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1. Abstract

1. Abstract

Lanthanide-based upconversion nanoparticles (UCNP), such as NaYFs: Yb*/Er®, are
inorganic nanocrystals that exhibit upconversion luminescence; a phenomenon that involves
emission of higher energy photons upon the excitation of the nanomaterial with lower energy
photons. As a result, these particles show distinct non-linear optical properties that make them
suitable candidates to be used in applications such as bioimaging, drug release and drug
delivery, photovoltaics and biosensing. However, the use of these nanoparticles is still limited
due to numerous challenges. Amongst those are the small absorption cross-sections and
narrow absorption bands of UCNP along with the relatively low photoluminescence quantum
yields. Additionally, the cytotoxicity of these particles is still a matter of investigation with
very few research outcomes assessing the biocompatibility of UCNP despite their enormous
potential in biological and life science applications. This thesis focusses on new means that can

help to tackle these challenges.

One strategy to deal with the first challenge and boost UCNP brightness is sensitization
using near infrared (NIR) absorbing and emitting dyes. This strategy was used and is
presented in the first project discussed in this thesis. A custom-made NIR dye (1859 SL)
,synthesized by our collaboration partners, was coupled with NaYFi: 20%Yb*, 2%Er** in a
micellar encapsulation approach using two different surfactants, namely Pluronic F-127 and
Tween 80. The relatively broad absorption band and the strong absorption cross section of the
dye made it an ideal light harvester and energy donor for UCNP. The optimum ratio of dye to
UCNP and the best value of excitation power density for the measurements were investigated
by measuring the luminescence intensity for systems with different particle to dye ratios, and

at variable excitation power densities.

In the second project, dissolution of UCNP in aqueous media was investigated as a possible
source for toxicity of UCNP due to the release of fluoride and lanthanide ions. Investigation
of the ability of surface passivation and silica coating to inhibit ions release from the UCNP
surfaces was studied. UCNP dissolution was quantified electrochemically using a fluoride ion
selective electrode (ISE) and by inductively coupled plasma optical emission spectrometry

(ICP OES) that provided the amount of released fluoride and lanthanide ions respectively. In
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1. Abstract

addition, dissolution was monitored fluorometrically. The chemical composition of the
aqueous environment on UCNP dissolution has a critical influence. For example, the
formation of a layer of adsorbed molecules (organic compounds constituting DMEM, such as
aminoacids) on the UCNP surface was observed for particles aged in a cell medium (DMEM).
This layer protected the UCNP from dissolution and enhanced their fluorescence. X-ray
photoelectron spectroscopy (XPS) and mass spectrometry (MS) were used to investigate the
chemical nature of this layer. This outcome offers a very practical and biocompatible mean for

inhibiting ions release from UCNP, which is a cause of cytotoxicity of the particles.

In a third project carried out in collaboration with the group of Prof. Christina Graf (FUB),
a new, simple approach for growing a silica shell with an adjustable thickness between 5 and
250 nm onto oleate coated UCNP was investigated. Two different synthesis methods were
combined to achieve that: oil-in-water microemulsion synthesis, and Stober-like synthesis.
Firstly, this method included the growth of silica on the oleate-coated particles in a multi-step
reverse microemulsion reaction performed consecutively without the need for intermediate
isolation or purification steps. Then the particles were isolated and further grown in one step
up to a diameter of more than 500 nm in a modified Stober process. The importance of this
procedure is due to its ability to grow thick silica shells (of thicknesses larger than 50 nm) onto
the hydrophobic UCNP, which could not have been achieved using either of the two synthesis
methods separately. The methods used to confirm the silica shell thickness and quality of the
UCNP@SIO: systems included dynamic light scattering (DLS), zeta potential measurements

and scanning electron microscopy (SEM).

X



2. Zusammenfassung

2. Zusammenfassung

Aufkonvertierungs-Nanopartikel (UCNP) sind nanoskalige Partikel, die eine
Aufkonvertierungsluminsezenz aufweisen; ein Phanomen, das die Emission von Photonen
hoherer Energie bei der Anregung des Nanomaterials mit Photonen niedrigerer Energie
beschreibt. Dies verleiht den Partikeln besondere optische Eigenschaften die sie zu
interessanten Kandidaten fiir Anwendungen wie Bildgebungsverfahren, Wirkstofffreisetzung
und -abgabe, Photovoltaik und Biosensoren machen. Die Verwendung dieser Nanopartikel ist
jedoch aufgrund einer Reihe von Herausforderungen noch begrenzt. Dazu gehoren der
geringe Absorptionsquerschnitt und die schmalen Absorptionsbanden von UCNP zusammen
mit den relativ niedrigen Photolumineszenzquantenausbeuten. Dariiber hinaus ist die
Zytotoxizitat dieser Partikel noch Gegenstand von Untersuchungen, und trotz ihres enormen
Potentials in biologischen Anwendungen liegen momentan nur sehr wenige
Forschungsergebnisse zur Bewertung der Biokompatibilitit von UCNP vor. In dieser Arbeit
werden verschiedenen Moglichkeiten untersucht die dabei helfen konnen, diese

Herausforderungen anzugehen.

Eine der Strategien die angewandt werden kénnen um die UCNP-Helligkeit zu Erhéhen
und somit der ersten Herausforderung zu begegnen ist die Sensibilisierung mit
absorbierenden und emittierenden Farbstoffen im nahen Infrarotbereich (NIR). Diese Strategie
wird im ersten in dieser Arbeit vorgestellten Projekt beschrieben. Ein fiir diese Anwendung
gezielt synthetisierter NIR-Farbstoff (1859 SL) wurde mit NaYFa: 20%Yb*, 2%Er®" in einem
mizellaren Verkapselungsansatz unter Verwendung von zwei verschiedenen Tensiden,
namlich Pluronic F 127 und Tween 80 gekoppelt. Die relativ breite Absorptionsbande und der
grofie Absorptionsquerschnitt des Farbstoffs machen ihn zu einem idealen Lichtsammler und
Energiedonor fiir UCNP. Das optimale Verhaltnis von Farbstoff zu UCNP und die optimale
Leistungsdichte fiir die Messungen wurden durch Messung der Lumineszenzintensitat fiir
Systeme  mit unterschiedlichem  Partikel-zu-Farbstoff-Verhidltnis und  variablen

Leistungsdichten untersucht.

Im zweiten Projekt wurde die Auflosung von UCNP in wassrigen Medien als mogliche

Quelle fiir die Toxizitit von UCNP aufgrund der Freisetzung von Fluorid- und Lanthanid-



2. Zusammenfassung

Ionen untersucht. Untersucht wurde die Fahigkeit die Ionenfreisetzung von den UCNP-
Oberflachen durch Oberflichenpassivierung oder -beschichtung mit Siliziumdioxid zu
hemmen. Die UCNP-Auflosung wurde elektrochemisch mit einer fluoridionenselektiven
Elektrode (ISE) und durch optische Emissionsspektrometrie mit induktiv gekoppeltem Plasma
(ICP OES) quantifiziert, die jeweils die Menge der freigesetzten Fluorid- bzw. Lanthanidionen
lieferten. Dariiber hinaus wurde die Auflésung fluorometrisch untersucht. Die chemische
Zusammensetzung der wassrigen Umgebung hat einen entscheidenden Einfluss auf die
UCNP-Auflosung. Bei den in einem Zellmedium (DMEM) gealterten Partikeln wurde die
Bildung einer Schicht aus adsorbierten Molekiilen auf der UCNP-Oberflache beobachtet. Diese
Schicht schiitzte die UCNP vor Auflosung und verstarkte ihre Luminsezenz. Mit Hilfe der
Rontgen-Photoelektronenspektroskopie (XPS) und der Massenspektrometrie (MS) wurde die

chemische Natur dieser Schicht untersucht.

In einem dritten Projekt, das in Zusammenarbeit mit der Gruppe von Prof. Christina Graf
(FUB) durchgefiihrt wurde, wurde ein neuer, einfacher Ansatz fiir das Aufwachsen einer
Siliziumdioxidhiille mit einer einstellbaren Dicke zwischen 5 und 250 nm auf
Olsdurebeschichteten UCNP untersucht. Diese Methode beschreibt das Wachstum von
Siliziumdioxid auf den mit Oleat beschichteten Partikeln in einer mehrstufigen inversen
Mikroemulsion, die nacheinander ohne Isolations- oder Reinigungsschritte der
Zwischenprodukte durchgefiihrt werden kann. Anschliefsend wurden die Partikel isoliert und
in einem weiteren Schritt bis zu einem Durchmesser von mehr als 500 nm in einem
modifizierten Stober-Prozess vergrofiert. Die Methoden zur Bestdtigung der Siliziumdioxid-
Schalendicke und -qualitat der UCNP@SiO:-Systeme umfassten dynamische Lichtstreuung

(DLS), Zetapotentialmessungen und Rasterelektronenmikroskopie (REM).

xi



3. Introduction and Motivation

3. Introduction and Motivation

3.1 Prologue

Science has always striven to explain universal phenomena, explore new discoveries,
address problems or challenges and then come up with practical solutions to ease life for
humanity. In modern life, humanity made great advancements in important fields such as
medicine, technology and renewable energy. In the last decades, nanomaterials science has
been largely contributing to the advancements of these fields. Due to their small size,
nanomaterials have different properties (such as surface plasmon resonance in some metal
particles and superparamagnetism in magnetic materials) than their bulk counterparts due to
the high surface area to volume ratio and possible appearance of quantum effects at the
nanoscale. These properties are determined by parameters such as size, shape, composition or
crystalline structure. Tuning these parameters allows the control of the nanomaterial
properties and their manipulation to obtain materials that best fit the desired application.
Thus, nanomaterials could be used in a wide range of applications in important fields such as

medicine, biotechnology and catalysis.

Various types of organic, inorganic and hybrid nanoparticles such as polymer, carbon,
metal or metal oxide nanoparticles have been made and used in various applications in
different fields, such as: photonics, electronics, chemical sensors, biological sensors, energy
storage, and catalysis. In the last two decades, a new family of rare earth metal oxide or
fluoride nanoparticles has been synthesized and thoroughly investigated. These nanoparticles
are called upconversion nanoparticles (UCNP), because they are capable of performing photon
upconversion. Photon upconversion (UC) refers to the excitation of the nanomaterial with
lower energy photons, which leads to the emission of higher energy photons (anti-Stokes

emission) via intermediate excited electronic states.'?

Francis Auzel was the first to explain the phenomenon of photon UC for bulk materials
in 1966.* High UC efficiencies even at room temperatures were observed for lanthanide-doped
solids. Further research was done, until Menyuk et al. introduced the most efficient UC

phosphor to date: Yb*- and Er®- doped NaYFs in 1972.5 After that, it was not until the end of



3. Introduction and Motivation

1990s and beginning of 2000s that UC nanometer-sized materials were synthesized.# The aim
was to synthesize small upconverting nanocrystals with high luminescence efficiency that
form transparent solutions in a wide range of solvents, which enables them to be used in a

variety of applications, as outlined below.

Transferring the energy of light from lower energy photons to higher energy photons
has many distinct applications and offers many possibilities. Amongst those are the use of
UCNP in solar cells,*'* security and barcoding,® light emitting diodes (LEDs) and displays,¢-
18 and high resolution microscopy.*?! UCNP are commonly excited using commercially
available 808 or 980 nm continuous-wave diode lasers. Those excitation wavelengths lie in the
biological optical window (650 — 1200 nm) within which living tissues absorb relatively little
light compared to shorter and longer wavelengths.?? This range of excitation is behind the use
of UCNP in biological applications, such as bioimaging,? ?* in-vitro and in-vivo detection of

biomolecules,?? drug delivery,” photodynamic therapy? 243031 and biosensing.? 3

3.2 Motivation and Objectives

UCNP are of increasing importance for a wide range of applications, for example, in
bioanalytical, diagnostic, and sensing applications as well as photovoltaic and security
applications. To fully utilize the application potential of UCNP, a number of challenges have
to be overcome. Amongst those is the low brightness of UCNP, especially for small UCNP
(those with diameters below 20 nm). Two main strategies can be followed to improve the
brightness of UCNP. The first one is to enhance upconversion luminescence (UCL) by
minimizing non-radiative deactivation pathways. The second one is to boost the absorption
cross section/excitation efficiency, either by UCL sensitization using near infrared (NIR) dyes,
or by coupling a plasmonic structure such as applying a gold or a silver nanoshell to the UCNP
surface to enhance the absorption and emission processes. However, the latter requires a
dielectric spacer, such as a silica shell, to be present between the UCNP and the metal shell to
avoid surface quenching that can occur due to the multiple absorption bands exhibited by the
metal shells. Although silica coating on nanomaterials has been thoroughly investigated in the
literature, tuning the shell thickness and especially growing a thicker silica shell is still

challenging.
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Finally, the use of nanomaterials in bioanalytical applications requires biocompatible
particles that are sufficiently stable in diluted dispersions and have no acute or chronic toxicity
under application-relevant conditions. In the case of UCNP, this implies that they should not

release potentially toxic constituents such as fluoride and lanthanide ions.

The work discussed in this thesis has three main objectives to tackle some of the challenges,

limitations, and open questions mentioned above:

1. Enhancing UCL by NIR dye sensitization of UCNP
2. Monitoring the dissolution behavior of UCNP in aqueous environments

3. Optimizing the coating process of UCNP with silica

Aiming at enhancing the brightness of UCNP, dye sensitization of UCNP using a
custom-made NIR dye (1859 SL),? synthesized by our collaboration partners (research group
of Prof. Yuri L. Slominskii), was investigated and is presented in section 6.1. This dye has an
emission spectrum that overlaps well with the absorption bands of the UCNP, which lead to
an enhancement in fluorescence intensity. Dye-UCNP systems are obtained by a new, simple,
experimentally easy and inexpensive approach by encapsulating the dye molecules in a
micelle surrounding hydrophobic oleate-stabilized core-only UCNP with the aid of two

different surfactants.

The second objective is presented in section 6.2. The ability of surface passivation and
coating techniques to inhibit ions release from the UCNP surfaces was investigated. UCNP
release fluoride and lanthanide ions when dispersed in aqueous media, and since these ions
are toxic (especially fluoride ions), their release from the particles limit the use of UCNP in
biological applications. A systematic study of the stability of UCNP with different surface
chemistries under various application-relevant conditions was investigated and monitored, in

order to come up with possible solutions to protect the particles from dissolution.

