticles yields hydrophilic and colloidally stable UCNPs. It was
proven that dodecylamine has a positive, stabilizing function for the bilayer, which
can be attributed to the positive effect of catanionics on the stability of colloids but
also due to a gap-filling function. It was demonstrated that the attachment of organic
dyes to UCNPs@bilayer is possible in a very simple manner by carbodiimide coupling
chemistry. Two proof-of-concept studies are shown: one where singlet oxygen was
generated under 980 nm irradiation after attachment of RB to the UCNPs, and
another, where a NO-sensitive probe was coupled to the particle surface to monitor
exogenous and endogenous intracellular levels of NO. These results demonstrate
that bilayer-coatings retain the functionality and allow their application for in vitro
studies.



4.5 Materials and Methods

4571 Chemicals

Yttrium chloride hexahydrate (YCl3-6H2O, > 99.9%) and ytterbium chloride
hexahydrate (YbCl3-6H,O, > 99.9%) were acquired from Treibacher Industrie AG.
Sodium oleate (82%), erbium chloride hexahydrate (ErCl3-6H,O, > 99,9%), 2-
morpholin-4-ylethanesulfonic acid hydrate (MES hydrate, 99.5%), N-
hydroxysuccinimide (NHS), nitrosyl tetrafluoroborate (NOBF4 95%), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide ~ (EDC), Rose  Bengal (RB, 95%),
phosphotungstic acid hydrate (PTA), dodecylamine (98%), magnesium chloride
(98%), gold(lll)chloride trihydrate (> 99.9%), Dulbecco’s Phosphate Buffered Saline
(PBS, with and without MgCl; and CaCl,), S-nitroso-N-acetylpenicillamine (SNAP),
lipopolysaccharide (LPS), interferon-gamma (IFN-y), N(w)-nitro-L-arginine methyl
ester (L-NAME) and diethylamine NONOate were from Sigma Aldrich. Oleic acid and
1-octadecene (technical grade, 290%) were purchased from Alfa Aesar. Ammonium
fluoride (98%), sodium hydroxide and trisodium citrate dihydrate were from Merck. A
multielement standard for ICP-OES measurements of the six elements Er, Gd, Nd, Tm,
Y, and Yb, each 1,000 mg mL" (dissolved in 1.5 M HNOs) was obtained from Bernd
Kraft GmbH. Nitric acid (65%) was from VWR Chemicals. Tris-(hydroxymethyl)-
aminomethan (TRIS) was from Roche Diagnostics. Calcium chloride (> 94%) was
purchased from Carl Roth. Sulfuric acid (> 95%), cyclohexane (analytical reagent
grade), chloroform (99,98%), dimethylformamide (DMF, > 99.5%), dimethylsulfoxide
(DMSO, 2 99.9%), methanol (MeOH, > 99.9%) NaCl, KCl, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), NaHPOs4, NaHCOs;, MeOH, L-glutamine
(200 mM), phenol red-free Dulbecco’s Modified Eagle Medium (DMEM) containing
4.5 g-L”" D-glucose and fetal bovine serum (FBS) were received from Fisher Scientific.
Anthracene-9,10-dipropionic acid disodium salt (ADPA) was from Molecular Probes.
CellTiter Blue reagent was purchased from Promega. Deuterated dimethylsulfoxide
(DMSO-ds) and oleylamine (80-90%) were purchased from Acros Organics.
Octylamine (>99%) was from Fluka. Penicillin-streptomycin (P-S) (100 U-mL" and
100 pL, respectively) and LysoTracker Red DND-99 (1 mM in DMSO) were purchased
from Invitrogen. The RAW264.7y NO™ macrophages were purchased from ATCC. All
chemicals were used without further purification. Double distilled water was used for
aqueous solutions.



4.5.2 Preparation of Nanoparticles

4.5.2.1 Synthesis of Upconversion Nanoparticles

Upconversion nanoparticles of the type NaYbF4(20%Er) were synthesized according
to a previously published protocol?® For a 10 mmol batch size, YbCls-6H.0O
(3,099.92 mg, 8 mmol) and ErCl3-6H.O (763.42 mg, 2 mmol) were dissolved in
methanol (25 mL) and transferred into a three-necked round bottom flask. Oleic acid
(82.6 mL) and 1-octadecene (100 mL) were added. The solution was heated to 110 °C
under a nitrogen atmosphere, where vacuum was applied for 1 h. The flask was
cooled to room temperature and ammonium fluoride (1,852 mg, 50 mmol), sodium
oleate (6,469 mg, 21.25 mmol) and 1-octadecene (50 mL) were added. After applying
vacuum for further 20 min, the mixture was degassed three times and heated to
315 °C under reflux (heating rate 16 °C min™"). After 40 min, the flask was cooled to

room temperature.

For purification, the nanoparticles were precipitated by adding an excess of ethanol
and subsequently collected in a centrifuge (3,000g, 5 min). After three
redispersion/precipitation cycles using cyclohexane for redispersion and ethanol for
precipitation, the particles were dispersed in cyclohexane (60 mL). Aggregates were
removed via centrifugation (1,000 g, 5 min).

4.5.2.2 Synthesis of Core-Shell Nanoparticles

To enable core-shell synthesis, a shell precursor consisting of cubic NaYFs was
prepared first. For a 10 mmol batch size, YCl3-6H>O (3,033.6 mg) was dissolved in
methanol (25 mL). The solution was heated together with oleic acid (80 mL) and
1-octadecene (150 mL) to 160 °C in a three-necked round bottom flask under
nitrogen atmosphere. After vacuum was applied for 30 min, the flask was cooled to
room temperature and ammonium fluoride (1,482 mg, 4.0 mmol) and sodium
hydroxide (1,000 mg, 2.5 mmol) were added. The mixture was heated to 120 °C for
30 min followed by heating to 240 °C under reflux for 30 min. The flask was cooled
to room temperature and the cubic particles were purified as described for the core
particles.

For the preparation of NaYbF4(20%Er)@NaYF4 core-shell nanoparticles, 2 mmol of
the core particles (542 mg in 15 mL cyclohexane) were mixed with oleic acid (10 mL)
and 1-octadecene (10 mL) in a three-necked round bottom flask. The flask was
heated to 100 °C under a nitrogen atmosphere and vacuum was applied for 30 min.



Simultaneously, the same procedure was conducted for 2 mmol of the cubic shell
precursor. The flask containing core particles was heated to 325 °C under reflux
(heating rate 16 °C min™"). During heating (at approx. 200 °C), a small amount of shell
precursor (1 mL) was injected via a syringe. After reaching the final temperature of
325 °C, small injections of shell precursor were added to the core particles every
10 min. After the last injection, the heating proceeded for another 10 min before
cooling to room temperature. Purification of the particles was performed as
described for the core particles. The purified particles were stored in cyclohexane
(25 mL).

4.5.2.3 Synthesis of UCNPs Functionalized with Oleate Bilayer

To modify 5 mg of the NaYbF4(20%Er)@NaYF4 particles, dodecylamine (6.1 mg,
0.033 mmol) was dissolved in DMSO (400 pL). H.O (1 mL) was added, followed by
addition of a saturated Na-oleate solution (1 mL, 100 mg mL™"). The mixture was
stirred at about 60 °C until a clear solution was obtained. UCNPs dissolved in
cyclohexane (161 uL, 31 mg mL™") were added slowly, causing the mixture to become
turbid again. After further stirring for 1 h at 60 °C, the particle dispersion turned clear,
indicating a successful sheathing of the particles.

The particles were purified with three washing cycles via centrifugation (21,000 g, 1 h)
followed by redispersion in H>O. In a final step, aggregates were removed by
centrifugation (3,000 g, 5 min). Particles were stored with a concentration of
2 mg mL7"in H20.

For UCNPs@bilayer containing no dodecylamine, the same synthetic protocol was
performed but adding pure DMSO instead of dodecylamine dissolved in DMSO. For
the experiment using oleylamine and octylamine, 0.033 mmol of these compounds
were pre-dissolved in DMSO (400 plL) as performed for dodecylamine.

4.5.2.4 Synthesis of Rose Bengal-functionalized UCNPs

UCNPs (5 mg) with oleate-bilayer (10% dodecylamine) were prepared as described
above and purified by one centrifugation step (21,000 g, 1h) followed by
redispersion in H20 (1.5 mL).

To enable the coupling reaction of Rose Bengal (RB) to the amine groups in the
bilayer, RB was activated as follows. RB (5 mg, 4.9 umol), EDC (7.6 mg, 49 mmol) and
NHS (11.3 mg, 98 mmol) were stirred in MES-buffer (0.5 mL, 50 mM, pH 5.5) for 1 h.



The activated RB, which has low solubility in H20O, was collected via centrifugation
(10,000 g, 5 min) and redispersed in H>O (0.5 mL).

UCNPs@bilayer (1.5 mL) were stirred together with activated RB (0.5 mL) overnight
(RT). The particles were purified by centrifugation (21,000 g, 1 h) until the supernatant
was colorless. The particles were redispersed in H,O (2 mL). Aggregates were
removed by centrifugation (3,000 g, 5 min). Particles were stored with a
concentration of about 2 mg mL™".

4.52.5 Synthesis of UCNPs@BF4

For comparison, UCNPs stabilized by BF4 ions were prepared. The UCNPs (30 mg in
1 mL cyclohexane) were mixed with DMF (1 mL) and heated to about 30 °C. NOBF4
(80 mg) was added, and the particles were stirred for 30 min. Afterwards, they were
precipitated with an excess of chloroform and collected via centrifugation (1,000 g,
5 min). After an additional washing step, the particles in DMF were precipitated by
centrifugation (21,000 g, 30 min) and redispersed in H20.

4.5.2.6 Synthesis of NO-probe Derivative Ligand e o
g 2
The NO-probe derivative compound was synthesized following a f h
previously reported protocol.36 'H NMR (400 MHz, DMSO-de) & = 850  “5"¢°
—8.43 (m, 2H; a-H and c-H), 8.38 (d, J = 8.2 Hz, 1H; d/e-H), 7.82 (dd, J = ::
8.5, 7.3 Hz, 1H; b-H), 7.33 (d, / = 8.2 Hz, 1H; d/e-H), 6.56 (d, J = 8.1 Hz, ¢ j,[ij
1H; g-H), 6.38 (d, J = 2.3 Hz, 1H; h-H), 6.27 (dd, J = 8.1, 2.3 Hz, 1H; f-H), Kok
4.62 — 447 (m, 4H; i-H and n-H), 3.19 - 3.13 (m, 4H; j,j'/k,k’-H), 3.04 - m

2.99 (m, 4H; jj'/kk’-H). m-H could not be seen in the 'TH NMR spectrum. 3C NMR
(101 MHz, DMSO-dg) & = 164.01 (C), 163.51 (C), 156.03 (C), 135.14 (C), 134.83 (C),
132.17 (CH), 130.61 (CH), 129.49 (CH), 128.71 (C), 126.48 (CH), 125.97 (CH), 125.47 (C),
125.31 (C), 123.23 (O), 117.25 (CH), 116.11 (CH), 114.69 (CH), 113.94 (C), 53.65 (CH)>),
45.41 (CH). HRMS (ESI+) calc. for Co2H21Ns02 [M+H]*: 388.1695; found: 388.1663.

4.5.2.7 Synthesis of NO-probe-functionalized UCNPs

Oleic acid NHS ester was formed by stirring sodium oleate (10 mg, 0.033 mmol) with
EDC (50 mg, 0.33 mmol) and NHS (75 mg, 0.66 mmol) in H,O (0.75 mL) for 1 h at RT.
The water was evaporated, and the reaction product dissolved in DMSO (1 mL).

Activated oleate (100 uL), DMSO (300 uL), H20 (1 mL) and Na-oleate solution (1 mL,
100 mg mL") were stirred at 60 °C until a clear solution was obtained. UCNPs (161 pL,



31 mg mL") were added slowly. After 20 min reaction time, NO-probe (1.3 mg,
0.0033 mmol, dissolved in 100 uL DMSQO) was added to the reaction mixture. The
solution was stirred over-night at room temperature. The particles were purified by
centrifugation (21,000 g, 1 h) until the supernatant was colorless and afterwards
redispersed in H.O (2 mL). Aggregates were removed by centrifugation (3,000 g,
5 min). Particles were stored with a concentration of about 2 mg mL™".

4.5.2.8 Synthesis of Citrate-coated Gold Nanoparticles (AuNPs@citrate)

A citrate solution (1 mL, 30 mg mL") was added to H.O (98.9 mL). The solution was
heated to 95 °C and subsequently, an aqueous gold(lll) chloride trihydrate solution
(100 L, 98.5 mg mL™") was added. After 7 minutes of stirring at this temperature, the
now strongly red-colored dispersion was cooled to room temperature in an ice bath.

4.5.2.9 Coupling of AuNPs@citrate to UCNPs@bilayer

To remove excess citrate, 3 mL of the AuNPs@citrate dispersion were centrifuged
(15,000 g, 20 min) and the resulting pellet was redispersed in H>O (1.5 mL).
UCNPs@bilayer were synthesized as described above with 60x48 nm sized UCNPs
and purified by one centrifugation step, as for the coupling of Rose Bengal. EDC and
NHS (each 1 mg) were dissolved in H>O (10 mL). One milliliter of this solution was
added to the AuNPs and the dispersion was stirred at RT (1.5 h) before the
UCNPs@bilayer (400 uL, 2.5 mg mL") were added. After overnight reaction, the
particles were purified by three centrifugation steps (10,000 g, 20 min) followed by
redispersion in H2O (1 ml). This procedure was once performed for UCNPs@bilayer
containing dodecylamine, and once for UCNPs@bilayer without amine as control.

4.5.2.10 Evaluation of the Singlet Oxygen Production by UCNPs@bilayer-RB

The generation of singlet oxygen was monitored with anthracene-9,10-dipropionic
acid (ADPA), a molecular probe for singlet oxygen. The UCNPs@bilayer-RB were
mixed with ADPA, which was dissolved in methanol, resulting in final concentrations
of 0.3 mg mL™" for the UCNPs and 1 uM for the ADPA. The solution was placed in a
stoppered quartz cuvette and the sample was irradiated with a 980 nm NIR laser
(200 mW, Picotronic) for 120 min. The fluorescence emission intensity of ADPA was
monitored over time between 400 nm — 550 nm (Aexc = 390 nm). A control sample
was prepared in H,O with ADPA (1 uM) and it was irradiated at 980 nm for the same
time and the fluorescence emission spectra were recorded at 390 nm excitation. A
second control, containing free RB (0.0712 uM in H>O) was spiked with ADPA (1 uM),



and measured in the same way. The chosen concentration of RB corresponds to the
estimated concentration of RB for UCNPs@bilayer-RB (0.3 mg mL"). For all
measurements, the fluorescence emission intensity at 404 nm was normalized to the
time 0 min and was plotted against time.

4.5.2.11 Nitric Oxide Detection using UCNPs@bilayer-NO-probe

For the detection of NO in a cuvette, the fluorescence emission spectrum
(Aexc = 405 nm) of UCNPs@bilayer-NO-probe was measured before and 24 h after
the addition of diethylamine NONOate. For this, an aqueous solution of
UCNPs@bilayer-NO-probe (100 ug mL™") was treated with NONOate (1.5 mM in
NaOH 0.01 M) or with the same amount of NaOH 0.01 M for the control.
Diethylamine NONOate sodium salt is a commercially available NO donor that
decomposes spontaneously in solution at physiological pH and temperature to
generate NO. NONOate stock solution (15 mM) was prepared by dissolving the
diethylamine NONOate sodium salt (50 mg) in NaOH 0.01 M (21.49 mL). The solution
was kept in the freezer and defrosted 30 min before use.

The fluorescence emission spectra obtained in this experiment were normalised for
better comparison. For this, the fluorescence emission spectrum of the
UCNPs@bilayer-NO-probe recorded after addition of NONOate was normalized
(rescaled) to 100 at the maximum wavelength; and, using the same ratio, the
fluorescence emission data for the sample of UCNPs@bilayer-NO-probe in the
absence of NO was normalised accordingly.



4.5.3 Biological Experiments

Imaging medium: Imaging Medium (IM) was prepared by mixing NaCl (120 mM),
KCI (5 mM), CaCl>2H0 (2 mM), MgCl,-6H>O (1 mM), NaH2PO4 (1 mM), NaHCO3
(1 mM), 4-(2-hydroxyethyl)piperazine-4-ethanesulfonic acid (HEPES, 25 mM), D-
glucose (11 mM) and bovine serum albumin (BSA, 1 mg mL™) in H,O and the pH was
adjusted to 7.4 using an aqueous solution of NaOH (1 mM).

Defrost and culture RAW264.7y NO- macrophages: The macrophage cell line
RAW264.7y NO™ was cultured in a humidified atmosphere of 5% CO, at 37 °C in
phenol red-free Dulbecco’'s Modified Eagle's Medium (DMEM) containing
4.5 mg mL" D-glucose and supplemented with 1% L-glutamine (200 mM), 1%
penicillin-streptomycin (P-S) (100 U mL™" and 100 pg mL™", respectively) and 10%
fetal bovine serum (FBS).

A frozen cryotube containing RAW264.7y NO~ was defrosted in a water bath at 37 °C.
The cell suspension (1 mL) was transferred to a centrifuge tube containing 9 mL of
supplemented DMEM media and the cells were centrifuged at 1,000 g for 5 min. The
freezing medium was discarded, and the cells were resuspended in fresh
supplemented DMEM (12 mL). The content was placed into a 75 cm? Nunc Easy Flask
and the cells were incubated in an Heracell 150i CO; incubator at 37 °C in a 5% CO>
atmosphere. Subcultures were obtained by dislodging the cells from the flask surface
using a cell scraper (18 mm blade), centrifuging them at 800 rpm for 5 min and
resuspending the cells in supplemented DMEM medium. Dilutions 1:12 were made
every 3 days.