Section 7.1 deals with the third objective and presents a new approach for growing a silica
shell with an adjustable thickness between 5 and 250 nm onto oleate coated UCNP. This
approach was based on the use of a combination of two synthesis methods: oil-in-water

microemulsion and Stober-like synthesis. The aim was to develop a method for coating UCNP
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with thick silica shells, that should also be applicable to other nanoparticles with hydrophobic

surfaces regardless of their chemical composition.

3.3 Upconversion Nanoparticles (UCNP)

UCNP are doped nanocrystals in which trivalent lanthanide ions are incorporated into
an inorganic lattice with a diameter of less than 100 nm in all three dimensions.> UCNP are
distinct to other luminescent materials by their ability to perform upconversion (UC): the
conversion of near infrared (NIR) light to ultraviolet (UV) or visible light. The selection of the
host material and the dopant ions determine the UC efficiency, excitation energy as well as the
energy of the emitted photons. 323 Usually, two types of dopant ions are used; the first one is
a sensitizer, which is excited upon NIR light absorption and consequently transfers the energy
to the second ion, the activator ion, that emits photons with higher energy than the excitation
energy. To achieve efficient UC, certain requirements must be met by the inorganic host crystal

and the lanthanide dopant ions. These requirements are discussed in the following sections.

3.3.1 Selection of Efficient Host Inorganic Crystals

UCNP are composed of activator and sensitizer ions doped in a host crystal. This
implies that the choice of the host crystal determines the distance between the dopant ions and
their spatial position.?* Moreover, the host crystal affects the UC efficiency in two main ways:
a) by the phonon dynamics and b) by the local crystal field.*> Phonon induced nonradiative
processes are the main loss mechanism for UC emission, hence, hosts that possess low phonon
energies minimize nonradiative processes and consequently produce more emissive UCNP.>
32,3 The crystal field of the host material influences the UC efficiency by perturbing the parity
forbidden f-f transitions making them partially allowed. A low-symmetry host crystal is
preferred as the intermixing of the f states with higher electronic configurations can be more
significant.> The UC efficiency of the hexagonal () phase NaYF. is higher than that of the
cubic (a) phase NaYFs. For example, the UC efficiency of the green emission in

-NaYFa:Yb*/Er¥, is approximately 10 times stronger than that in cubic a-NaYFa:Yb3*/Er+.23

In summary, optimal host materials should be transparent to NIR light, have low

phonon energies, strong crystal fields, lower symmetry of the crystal phase and be chemically
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stable.? 323 Hosts containing cations with similar ionic radii to those of the lanthanide dopant
ions reduce crystal defects, and consequently reduce the quenching of UCL. Metal oxides are
chemically stable and can be used to produce UC materials, but their relatively high cutoff
phonon energies, in the range of 500-900 cm™ for Y205, ZrO,% and YVOs,* reduce the UC
efficiency due to a higher rate of nonradiative processes. Rare earth fluorides on the other
hand, which exhibit the lowest phonon cutoff energy amongst the investigated hosts (~ 350 cm
1), showed the highest UC efficiency and for this reason, hosts such as NaYFs are most

frequently used in recent studies.

3.3.2 Selection of the Dopant lons

The dopant ions are optically active centers, i.e., are capable of absorbing photons and
subsequently emitting light. UC occurs in systems having multiple real, long-lived
intermediate states, in which the low-energy excitation photons can accumulate and perform
UC. If the gaps between three or more energy levels are very similar, successive excitation to
a highly excited state is feasible with a laser light source, given that each absorption step
requires the same photon energy. Although UC can be achieved by systems containing some
of the d block elements such as Ti2+40 41 Ni2+42 43 Mo3+44 45 Re# 4 46 or Os*,¥7 the most efficient
reported UC processes occur with trivalent lanthanide ions due to their distinguished

properties,? such as:

- They possess a multitude and “ladder-like” energy levels.

- The {-f transitions are Laporte forbidden. As a consequence, they generally exhibit low
molar absorption coefficients and their excited states are long-lived (up to 0.1 seconds).?

- The 4f electrons in lanthanide ions are shielded by the fully occupied 5s?, 5p°® and 6s?

shells. This shielding is responsible for sharp and narrow 4f-4f transition bands.

Amongst the lanthanide ions, Er**, Tm* and Ho®* are mostly used as activators due to
their ability to generate visible optical emissions under low power densities (approximately
10 W/cm?).* Nanoparticles containing a single dopant lanthanide ion are capable of
performing UC and have been initially investigated.*® # Single-doped UCNP, however, are
limited by the low absorption of the exciting light since the 4f-4f transitions are parity
forbidden. A higher concentration of the activator could be used to increase absorption, but

the range of efficient dopant concentration is limited by cross-relaxation processes. Hence, the
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addition of a second lanthanide ion (sensitizer) with a larger absorption cross-section in the
NIR spectral region than that of the activator ions can be used to increase the UC efficiency.
The most frequently used lanthanide sensitizer is the trivalent Ytterbium ion (Yb%*), which
constitute a simple two enrgy level system, and has a large absorption cross-section at
wavelengths around 975 nm. Moreover, the energy difference between the ground state of Yb3
(°F72) and its excited state (*Fs2) matches well the energy separations in many sensitizer ions
such as Er® and Tm*.%° A schematicillustration of the energy transitions between the sensitizer
and the activator, and the UC emission is shown in Figure 1. The type and concentration of
lanthanide dopants affect the UC efficiency and the emission lines of the resulting UCNP. For
example, Er®* emits two photons in the green region of the electromagnetic spectrum and one
photon in the red region, while Tm3* emits light in the blue region. Tuning the colors of the
emission bands is realized by changing the type or concentration of the dopant ions,
controlling the size of the UCNP, controlling the relaxation processes induced by photons of
the surrounding ligands, designing different core/shell systems and using resonance energy

transfer mechanisms between the UCNP and e.g., coupled organic dyes or quantum dots.> 3
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Figure 1: Energy level diagram showing the excitation and emission lines for a system containing Yb3* ions as
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laser, the dotted arrow indicate nonradiative energy transfer and multiphonon relaxation processes. Green, red
and blue solid arrows indicate the corresponding visible upconversion emission. Reproduced with permission
from (Advanced Materials, 2004, 16, 2102-2105) Copy-right Wiley-VCH 2004. License number: 4871900950470
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3.3.3 Upconversion Mechanisms

UC requires the population of electrons in a metastable excited state of the activator ion in
order to enable sequential absorption of photons to further excite the electron to a higher
excited state using the same excitation laser source, and thus the same excitation wavelength.
Several mechanisms are possible for achieving UC, such as: excited-state absorption (ESA),
energy transfer upconversion (ETU), cooperative sensitization upconversion (CSU), cross
relaxation (CR) and photon avalanche (PA).> 153234 Figure 2 shows schematic diagrams of the
energy transfer pathways involved in each mechanism. However, ESA and ETU mechanisms
are most relevant for the UC processes in NaYFs: Yb*, Er®* nanoparticles, which are the
particles of interest in this thesis, and for this reason, only those two mechanisms are discussed

here in more detail.
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Figure 2: Mechanisms of upconversion processes, the red dotted arrows represent photon absorption, green solid arrows
represent photon emission, the purple dotted-curved arrows represent the photon transfer to adjacent ions. The symbols “G, E1
and E2” represent the ground state, the first excited state and the second excited states, respectively. Ion 1is commonly called the
sensitizer while Ion 2 is the activator, Ions 1 and 3 in CSU could be the same type of ion and/or different types of ions. Reproduced
from Chem. Rev. 2014, 114, 5161-5214.

a. Excited-State Absorption (ESA)

This is the simplest UC mechanism, in which the sequential absorption of two (or more)
photons within the activator ion is responsible for the UC emission. This mechanism
requires a ladder-like energy separation (equal separation) from the ground state and the
first excited state and from the first excited state to the second excited state as well as a
long lifetime of the intermediate excited state. This mechanism explains UC in singly
doped UCNP with very dilute concentrations of the activator, so that the energy transfer
between the two activators can be neglected. The most commonly used activators, Er¥,

Ho* and Tm?®, fullfill these requirements.> 3234
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b. Energy Transfer Upconversion (ETU)

In ETU, the UC emission is induced by the energy transfer between a sensitizer and an
activator. The sensitizer is first excited from the ground state to its meta-stable first excited
state by absorbing a pump photon. Then, it transfers its energy non-radiatively either to
the ground state of the sensitizer or to the first excited state of the activator. The electron
is then again excited to the second excited state of the activator. The UC efficiency in ETU

depends on the distance between the sensitizer and the activator.

3.4 Dye Sensitization of Upconverting Nanoparticles

One of the main limitations of UCNP is the small absorption cross section (102 cm?)*!
due to parity-forbidden 4f-4f transitions® together with the narrow absorption bands.
Moreover, their photoluminescence quantum yields are relatively low and depend on
excitation power density as well as the surface-to-volume ratio.>*> NIR dyes coupled to UCNP
can provide a potential strategy to boost UCNP brightness, i.e., the product of the molar
absorption coefficient or cross section and the photoluminescence quantum yield.'> 32 % The
relatively broad absorption bands and the high molar absorption coefficients of organic dyes
render them ideal light harvesters and energy donors for UCNP.5 % Moreover, these dyes can
also help to shift the excitation of the dye-UCNP systems from 980 nm for Yb-doped UCNP to
approximately 800 nm, which fits better into the biological spectral window and prevents

heating effects that are caused by the strong absorption of water at 980 nm.>”

Dye sensitization of UCNP can occur via the Forster mechanism (through the
electrostatic interactions between a donor and an acceptor presented as point dipoles) and/or
the Dexter mechanism (involving the bilateral exchange of electrons between donor and
acceptor in a spin-conserved singlet-singlet or triplet-triplet transfer) from light harvesting
organic dyes located directly at or in the immediate vicinity of the UCNP surface across the
organic/inorganic interface to the optically active lanthanide ions incorporated in the UCNP.>!
The latter mechanism is significant only at very short donor-acceptor distances (~10 A or less),
while electrostatic interactions can occur over longer distances (10-100 A). The dyes and
UCNP can be brought together by modification of the UCNP surface, % % modification of the

dye,® ¢ ¢ covalent binding,®> or encapsulation in a micelle.®® The first successful attempt of

8
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dye sensitized UC was reported by Zou et al.®® The dye IR-806, which is a carboxylic acid
derivative of the commercially available dye IR-780, was attached to UCNP by replacing the
oleylamine ligands on the as-synthesized oleylamine-coated UCNP. Upon excitation at 800
nm, this dye-UCNP system produced the typical (UCL) spectrum of Yb, Er co-doped materials
with the green and red Er®* emission bands. This initiated an increasing number of studies of
dye-UCNP systems prepared by attaching NIR dyes to UCNP with different ligand
functionalities.>! 5> 5 58 In this thesis, dye sensitization of UCNP using the NIR dye (1859 SL)
(see Figure 3) was investigated as a possible strategy to boost UCNP brightness, the results are

discussed in more detail in section 6.1.

CH ® (CHz)4
(Shizle HN(C2Hs)s 1

©
383 SO,

Figure 3: The chemical structure of the dye (1859 SL)

3.4 Synthesis of Upconverting Nanoparticles

A variety of synthetic methods have been developed in the last two decades to
synthesize efficient and monodisperse UCNP with controlled size. The choice of the synthesis
method affects the produced nanoparticles” size, crystallinity, and monodispersity. The type
of the stabilizing ligands on the surface determines the polarity of the nanoparticles surface

and hence, the solvents in which they can be re-dispersed.

Several synthesis methods have been used and reported in the literature, such as:
co-precipitation®, hydro(solvo-)thermal synthesis®®, thermal decomposition®, ionic liquid-

based synthesis’® and microwave synthesis."® Amongst those, the thermal decomposition
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method is superior with respect to narrow particle size distributions, crystal phase purity and

optical properties.*

The work discussed in chapters 6 and 7 of this thesis is based on the use of
NaYF4:20%Yb*, 2%Er>* UCNP that are synthesized following a general procedure for the
synthesis of monodisperse nanoparticles using thermal decomposition with minor

modifications.!® 67 A more detailed description of the synthesis is presented in chapter 4.

3.5 Surface Modification of Upconverting Nanoparticles

The use of UCNP in biological applications requires water dispersible particles.
However, the most common and efficient synthetic routes for their formation use high boiling
organic solvents, producing hydrophobic particles. Consequently, the as-synthesized UCNP

must be further modified to obtain water dispersible and colloidally stable particles.

Several procedures have been developed and used so far to change the hydrophobic UCNP
into hydrophilic, stable UCNP,% mainly: ligand exchange and silica encapsulation of UCNP.
A very common and reliable procedure for ligand exchange is to initially remove the original
ligand (usually oleate for UCNP) forming “naked” UCNP and then coat them with a
hydrophilic organic ligand. Dong. et. al. used nitrosonium tetrafluoroborate (NOBF:) to replace
the oleate ligand and then stabilized the nanocrystals in a hydrophilic solvent such as
N,N-dimethylformamide (DMF).® The obtained hydrophilic UCNP can be further coated with
a variety of organic ligands such as polyacrylic acid (PAA),” citrate or PEO-10-OH-terminated
phosphonic acid (PEG-PA). Additionally, silica coatings have been used to render UCNP
water dispersible.”" 72 This also enables further surface functionalization, such as the covalent
attachment of fluorescent dyes for biotechnological applications,” or the specific modification

of silica nanoparticles for targeted drug delivery” or for their use as biosensors.”