Colocalization studies: LysoTracker Red DND-99 was used as a fluorescent marker
of acidic organelles to study the location of UCNPs@bilayer-NO-probe in those
organelles. Cells cultured on 18 mm coverslips in 6-well plates incubated with
UCNPs@bilayer-NO-probe (25 ug mL~", 3 h) at 37 °C in a 5% CO; atmosphere were
further incubated with LysoTracker Red DND-99 (5 pM, 5 min) at 37 °C. Following
incubation, the cells were imaged using confocal laser scanning microscopy (CLSM).
UCNPs@bilayer-NO-probe were excited using a 405 nm diode laser and the
fluorescence emission was recorded between 500 and 580 nm. LysoTracker Red
DND-99 was excited using a 561 nm diode laser and the fluorescence emission was
recorded between 580 and 625 nm. CLSM images of cells were analyzed in triplicates,
each image containing an average of three cells. The Pearson’s correlation coefficient



(with coefficient 1 meaning perfect colocalization) and the scatterplot were obtained
using ImagelJ. The Pearson’s correlation coefficient calculated for UCNPs@bilayer-
NO-probe and LysoTracker Red DND-99 was 0.76 + 0.07.

NO detection in RAW264.7y NO" cells by UCNPs@bilayer-NO-probe: For cellular
experiments using UCNPs@bilayer-NO-probe, RAW264.7y NO" cells were cultured
on 18 mm coverslips in 6-well plates. Cells grown to confluence in 75 cm? Nunc Easy
Flask were harvested from the surface using a cell scraper, centrifuged at 800 rpm for
5 min and resuspended in DMEM medium (9 mL). From the cell suspension, 0.5 mL
were added to wells containing 2 mL of DMEM medium. The cells were incubated at
37 °Cin a 5% CO. atmosphere overnight. After this time, the cells were attached to
the coverslips and the medium was replaced with fresh cell culture medium.
RAW264.7y NO- cells were incubated with UCNPs@bilayer-NO-probe (25 ug mL™")
and stimulated following the addition of LPS (0.7 ug mL™") and IFN-y (17 ug mL™").
Unstimulated cells were only incubated with UCNPs@bilayer-NO-probe
(25 ug mL™"). L-NAME treatment was performed by treating RAW264.7y NO- cells
with L-NAME (2 mM, 1 h) prior to stimulation with LPS (0.7 pg mL™") and IFN-y
(17 ug mL") and incubation with UCNPs@bilayer-NO-probe (25 ug mL™"). Control
cells that were not incubated with UCNPs@bilayer-NO-probe were also prepared to
contain the same LPS and IFN-y concentrations used for stimulated cells. Control cells
treated with L-NAME (2 mM, 1 h) before stimulation with LPS (0.7 ug mL™") and IFN-
y (17 pg mL") were also prepared. The cells were incubated at 37 °C in a 5% CO:
atmosphere for 3 h. Following incubation, the cells were imaged using the CLSM
(Aexc = 405 Nnm, Adem = 422 Nnm — 689 nm).

For the exogenous detection of NO by UCNPs@bilayer-NO-probe, RAW264.7y NO
cells were cultured overnight on 18 mm coverslips (in 6-well plates) at 37 °Cin a 5%
CO. atmosphere. After this time, cells were incubated with UCNPs@bilayer-NO-
probe (25 pg mL™") for 3 h and were treated with SNAP (275 uM) for 1 h. Following
incubation, the cells  were imaged using CLSM (Aexc = 405 nm,
Mem = 422 nm — 689 nm).

Imaging live cells using a confocal laser scanning microscope: To image live cells
in CLSM, the coverslips containing the cells were securely tightened into a Ludin
chamber (Life Imaging Services) for 18 mm coverslips. The cells were washed three
times with IM and 1 mL of IM was added to conduct the imaging on live cells. The
Ludin chamber was mounted on a heated stage of the microscope (37 °C). A Carl
Zeiss Objective 63x with oil immersion (1.4 NA) was used for imaging. In the CLSM,



Differential interference contrast (DIC) images were collected simultaneously with
fluorescence images using the same laser. For spectral analysis on the CLSM, the
samples were excited at 405 nm and the fluorescence emission spectra were
recorded between 430 nm and 690 nm.

CellTiter-Blue cell viability assays: CellTiter-Blue cell viability assay was conducted
to evaluate the cytotoxicity of UCNPs@bilayer-NO-probe in RAW264.7y NO
macrophages. The cells at a concentration of 20x 10 cells mL~" (100 uL per well) were
seeded overnight on 96-well black-bottom microplates before treating the cells at
37°C in a 5% CO. atmosphere. Next, the cells were incubated overnight with
UCNPs@bilayer-NO-probe at concentrations ranging from 0 to 37.5 ug mL™". Cells
without UCNPs@bilayer-NO-probe were used as control. At this point, after
removing the medium and washing once with PBS (100 uL), CellTiter-Blue reagent
(20 pL per well) was added, and the cells were incubated for 4 h at 37 °Cin a 5% CO>
atmosphere. The fluorescence emission of the CellTiter-Blue reagent was then
measured at 594 nm following excitation at 561 nm using a CLARIOstar (BMG
Labtech) microplate reader. Background fluorescence was corrected by subtracting
fluorescence emission from DMEM phenol red-free medium. Cell viability was
calculated as a percentage of non-treated. All the samples were analyzed in
triplicates. Statistical significance between means was determined using a two-tailed
Student’s t-test and P values < 0.05 were considered significant.



4.5.4 Instrumental Techniques

Transmission electron microscopy (TEM): Size and shape of the synthesized
nanoparticles were determined by TEM using a 120 kV CM12 microscope (Philips).
For this purpose, the particle dispersions (1 mg mL") were dropped onto 400 mesh
carbon-coated copper grids (400 mesh, PLANO), several micrographs were recorded
and at least 1,000 particles were analyzed using the software ImageJ. For negative
staining of the TEM grids, the grids were first hydrophilized using oxygen plasma
(15 sscm Oy, 30 s) by PlasmaFlecto 10 (Plasma Technology). The particle dispersion
(1 mg mL"in H20) was dropped onto the grid and blotted out with filter paper twice
before a PTA solution (1% w/v) was dropped onto the grid. The excess solution was
again removed by filter paper after 90 s.

Dynamic light scattering (DLS): Particle dispersions were measured using a
Zetasizer Nano ZS (Malvern Panalytical). All samples are measured in an aqueous
environment (H20 or cell medium) three times at 20 °C.

Optical emission spectroscopy with inductively coupled plasma excitation (ICP-
OES): Concentration of particle dispersions was determined using ICP-OES with the
SPECTROBLUE FMX36 instrument (SPECTRO). Calibration was performed using a
multielement standard containing Y, Gd, Er, Tm, Yb, and Nd ions. The emission bands
at 371 nm (Y), 329 nm (Yb), and 337 nm (Er) were chosen for detection.
Concentrations were determined by averaging over three measurements.

Luminescence spectra: Spectra were recorded using a custom-built set-up including
a Qmini UV/VIS spectrophotometer (Broadcom) and a 980 nm laser module (200 mW,
cw) in 90° orientation (Picotronic). Unless other specified, the spectra were normalized
to a mass concentration of 1 mg mL" (weight of the ligands not included), which
corresponds to a particle concentration of about 2.7-10"3 particles-mL™" for core-shell
particles with a size of 23.3 nm.

Extinction spectra: Spectra were recorded using a Cary 50 Scan UV-Visible
Spectrophotometer (Agilent) or a Hitachi U-3000 spectrophotometer at room
temperature. Quartz cuvettes with a 1 cm path length were used. For calculation of
the number of RB molecules per nanoparticle a molar absorption coefficient of RB
€s49nm = 95,000 L mol"cm™ was used and the spectra were corrected from
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scattering.*’ The values were derived by dividing the number of dye molecules per
mL by the number of nanoparticles per mL.

Fluorescence excitation and emission spectra: Spectra were obtained using an
Edinburgh Instrument FS5 fluorescence spectrometer. Quartz cuvettes with a 1 cm
path length were used.

Confocal laser scanning microscopy (CLSM): Cellular images were obtained using
a Zeiss CLSM 980 with Airyscan 2 (pinhole adjusted to obtain an optical section of
1.5 pm). Details on the objectives used and the experimental conditions applied are
given in the relevant experimental sections. Differential interference contrast (DIC)
images were collected, together with fluorescence images exciting the samples at the
corresponding laser in each case. Fluorescence emission spectra were obtained using
the lambda scan mode. Images and spectra were analyzed using the Image/ software.

Microplate reader: The fluorescence emission intensities of the CellTiter Blue were
recorded using a CLARIOstar® (BMG Labtech) microplate reader.

4.6 Supplementary Figures

NaYbF,(20%Er)

10 20 30
particle diameter / nm

Figure S4.1. TEM micrograph and corresponding histogram of NaYbF4(20%Er) nanoparticles dispersed in
cyclohexane. The mean diameter of the nanoparticles is (18.6 + 1.5) nm and was calculated by averaging
over 1,000 nanoparticles.
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Figure S4.2. DLS measurement of UCNPs@bilayer before and after lyophilization and redispersion in HzO.
The hydrodynamic diameter changed from (36.4 + 0.6) nm to (51.9 + 1.8) nm and the PDI from 0.15 + 0.06

to 0.16 + 0.02.
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Figure S4.3. (a) Hydrodynamic diameter and (b) normalized integrated luminescence intensity of
UCNPs@bilayer with a concentration of 0.2 mg mL™". The particles were dispersed in the indicated media
and DLS and luminescence of the dispersions were recorded at the specified time points. MES and TRIS
buffers were in concentrations of 5 mM, CaCl, of 1.8 mM, MgCl, of 1 mM in H,O, according to relevant
physiological conditions.#> Both DMEM and PBS (with Ca®* and Mg?*) contained 10% fetal calf serum (FCS);
while PBS (without Ca®* and Mg?*) was used without the addition of FCS. DLS measurements for the sample
in CaCl, were stopped after 24 h since the particles sedimented due to aggregation. PDIs of the samples
were between 0.07 and 0.4, exceptions are CaCl, (PDI > 0.6 nm after 1 h), MES at pH 5.5 (PDI > 0.6 after 24 h)
and TRIS atpH 8.5 (PDI > 0.5 after 48 h). For luminescence measurements, the excitation wavelength
was 980 nm with an excitation power density of 140 W cm™. The luminescence spectra were integrated in
the range of 400 nm - 800 nm and normalized to the initial emission at 0 h.
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Figure S4.4. (a) DLS measurements of UCNPs@bilayer-RB with different ratios of m(RB) : m(UCNPs). (b)
Luminescence spectra of the UCNPs@bilayer-RB under 980 nm excitation in H,O (140 W cm?). At 600 nm a
weak RB emission is visible in the enlarged section. Spectra were measured at the same concentration of
UCNPs (0.2 mg mL") and normalized to the red emission. All nanoparticles are dispersed in H,O.
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Figure S4.5. (a) Extinction spectra of UCNPs@bilayer-RB in H,O synthesized with different percentages of
dodecylamine during the bilayer formation and constant RB concentration. The particle dispersions were of
the same concentrations (1.0 mg mL™"). (b) Corresponding DLS measurements of the nanoparticles.
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Figure S4.6. (a) DLS measurement of UCNPs@bilayer-NO-probe in HO (dhydro = (36 + 2) nm,

PDI = 0.231 £ 0.004). (b,c.d) Spectral characterization of UCNPs@bilayer-NO-probe (yellow) and
unfunctionalized UCNPs@bilayer (1.0 mg mL™") in H.O (cyan): (b) extinction spectra, (c) fluorescence
excitation spectra (Aem = 520 nm) and (d) fluorescence emission spectra (Aexc = 405 nm). The particles
characterized here were used for stability experiments (Figure S4.9) as well as NO detection and cell
internalization in Figure 4.5, S4.10 and S4.11
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Figure S4.7. Control experiment for the NO-probe functionalization of UCNPs@bilayer without pre-
activation of the oleate to see if the amine-derivative NO-probe binds to the oleate or freely intercalates in
the bilayer. (a) DLS of the final UCNP dispersion and (b) photographic image of the purification steps. The
solutions shown are the supernatants of the centrifugation steps (1-3) and the final purified UCNP dispersion.
Since the yellow-colored amine-derivative NO-probe is washed away, no intercalation in the bilayer had
happened.
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Figure S4.8. (a) DLS measurement of UCNPs@bilayer-RB in H2O (dhydro = (110 £ 3) nm, PDI = 0.256 + 0.003).
(b,c,d) Spectral characterization of UCNPs@bilayer-RB (78 pg mL', magenta) and unfunctionalized
UCNPs@bilayer (1.0 mg mL™", cyan) in H,O: (b) extinction spectrum, (c) fluorescence excitation spectrum
(Aem = 584 nm) and (d) fluorescence emission spectrum (Aexc = 561 nm). The particles characterized here were
used for stability experiments (Figure S4.9) and singlet oxygen determination (Figure 4.5).
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Figure S4.9. (a) Hydrodynamic diameter, derived out of three DLS measurements, recorded over time for
UCNPs@bilayer-RB and UCNPs@bilayer-NO-probe in DMEM + 10% FCS cell medium. Error bars indicate
the standard deviations derived out of three measurements. (b) Luminescence spectra of the same particles
for different times in DMEM + 10% FCS. Spectra are recorded at 980 nm excitation (140 W cm2).
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Figure S4.10. (a) CLSM images of RAW264.7y NO~ cells untreated (i - iii) and incubated with
UCNPs@bilayer-NO-probe (25 pg mL™, 3 h) (iv — vi); Aexc = 405 nm, Adem = 422 nm — 689 nm. (b) Normalized
fluorescence emission spectrum of: UCNPs@bilayer-NO-probe in H,O recorded in the fluorimeter (green)
and UCNPs@bilayer-NO-probe internalized by RAW264.7y NO- cells recorded in the CLSM (yellow), and
fluorescence emission spectrum of untreated cells (grey). (c) Cell viability studies of UCNPs@bilayer-NO-
probe in RAW264.7y NO- cells. CellTiter Blue viability assay was used to determine the cytotoxicity of
UCNPs@bilayer-NO-probe. n = 3, error bars indicate the standard deviation of the three measurements. (d)
CLSM images of RAW264.7y NO- cells incubated with UCNPs@bilayer-NO-probe (25 ug mL-", 3 h) and
LysoTracker™ Red DND-99 (5 uM, 5 min) (i — v) and scatterplot showing the correlation between the green
and red emission intensities (vi). Images collected upon excitation at (i) Aexc =405 nm,
AAem = 500 nm — 580 nm and (i) Aexc = 561 nm, Al = 580 — 625 nm; (iii) merged fluorescence green and
red channel; (iv) DIC channel; and (v) composite image of green, red and DIC channels.
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Figure S4.11. (a) CLSM images of RAW264.7y NO~ cells incubated with UCNPs@bilayer-NO-probe
(25 ug mL", 3 h) unstimulated (i - iii), stimulated (iv - vi) and pre-incubated with L-NAME and stimulated (vii
—ix). Stimulation was performed using LPS (0.7 pg mL™") and IFN-y (17 ug mL™") for 3 h and the pre-treatment
with L-NAME (2 mM) was done for 30min prior to the stimulation. Aec =405nm and
Mem =422 nm — 689 nm. (b) CLSM images of unstimulated (i — iii) and stimulated (iv - vi) control
RAW264.7y NO- macrophages. Stimulation and recording of the CLSM images were identical to the
conditions in (a). (c) CLSM images of RAW264.7y NO- cells incubated with UCNPs@bilayer-NO-probe
(25ugmLT", 3h) (i - iii) and treated with SNAP (275uM, 1h) (iv - Vi). Aexc =405nm and
Mem = 422 nm — 689 nm.
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Figure S4.12. DLS measurements of UCNPs@bilayer with variation of the amine (all 10 mol %) used during
bilayer preparation (octylamine, dodecylamine, oleylamine and without amine). The hydrodynamic diameter
histograms are shown for (a) 13 nm, (b) 23 nm and (c) 60x48 nm core-shell UCNPs (NaYbF4(20%Er)@NaYF).

Table S4.1. Hydrodynamic diameters and PDIs of UCNPs@bilayer with variation of the amine used during
bilayer preparation (octylamine, dodecylamine, oleylamine and without amine). The values are averaged over

three measurements.