3.6 Silica Coating on Upconverting Nanoparticles

Depending on the applied coating procedure, two different morphologies of silica can
be produced; a mesoporous or a microporous silica shell. The difference between both is in the
pore size, which is defined as the distance between two opposite walls of the pore, i.e., the

diameter in case of cylindrical pores or the width in case of slit-shaped pores. According to the
10
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recommendations of the international union of pure and applied chemistry (IUPAC), pores
that have widths larger than 50 nm are considered macropores, pores that have widths
between 2 and 50 nm are considered mesopores, while pores that have widths smaller than 2
nm are considered micropores.” Advancements in the synthesis of silica nanoparticles and the
coating processes of nanoparticles with silica shells allow for precise tailoring of the
morphology, surface chemistry and shell thickness of silica according to the desired
application. While silica coating in general enables further surface functionalization such as
the covalent attachment of biomolecules and sensor molecules, a highly porous silica surface

is beneficial for many life science applications.? 34 77,78

The growth mechanism of colloidal particles explained by LaMer in 1950 plays an
essential role in many syntheses of monodisperse nanoparticles.” Based on his theory, it
became clear that the synthesis of monodisperse nanoparticles requires fast nucleation and
slow growth. Although the growth of core-shell particles was not explained by LaMer’s
theory, the theory can still help to qualitatively estimate the optimal reaction conditions for
the silica coating on nanoparticles.® The formation of nanoparticles includes three stages:
monomer concentration, nucleation, and growth (see Figure 4). Applying that to UCNP
coating with silica, the first step is the supply and hydrolysis of the silica precursor
tetraethylorthosilicate (TEOS). The concentration of the hydrolyzed TEOS increases until the
solution reaches a state of supersaturation. Once the concentration of the monomer exceeds
the heterogeneous nucleation threshold, nucleation on the surface of the UCNP occurs. If the
concentration of the monomer is increased even further and exceeds the homogeneous
nucleation threshold, then homogenous nucleation will occur forming small silica
nanoparticles (“secondary nucleation”) resulting in a mixture of core-shell particles and small
silica nanoparticles. To avoid that, the concentration of the silica precursors needs to be
adjusted to stay above the heterogeneous nucleation threshold, but below the homogeneous
nucleation threshold. Fractional addition of small amounts of TEOS over a long period of time
can be used to stay below the homogeneous nucleation threshold and grow a thicker silica

shell on preexisting nanoparticle cores.*

11
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Figure 4: La Mer-like diagram showing the effect of hydrolyzed TEOS concentration against time on homogeneous nucleation
and heterogeneous nucleation. (Interpreted from J. Am. Chem. Soc. 1950, 72, 11, 4847-4854)

The formation of silica occurs through an Sx2 reaction mechanism. In this process, an
alkoxysilane (most often tetraethylorthosilicate (TEOS)) is first hydrolyzed and then
condensed to form silica nanoparticles. The reaction takes place in an ethanolic solution under

the catalytic action of ammonia, according to the following equation:

NH3(aq)
Si(OCHCH3)4 + 2H,O  —> SiO; +4 CH3CH,0H
Within the scope of this work, UCNP coating with silica was used in section 6.2 to investigate
the protection effects of silica shelling on the surface of the particles, and hence decreasing ion
release. Mesoporous and microporous silica shells were applied, and their effects were
investigated. Furthermore, silica coating was the main focus of section 7.1. Here, a procedure

for coating UCNP with a silica shell of adjustable thickness was developed. Two different

12
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syntheses methods were combined to achieve that: oil-in-water reverse microemulsion

synthesis, and Stober-like synthesis.

3.6.1 Coating Upconverting Nanoparticles with a silica shell using a reverse oil-in-water
microemulsion method

The word “microemulsion” was first proposed by Schulman in 1959 after several years
of investigations of transparent solutions resulting from mixing two liquids of different
polarity by the aid of a surfactant and a cosurfactant, which he first described as transparent
water-in-oil dispersions.®" 82 A microemulsion is an isotropic, macroscopically homogeneous
and thermodynamically stable solution containing at least three components: a polar phase, a
nonpolar phase and a surfactant. The reverse water-in-oil microemulsion method is based on
mixing a surfactant in an organic solvent with or without the addition of water, forming

aggregates that are called reverse micelles.

The formation of the microemulsion can be either in the form of oil-swollen micelles
dispersed in water, so-called “oil-in-water microemulsion (O/W)”, or water-swollen micelles
dispersed in oil, i.e. “water-in-oil microemulsion (W/O)”, depending on the proportions of the
oil and water phases. The latter is called a reverse microemulsion, and the micelles can be used
as nanoreactors for the synthesis of small silica nanoparticles,®$¢ or for growing silica shells
onto hydrophobic inorganic nanoparticles’ #-7 as discussed in chapter 7 of this thesis. Reverse
micelles form in a way that the hydrophilic polar heads of the surfactant molecules are
attracted towards the inside and the hydrophobic apolar hydrocarbon tails are attracted by the
non-aqueous solvent and are directed towards the outside. By altering the water to surfactant
ratio and hence the amount of water trapped inside the micelle the size of the micelle can be
varied to a certain degree. Hydrophobic reagents can partition to some extent into the micelles

where they can mix and react.

It has been initially assumed that in order to obtain monodisperse core shell
nanoparticles with a single core in each shell, the number of micelles has to match the number
of cores. While it is important that each core is placed in a micelle, there are other factors
affecting the growth mechanisms of the silica shell.” 8 To grow a thicker silica shell, a higher
ammonia to Igepal ratio could be used to increase the aqueous domain “size of the micelles”

and the amount of TEOS used could be increased (see Figure 5). However, these factors can
13
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increase homogeneous nucleation and lead to the formation of undesirable free silica cores.
So, one should bear in mind that optimizing the number of aqueous domains (micelles) to the
number of UCNP is not the only factor affecting the formation of one-to-one core shell
UCNP@SIO: systems, but also the other factors affecting nucleation mechanisms described

previously, such as monomer concentration and reaction time should be taken into account.”

98

In this work, oil-in-water reverse microemulsion silica growth on the hydrophobic
as-synthesized oleate-coated UCNP was applied as the first step in a multistep synthesis
procedure. However, several consecutive microemulsion steps were applied (see Figure 5) in
order to render the particles water dispersible, and colloidally stable to be capable of
undergoing further regrowth of the UCNP@SiO: in one step. The results are explained in detail

in chapter 7.

several microemulsion growth steps

o o,
oM on
n n
et Caltrg

Igepal CO-520 Igepal CO-520
Cyclohexane/NHj; (aq) Cyclohexane/NH; (aqg) O
Si(OEt), Si(OEt),

UCNP@SIO,

o UCNP@SIiO,
oleate-stabilized UCNP (shell thickness~ 50 nm)

Figure 5: Schematic representation of the consecutive oil-in-water microemulsion silica coating procedure applied in chapter 7.

3.6.2 Silica Re-growth on Upconverting Nanoparticles

While the reverse microemulsion method can be used for silica coating of oil-dispersed
nanoparticles, a modified version of the Stober process can be used for the regrowth of silica
nanoparticles dispersed in aqueous media. The method was originally developed by Stober et
al. in 1968 for the synthesis of silica nanoparticles with diameters of 30 nm to 1 um.” Stober’s
synthesis was later optimized and developed for further growth of small silica
nanoparticles.!® 1 In this thesis, a protocol for further growth of silica on UCNP@SiO:

nanoparticles was studied and optimized. Details are presented in section 7.1.

14
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3.6.3 Coating Upconverting Nanoparticles with a mesoporous silica shell

In order to coat nanoparticles with a mesoporous silica shell, a surfactant is used that
acts as a stabilizing agent and as a template for the formation of the porous structure of silica
at the same time. A variety of surfactants can be used to achieve this goal, amongst which are
alkyltrimethylammonium surfactants and triblock copolymers. Triblock copolymers, such as
Pluronic-type poly(alkylene oxide) triblock copolymers have been used as templates in
mesoporous silica formation,'®? 1% e.g. for the production of the so called Santa Barbara
Amorphous (SBA-type) mesoporous nanoparticles (MSN).1%100 Alkyltrimethylammonium
surfactants are commonly used as templates to form the mesopores in MCM-type materials
(Mobil Composition of Matter), such as cetyltrimethylammonium chloride (CTAC),? 1%
octadecyltrimethoxysilane (C18TMS)” and cetyltrimethylammonium bromide (CTAB),08110
which was also used in this thesis for the preparation of mesoporous silica shells in the systems
investigated in section 6.2. The silica shell is formed through hydrolysis and condensation of
a silica precursor such as TEOS or tertramethoxysilane (TMOS), as explained in the previous
section. Typically, the silica precursor is hydrolyzed in an ethanolic solution in the presence of
aqueous ammonia or sodium hydroxide, followed by condensation of two silanol groups, or
one silanol and an unhydrolyzed (or only partially hydrolyzed) alkoxysilane to form silica.
The surfactant is removed at the end of the synthesis by ion exchange with inorganic salts
(sodium chloride!'” or ammonium nitrate'®) or by calcination. In this work, CTAB was used

as a stabilizing agent and as a template to form the mesopores (see Figure 6).

mesoporous silica coating

-

Reﬂux, TEOS, NH3{aq} o

Oleic acid capped UCNP UCNP in water UCNP@mSiO,
in cyclohexane

Figure 6: Schematic representation of the procedure used to coat UCNP with a mesoporous silica shell.
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3.7 Stability of Upconverting Nanoparticles and Monitoring their Dissolution in Aqueous

Media

The use of UCNP in therapeutic applications and in bioimaging is based on the
assumption that they are nontoxic or of very low toxicity.""" 2 This assumption is based on the
fact that lanthanide fluoride powders have very low solubility products in water, e. g., the
solubility product of LaFs powder in water is Ksp = 3.26 x 10-21.113> However, lanthanide fluoride
nanoparticles can have higher solubility products than powders or bulk materials. Moreover,
there have been recent reports on the dissolution of these nanoparticles in aqueous
environments under high dilution conditions.!'*"® The dissolution leads to the release of

fluoride and lanthanide ions which can be toxic for biological systems.'?

UCNP surface chemistry plays an essential role in the dispersibility and colloidal
stability of UCNP in aqueous environments and the prevention of their dissolution upon
dilution, thereby minimizing toxicity concerns.!?12! Surface passivation techniques are also
important for shielding the lanthanide ions of the UCNP from luminescence-quenching
molecules that contain moieties with high energy vibrations such as -OH.5 12212 Dissolution
of UCNP in aqueous solution causes partial loss of ions from the host crystal, which causes a
decrease in the size of the nanoparticles, resulting in decreased luminescence intensity of
UCNP upon dissolution. Consequently, UCNP aged in aqueous solutions have shorter
luminescence decay lifetimes than the unaged UCNP. This decrease in luminescence intensity
and lifetimes is more significant in diluted nanoparticle suspensions, where the solubility

equilibrium can be achieved faster.!”

Section 6.2 of this thesis demonstrates a thorough investigation of the factors affecting
UCNP dissolution and suggests possible strategies for increasing their stability towards

dissolution in aqueous and biologically relevant media.
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4, Synthesis, Analytical Methods and Techniques

4.1 Synthesis of UCNP

The thermal decomposition synthesis of UCNP is carried out in high boiling solvents,
such as oleic acid (b.p. 360°C) and octadecene (b.p. 315°C). Oleic acid acts as a solvent and as
a stabilizing agent that prevents nanoparticles agglomeration. A two-pot synthesis is applied,
first, a precursor is formed by reacting lanthanide chlorides with sodium oleate, then the
precursor is heated up to 325°C to grow the UC nanocrystals to larger and more stable
nanoparticles by the thermodynamically driven growth mechanism “Ostwald ripening”,
which is based on the fact that larger nanoparticles are thermodynamically more favored than
smaller nanoparticles. The nanoparticles are isolated by precipitation upon addition of ethanol

to the reaction solution after cooling down to room temperature.

4.2 Structural Characterization of UCNP

Nanoparticle characterization is a very important step for the determination of their
properties, due to the dependence of these properties on features such as particle size, size
distribution, shape, shell thickness, and surface charge. Several characterization techniques
were used in this work, including electron microscopy, dynamic light scattering and surface

charge analysis.

4.2.1 Electron Microscopy

Since the theoretical limit for the resolution of a microscope is inversely proportional
to the energy: higher energy means smaller structures can be resolved, electron microscopy is
used for nanoparticles imaging.'?* 1% The two most common types of electron microscopes are
the Scanning Electron Microscope (SEM) and the Transmission Electron Microscope (TEM),
see Figure 7. The components of the two microscopes are very similar, they both consist of an
electron source, a series of electromagnetic and electrostatic lenses to control the shape and
trajectory of the electron beam and electron apertures, which are placed inside a chamber that

is under high vaccum.'? To obtain an SEM image, a finely focused beam of electrons is scanned

17
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across the surface of a solid sample in a raster pattern and the scattered or secondary electrons
are collected. In TEM, the transmitted electrons that pass through the sample before they are
collected are used for generating the image. SEM produces images that can be used to
investigate the surface structure or topography of the particles. TEM images on the other hand
are 2D projections of the sample, which can be used mainly for size and shape determination,
and in some cases even information about the crystallinity of the particles. Similar to TEM,
some SEMs allow for analyzing the specimen in transmission scanning electron microscope
mode (TSEM) using suitable detectors. As in TEM, when the sample is scanned, the electrons
penetrating the sample are detected.'?* The size and monodispersity of the UCNP discussed in
chapters 6 and 7 in this thesis were evaluated using TSEM images.

(a) (b) Sprea (C) Focused

SEM SfgM 92eam

TEM

Focused
e-beam

Signal modulates
image pixel

Transmitted
electrons Transmitted
modulate image electrons
pixels modulate image
pixel

Detector

Figure 7: Schematic representation of SEM, TEM, and STEM imaging methodology.2

4.2.2 Dynamic Light Scattering (DLS)

Particles in a suspension are in random and constant movement caused by their
collision with the molecules of the solvent in which the particles are suspended. Illumination
of the particles with a laser results in fluctuating, dynamic scattering of light, due to the
Brownian motion of the particles. Dynamic light scattering (DLS) is a technique used to
measure the Brownian motion of particles in a dispersion to determine their hydrodynamic
diameter accordingly. The hydrodynamic diameter is the diameter of a sphere that diffuses at
the same rate as the measured particle. The intensity changes over time due to the diffusion of
the particles. Smaller particles diffuse faster than bigger particles, therefore, the intensity of
the scattered light will change more rapidly for smaller particles than for larger ones.'”” During

the DLS measurement, the intensity of the scattered light is recorded over time. The time
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correlation of the intensity fluctuations is directly dependent on the diffusion time of the
particles, and hence also on the size of the particles as described by the Stokes-Einstein
equation. An autocorrelation analysis is used to determine the diffusion coefficient, and the

particle size du is then calculated using the Stokes-Einstein equation:!?

g = kT
H_3T[r]_D

Where du is the hydrodynamic diameter, k is the Boltzman constant, T is the absolute
temperature at which the measurement is taken, n is the viscosity of the solvent, and D is the
diffusion coefficient.

In this work, DLS measurements were performed on UCNP samples as a first

characterization step. The results provide a hint about the polydispersity and the colloidal

stability of the particles.