13 nm 23 nm 60x48 nm
o / M PDI dyyiro / NM PDI dyyao / DM PDI
196%3  0.235%0.004 1224%0.5  0.448 £0.012 1344 4 0.29 + 0.02
octylamine (10%) 99.6+1.5 0.363+0.04 106.6+1.4  0.486 £0.009 91%5 0.25 + 0.02
dodecylamine (10%)  223%15  0.20£0.01 36.4%0.6  0.147 +0.006 1557 0.1820.02
oleylamine (10%) 492 0.54 £0.08 78.9+3.9 0.61£0.075 165+7 0.181 1 0.03

d,...=(13.2£0.9) nm
Zew

dyeoon = (60 £2) nm
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Figure S4.13. TEM micrographs of NaYbF4(20%Er)@NaYF4 with different diameters.
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5 Control of Luminescence and Interfacial Properties as
Perspective for Upconversion Nanoparticles

5.1 Abstract

Near-infrared (NIR) light is highly suitable for studying biological systems due to its
minimal scattering and lack of background fluorescence excitation, resulting in high
signal-to-noise ratios. By combining NIR light with lanthanide-based upconversion
nanoparticles (UCNPs), upconversion is used to generate UV or visible light within
tissue. This remarkable property has gained significant research interest over the past
two decades. Synthesis methods have been developed to produce particles of various
sizes, shapes, and complex core-shell architectures and new strategies are explored
to optimize particle properties for specific bioapplications. The diverse photophysics
of lanthanide ions offers extensive possibilities to tailor spectral characteristics by
incorporating different ions and manipulating their arrangement within the
nanocrystal. However, several challenges remain before UCNPs can be widely
applied. Understanding the behavior of particle surfaces when exposed to complex
biological environments is crucial. In applications where deep tissue penetration is
required, such as photodynamic therapy and optogenetics, UCNPs show great
potential as nanolamps. These nanoparticles can combine diagnostics and
therapeutics in a minimally invasive, efficient manner, making them ideal
upconversion probes. This article provides an overview of recent UCNP design trends,
highlights past research achievements, and outlines potential future directions to
bring upconversion research to the next level.
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5.2 Introduction

Many biomedical and bioanalytical questions can be attractively answered using
optical methods, as demonstrated by the popularity of fluorescence microscopy or
the frequent application of fluorescent assays."? Along with this also improved
luminescent nanoprobes are required and here the latest developments in the field
of upconverting nanoparticles (UCNPs) display their great potential. Upconversion
nanoparticles based on a crystalline host lattice (in most cases NaYFs) and doped
with different combinations of lanthanide ions differ from other nanoscale
luminescent probes mainly in that they are NIR-excitable and thus have advantages
as a high tissue penetration, low autofluorescence, and high signal-to-noise ratios.
The photostability and their property of not blinking also distinguish them for
possible applications. The NIR light is converted into visible and UV light by
sequential multiphoton absorption of the many long-lived electronic states of
lanthanide ions. Compared to two-photon excitation of dyes, this process increases
the probability of reaching higher excited states and therefore allows lower excitation
intensities.

Despite this simple explanation of the upconversion principle in lanthanide-doped
nanoparticles, the detailed mechanism is complex in nature, mainly due to the
limitations imposed by Laporte's rule on the occupation of the energy levels and
myriad competing nonradiative transitions within the ions.* Consequently, compared
to other luminescent probes, their brightness is limited. Luckily, the knowledge in
nanoparticle synthesis has grown significantly, allowing much more complex particle
architectures, and thus leading to smart and creative particle designs that can
compensate for the former weak luminescence. By implementing several different
lanthanide ions in a host crystal, intentional crosstalk between these ions is induced,
leading to processes such as energy migration, cross-relaxation, energy trapping, or
excitation and emission wavelength shifts. The clever choice of doping and its spatial
arrangement in the nanocrystal thus enables a precise adjustment of the
luminescence regarding spectral properties, intensity, and lifetime.”

Before UCNPs can be used in biological environments, they must be equipped with
a surface coating that keeps the particles colloidally and chemically stable even in the
presence of proteins, high salt concentrations, and at different pH values.® Exciting
progress has also been made in this area, especially concerning an efficient
functionalization that has receptor or actuator properties for sensing, light-controlled
local generation of reactive species, or controlled drug-release.” However, more
research is needed, not only to fully control and understand the processes on the



particle surfaces, but also to protect the nanoparticle itself so that its luminescent
properties can be used in chemically complex environments and remain stable over
time.

In the following, the most important milestones of the last few years of upconversion
research are shown, but also existing research gaps are pointed out and
supplemented with ideas on how the research could be continued. The focus is on
applications of UCNPs where the lanthanide emissions themselves are detected, such
as in biosensing or bioimaging, and in applications where the UCNPs are used more
as transducers, triggering other mechanisms such as drug release, photodynamic
therapy, or optogenetics.

5.3 Strategies in Particle Design

Naturally, the relatively low efficiency of photon upconversion in lanthanide-doped
nanoparticles due to the multi-photon processes still provides sufficient motivation
for scientists to improve them. Depending on the application, significant successes
have been achieved through energy harvesting, using antenna dyes and through
coupling with plasmonic structures or photonic crystals.®'" However, for
bioapplications that require, among other things, long stability and low toxicity,
strategies that address particle composition and architecture are often more
promising. An improved understanding of the synthesis of small, monodisperse
nanoparticles has led to remarkable advances in this field. Probably the greatest
implications in novel particle architectures are due to a) the development of
nanoparticles with a core-shell structure and b) the realization that the
concentrations of sensitizer and activator ions can be higher than it has been
assumed for many years.>'>23 A combination of both approaches opens a wide field
of previously unexplored particle systems, with possibilities to adapt the spectral
properties of these particles even better to the requirements for medical-diagnostic
applications, either by improving the general efficiency of upconversion or by
specifically increasing the probabilities of individual transitions in the complex energy
term scheme of UCNPs. The beginning of these new trends is marked, among others,
by the development of UCNPs that omit sensitizer ions at all. Tm-doped UCNPs,
which are excited by photon avalanche (PA) and therefore benefit from a high
concentration of Tm3* within the NaYF4 crystal caused a stir. A high excitation power
(in most cases >10 kW cm™) favors the excited-state absorption (ESA) of Tm?3*,
followed by cross-relaxations (CR) caused by the high Tm3* concentrations in the
crystal. The combination of ESA and CR sets the bulk of Tm ions in intermediate
excited states, which then leads to extremely high populations of the higher excited



states since ESA now occurs without the further possibility of CR (Figure 5.1a). This
upconversion process follows a strongly non-linear behavior, as the emission
intensities increase immensely once a certain excitation power threshold is reached.
As a result, these particles surpass all other UCNPs reported to date in terms of
brightness. Therefore they are of great interest for application in high-resolution
microscopy, as the high-power dependence confines the excitation beam to the
maximum of the Gaussian laser distribution, enabling to beat the Abbe diffraction

limit.24-26

However, apart from high-resolution microscopy, the applicability of such particles
in biological systems is limited due to the high excitation power densities, even when
trying to choose the excitation wavelength in the optically silent regions within the
biological window (800 nm, 1,064 nm, or 1,450 nm). When it is desired to work with
the lowest possible power densities, core—shell architectures are increasingly showing
their advantages, especially in multishell systems, where spatial separation of
different types of lanthanide ions is achieved. Recently, Liu et al show that the
separation of sensitizers from activators can lead to an increased luminescence
intensity compared to particles in which sensitizers and activators are combined.?’
This study compares three different structures based on NaluFs host lattices:
Yb,Er@inert, Yb@Er@inert and Er@Yb@inert (Figure 5.1b). While the Yb-
intermediate shell approach showed about a four-fold UCL enhancement compared
to the Yb,Er-core particles, the Er-intermediate-shell particles were less bright than
the mixed particles. This clearly shows that not only the separation is important, but
also the exact sequence of the lanthanide layers. The separation of Yb3* from Er3*
minimizes Er—Yb reverse energy transfer processes, which are known to reduce
luminescence intensities. The superiority of Er@Yb@inert particles compared to
Yb@Er@inert is mainly attributed to shorter energy migration paths from the outer
Yb ions to the Er3* in the core and to the fact that the Er-ions are stronger affected
by quenching processes because they are closer to the particle surface.?’” Similar
results were obtained by Yao et al., showing that growth of the sensitizer shell around
a core particle doped only with activators allows controlled energy migration from
the shell to the core and thus upconversion efficiency gets improved.®
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Figure 5.1. (a) Mechanism of cross-relaxation-assisted photon avalanche. (b) Energy migration pathways in
core-shell approaches w/ or w/o segregation of sensitizer and activator ions. The graphic is adapted from
Ref?’. (c) Energy level diagram of a multishell approach using particles of the type
Gd,Yb,Tm@Yb@Gd,Yb,Nd@Gd. The graphic is adapted from Ref.?*.

Even omitting the spatial separation of the sensitizing and activating groups can
result in bright UCL if directional energy migration from the shell to the core is forced
via sensitizing Yb-shells protected by inert shells. This has been shown, for example,
by Zhou et al. on Yb,Tm@Yb@inert particles.3® A recent review article gives an
excellent overview of different types of multishell approaches, including the doping
with different sensitizers to shift excitation wavelengths and combining different
activators to achieve multicolored emissions.3! A striking example for the design of
complex, efficient multishell particles is provided by Jin et al. by synthesizing particles
of Gd,Yb,Tm@Yb@Gd,Yb,Nd@Gd architecture to generate a six-photon energy
cascade (Figure 5.1¢c). Directed energy migration from sensitizer shells to activator-
containing cores brings the decisive advantage. A combination of the two different
sensitizers Yb3* and Nd3* in an additional shell enables excitation at 808 nm, thus
avoiding sample overheating in aqueous media upon 980 nm excitation. The
presence of Gd3* enables energy trapping in highly excited states, which reduces the
probability of luminescence quenching, leading to an even brighter upconversion.??



These examples clearly illustrate that there is potential in novel core-shell particle
architectures and doping ratios that are unusual at first glance. These developments
are only just beginning, and a great deal of progress can still be expected. The future
certainly lies in complex particle architectures in which different lanthanides are
combined but in different compartments of the particles. This can be achieved as
described in the examples above, but even more complex structures can be imagined,
for example by using anisotropic particles such as rods and platelets. Upconversion
nanoparticles with a hexagonal crystal structure possess two different types of crystal
facets, the hexagonal (001) and the rectangular (100) facet, which have different
affinities for different ligands. In principle, this affinity can be used to achieve
anisotropic growth, as Jin et al. have already shown impressively (Figure 5.2a).3?
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Figure 5.2. (a) Strategies for particle design. (b) Platelet growth (Tm@Yb,Gd@Er) followed by rod growth,
where the platelets are prolongered with strongly absorbing NaYbF.. The Er3* is exposed to the environment
and therefore accessible to analytes, while Tm3* in the inside can be used for reference. (c) Design of
upconversion rods with Er3* on the outer edges and Tm3* in the center. Different sensitivities of different
ligands to the hexagonal or rectangular surface could allow recognition of different ligands by Er3*/Tm3+,

This could allow even more complex combinations of lanthanide ions and
morphologies. A major goal would be to achieve efficient multicolor emissions by
co-doping different lanthanides in different particle compartments. This could result
in different sensitivities of the respective elements to the environment, as exemplified
in Figure 5.2b, where Tm3* in the core provides a reference emission, while the
Er3*emission, generated closer to the surface, is sensitive to environmental changes,
thus enabling self-referential nanosensors for intracellular applications. By growing
Yb3* anisotropically, high absorption and energy migration from outside to inside
can be achieved without increasing the distance between Er3* and the surroundings.
Such an approach could improve applications that exploit energy transfer processes
from the particle surface to ligands or analytes in solution. The additional co-doping
of Gd3* not only enables energy trapping, but also creates multimodality as such



particles also become accessible for magnet resonance imaging (MRI). The second
approach (Figure 5.2c) gives an example of how one could create a particle system
that might be able to detect different analytes near the surface, since the analytes
that prefer the hexagonal face will see a stronger change of Er3* emissions while
binding to rectangular areas would alter Tm3* signals.

5.4 Challenges in Surface Chemistry

The famous quote "God made the bulk; surfaces were invented by the devil",33 which
is attributed to the Nobel Prize winner Wolfgang Pauli, describes quite well in an
exaggerated way what also applies to UCNPs: No matter how much you can optimize
the luminescent properties of the nanoparticles, in the end it is the interfacial
phenomena on the particle surface that determine their usefulness. This is precisely
why many research groups are united by the question: How can one gain control
over the surface and thus stabilize and functionalize the particles at the same time?
Nanomaterials have an exceptionally high surface-to-volume ratio, which is great
because this high surface area provides an excellent platform for functionalization.
At the same time, however, it is also a major disadvantage as it entails a high surface
free energy. This means that literally anything sticks to the surface of a nanoparticle,
which can lower that energy, or the nanoparticles stick together and form
agglomerates.3* Attempts are thus being made to stabilize the nanoparticles and
prevent aggregation by attaching ligands to the particle surface in a targeted manner
via electrostatic forces or steric repulsion.?> The biggest hurdle in surface design is
that, in addition to high stability, functionalization is also desired at the same time
(Figure 5.3).
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Figure 5.3. Challenges and possibilities in surface design of upconversion nanoparticles.



In a biological environment, the phenomena described at the particle surface apply
in principle to all types of nanoparticles and many findings can be transferred from
one type to other types of nanoparticles. In the specific case of UCNPs, two
phenomena occur that deserve special attention. On the one hand, the upconversion
luminescence is strongly quenched by O-H vibrations, and on the other hand, the
particles tend to dissolve in high dilution. As a result, certain types of surface
modification, some of which are very efficient, are less suitable for biological
applications.

In particular, the most common, simplest, but also most vulnerable type of surface
modification would be the method of ligand exchange. First, the original ligand
(usually oleate) is removed from the UCNP surface by addition of NOBF4 or HCl in a
two-phase system of organic and aqueous solvent and then the desired ligand
molecule is offered for binding.3¢3” The method is very popular because it is
extremely versatile in terms of the selection of the attached ligands and can be
carried out quickly without a large laboratory effort. In addition to the incomplete
coverage of the particle surface — often only about 20% of the theoretical maximum
coverage density is achieved?8- the main problem with this method is that the ligands
are bound to the nanoparticle surface according to their affinity. In the case of
UCNPs, these are functional groups such as phosphate, sulfonate, or carboxylate,
which are omnipresent in biological media as well. Consequently, depending on their
affinity to the nanoparticle surface, an exchange of these groups is expected, and
thus the properties of the particle will change over time.3° The process of exchange
can be slowed down by the addition of polymers instead of monodentate ligands,
since the probability that all polymer functional groups are exchanged at the same
time is low.#° However, multidentate ligands also harbor the risk of cross-linking
individual particles and thus promoting agglomeration. In addition, the already
mentioned low degree of surface coverage does not represent a diffusion barrier for
water molecules, which is why nanoparticles modified by such methods usually suffer
greatly from luminescence quenching by water.4!

In contrast, methods based on silica shell growth have the advantage that binding of
the ligands to the silica surface is in most cases of covalent nature, enabled, e.g., by
the integration of APTES into the silica shell, which means that the ligands cannot be
easily replaced.*?#* However, in silica-coated UCNPs, the distance between the
particle and the ligand is greatly increased, which can be disadvantageous for
applications including FRET. Furthermore, it deserves special experimental skills to
synthesize silica coated UCNPs free of aggregates or to have them later in
monodisperse distribution through purification steps.



A very promising alternative strategy is the ligand addition method, in which the
hydrophobic oleate remains on the particle surface and an amphiphilic ligand is
attached to it. The resulting hydrophobic layer prevents hydrophilic molecules from
diffusing to the particle surface, thereby reducing the likelihood of exchange,
dissolution, and luminescence quenching. Various strategies have been developed,
using amphiphilic polymers, phospholipids, or more simply, just oleate molecules to
form this bilayer.4+4°

In addition to colloidal stability, the chemical stability of nanoparticles is also an
extremely important issue, which is often somewhat neglected in the excitement of
the outstanding properties of the nanoparticle itself. Most inorganic nanoparticles
cannot be regarded as inert systems but are in constant equilibrium with their
environment and tend to disintegrate, which alters the photophysical properties of
the systems on the one hand and makes the toxicity of the individual components
relevant on the other. In the case of UCNPs, fluoride carries the risk of toxic effects
because it can interact with many proteins, induce oxidative stress and tissue
damage, and liberate free radicals.>® However, the rare earth ions also have toxic
effects.>’ The formation of lanthanide phosphates is strongly thermodynamically
favored, which is why the lanthanide ions extract phosphate from the cells, e.g., from
lipid membranes, leading to organelle damages or inflammatory processes.> Since
toxicity is always highly dependent on the concentration of the specific agent, it is of
utmost importance to know about the chemical stability of the used nanomaterials
before using them for biological applications. For UCNPs, long-term studies revealed
that partial release of the ions occurs most rapidly within the first three days, with a
fluoride ion release rate of about 0.12 mol% per hour in PBS buffer (pH 7.4).> This
rate can even be accelerated by increasing the temperature or decreasing the particle
size. For applications in living organisms, it would be desirable to prevent the
dissolution of the nanoparticles to minimize the toxic effects of their components.
Lisjak et al. have shown that an amphiphilic surface coating drastically reduces the
disintegration rate by a factor of 8.>* This again emphasizes the importance of
carefully designing the nanoparticle surface and, if possible, incorporating
hydrophobic barriers to increase the colloidal and chemical stability of the

nanoparticles.