4.2.3 Surface Charge

When a charged particle is immersed in an aqueous electrolyte, ions from the solution
are attracted close to the surface of the particle for charge balancing. This layer of charged ions
close to the particle surface is called the Stern layer and is a fixed layer that moves together
with the particle. There is a uniform distribution of cations and anions within an electrolyte
solution. The oppositely charged ions (with regards to the particle’s surface charge), are
attracted close to the particle’s surface, while the ions holding the same charge as the particles
will be repelled. This region of ions balancing the charge of the particle is called the diffuse
region. The Stern layer that is associated with and tightly bound to the surface of the material
together with the diffuse layer are called the electrical double layer. The transition point
between the bound and free liquid is called the slipping plane (see Figure 8). The energy
required to attract a point charge towards the particle is called the electrical potential. The
potential difference between the slipping plane and the potential of the bulk solution is called
the zeta potential, and is typically considered a measure of surface charge and colloidal
stability.'® Surface charge affects the behavior of nanoparticles in different environments,
particularly their tendency towards aggregation, as electrostatic repulsion between particles

is a key factor promoting the stability of colloidal solutions. Zeta potential measurements were
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performed for the UCNP used in section 6.2 to confirm the ligand exchange and colloidal

stability of surface modified UCNP.

----- Stern Layer
————— Slipping plane

Distance from surface
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Figure 8: A schematic representation of the electric double layer of charged particles and the slipping plane which determines the
zeta potential. Taken with permission from reference 112 (Adv. Mater. 2019, 31, 1901556) Licensed Content Publisher: John Wiley
and sons. License number: 4915340197284

4.3 Optical Spectroscopy

The increasing focus of research on UCNP is due to their potential to convert light
between different spectral regions and their unique photophysical properties, which make
optical spectroscopy a very important characterization and analysis technique for the study
and investigation of this kind of particles. According to IUPAC, optical spectroscopy is defined
as the study of physical systems by electromagnetic radiation with which they interact or that
they produce.’® To fully investigate UCNP, properties such as absorption, fluorescence
emission and emission lifetime of the particles are determined. A Jablonski diagram is usually
used to illustrate the processes that occur during the absorption and emission of light.
Jablonski diagrams are used in a variety of forms, a simple form of the diagram is shown in

Figure 9.
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Figure 9: A simple form of a Jablonskii diagram. The singlet ground, first, and second electronic
states are symbolized by S0, S1, and S2, respectively. At each of these electronic energy levels the
fluorophores can exist in a number of vibrational energy levels, numbered 0, 1, 2 in the figure.
Reproduced from Lakowicz J. Principles of Fluorescence Spectroscopy, 2006, third Edition.

When electromagnetic radiation is transmitted through a material, atoms absorb light,
which results in the promotion of electrons from the ground state So to a short-lived high
energy excited state (for example, S1). Fluorescence emission occurs when the excited electrons
relax back to the ground state, and the wavelength of the emitted photon corresponds to the
energy gap between the ground and excited states. The wavelength of the emitted photon is
commonly higher than the excitation wavelength, and the energy gap is known as the “Stokes
shift”. However, in UCNP, the emitted light has a lower wavelength than the excitation light,
which is also referred to as an “anti-Stokes” shift. Absorption measurements are commonly
performed by scanning the monochromator that produces the monochromatic light that
reaches the sample. Emission spectra are commonly obtained by keeping the excitation
wavelength constant and scanning the emission monochromator. A fluorescence excitation
spectrum is obtained by fixing the emission wavelength and scanning the excitation

monochromator over a suitable wavelength range.!3!

4.3.1 Fluorescence lifetimes

Fluorescence lifetime (1) is the average amount of time a fluorophore remains in the
excited state following excitation,'*? is affected by changes in the electronic transitions during
a radiative decay. Determination of the fluorescence lifetime of UCNP is important, for
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example, changes in (1) can confirm energy transfer from UCNP to an organic fluorescent dye.
In addition, the intensity and relative spectral distribution of the fluorescence lifetime depend
on UCNP size and the microenvironment,® 17 13 for that reason, conducting these
measurements can give valuable insights into particle aging in aqueous media, which was the
main focus of section 6.2 in this work. The fluorescence lifetime (t) can be calculated by the
following equation:!32

1
t = (kr + kic + kiso)

Where k; is the radiative rate constant, ki is the internal conversion rate constant, and

kis is the rate constant of intersystem crossing.

4.4 Analytical Measurements

4.4.1 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

Inductively coupled plasma-optical emission spectroscopy is a routine measurement
technique for the qualitative and quantitative determination of the elemental composition of
materials.’3 In this thesis, ICP-OES was used to determine the exact lanthanide ion amounts
contained in the UCNP investigated in chapters 6 and 7, as the amounts and ratios of the
lanthanide ions in the particle influence their optical characteristics. In addition, it was used
to determine the exact amount of the lanthanide ions released from UCNP upon aging (section

6.1).

The sample must be introduced in the liquid phase, for example, in the case of UCNP,
the particles are dissolved and then drawn into a peristaltic pump that delivers the sample to
the nebulizer where the sample is converted into a fine aerosol spray. The fine spray droplets
are directed into a hot plasma, which is a highly energized ionic gas. Argon gas is used as a
plasma source in an ICP-OES. The sample’s aerosol vaporizes in the plasma and its atoms and
ions are excited. The excited atoms and ions emit their characteristic radiation which is then
transferred into a high resolution optical sealed system, which separates light into the specific
wavelengths for the elements to be measured. The emitted light is detected and used to
quantify the amounts of ions into concentration units. Figure 10 represents a diagram of a

typical ICP-OES instrument.
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The main advantage of the ICP over methods that use other excitation sources refers
to its capability for efficient and reproducible vaporization, atomization, excitation, and
ionization for a wide range of elements in various sample matrices. This is mainly due to the
high temperature of 6000-7000 K in the observation zones of the ICP. Due to this high
temperature, ICP-OES shows low background emission and low chemical interference.
ICP-OES is used for the detection of over 70 elements with a very low detection limit of most

elements (0.1 — 100 ng/mL).13*

: | grating
detector
frfes
Ar inlets
sample
pumping nebulizer S spray
system e .
7 - Jchamber

| drain

Figure 10: Diagram of a typical ICP-OES instrument with radial
configuration of the detection system, highlighting the most important
parts. Taken with permission from (Cement and Concrete Research 91
(2017) 52-60) Licensed Content Publisher: Elsevier. License
number: 4915390947716

4.4.2 Fluoride-lon Selective Electrode (ISE)

An ion selective electrode (ISE), also known as membrane electrode, uses
potentiometry to generate a difference in electrical potential between an ion selective electrode
and a reference electrode. The output potential is proportional to the concentration of the ion
of interest. In the case of a fluoride ISE, the ion selective membrane is a single crystal of
lanthanum fluoride (LaFs) doped with europium fluoride (EuF:) to create fluoride vacancies
that allow ionic conduction by fluoride.’”> While the reference electrode used is made of a
combination of silver and potassium chlorides. A calibration curve should be established for
the determination of the ion activity in the sample. The electric potential (voltage) depends on

the logarithm of the ionic activity, according to Nernst equation:
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E=E — — InaF~
nF na

Where E: is the measured electrical potential
E°: is the standard cell potential
R: is the ideal gas constant
F: is Faraday constant
o F: is the activity of the fluoride ion

For best results, the measurements are performed at a fixed ionic strength. The ionic strength
is kept high by the use of an ionic strength adjuster (ISA) or a total ionic strength adjusted
buffer solution (TISAB),"* so that the various contributions of the measuring ion to the total
ionic strength can be neglected. The fluoride ISE is highly selective, and the only ion which
significantly interferes with the measurement of fluoride ions is hydroxide (OH"). However,
this interference can be avoided by using a buffered solution to keep the pH value of the
solution below 7. A fluoride ion selective electrode was used for the work in this thesis for the
detection of the amount of fluoride ions released from UCNP upon aging in aqueous media,

the results are presented in section 6.2.
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5. Synopsis of Results, Conclusions & Outlook

In this work, stability, surface modification and sensitization of upconversion
nanoparticles (UCNP) were investigated. In section 6.1, the fluorescence emission of UCNP
was enhanced by NIR dye sensitization. In section 6.2, the stability of UCNP in aqueous media
was monitored and investigated. In section 7.1, the coating process of UCNP with silica

nanoshells of controllable thicknesses was optimized.

In section 6.1, a successful and simple strategy to prepare UCNP sytems with dye
sensitization of the UC emission was demonstrated. A near infrared (NIR) absorbing and
emitting cyanine dye (1859 SL), core-only UCNP, and two biocompatible surfactants, namely
Pluronic F-127 and Tween 80, were used. This micellar encapsulation is advanteagous in that
it ensures that the dye molecules are in close proximity to the UCNP surface (and hence the
optically active lanthanide ions), which is a requirement for efficient energy transfer. Other
advantages of this approach are that it is fast, inexpensive, and experimentally simple without
the need of chemical surface modification of the UCNP or the dye, or the need of covalent
binding of the dye to the UCNP. The hydrophobic moieties of the surfactants enables their
confinement of the dye 1859 SL in the hydrophobic pocket around as synthesized, oleic acid
capped UCNP. Excitation of the dye with an 808 nm continuous wave laser showed strong
fluorescence emission of the UCNP with an enhancement factor of about 21 compared to the
direct excitation of a control sample under identical conditions. This confirmed energy transfer
from the excited dye molecules to the Yb* ions, followed by energy transfer to the emitting
Er®* ions (energy tranfer upconversion). Moreover, the excitation of the UCNP core could be
shifted from 980 nm to 808 nm, which lies in the biological optical window where water
absorption and hence heating effects are minimized. In future work, further investigations
could be conducted to determine the exact mechanisms involved in the demonstrated energy
transfer. Additionally, a thin undoped NaYFa shell could be added on the surface of the UCNP
and prior to the dye encapsulation to achieve a better enhancement to the fluorescence
emission by minimizing surface quenching, bearing in mind that energy transfer is affected by

the distance between the dye and Yb* and Er** ions.

25



5. Synopsis of Results, Conclusions & Outlook

In section 6.2, the stability of UCNP in aqueous media was monitored by aging UCNP
in water, phosphate buffered saline (PBS) and Dulbecco’s modified Eagle medium (DMEM) at
room and body temperature (37 °C). Other parameters addressed were particle size, surface
functionalization and concentration of the UCNP. Special emphasis was dedicated to assess
the influence of surface functionalization. Polyacrylic acid coated, citrate coated and bare
UCNP were investigated. Additionally, mesoporous and microporous silica shells of different
thicknesses were applied to UCNP to assess their potential for UCNP protection against
dissolution. Dissolution was confirmed and quantified electrochemically using a fluoride ion-
selective electrode (ISE) and inductively coupled plasma optical emission spectrometry (ICP
OES) to determine the amount of released fluoride and lanthanide ions, respectively. In
addition, luminescence measurements were conducted on fresh and aged UCNP to investigate
the effect of dissolution on UCL. These experiments revealed that smaller particles are more
prone to dissolution. Coating of the UCNP surface with a silica shell considerably improved
particle stability in water and in PBS under all conditions assessed, and a sufficiently thick
microporous silica shell inhibited dissolution almost completely. Our results also underlined
the critical influence of the chemical composition of the aqueous environment on UCNP
dissolution. Dissolution was more pronounced in PBS containing lanthanide binding
phosphate anions compared to water, while dissolution was negligible in DMEM. The
inhibition of dissolution in DMEM was attributed to the formation of a layer of adsorbed
molecules on the UCNP surface. This layer not only protected the UCNP from dissolution, but
also enhanced their luminescence lifetime. This layer was further examined by X ray
photoelectron spectroscopy (XPS) and mass spectrometry (MS) measurements, which
suggested that mainly phenylalanine, lysine, and glucose are adsorbed on the UCNP surface
from DMEM. In future projects, it would be interesting to investigate and optimize the
thickness of the silica shell regarding optimum protection with minimum thickness, as the size
of a nanoparticle can be an important parameter for many biological and bioanalytical
applications. In addition, employing the findings of DMEM incubated UCNP in cellular
toxicity studies would be interesting for the design of new biocompatible surface coatings for

UCNP and other nanoparticles as well.

In section 7.1, a new method for the growth of silica shells of sizes between 5 and 250

nm on oleate coated UCNP was developed. This method includes the growth of silica on the
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oleate coated particles in multi step reverse microemulsion reactions performed consecutively
without intermediate isolation or purification steps. In each step, the same volumes of TEOS
and aqueous ammonia were added, and the volumes of cyclohexane and Igepal CO-520 were
increased while keeping the concentration of Igepal CO 520 in cyclohexane constant. The
formation of the undesirable core free silica particles was successfully prevented by careful
adjustment of the aqueous domain and the concentration of the added silica precursor. This
stepwise procedure produced stable core shell nanoparticles with zeta potential values less
than - 40 mV. Five to six coating steps were required to achieve that, then the particles were
isolated by centrifugation and dispersed in an ammoniacal ethanol solution to be grown by
continuous addition of TEOS in one step up to a diameter of more than 500 nm in a modified
Stober process. The prior reverse microemulsion stepwise procedure was necessary for
growing thick silica shells on the UCNP, since a direct growth of silica on oleate coated UCNP
was not possible in a Stober like growth process which requires nanoparticles with hydrophilic
surfaces. We anticipate that this protocol will also be useful for the coating of other
nanoparticles with similar hydrophobic surface functionalities such as iron oxide

nanoparticles or semiconductor nanoparticles with hydrophobic capping agents.

In summary, the main objectives anticipated from this thesis have been thoroughly
investigated. 1859 SL dye sensitization of UCNP showed an enhancement to the UCL
compared to that of the control sample without the dye. A reproducible protocol for the
coating of UCNP with silica was optimized, producing monodiesperse and colloidally stable
core shell particles. The systematic investigation of UCNP dissolution in aqueous media
showed a suitable surface passivation can inhibit ion release from the particles, and that the
chemical composition of the aqueous environment has a critical influence on the dissolution
of UCNP. For example, adsorption of compounds such as lysine from DMEM, protected the
particles from dissolution. This finding can have a large impact on the interpretation of
cytotoxicity studies of UCNP. Also on studies of other nanoparticles, as such experiments are
normally done with nanoparticles dispersed in cell culture medium prior to their incubation
with cells. To extend our understanding of the cytotoxicity of UCNP and their dissolution
behavior in cells, viability tests to our particles on skin cells (keratinocytes) were performed

by our collaboration partners (research group of Dr. Helena Oliveira, University of Aveiro,
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Portugal) and we are currently evaluating the results before moving forward to further

investigations.
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Abstract

Photon upconversion nanomaterials have a wide range of applications, including biosensing and
deep-tissue imaging. Their typically very weak and narrow absorption bands together with their size
dependent luminescence efficiency can limit their application potential. This has been addressed by
increasingly sophisticated core—shell particle architectures including the sensitization with organic
dyes that strongly absorb in the near infrared (NIR). In this work, we present a simple water-
dispersible micellar system that features energy transfer from the novel NIR excitable dye, 1859 SL
with a high molar absorption coefficient and a moderate fluorescence quantum yield to oleate-capped
NaYF,:20%YDb(III), 2%Er(I1T) upconversion nanoparticles (UCNP) upon 808 nm excitation. The
micelles were formed using the surfactants Pluronic F-127 and Tween 80 to produce a hydrophilic
dye-UCNP system. Successful energy transfer from the dye to the UCNP could be confirmed by
emission measurements that revealed the occurrence of upconversion emission upon excitation at
808 nm and an enhancement of the green Er(III) emission compared to direct Er(II) excitation at

808 nm.

Introduction

Upconversion nanoparticles (UCNP) have many
interesting features that are of high importance in
various fields of applications such as bioimaging,
bioanalytical assays, photodynamic therapy, and solar
cells [1—4]. One of the main limitations of UCNP is the
very weak (102° cm?) absorption cross section [5] due
to parity-forbidden 4f-4f transitions [6] in conjunc-
tion with the very narrow absorption bands (full width
at half maximum (FWHM) of the absorption band of
about 10 nm—20 nm in the ultraviolet, visible, and
near infrared spectral region). Moreover, their photo-
luminescence quantum vyields are relatively low and
depend on excitation power density as well as on the
surface-to-volume ratio, due to the multiphotonic
nature of the upconversion (UC) process and surface
quenching effects, particularly for core-only UCNP
[7], [8]. Near infrared (NIR) dyes coupled to UCNP
can provide a potential strategy to boost UCNP

brightness, the product of the molar absorption
coefficient or cross section and the photoluminescence
quantum yield as shown before [1-3]. The relatively
broad absorption bands and the strong absorption
cross section of organic dyes render them ideal light
harvesters and energy donors for UCNP (figure 1), [6],
[9]. Moreover, these dyes can also help shifting the
excitation of the dye-UCNP systems from typically
980 nm for Yb-doped UCNP closer to 800 nm, which
fits better into the biological spectral window and
prevents heating effects by water absorption [10]. This
can increase the applicability of these materials,
especially for biological studies.

Dye sensitization of UCNP can occur via the For-
ster mechanism (through electrostatic interactions
between a donor and an acceptor presented as point
dipoles) and/or the Dexter mechanism (involving the
bilateral exchange of electrons between donor and
acceptor in a spin-conserved singlet—singlet or triplet—
triplet transfer) from light harvesting organic dyes

© 2019 IOP Publishing Ltd
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Figure 1. (A) General scheme of a light-harvesting system where NIR-dye molecules collect and transfer energy to core-only UCNP to
generate upconversion luminescence (UCL). (B) Absorption spectra of deoxyhemoglobin (Hb), oxyhemoglobin (HbO,), and
phosphate buffered saline (PBS), showing the ‘biological spectral window’ that is typically used for in vivo imaging, as well as the
spectral position of the laser lines at 808 nm and 980 nm. Data for Hb and HbO, are taken from reference [11].
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located directly at or in the immediate vicinity of the
UCNP surface across the organic/inorganic interface
to the optically active lanthanide ions incorporated in
the UCNP [5]. The latter is significant only at very
short donor-acceptor distances (~10 A or less), while
electrostatic interactions can occur over longer dis-
tances (10100 A).

The first successful attempt of dye sensitized UC
was reported by Zou et al [12]. The authors used the
dye IR-806, which is a carboxylic acid derivative of the
commercially available dye IR-780, attached to UCNP
by replacing the oleylamine ligands on the as-synthe-
sized oleylamine-coated UCNP. Upon excitation at
800 nm, this dye-UCNP system produced the typical
upconversion luminescence (UCL) spectrum of Yb, Er
co-doped materials with the green and red Er(IIl)
emission bands. This initiated an increasing number
of studies of dye-UCNP systems prepared by attaching
NIR dyes to UCNP with different ligand functional-
ities [5], [6], [9], [13], [14]. Other strategies included
the modification of UCNP with an inactive protective
shell to minimize surface quenching of the lanthanide
ions [6], [13] or adding an active shell of NaYF, doped
with Yb(III) or Nd(III) to further increase the energy
transfer efficiency [14]. In the majority of these stu-
dies, the exact nature of the dye-UCNP energy transfer
mechanism was not explained in detail. Only recently,
Garfield et al [15] reported that in the case of the dye
IR-806 attached to NaGdF, nanoparticles (undoped
and doped with Yb(IIT) and Er(IIT)), the GA(III) ions
seem to mediate intersystem crossing of the antenna
dyes and thereby, nonradiative energy transfer from
the dye’s triplet state energy.

The NIR dye, IR-806, chosen by Zou et al [12] in
their proof-of-concept study, absorbs strongly
between 650 nm—850 nm with a maximum at 806 nm.
Although the overlap between the emission spectrum
of this dye and the absorption spectrum of the UCNP

is not ideal, sensitized UCL could be observed. In this
work, we investigate dye sensitization of UCNP using
the custom-made NIR dye 1859 SL [15] that has a pho-
toluminescence quantum yield that is comparable to
IR-806, yet its emission spectrum overlaps better with
the absorption bands of the UCNP. Moreover, this dye
can form emissive J-aggregates in aqueous solution
and its absorption below 600 nm is weak which is
essential to minimize the absorption of the emitted
upconverted photons. Dye-UCNP systems were
obtained by a simple and experimentally easy and
inexpensive approach by encapsulating the dye mole-
cules in a micelle surrounding hydrophobic oleate-
stabilized core-only NaYF,: 20%Yb(II), 2%ZEr(III)
UCNP with the aid of different surfactants. This
approach was first described by Tao et al [16] who
embedded the dye IR-1061 in a poly(acrylic acid)
matrix and then conjugated the dye-PAA with DSPE-
mPEG (a polyethylene glycol-conjugated phospholi-
pid) coated nanoparticles.

Materials and methods

Lanthanide chlorides used for the synthesis of the
UCNP were purchased from Sigma Aldrich with high
purity (99.99%). Pluronic F-127, sodium oleate, oleic
acid, and octadecene (90% technical grade) were
obtained from Sigma Aldrich and used without further
purification. Tween 80 was puchased from Merck, and
the IR dye 1859 SL was synthesized in the research
group of Dr Y Slominskii according to a published
procedure [15]. All solvents employed for the optical
measurements were purchased from Sigma Aldrich in
spectroscopic grade.

Absorption and fluorescence spectra and the pho-
toluminescence quantum yields (QY) were measured
with a CARY 5000 absorption spectrometer (Varian)
and a FSP920 fluorescence spectrometer (Edinburgh

2
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Table 1. Composition of the Pluronic F-127 encapsulated samples.
Sample 1 2 3 4 5 6 7
1859 SL, g 0 4.2 12.8 25.6 38.4 51.6 25.6
F-127,¢g 0.01 0.01 0.01 0.01 0.01 0.01 0.01
UCNP, mg 20 20 20 20 20 20 0
Dye-to-UCNP ratio (ug/mg) 0 0.21 0.64 1.28 1.92 2.58 0

Intruments) equipped with a xenon lamp and a
980 nm laser diode. The emission lifetimes were
obtained with FLS980 and FLS920 fluorescence life-
time spectrometers (Edinburgh Intruments). A more
detailed experimental procedure describing the rela-
tive QY measurements using the dye IR 140 as quant-
um yield standard [17] as described by Wiirth et al [ 18]
can be found in the Supporting Information (SI; is
available online at stacks.iop.org/MAF/7/014003/
mmedia). Energy transfer and photostability studies of
micellar UCNP—cyanine dye systems were done with a
Lambda 900 (UV/Vis/NIR) absorption spectrometer
(Perkin Elmer) and a FLS980 fluorescence lifetime
spectrometer (Edinburgh Instruments), respectively.
All measurements were carried out at room temper-
aturein 1 cm quartz cells (Hellma).

Dynamic light scattering (DLS) measurements of
the UCNP—cyanine dye systems were performed with
a DLS Zeta Potential Analyzer, Zetasizer Nano ZS90
(Malvern).

Upconversion nanoparticle preparation

NaYF,: 20%Yb(I), 2%Er(Ill) were synthesized
according to a previously reported procedure with
some modifications [19]. The synthesis and analytical
characterization of the nanoparticles are provided in
the SI.

Sample preparation

Stock solutions of 1859 SL dye in chloroform
(0.47 mgmL™"', 0.45 mM), Pluronic F-127 in water
(200 mg mL ™", 0.016 M) and oleic acid capped UCNP
in chloroform (50 mg mL ") were mixed in various
proportions as shown in table 1.

The samples were prepared in the compositions
indicated in table 1. After mixing, each sample was
dried under argon in a 50 ml round bottom flask.
Dried samples were redispersed in 2 ml of Milli-Q
water under sonication in an ultrasonic bath.

In the Tween 80 experiments, the same procedure
was applied. Stock solutions of 1859 SL dye in chloro-
form (0.62 mg mL™', 0.59 mM), Tween 80 in water
(500 mg mL ™, 0.382 M), and oleic acid capped UCNP
in chloroform (7 mg/mL) were mixed in various pro-
portions, as specified in table 2.

Results and discussion

The absorption and emission spectra of dye 1859 SL
are shown in figure 2. This includes the spectra of the

Tablee 2. Composition of the Tween 80 encapsulated samples.

Sample 1 2 3 4 5

Dye stock, g 0 1.05 2.80 9.80 16.80

Tween 80 stock, g 0.03 0.03 0.03 0.03 0.03

UCNP stock, mg 035 035 035 035 0.35

Dye-to-UCNP ratio 0 3 8 28 48
(pg/mg)

monomeric dye in DMSO as well as the absorption
and emission spectra of its J-aggregates formed in
water at a higher dye concentration. The fact that this
dye forms J-aggregates with a very strong absorption
band at 946 nm could enable studying whether dye
sensitization of UCNP can occur with J-aggregates
known for their very high molar absorption coeffi-
cients. QY measurements of the monomeric dye in
DMSO and its J-aggregates in water revealed, however,
QY of 11.9% and only 0.04%, respectively. The low
QY of the J-aggregates prevented us from further
investigations of their use as light-harvesting antennas.

In order to assess the occurance of dye sensitiza-
tion, we compared the luminescence behavior of the
micellar-encapsulated 1859 SL—UCNP systems with
that of a control system, here micellar-encapsulated
UCNP lacking the dye, studied under identical mea-
surement conditions. The 1859 SL—UCNP®@Pluronic
F-127 system shows strong upconversion emission at
541 nm and 654nm upon excitation at 808 nm
(figure 3, right panel and figure 4), while only very
weak emission was observed for the control system
lacking the dye, under identical conditions. The weak
emission arising from the UCNP in the control system
originates from the direct excitation of the *I, , energy
level of Er(I1). The strong enhancement of the upcon-
verion luminescence in the order of 21 provides clear
evidence of dye sensitization.

Next, the 1859 SL-UCNP@Pluronic F-127 system
was optimized regarding the dye content to achieve an
efficient sensitization. A dye content between
0.64-1.28 pig per milligram of UCNP was found to be
optimal for this system (figures 4(A) and (B)). Higher
dye loading concentrations led to reabsorption and
possibly also self quenching of the dye molecules, low-
ering the luminescence intensity of the antenna dyes
and the dye-UCNP system. As can be seen by compar-
ing the emission intensities of the micellar system
lacking the NIR dye (red line in figure 4(B)) with the
emission intensity of the same system containing
0.64 pug/mL 1859 SL acquired under identical
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Figure 2. Normalized absorption (solid red line) and emission (dashed line) spectrum of monomeric dye 1859 SL in DMSO (left panel,
(A)) and J-aggregate of the dye in water (right panel, (B)) showing the overlap of the emission spectrum of 1859 SL and the absorption
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Figure 3. (A) Schematic representation of the concept of embedding UCNP and cyanine dyes into micelles using the surfactants
Pluronic F-127 or Tween 80, wrapped around the oleic acid-capped UCNP. (B) Power dependent upconversion emission of the green
(541 nm; green symbols) and red band (654 nm; red symbols) of Pluronic F-127 micelles loaded with UCNP only (empty circles) and
with UCNP and 1859 SL dye (filled circles). The luminescence measurements were done at 808 nm excitation. The relative
luminescence intensities measured under comparable measurement conditions for the dye-sensitized UCNP and the control system,
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conditions, a strong enhancement of the upconver-
sion luminescence can be achieved. The very weak
luminescence of the micellar system upon excitation at
808 nm in the absence of the dye is attributed to direct
excitation of erbium ions.

While the 1859 SL-UCNP@Pluronic F-127 system
demonstrated promising luminescence features and
underlined the feasibility of using such a micellar sys-
tem for dye sensitization, DLS measurements of this
system showed a hydrodynamic diameter of the
micelles of about 1 pm (SI, figure S3). This reveals that
the system was not colloidally stable in water for a
longer period of time and may tend to form agglomer-
ates in water.

To overcome the agglomeration issues with Pluro-
nic F-127 [20], Tween 80 was used for encapsulating
OA-capped UCNP (figure 3(B)). As with Pluronic
F127, the 1859 SL dye molecules can be trapped inside
the hydrophobic organic surfactant shell of the UCNP
within a distance that is close enough for energy trans-
fer from dye molecules to the UCNP.

The optimized micellar system, 1859 SL-
UCNP@Tween 80, showed better results in terms of a
narrower size distribution and colloidal stability in
DLS. Moreover, it also revealed efficient dye sensitiza-
tion of the UCNP emission, with the intensity of the
upconversion emission depending on the dye-to-
UCNP ratio as observed previously for the Pluronic
F-127 system (figure 4). The optimal dye content for
the Tween 80 systems is about 8 ug per milligram of
UCNP (figure 4, panels (B) and (D)). The strongly
enhanced upconversion of the micellar system that
contains UCNP and the optimum dye concentration
(purple spectra in figure 4, panels (B) and (D)) com-
pared to that of the control system provides solid proof
of successful energy transfer from the dye molecules to
the UCNP under these conditions.