Although surface modification is crucial for any application of nanomaterials, what
actually happens at the surface of a nanoparticle still is largely an enigma. This is
mainly due to the difficulty of molecularly characterizing the interfaces of nanoscale
objects with high local precision and at the same time across an entire particle
ensemble. Light scattering experiments or nanoparticle tracking analysis can



demonstrate whether monodispersity can be maintained, while zeta potential
measurements are commonly used to determine surface charge changes; but in most
cases the characterization of the particle surface ends here. There are, of course,
countless methods available to determine the exact composition of ligands on the
surface. Methods such as TGA or quantitative NMR can determine the total amount
of bound ligand, while colorimetric assays are used, for example, to quantify the
available functional groups.>>>° However, these methods are not very widely used
for the characterization of nanoparticles, which is probably due to the large variety
of ligands that differ in the method of quantification and the lack of standardized
and validated protocols and techniques.”® There is definitely an urgent need for
further development in this field of analytical chemistry here. Critics of this statement
may object that it is debatable whether it is necessary to consider the composition
of the surface in detail, or whether one must assume that the composition at the
particle interface changes significantly as soon as particles enter an organism and
one can therefore save oneself the trouble. As proof of this, it can be provided that
already in the first 30 s after a nanoparticle entered an organism, it is surrounded by
a biomolecular corona.®® This phenomenon is extremely frustrating for nanoparticle
researchers as it reduces control over the chemical processes on the particle surface.
Imagining an ideal nanoparticle for bioapplications, one would likely create a
multifunctional nanoplatform that not only has therapeutic functions, enabling e.g.,
photodynamic therapy or optogenetics, but also contains a targeting entity.6-%> A
protein corona significantly limits functionality, especially with respect to targeting.
This is confirmed by a comparative study of the targeting efficiencies achieved to
date. It was discovered with disillusionment that only about 0.7% of the nanoparticles
reach the target tissue.®® In general, the response of an organism to nanoparticles is
strongly influenced by the formation of the protein corona, since the corona is first
recognized by the cells, and hence the inherent particle plays a rather minor role from
this point on.%” Therefore, the protein corona is crucial for parameters such as blood
circulation time, cytotoxicity, or biodistribution. On the one hand, the production of
reactive oxygen species (ROS) and thus the cytotoxicity can be reduced, on the other
hand the blood flow time is influenced, since the absorption of macrophage cells and
thus the removal from the body can be increased or reduced depending on the
adsorbed proteins.%8

Although the formation of the protein corona appears to be an undesirable
phenomenon at first glance, it can be of great benefit. In addition to reduced
cytotoxicity, a protein corona can also help to internalize nanoparticles into
cells.506869 |n addition, the dissolution of nanoparticles is slowed down when the



particle is protected by proteins.” However, it was found that the formation of the
protein corona is highly dependent on the ligands used. A high surface charge
density favors the attachment of proteins to the particle surface,”” while long-chain
polymers as PEG lead to reduced protein corona formation due to the formation of
a hydrophilic protective layer.”>”3 Since this in turn leads to lower cell uptake, it is a
difficult task to find the optimal balance between desired and undesired
consequences of a protein corona.®%874 |t is clear that the characterization of the
surface of UCNPs before and after entering complex biological processes in terms of
their functionality, colloidal stability, and media toxicity should become more in focus
in the coming years of research. This will also help to make the processes inside an
organism more predictable and further improve the design of the particle surface.

5.5 Potential in Bioapplications

For many biomedical or bioanalytical questions that are based on optical probes,
UCNPs represent an attractive way to solve them. Due to the NIR-excitation, they are
particularly impressive where autofluorescence and low penetration depths of the
excitation light have a limiting effect (Figure 5.4).
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Figure 5.4. Possible applications for UCNPs in bioanalytical and biomedical sciences.



In sensor applications, NIR-excitation benefits above all from the high signal-to-noise
ratio. The recent reviews by Chen et al. and de Camargo et al. summarize the wide
variety of possible sensor applications based on UCNPs, ranging from parameters
like temperature or pH to the detection of inorganic ions or biomolecules (nucleic
acids, proteins, etc.).”>’® Such sensors usually use the change in emission band
intensities of the upconversion emission bands. Considering the several spectrally
well separated emission bands of UCNPs, another advantageous feature, one clearly
might envision ratiometric sensing applications. This is especially important when
intracellular sensing is desired where calibration is not possible and self-referencing
is the solution. When designing such a sensor particle, it is important to understand
in detail the energetic processes between the lanthanide ions. Considering Er3*-
activated UCNPs, the green (approx. 525/545 nm) and the red emission (approx.
650 nm) are usually used for sensing purposes. However, due to the multiphoton
process, the intensities of the individual bands depend on the power density of the
excitation light. This represents a major challenge, especially in tissue, where light
scattering is practically unavoidable and hence the excitation power density becomes
an unknown quantity, which additionally can fluctuate locally. The preferred area of
use for sensing applications is therefore more in cell culture rather than in vivo.
Furthermore, considering that within one kind of lanthanide ion the energy levels are
related to each other to a certain extent, it becomes clear that sensor applications of
UCNPs pose several challenges. Considering Er’*-doped systems, two excitation
paths of the red emitting level are based on the green emitting levels. In specific
terms, this means that the red emission would also lose intensity if the green-emitting
energy level gets depopulated by an energy transfer.”” The more complex core-
multishell-particles with compartmentation of different lanthanide ions as presented
earlier in this article offer a possible way out of the dilemma. The benefit of having
two different types of activator ions, such as Er** and Tm3* that do not interact when
they are spatially separated, was recently demonstrated by Zhou et al Here, the
intensity ratio of 450 nm (Tm3*)/540 nm (Er**) of multishell nanoparticles of the type
Yb,Er,Ce@inert@Yb,Tm could be used for thermometry with a sensitivity of almost
10% signal change in the physiological range.’”® This impressive result was achieved
for particles dried to powder. Thus, to apply this method under biologically relevant
conditions, a precise surface design is required. However, the idea of
compartmentalization is obviously beneficial, as is the introduction of anisotropic
structures like exemplified in Figure 5.2a, where perhaps even different ligand
affinities could be achieved on a particle.



If the scattering and the absorption of the excitation light lead to problems, then of
course this also applies to the emitted light, which cannot cross the tissue
undisturbed either. Since this becomes a particular issue for shorter wavelength
emissions, it could also lead to changes in peak ratios and therefore be an issue for
ratiometric sensing. This does not mean that UCNPs are unsuitable for in vivo
applications, as one way to circumvent this disadvantage is to look at luminescence
lifetimes instead of luminescence intensities. Zhang et al. developed a FRET-based
tumor detection sensor that provides information about changes in the lifetime of
Nd3*-doped UCNPs via the marker molecule peroxonitrite, which affects the spectral
properties of a FRET-acceptor dye bound to the particle surface. This method
impresses with its extremely stable lifetime signals, which are unaffected by scattering
effects or light absorption.”®

Similar considerations apply to imaging, where photoluminescence lifetime imaging
(PLI) has proven to be an efficient tool, especially for multiplexed approaches that
typically use different emission wavelengths to label different regions. Instead, using
nanoparticles with the same wavelength but different luminescence lifetimes enables
bioimaging with high sensitivity and accuracy.8%8" In addition to upconversion,
bioimaging also offers the charm of exploiting the Stokes-shifted NIR-emissions. The
so-called NIR-II range (1,000-1,700 nm) enables almost background-free imaging
due to the greatly reduced scattering and autofluorescence in this range.? It has also
been shown several times that imaging in this range has clear advantages compared
to imaging visible emissions from lanthanides.?3 Probably the most commonly used
system for NIR-Il imaging are nanoparticles doped with Yb3*/Nd3* sensitizers and
Er3* activators, sometimes additionally co-doped with Ce3*, as reported by Dai et al.
An approximately 9-fold enhancement of the 1,550 nm emission was obtained when
2% Ce** is doped into the nanocrystal.® A disadvantage of the Er** emission,
although it is one of the brightest, is its quenching by O-H vibrations of water.34
Recently, Kong et al. proposed a completely new concept for NIR-II imaging using
LITmF4(0.2%Er)@LiYF4 nanoparticles that can be excited at 800 nm or 1,208 nm and
show emissions between 1,600 and 1,900 nm. These can be traced back to the 3F4—3Fs
transitions and have never been reported for imaging purposes before. This example
illustrates the potential of a carefully tailored particle design with exceptional doping.
According to Kong et al. a high Tm3* content in the core particle, in combination with
thick inert shells (5 nm), leads to bright emissions with a quantum yield of 14% for
about 25 nm sized particles, which can even be increased to 16% by adding small
amounts of Er¥* (0.2%) in the core.8>



Such examples demonstrate the potential of the great variety of UCNPs. While the
upconversion part of the spectrum can be used for sensors or actuators, the Stokes-
emission in the NIR-1I range seems to be very promising for imaging processes due
to the high penetration depth. Upconversion is difficult to work with in tissues, at
least when the goal is to quantify the emitted upconversion signals. However,
detecting the upconversion signals is not always the goal. Perhaps the greatest, not
fully utilized potential of upconversion in bioapplications so far is to use them as
signal converters in organisms, locally converting low-energy light into high-energy
light. The high-energy visible or UV light can be used for therapeutic purposes by
initiating certain desired photochemical reactions. The major classes of such
therapeutic applications are drug delivery, photodynamic therapy, and optogenetics.