In both types of micellar systems, however, dye
photodegradation occurred at the very high excitation
power densities used for these studies (S, figure S4).
Similar photostability issues have been also reported
for other NIR dye sensitized systems [9].
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Conclusion

We demonstrated a successful strategy for simple and
easy to prepare upconversion nanoparticle (UCNP)
sytems with dye sensitization of the upconversion
emission, using a near infrared (NIR) absorbing and
emitting cyanine dye, core-only UCNP, and micelle-
forming surfactants. Excitation of the dye with an
808 nm CW laser showed strong fluorescence emis-
sion of the UCNP with an enhancement factor of
about 21 compared to the excitation of the dye-lacking
UCNP control sample under identical conditions
which produced only very weak emission, arising from
the direct excitation of Er(IIl) ions. This confirms
energy transfer from the excited dye molecules to the
Yb(III) ions, followed by energy transfer to the
subsequently emitting Er(II) ions (energy tranfer
upconversion). This shifts the excitation of the Yb(III),
Er(1lT)-doped NaYF, UCNP core from 980 nm to
808 nm located in the biologically relevant first diag-
nostic window where water absorption and hence
heating effects are minimized.

This strategy could be realized with the two well-
known and biocompatible surfactants Pluronic F-127
[21-24] and Tween 80 [20], underlining its versatility.
This micellar encapsulation ensures that the dye

molecules are in close neighborhood to the UCNP
surface and hence the optically active lanthanide ions
within these UCNP, as required for energy transfer.
Moreover, this approach is fast, inexpensive, and
experimentally simple without the need of chemical
surface modification of the UCNP [13], [25], mod-
ification of the dye [12], [13], [26] or covalent binding
[27]. With their hydrophobic moieties, Pluronic F-127
and Tween 80 can confine 1859 SL in the hydrophobic
pocket around oleic acid capped UCNP. Additionally,
this approach renders the systems well dispersible in
water, particularly in the case of Tween, which is an
import requirement in biological applications. Our
micellar encapsulation approach could be also inter-
esting for theranostic applications in the future as the
hydrophobic interior of such micellar systems can be
used as an efficient nanocarrier for water-insoluble
drugs [20].

The exact mechanisms involved in the demon-
strated energy transfer still require further investiga-
tions which were beyond the scope of the current
study. Presently, we cannot say whether dye sensitiza-
tion by the NIR dye 1859 SL can be attributed merely
to direct energy transfer from the dye’s singlet state or
whether its triplet state is also involved as observed by
Schuck and colleagues [28] for NaGdF, UCNP. Here,
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particularly the close proximity of the heavy and para-
magnetic lanthanide Gd(IIT) ions induces intersystem
crossing in the antennae cyanine dyes, with the dye tri-
pet states then acting as energy donors.
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Supplementary Information

Synthesis of upconversion nanoparticles

Synthesis of the precursor: In a round bottom flask, sodium oleate (9.1458 g, 30.00 mmol) was
dissolved in 20 ml H20 and 30 mL ethanol. In a centrifuge tube YCIs.6H20 (2.4416 g, 8.04
mmol), YbCl3.6H.0 (0.7162 g, 1.84 mmol) and ErClz.6H,O (0.0778 g, 0.2 mmol) were
dissolved in a mixture of 30 mL H20, 70 mL ethanol and 70 mL hexane. The two solutions
were mixed together and refluxed for 4h. After cooling down the yellow homogeneous solution,
the product was dried with the rotary evaporator.

Synthesis of NaYF4:20%Yb(II1), 2%Er(I11) (upconversion nanoparticles): The lanthanide
precursor was mixed with 150 mL octadecene and 70 mL oleic acid. The solution was heated
to 100°C to degas the solution and then allowed to cool to 50°C under argon. Then, 30 mL of
a methanolic solution containing NaOH (1.00 g, 25.000 mmol) and NH4F (1.48 g, 39.960
mmol) were added slowly to the precursor and the reaction mixture was stirred for 30 min at
50°C to ensure that all the fluorides were dissolved. The solution was heated to a temperature
of 100°C to remove methanol. Then it was heated to 300°C and the reaction was kept at this
temperature for 2.0 h under an inert atmosphere. Then the nanoparticles were sedimented by
ethanol and cleaned by centrifugation.
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Figure S1: A) STEM image of NaYFa4: 20%Yb(I1I), 2%Er(111). STEM images were acquired
on a Hitachi SU8030 EM. Images were taken with an acceleration voltage of 30 kV, average
diameter estimated using fiji software is 32 nm. B) Upconversion fluorescence emission upon
excitation at 980 nm

Inductively coupled Plasma (ICP)

ICP measurements were carried out using an iCAP 6000 Series ICP Spectrometer from Thermo
Scientific with a radial optical approach. Results showed that the nanoparticles contained
81.46% + 7.24 Yttrium, 16.43% + 0.08 Ytterbium and 2.11% + 0.09 Erbium.



X-ray Diffraction Spectrometry (XRD)

For XRD measurements of a minimum amount of 10 mg dried particles were used. The XRD
device was an STOE Stadi P from STOE. As a Cu Kol radiation source, a Cu anode was used
with a radiation wavelength of 1,5405 nm. The angle range of the measurements was 10-90°
and with a measurement time of 120 s/0,2°.

The UCNP has a predomenantly hexagonal phase structure, with minority of cubic phase peaks
as shown in Figure S2.
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Figure S2: XRD spectrum of UCNP core

DLS measurements of the dye-UCNP micelles using Tween 80 as a surfactant revealed a
hydrodynamic diameter of these micellar composites of about 200 nm that are colloidally stable
for a long enough time
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Figure S3: DLS size distribution of UCNP — 1859 SL composite in Tween 80 shell
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Figure S4: Absorbance spectra of the 1859 SL — UCNP @ Tween80 system with various
UCNP to 1859 SL dye ratio before and after 808 nm laser illumination. The straight line is for
the absorbance measurements prior to 808 nm excitation, the dashed line is for the absorbance
measurements after 808 nm excitation. Exposure time for each sample is 44 s, and the power
density is 390 W/cm?. Upconversion is nonlinear, so the dependence for low power can be
expected, at higher excitation, dye degradation is observed.



Relative quantum yield measurements

The absorbances of solutions of the reference dye IR-140, 1859 SL dye and J-aggregates of
1859 SL dye used for the relative QY determinations were adjusted to 0.1 at the absorbance
maximum wavelength. IR-140 and 1859 SL were measured in DMSO, J-aggregates of 1859 SL
were measured in deionized water.

Fluorescence spectra were recorded with a fluorescence spectrometer FSP920 from Edinburgh
Instrument with a Xenon lamp as the excitation light source. All fluorescence measurements
were performed with polarizers in the excitation and the emission paths at magic angle
configuration (excitation and emission polarizers at 0°, and 54.8° respectively) to overcome
possible emission anisotropies in recorded spectra. Slits in the excitation and emission paths
were kept the same for all measurements (16 nm excitation, 8 nm emission). Dwell time and
wavelength step size were 2 s and 1 nm respectively for all measurements. Excitation
wavelength was 780 nm and emission scan range was 790 — 1500 nm for the 1859 SL dye and
875 nm / 900 — 1100 nm respectively for the J-aggregates. Due to the low intensity of the
emission of J-aggregates, their spectra were accumulated in 6 repeats and averaged. Emission
spectra of all the dyes were background corrected with emission spectra of solvents they were
dissolved in.

All fluorescence spectra presented are corrected for scattered excitation light as well as for the
spectral responsivity of the emission detection system and fluctuations of the excitation light
source.

Relative QY were calculated according to the formula of Demas and Crosby [1], [2] (eq. 1) by
taking into account the integral fluorescence Fi(Aem) and absorption factor fi(lex) at the
excitation wavelength. For the calculation of the QY of J-aggregates, the refractive indices n;
of water and DMSO were considered. Index “ref” designates the reference dye and index “x”
the substance for which the QY is to be determined.

(Eq. 1)

X fref(lex) flem Fx(Aem) nJZC
ret fx(Aex) flem Fref(dem) n?ef

P, =P

The QY of reference dye IR-140 in DMSO was assumed to be 0.2 [3].

[1] J. N. Demas and G. A. Crosby, “The Measurement of Photoluminescence Quantum
Yields. A Review,” J. Phys. Chem., vol. 75, no. 8, pp. 991-1024, 1971.

[2] K. Rurack and M. Spieles, “Fluorescence quantum yields of a series of red and near-
infrared dyes emitting at 600-1000 nm,” Anal. Chem., vol. 83, no. 4, pp. 1232-1242,
2011.

[3] S.Hatami et al., “Absolute photoluminescence quantum yields of IR26 and IR-emissive
CdixHgxTe and PbS quantum dots - method- and material-inherent challenges,”
Nanoscale, vol. 7, no. 1, pp. 133-143, 2015.



6. Publications: Major Contribution

6.2 Assessing the Protective Effects of Different Surface Coatings on NaYF4:Yb3*, Er3*
Upconverting Nanoparticles in Buffer and DMEM

Assessing the Protective Effects of Different Surface Coatings on

Titl
e NaYF4:Yb%, Er** Upconverting Nanoparticles in Buffer and DMEM
Maysoon I. Saleh, Bastian Riihle, Shu Wang, Jorg Radnikc, Yi You
Authors
and Ute Resch-Genger
Scientific Reports.
Journal .
Sci Rep 10, 19318 (2020)
DOI https://doi.org/10.1038/s41598-020-76116-z
Links https://www.nature.com/articles/s41598-020-76116-z#citeas
The concept of this manuscript was elaborated by M. Saleh, B. Riihle
and U. Resch-Genger. Experiments were designed and planned by M.
Saleh and B. Riihle. Synthesis of the UCNP and silica coating were
done by M. Saleh, ligand removal and exchange were performed by
Detailed S. Wang under the supervision of M. Saleh. Aging experiments were
scientific performed by S. Wang and M. Saleh. SIE measurements were

contribution performed by S. Wang. XPS and MS measurements were performed
by J. Radnik and Y. You, respectively. All co-authors contributed to
the interpretation and evaluation of the experimental results. The

manuscript was mainly written by M. Saleh, B. Riihle and U. Resch-

Genger.
Estimated
own ~60 %
contribution
Date of
L 09. November. 2020
publication

40



www.nature.com/scientificreports

scientific reports

W) Check for updates

Assessing the protective effects
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on NaYF,:Yb**, Er’** upconverting
nanoparticles in buffer and DMEM
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We studied the dissolution behavior of B NaYF,:Yb(20%), Er(2%) UCNP of two different sizes in
biologically relevant mediai.e., water (neutral pH), phosphate buffered saline (PBS), and Dulbecco’s
modified Eagle medium (DMEM) at different temperatures and particle concentrations. Special
emphasis was dedicated to assess the influence of different surface functionalizations, particularly the
potential of mesoporous and microporous silica shells of different thicknesses for UCNP stabilization
and protection. Dissolution was quantified electrochemically using a fluoride ion selective electrode
(ISE) and by inductively coupled plasma optical emission spectrometry (ICP OES). In addition,
dissolution was monitored fluorometrically. These experiments revealed that a thick microporous
silica shell drastically decreased dissolution. Our results also underline the critical influence of the
chemical composition of the aqueous environment on UCNP dissolution. In DMEM, we observed

the formation of a layer of adsorbed molecules on the UCNP surface that protected the UCNP from
dissolution and enhanced their fluorescence. Examination of this layer by X-ray photoelectron
spectroscopy (XPS) and mass spectrometry (MS) suggested that mainly phenylalanine, lysine, and
glucose are adsorbed from DMEM. These findings should be considered in the future for cellular
toxicity studies with UCNP and other nanoparticles and the design of new biocompatible surface
coatings.

Lanthanide-doped upconversion nanoparticles (UCNP) such as NaYF,:Yb,Er and NaYF,:Yb,Tm have been in the
focus of many studies in the last two decades due to their unique optical properties. This includes multiphotonic
excitation in the near-infrared (NIR) region'-%, emission of a multitude of characteristic narrow emission bands
at shorter (upconversion luminescence, UCL) and longer (downshifted luminescence, DSL) wavelengths than the
exciting photons’, long luminescence lifetimes®, and a high photostability’. These properties make them attrac-
tive fluorescent reporters for life sciences applications such as bioimaging®'?, in-vitro and in-vivo detection of
biomolecules'' ™", drug delivery'?, photodynamic therapy>*'*'¢, and biosensing®*. Utilization in bioimaging and
cellular studies requires, however, biocompatible particles that are sufficiently stable in diluted dispersions and
have no acute or chronic toxicity under application-relevant conditions'’~?. In the case of UCNP, this implies
they should not release potentially toxic constituents such as fluoride and lanthanide ions.

UCNP are commonly synthesized in apolar solvents using hydrophobic oleic acid as a capping agen
which makes them dispersible only in apolar solvents. To render them water dispersible for applications in bio-
logical systems, they must undergo surface modification either by ligand exchange or addition of a new coating
(ligand addition or encapsulation) on top of the initially present surface ligands?*-%. Several ligand exchange pro-
cedures have been reported so far***>?71, such as the exchange of the oleate ligands for polyacrylic acid (PAA)S,
polyethylene glycol (PEG)’, phosphonate ligands™, citrate®, or removal of the oleate ligand with NOBF,/DMF
yielding “naked” UCNP stabilized with electrostatically adsorbed BF, °. Alternatively, silica coatings have been
used that also enable further surface functionalization®, such as the covalent attachment of targeted biomolecules
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and sensor molecules*!’. UCNP surface chemistry is of considerable importance not only for shielding the
lanthanide ions of the UCNP from luminescence quenching molecules that contain moieties with high energy
vibrations such as ~-OH**-%, but also for UCNP dispersibility and colloidal stability in aqueous environments
and the prevention of UCNP dissolution upon dilution, thereby minimizing toxicity concerns*"*’. For years,
UCNP were assumed to be chemically inert, due to the very low solubility products of lanthanide fluorides in
water (e. g., K, =3.26x 1072 for LaF;)*®. The influence of size, surface-to-volume ratio, and surface curvature on
solubility products that are usually determined for larger size powders or bulk materials was neglected. However,
there appeared an increasing number of reports recently on the dissolution of UCNP like NaYF, -based materials
in aqueous environments under high dilution conditions '*~*%, leading to the release of fluoride and lanthanide
ions®**-%3. This raised concerns of UCNP biocompatibility and triggered toxicity studies'’.

In this work, we studied the stability of 20 nm and 30 nm-sized f-NaYF,:Yb(20%), Er(2%) UCNP from
one batch each with different surface chemistries such as polyacrylic acid (PAA) and citrate ligands as well as
mesoporous and microporous silica shells in different aqueous environments. Parameters addressed besides size
and surface chemistry include UCNP concentration (5 mg/L, 50 mg/L), temperature (room temperature and
body temperature), and the chemical composition of typically used aqueous environments like water (neutral
pH), PBS, and cell culture medium (DMEM). The release of fluoride and lanthanide ions was quantified with a
fluoride ion-selective electrode (ISE) and by inductively coupled plasma optical emission spectrometry (ICP-
OES), respectively. Size- and environment-sensitive upconversion luminescence (UCL) spectra and lumines-
cence lifetimes were utilized for UCNP stability monitoring. The investigation of organic molecules adsorbed
on the surface of UCNP aged in DMEM was conducted by X-ray photoelectron spectroscopy (XPS) and mass
spectrometry (MS).

Experimental

Materials. Lanthanide chlorides with high purity (99.99%) were used for the synthesis of the UCNP. Sodium
oleate (82%), oleic acid (90%, technical grade), octadecene (90%, technical grade), hexadecyltrimethylammo-
nium bromide (CTAB, 98%), citric acid (99.5%), diethylene glycol (DEG, 99%), N,N-dimethyl formamide (DMFE,
99.5%), nitrosyl tetrafluoroborate (95%), polyacrylic acid (MW =1800 Da), trisodium citrate dihydrate (95%),
tetraethyl orthosilicate for synthesis (98%), and ammonia solution (25% wt% in water) were obtained from
Sigma Aldrich (Germany) and used without further purification. ICP standard solutions (1000 mg/L in nitric
acid) used for calibration of the measurements quantifying fluoride and lanthanide ions were purchased from
Sigma Aldrich. Dulbecco’s Modified Eagle Medium (DMEM) (product number: D5546) was purchased from
Sigma Aldrich. The detailed composition of DMEM can be found in the supplementary information (Table S2,
SI). All solvents employed for the optical measurements were purchased from Sigma Aldrich in spectroscopic
grade. Water refers here to Milli-Q water.

Synthesis and surface modifications of the UCNP. NaYF,:20%Yb**,2%Er** UCNP were synthesized
according to a previously reported procedure?*?® with some modifications®*. Surface modifications and sil-
ica coating experiments followed published procedures**~*. The detailed synthesis and characterization of the
UCNP are provided in the supplementary information (SI).

Surface modified UCNP were stored in absolute ethanol, except for bare UCNP that were stored in dimethyl
formamide (DMF). Stock solutions of the different UCNP (5 mg/mL) were stored in the fridge (at 4 °C) after
surface modification and prior to their use in aging studies.

Structural analysis. Electron microscopy. Transmission scanning electron microscopy (TSEM) images
were recorded with a Hitachi SU 8030 scanning electron microscope in TSEM mode with an electron accelera-
tion voltage of 30 kV and a current of 20 pA. A droplet of a dilute dispersion of the particles was dried on a
carbon-coated copper grid (Cu 400 mesh, Quantifoil).

Zeta potential measurements. Zeta potential measurements of the surface-modified UCNP were performed
with a DLS Zeta Potential Analyzer, Zetasizer Nano ZS90 (Malvern). Measurements were carried out for UCNP
dispersions in MilliQ water at room temperature, the samples were placed in Zetasizer Nano ZS in capillary zeta
cells DTS 1070 from Malvern Instruments.

X-ray diffraction measurements. X-ray diffraction measurements were performed with a STOE STADI P pow-
der diffractometer with a Cu tube, a scan speed of 0.2-degree step/120 s, a tube voltage of 40 kV and a tube cur-
rent of 30 mA in transmission geometry.

Absorption and fluorescence measurements.  Absorption spectra were measured with a CARY 5000 absorption
spectrometer (Varian) and fluorescence spectra were obtained with a calibrated FSP920 fluorescence spectrom-
eter (Edinburgh Instruments) equipped with a xenon lamp and a 2 W 980 nm laser diode. Emission decay
kinetics and lifetimes were obtained with FLS980 and FLS920 fluorescence lifetime spectrometers (Edinburgh
Instruments). All measurements were carried out at room temperature in 1 cm quartz cells (Hellma) using an
excitation wavelength of 976 nm and identical measurement conditions (i.e., excitation power density etc.). The
lifetimes of the Yb*" and Er** emission bands were obtained from the decay profiles recorded at 1010 nm and
545 nm using a tail fit with a biexponential decay. For the time-resolved UCL studies, all samples were dispersed
in water and the measurements were carried out at the same excitation power density (75 W/cm?) to enable a
direct comparison of the excitation power density-dependent UCL behavior.
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Quantification of the components released from the UCNP.  Quantification of the released lanthanide ions was
carried out by ICP-OES using a Model: FHX, 76004553 spectrometer from SPECTRO Arcos-EOP. The amount
of released fluoride ions was determined with a fluoride ion-selective electrode (ISE) from Metrohm AG, Swit-
zerland.

XPS measurements. The XPS spectra of UCNP were measured with an AXIS Ultra DLD photoelectron spec-
trometer (Kratos Analytical, Manchester, UK) with monochromatic Al Ka radiation (E=1486.6 eV) at a pres-
sure below 1x107® mbar. The electron emission angle was 0° and the source-to-analyzer angle was 60°. The
binding energy scale of the instrument was calibrated following a procedure from Kratos which uses ISO 15472
binding energy data®. XPS spectra were recorded by setting the instrument to the hybrid lens mode and the
slot mode with a 300x 700 um? analysis area. Furthermore, the charge neutralizer was used. All spectra were
recorded in the fixed analyzer transmission (FAT) mode. The binding energies were referenced to the Cls peak
of aliphatic carbon at 285.0 eV. Before determining the peak area and fitting, the background was subtracted
using a modified Toogaard background®'. For the quantification, the survey spectra obtained with a pass energy
of 80 eV were used. The peak intensities were corrected for the appropriate Scofield factors, the inelastic mean
free path, and the intensity response function of the instrument. The maximum relative uncertainty for the
composition was+20%. The chemical species were determined with fits of the peaks measured at high resolu-
tion (pass energy of 20 eV). For the fits, a combination of Gaussian-Lorentzian peak profiles was used®'. The
uncertainty of the binding energy was around+0.4 eV. For sample preparation, 1 mg of UCNP-Bare-20 nm
was redispersed in 1 mL of DMEM for one hour at room temperature under vortex shaking, the sample was
centrifuged, and the supernatant was removed. The pellet was redispersed in 10pL of water and the solution was
drop-casted on a silicon wafer (cut in about 1x 1 cm? shaped pieces).

MS measurements. A unit-resolution 3D ion trap mass spectrometer (Thermo LCQ Deca XP) was used to
record all mass spectra. The mass range was set to m/z 50 to 450. The automatic gain control (AGC) was disabled
to maintain a consistent mass-spectral acquisition rate at~3 spectra/s. The injection time was set to 45 ms at
1 micro scan (without hardware averaging). The ionization method used has been previously described®?. An
in-house built device similar to a surface acoustic wave nebulizer (SAWN) was used to introduce the sample in
a pulsed fashion. The sample was first mixed with methanol (HPLC grade) in a volumetric ratio of 1:2. In each
sample analysis, 10 pL of the sample solution was applied on the surface of the nebulizer. The nebulizer was
activated for 10 s each time. This pulsed sample introduction allowed the application of cross correlation for
data processing™. Analyte-related ions appeared only during this period, because the samples were introduced
in a defined time window. The background ions were automatically flagged and removed from the mass spectra.

For sample preparation, 1 mg of UCNP-bare-20 was incubated in 1 mL of DMEM for 1 h at room temperature
under vortex shaking (same conditions as for XPS). The sample was centrifuged, the supernatant was removed,
redispersed in 100uL of Phosphate Buffer (100 mM; pH 7.4) and incubated for 6 h at 60 °C to dissolve the particles
and release the adsorbed molecules from the particle surface. Afterwards, the sample was centrifuged for 15 min
at 16.1 k rcf to remove insoluble components, and the supernatant was analyzed by MS.

Aging experiments. The desired amount of UCNP (0.005 mg for starting concentration of 5 mg/L or
0.05 mg for starting concentration 50 mg/L) was re-dispersed in 10 mL of the aqueous medium of interest in a
15 mL centrifuge tube, and then kept on a vortex shaker for six hours. Afterwards, the solution was centrifuged,
the supernatant was collected with a pipette, the residual UCNP were re-dispersed in 10 mL of the same aqueous
medium and allowed to shake on the vortex shaker for another nine hours. The supernatant was collected again,
kept after each centrifugation step for ICP-OES and ISE measurements, and the same procedure was repeated for
all other time points of the experiments. Additionally, the solid UCNP residue after the last time point was used
for optical measurements. A schematic representation of the procedure is shown in Fig. 1.

Results and discussion

The samples studied and abbreviations used, reflecting their core size and surface chemistry, are summarized
in Table 1. As summarized in Fig. 1, the as-synthesized UCNP and the surface modified UCNP were character-
ized by transmission scanning electron microscopy (TSEM) images, absorption and emission spectra as well
as X-ray diffraction (XRD) diffractograms that are shown in the SI (Figures S1-S4). Thin (10 nm) and a thick
(73 nm) microporous silica shells as well as a mesoporous silica shell (23 nm) were applied to 30 nm UCNP,
and the corresponding TSEM images are shown in the SI (Figure S1). Ligand exchange was supported by zeta
potential measurements as shown in the supplementary information (Table S3, SI). 20 nm and 30 nm-sized
B-NaYF,:20%YDb**, 2%Er** UCNP with different surface chemistries were dispersed in concentrations of 5 and
50 mg/L in water, PBS, and DMEM and aged for time intervals of 6, 15, 24, 48, and 72 h at room temperature
and at 37 °C. The supernatants were collected from the samples after aging and were kept for further analysis of
the released ions by ICP-OES and ISE measurements.

As the aging experiments were performed for UCNP of different core sizes, surface coatings, and starting
concentrations, a direct comparison of the results based solely on the moles of released ions obtained from
ICP-OES and ISE measurements can be misleading. To consider UCNP size and concentration, we therefore
calculated the fractions of the number of released ions of the element of interest to the total number of ions of
the same element present in the UCNP before aging for quantifying ion release and comparing the different
UCNP types and aging scenarios. In the following, this quantity is referred to as “mole fraction of the element”
for convenience, bearing in mind that this definition deviates from the conventional definition of a mole fraction
of an element in a given chemical system.
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Figure 1. Schematic representation of the aging procedure used here for the different UCNP, exemplarily
shown for water.

UCNP with different surface coatings

Sample ID Surface coating | Diameter (nm)
UC-bare-20* BE, 20

UC-bare-30* BF, 30

UC-citrate-20 Citrate 20

UC-citrate-30 Citrate 30

UC-PAA-20 Polyacrylicacid | 20

UC-PAA-30 Polyacrylicacid | 30

UCNP coated with silica (UCNP diameter for all samples is
30 nm)

Sample ID Shell porosity Shell thickness (nm)
UC-mSiO,-NH; Mesoporous 23
UC-mSiO,-NaOH | Mesoporous 23

UC-SiO,-thin Microporous 10

UC-SiO,-thick Microporous 73

Table 1. UCNP samples used for the aging studies including terminology used. *Oleate ligands were removed
and the UCNP were electrostatically stabilized by surface adsorbed BF, after ligand exchange.

Influence of UCNP size and surface ligand on dissolution. The results of the stability studies with
differently sized UCNP bearing either coordinatively bound surface ligands or with ligand-free (bare) UCNP
are summarized in Fig. 2. As shown in Fig. 2A, ion release was observed for all UCNP regardless of their surface
chemistry. Moreover, the relative percentages of the released ions were consistent with the composition of the
unaged UCNP (78% Y**, 20% Yb** and 2% Er**), see Table S4, SI. Therefore, only the results of Y*>* and F are
presented in the following sections. The Y** ion was chosen because it is the main constituent of the UCNP and
hence its detection in the supernatant by ICP-OES can be achieved with a higher accuracy and a smaller uncer-
tainty than the quantification of less abundant Yb** and Er**.

The fractions of the released ions clearly depended on UCNP concentration and chemical nature of the
surface coatings (Figure S5, SI). 20 nm UCNP (blue bars) have a higher tendency to release lanthanide ions and
dissolve than their 30 nm UCNP counterparts (orange bars) with a similar surface chemistry. The same trend
was observed for the release of fluoride ions (Fig. 2B). This highlights the influence of both the surface area in
contact with the surrounding medium and nanoparticle curvature. However, the influence of UCNP surface
chemistry on particle dissolution was small compared to the influence of the chemical composition of the aque-
ous medium used for the aging studies.
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Figure 2. (A) Mole fractions of Y** released from UCNP with different surface ligands determined for two core
sizes (blue: 20 nm, orange: 30 nm) after 72 h of aging in water at room temperature. (B) Mole fractions of F-
released from UCNP of different particle size and surface functionalizations determined for two different initial
UCNP concentrations (green: 5 mg/L, red: 50 mg/L). The samples were aged in water at room temperature for
72 h.

Effect of UCNP concentration. For bare and ligand stabilized UCNP, ion release in water was more sig-
nificant for diluted UCNP dispersions with particle concentrations of 5 mg/L compared to UCNP dispersions
containing 50 mg/L of nanoparticles. This trend was observed for all UCNP dispersions studied regardless of
UCNP surface coating (Fig. 2B). This observation reflects the trend reported e.g., by Dukhno et al.*, and is in
agreement with observations with other types of nanoparticles like semiconductor quantum dots with coordi-
natively bound surface ligands that can desorb upon dilution. In principle, UCNP dissolution can be prevented
by addition of NaF, as shown by other groups54’55, which shifts the dissolution equilibrium towards the solid, i.e.,
nanoparticle system. However, adding potentially hazardous fluoride ions is not an option for applying UCNP
in biological systems. Nanoparticle concentrations commonly used in in-vitro studies range from 1 to 100 ppm
(ug/mL)'*2*%, Verma et al. showed that fluoride concentrations of 120 ppm decreased cell viability up to 60%".
Although fluoride is generally considered toxic at concentrations above 15 ppm*#?, long term exposure (up to
5 days) to non-lethal fluoride concentrations as low as 5 ppb of F were shown to decrease cellular DNA synthesis
and a F concentration of 38 ppb almost completely inhibited it*'.

Considering that the concentration of released fluoride ions in our experiments was in the range of 1-5 ppm
after incubation for 72 h in water for all samples studied here (see SI, Tables S5-S6), this confirms the concerns
raised regarding the biocompatibility of bare, citrate- and PAA-stabilized UCNP.