An example for the use of UCNPs for drug delivery is the work of Wu et al. who
succeeded in delivering drugs locally with UCNPs which are coated with mesoporous
silica. The anticancer drug doxorubicin has been incorporated into the mesoporous
silica, while a blue-light-sensitive ruthenium complex acts as a molecular valve. Under
NIR-irradiation, the Tm3* ions in the UCNP excite the ruthenium complex and release
the anticancer drug.8® Another smart approach encapsulates UCNPs and doxorubicin
together in a light-sensitive disulfide-linked polymersome, which gets dissolved by
the NIR-triggered upconversion luminescence and thus releases the active

ingredient.8’

Photodynamic therapy (PDT) uses a related but different concept to treat diseases
such as cancer. The original principle is based on the local excitation of a
photosensitizer (PS) into the excited singlet state, from which, in addition to internal
conversion and fluorescence, intersystem crossing into a triplet state takes place. This
triplet state PS can interact with a substrate and generate radicals and oxygenated
products (Type 1) or reacts directly with oxygen and generate 'O, (Type Il). These
highly reactive compounds can kill the surrounding cells, making the principle very
attractive for tumor therapy. A major problem with this type of light therapy is that
the photosensitizers used can be excited in the UV and visible range, which in turn
means that non-invasive application is hardly possible due to the low penetration
depth of the light.88 For this reason, the combination of UCNPs with PS is extremely
attractive, since the principle functionality (Figure 5.5a) has already been proven in
several in vitro and in vivo studies.?® An example of such an approach is the recent
study presented by Kim et al., in which two different types of PS were attached to the
PEG-coated surface of a nanoparticle together with the tumor-targeting agent folic
acid. (Figure 5.5b).°° This approach impressively demonstrates the importance of
surface design for such applications, as the challenge is to combine ligands that



ensure colloidal stability, ligands that enable therapeutic activity, and ligands for
targeting. A major limitation for PDT is that tumor tissue is often hypoxic, what limits
the production of reactive oxygen species (ROS) and thus the efficiency of the
therapeutic approach. To solve this problem, several ideas have already been
proposed, such as by Shi et al, who coupled cyanobacteria to UCNPs that produce
30, in situ, which is directly converted to 'O, by an upconversion-PS combination.®’
Another recent approach attaches the PS Chlorin-e6 together with CeO; to the
surface of UCNPs. The CeO: can decompose H,O, generated from a tumor to 30,
which is converted to 'O, by the PS.%
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Figure 5.5. (a) Mechanism of photodynamic therapy involving UCNPs shown schematically (left) and in a
simplified energy level diagram (right). The mechanism is shown for Yb/Er-doped UCNPs and a PS absorbing
in the green range. (b) PDT approach by Kim et al.?® with two kinds of PS attached to a multishell UCNP.
Schematic drawing of the particle (left) and ROS generation visualized with the ROS indicator DCFH-DA in
KB cells incubated with the free photosensitizers, UCNPs with one or two PS attached and UCNPs w/ and
wy/o attached folic acid, which acts as tumor targeting agent. The graphic was adapted with permission from
Ref.%0, ©2023 Elsevier.

A major opportunity to improve the therapeutic effect of upconversion systems is to
focus on developing multimodal approaches. To give an example, one could imagine
an upconversion nanocrystal doped with two activator ions, Er3* and Tm3*, and two



surface functionalities, a drug-release system triggered by Tm3* emissions and a
photosensitizer that is activated by Er** emissions combined with two different types
of sensitizers (Yb3* and Nd3*). Such a photosensitizer could be Rose Bengal (green
absorbing) or Chlorin-e6 (red absorbing), or ideally a combination of them to exploit
both Er®* emissions. With a well-designed core-multishell structure, it should be
possible to switch between photodynamic therapy and drug delivery by changing
the excitation wavelength.

The final application of UCNPs for biomedical purposes that shall be discussed here
is the use of UCNPs for optogenetics. In optogenetics, light is used to control neurons
or other cell types. This is done by introducing foreign genes into the target cell,
resulting in the expression of light-sensitive ion channels. The channels can be
opened or closed under irradiation with light, generating specific signals
(Figure 5.6a). Since the activation in most cases works with visible light, which has low
penetration depths, optical fibers are typically inserted into the brain. Therefore, the
idea came up to use UCNPs for this method, allowing non-invasive excitation via NIR-
light.”3 With optogenetic approaches using UCNPs, it has been already possible to
achieve locomotion control in C. elegans, which changed their direction under
980 nm irradiation®* or manipulation of the food intake behavior of mice, as recently
demonstrated by Zhong et al.®*

Zhang et al. presented a strategy that is elegant in both, the particle architecture as
well as their application to neural manipulations (Figure 5.6b). They fabricated UCNPs
with a total of seven shells, resulting in particles that are excitable at three different
wavelengths (1,532/808/980 nm) and exhibit trichromatic green, red, and blue
emissions. Combined with the expression of three different light-sensitive channel
proteins (ChR2, ChrimsonR, and C1V1) that perfectly match the emission
wavelengths, they were able to precisely control different types of ion channels.
Manipulation of the locomotion behavior of mice was achieved, since the average
running distance of the mice was increased under irradiation with 808 or 1,532 nm,
while it was decreased under irradiation with 980 nm.%

Investigating the influences of ion channel manipulation on various behaviors will
help neuroscientists gain a deeper understanding of the detailed mechanisms in the
brain and will contribute to a better understanding of neuronal diseases. With
optogenetics, it may also be possible to switch regions in the brain on or off,
correcting aberrant neuronal signals that cause Parkinson's disease or epilepsy, for
example.
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Figure 5.6. (a) Principle of UCNPs in optogenetics. Light sensitive ion channels (channelrhodopsins) open
upon NIR-irradiation due to the upconversion of the NIR-light into visible light. (b) Particle design of a
trichromatic upconversion nanoparticle suitable for optogenetic applications. Depending on the irradiation
wavelength blue, green or red light is created which interacts with different kind of channelrhodopsins (ChR2,
C1V1, ChrimsonR). The graphic is adapted from Ref.%.

To achieve therapeutic relevance for humans, the use of UCNPs in optogenetics still
must go through a long road of optimization. In mice, whose brains are only a small
fraction of the size of the human brain, the NIR-light can reach all parts and stimulate
the neurons. In the human brain, the light would have to cover far greater distances,
while at the same time the excitation power densities of the laser light are limited,
since the heating would cause tissue damage. Therefore, further optimization is
required, e.g., by implementing the multishell approaches described above, leading
to improved upconversion efficiencies, together with a shift in excitation wavelengths
to ranges, ideally above 1,000 nm, where water absorption does not occur, and
scattering is reduced even more in comparison to the widely used 980 nm excitation.
One should also pay special attention to surface engineering in optogenetics
applications, since an additional challenge appears here: To get close to the neurons,
the blood-brain barrier, which protects the brain from pathogens and toxins, must
be conquered. Surface design is important for the process of transcytosis, since e.g.,
positive ligands or peptides, which can bind to specific receptors on the membrane,
can help to cross the barrier.?”%8 This once again emphasizes how important the
entire interplay of particle architecture and surface design is and that neither of the



two areas should be neglected. However, it also becomes clear that one has different

specific requirements for each application and the design must be precisely adapted

to achieve optimal results in the end.

5.6 Outlook

The recently developed strategies together with the latest examples in the

development of UCNPs demonstrate the outstanding potential of such probes in

bioapplications. The bottom lines for further research are identified as follows:

(1)

Design and synthesis of complex particle architecture: The spatial confinement of
different doping within one particle gives rise to surprising features and better
efficiencies, caused by energy migration and energy trapping zones. The
possibilities in multishell architectures in combination with the large variety of
lanthanide ions is not fully explored yet, especially when thinking of anisotropic
particle shapes such as rods or platelets. One challenge beside small and efficient
particle design is still to characterize and to maintain stability of the individual
compartments during multishell growth at high temperature.

Thorough characterization of the particles surface and controlled surface
engineering: The progress, which was made in designing the surface coating of
nanoparticles is enormous. However, the knowledge regarding the exact events
happening on the UCNP surface is relatively low, especially as soon as the particle
enters complex matrices. To better estimate whether and to what extent the
function of the particle is preserved and how great the stability and toxicity of the
particle is, precise surface characterization methods regarding composition,
surface coverage, and density need to be established. With this, a next level can
be entered by controlling a complex particle surface consisting of targeting
moieties, reporter molecules, building blocks providing colloidal stability, or
reservoirs capable to host drugs.

Better linkage of the individual disciplines in UCNP development: So far, standard
particle compositions and architectures have often been used for smart
applications without particular attention to surface chemistry, while outstanding

particle designs are often characterized only outside of a biological system. The



highly complex field of UCNP research, which demands expertise in so many
disciplines, could be much more prospective with better collaboration among
materials chemists, photophysicists, and medical scientists.

(4) Establishment of standards: To speed up the progress in particle development,
especially when one thinks of the almost countless possibilities of multishell
approaches, it would be very desirable to be able to easily compare the findings
of individual researchers. A great benefit would be to have a minimal set of
standards when reporting on luminescence features, surface composition,

colloidal stability, or toxicity.

It is expected that this fascinating field of UCNP-research continues to grow and that
topics like multimodality by generating hybrid composite particles will get in focus,
with lots of further room for experimentation and improvement.
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