Shelling with meso- and microporous silica. Two different silica shells were applied, a mesoporous
and a microporous silica shell. A mesoporous coating yields a highly porous silica surface which is beneficial for
many life science applications'®!54>*%% while a microporous silica shell is expected to provide a better surface
protection, and consequently, a lower tendency towards core nanoparticle dissolution. For the preparation of the
mesoporous silica shell, ammonia solution or sodium hydroxide were used as basic catalysts for the hydrolysis
of TEOS®. For this study, a thin (10 nm) and a thick (73 nm) microporous silica shells as well as a mesoporous
silica shell (23 nm) were applied to 30 nm UCNP and the particles were then aged under similar conditions as
previously employed for UCNP surface-stabilized with organic ligands (see Fig. 3A,B). UC-bare-30 were used
as a control (see Fig. 3, red curve). As shown in Fig. 3, shelling with a mesoporous silica shell decreased UCNP
dissolution by 55% for UC-mSiO,-NHj; and 39% for UC-mSiO,-NaOH relative to the bare control sample. The
number of ions released from UCNP coated with a thick microporous silica shell was negligible, which clearly
demonstrates that a thicker silica shell provided a better protection for the UCNP against dissolution.

Effect of temperature. Subsequently, UCNP dissolution was studied at room temperature and at 37 °C
mimicking in-vitro and in-vivo conditions for the more stable silica-shelled UCNP. Aging of the silica coated
samples at body temperature was used to assess the efficiency of silica coating in dissolution prevention or inhi-
bition for cellular and bioimaging studies. As summarized in Fig. 3C,D, dissolution is typically enhanced at a
higher temperature. As expected, the dissolution of the UCNP coated with a thin microporous or a mesoporous
shell increased with increasing temperature while UCNP coated with a thick microporous silica shell remained
stable also at 37 °C.

Effect of the chemical composition of the aqueous medium.  We assessed the stability of our ligand-
stabilized and silica coated UCNP in water, PBS and in DMEM (which is used in cell culture experiments). The
results, summarized in Fig. 4, reveal the strongest dissolution of UCNP in PBS, as indicated by the increased
amount of released fluoride ions. This is ascribed to the high tendency of lanthanide ions to form stable com-
plexes with phosphates and agrees well with the findings of Lisjak et. al®’. However, we could not detect lan-
thanide ions in the supernatants after UCNP aging in PBS. This finding is ascribed to the low solubility and
precipitation of the lanthanide phosphate complexes formed. The most intriguing effects were observed for
aging UCNP with different surface chemistries in DMEM, which contains a mixture of biomolecules such as
amino acids, sugars, vitamins, and salts (Table S2, SI). In this case, only very small amounts of fluoride ions
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Figure 3. Comparison of the dissolution behavior of 30 nm bare UCNP (red line) to 30 nm UCNP with
different silica coatings (see legend) in water at room temperature for up to 72 h and a UCNP concentration
of 50 mg/L. (A) shows the Y** concentrations obtained by ICP/OES and (B) shows the concentrations of F~
obtained by ISE. (C) shows released Yttrium ion concentrations obtained by ICP/OES and (D) shows released
fluoride ion concentrations measured by ISE. The lines are only a guide to the eye.

UC-bare-20 UC-citrate-20 UC-mSiO2-NH3 UC-mSi02-NaOH

®H20 mPBS mDMEM

UC-si02-thin UC-8i02-thick

Figure 4. Mole fractions of fluoride ions released from UCNP (50 mg/L) with different surface chemistries
upon aging for 72 h in different solvents: water at RT (H,O, blue bar), PBS at RT (PBS, grey bar), and cell culture
medium at 37 °C (DMEM, dark red bar).

were released for all UCNP studied as shown in Fig. 4. This strongly enhanced UCNP stability is ascribed to the
formation of a protective corona of adsorbed biomolecules on the UCNP surface, similar to the formation of a
protein corona observed for many nanoparticle systems in plasma and in intracellular fluids which is known to

significantly affect nanoparticle toxicity®~+.

Fluorescence monitoring of UCNP aging. Since UCNP dissolution causes a decrease in UCNP size®,
and the intensity and relative spectral distribution of UCL and particularly the luminescence decay kinetics of the
Yb** emission depend on UCNP size and microenvironment?»*>*4¢263 [uminescence measurements were used
to monitor UCNP dissolution. Thereby, we examined the UCL features and the downshifted Yb** emission of the
fresh and aged UCNP samples varying in core size, surface chemistry, and UCNP concentration using identical
instrument settings (particularly matching excitation power densities). The results of the lifetime measurements
are summarized in Fig. 5, and the lifetimes are given in the SI (Table S8). As shown in Fig. 5A, aging of UCNP in
water has only a small influence on the relative spectral distribution of the normalized emission spectra obtained
at the same excitation power density and also on the red-to-green ratio of the Er** emission bands. Therefore,
for monitoring the dissolution effects, we focused solely on measurements of the luminescence lifetimes of the
Yb** and the green Er’* emission excited via energy transfer upconversion (ETU) as these parameters have been
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Figure 5. (A) Normalized UCL emission spectra of fresh (black line) and aged (red line) 20 nm citrate

coated UCNP excited at 976 nm and normalized to the red emission at 655 nm. (B) Decay kinetics of the Yb**
luminescence of fresh (orange, dotted line) and aged (orange, solid line) UCNP coated with a thin silica shell
and stabilized with citrate (green, dotted and solid lines) excited at 976 nm and detected at 1010 nm. For the
time-resolved studies, an excitation power density of 75 W/cm? was used. Aged samples were incubated in water
for 48 h, collected by centrifugation, and then redispersed in water; fresh samples were dispersed in water and
measured immediately.

previously identified to respond sensitively to aging-induced changes®>%*. Moreover, the decay kinetics are inde-

pendent of UCNP concentration and are more easily accessible for very dilute samples. Figure 5B highlights the
noticeable dilution-induced decrease in the luminescence lifetimes of the Yb** of the aged UCNP compared to
the fresh UCNP in water, exemplarily for 20 nm-sized UCNP coated with citrate and a thin microporous silica
shell, respectively. The variation in the lifetimes of the aged UCNP coated with a thin silica shell compared to
the lifetimes of their unaged counterparts suggests particles dissolution. Apparently, a 10 nm silica shell is not
sufficient for inhibiting particle dissolution. Similar changes in luminescence decay kinetics of Yb** reflecting
the trends observed in the previously discussed analytical studies were obtained for the other UCNP samples
except for aging in DMEM. Here, time-resolved luminescence measurements with UCNP, as shown exemplarily
for bare and citrate stabilized UCNP in Fig. 6, revealed a considerable increase in the Yb*" luminescence lifetime.
This suggests a shielding of the UCNP surface for the DMEM-aged samples, thereby supporting the hypothesis
of the formation of a protective bio-corona on the surface of the UCNP.

XPS and MS study of the organic surface layer formed in DMEM.  To gain more information on the
DMEM-induced surface modification and the DMEM components on the UCNP surface, we subsequently ana-
lysed DMEM-aged samples with XPS and MS. First, XPS measurements of UC-bare-20 nanoparticles before and
after incubation in DMEM were performed to study changes in the surface chemistry. The particles were incu-
bated in DMEM, isolated by centrifugation, redispersed in 10 pL of water, cast on a silicon wafer, and left to dry
(see also Materials and Methods section). While the transfer to water seems to cause partial dissociation of the
organic layer from the UCNP surface as revealed by lifetime measurements shown in the SI (Figure S9), parts of
the adsorbed layer of DMEM constituents still remain on the particle surface as revealed by the still slightly pro-
longated decay behavior of the DSL compared to the starting UCNP (see SI, Figure S9, comparison of green and
blue decay curves). Hence, the organic components detected by XPS after UCNP drying are associated with the
DMEM-aged UCNP sample. The XPS measurements after incubation in DMEM showed—besides the presence
of inorganic components from the UCNP themselves (Y**, F~ and Na* ions)—also the presence of new nitrogen-
containing species and changes in the relative amounts of carbon and oxygen species. This is ascribed to the
adsorption of organic molecules on the surface of the UCNP (see Tables S10 and S11, SI). To further investigate
the DMEM components adsorbed on the UCNP surface, we also performed MS analyses. Again, we incubated
a sample of UC-bare-20 nanoparticles in DMEM in an identical procedure to that used for preparing the XPS
sample and isolated the DMEM-surface modified particles by centrifugation. Then, the molecules adsorbed on
the UCNP surface were desorbed by placing the UCNP in phosphate buffer and the mass spectra of the result-
ing solution (containing the molecules desorbed in phosphate buffer) were measured. Based on the well-known
chemical context of DMEM, we could assign the peaks found in the measured sample by interpreting their m/z
with respect to the possible DMEM components shown in the SI (Table S2). One should bear in mind again
that all organic compounds detected in the solution by MS had to come either from DMEM components that
were introduced together with the sample and hence previously adsorbed on the UCNP surface, or from traces
of oleic acid or DMF that remained associated with the nanoparticle surface after the ligand exchange process.
MS analysis of the supernatant led to six main peaks as shown in Fig. 7. The peaks at m/z 148 and m/z 170 were
assigned to [Lysine+H]* and [Lysine + Na]*, the peak at m/z 166 to [Phenylalanine + H]", and the peak at m/z
220 to [Glucose + Na]* (isobar with [myo-Inositol + Na]*), respectively. Likely candidates for the peaks at m/z 74
and 96 are [Dimethylformamide + H]* and [Dimethylformamide + Na]*, respectively.
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Figure 6. Decay curves of fresh (red, dotted line) and DMEM-aged (red, solid line, red) 20 nm bare UCNP and
fresh (dotted line, blue) and H,0-aged (straight line, blue) 20 nm UC-citrate nanoparticles. The aged UCNP
were collected and redispersed in milli-Q water for the measurement of the decay kinetics. The Yb*" emission
was excited at 976 nm and detected at 1010 nm.
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Figure 7. Mass spectrum of the aqueous solution containing components of the “corona” layer that results from
incubating UCNP in DMEM.

Conclusion and outlook

We present a systematic study on the aging and dissolution of 20 nm- and 30 nm-sized 3-NaYF4:Yb,Er upconver-
sion nanoparticles (UCNP), surface-stabilized with the coordinatively bound ligands citrate and polyacrylic acid
(PAA) or with mesoporous or microporous silica shells of different thickness in water of neutral pH, phosphate
buffer saline (PBS) solution, and the cell culture medium DMEM at room temperature and 37 °C.
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Particle dissolution was quantified with a fluoride-selective electrode and inductively coupled plasma opti-
cal emission spectroscopy. Our results revealed that a reduced particle size, an increased temperature, and a
decreased UCNP concentration, particularly for UCNP with coordinatively bound ligands, all favour UCNP
dissolution. These findings agree well with the results from previous studies. Dissolution was more pronounced
in PBS containing lanthanide-binding phosphate anions compared to water. Silica shelling of the UCNP surface
considerably improved particle stability in water and in PBS under all conditions assessed, and a sufficiently
thick microporous silica shell proved to be able to protect UCNP from dissolution. Here, further studies are
required to optimize the thickness of the silica shell regarding optimum protection with minimum thickness,
as the size of a nanoparticle can be an important parameter for many biological and bioanalytical applications.

Surprisingly, DMEM led to a strong stabilization of all UCNP. This was ascribed to the formation of a sur-
face-shielding bio-corona of adsorbed DMEM constituents that prevented the release of detectable amounts of
fluoride and lanthanide ions. The formation of such a bio-corona was supported by an increase in the lifetime of
the downshifted Yb** emission which is known to respond strongly to the presence of nearby surface quenchers
containing high energy vibrations, such as water molecules. XPS measurements revealed the presence of a high
percentage of carbon, oxygen, and nitrogen on the UCNP surface, originating from organic DMEM compounds.
Mass spectrometry measurements further suggested that phenylalanine, lysine, and glucose are the main DMEM
constituents that adsorb on the surface of the UCNP. Further in depth-studies of the formation and identity of
this corona layer, as well as its utilization to engineer new surface coatings based on similar motifs will be done
in the future for developing protective biocompatible coatings.

Moreover, our findings concerning the formation of a surface protective layer originating from DMEM on
the UCNP have a large impact on the interpretation of cytotoxicity studies of nanoparticles that normally use
nanoparticles dispersed in cell culture medium prior to their incubation with cells. For example, this could pos-
sibly explain the low cytotoxicity of UCNP previously reported in the literature, despite the fact that the same
particles show non-negligible dissolution and release of potentially harmful ions such as Fluoride and heavy
metals in water and buffer up to levels that might cause cytotoxic effects. This suggests that further in-vitro and
in-vivo studies are required to draw conclusions about the UCNP cytotoxicity.
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1. Synthesis of Upconversion Nanoparticles (UCNP)

Upconversion nanoparticles (UCNP) were prepared via a thermal decomposition method, with some
modification to published procedures.®* This synthesis was done in two steps: Preparation of the
nanoparticle precursors, and then high temperature growth of the nanoparticles.

1. Synthesis of the precursor: In a round-bottom flask, sodium oleate (9.146 g, 30.00 mmol) was
dissolved in a mixture of 20 ml of H,O and 30 mL of ethanol. In a centrifuge tube YCIs6H,0 (2.442 g,
8.04 mmol), YbCl3.6H,0 (0.716 g, 1.84 mmol) and ErCls-6H,0 (0.078 g, 0.2 mmol) were dissolved in a
mixture of 30 mL of H,0, 70 mL of ethanol and 70 mL of cyclohexane. The two solutions were mixed
and heated under refluxed for 4h. After cooling the resulting yellow homogeneous solution to RT, the
product was dried and collected using a rotary evaporator.

2. Synthesis of NaYF4:20%Yb3*,2%Er** (UCNP): The lanthanide precursor was dissolved in a solution of
150 mL of 1-octadecene and 70 mL of oleic acid. The solution was heated to 100°C to degas, and then
allowed to cool to 50°C under argon. Then, 30 mL of a methanolic solution containing NaOH (1.00 g,
25.000 mmol) and NH4F (1.48 g, 39.960 mmol) were added slowly to the precursor and the reaction
mixture was stirred for 30 min at 50°C to ensure that all the fluorides were dissolved. The solution was
heated to 100°C to remove methanol, then it was heated to 300°C and the reaction was kept at this
temperature for 2.0 h under an inert atmosphere of Ar. After that, the reaction solution was allowed
to cool, and the nanoparticles were precipitated with ethanol and isolated by centrifugation.

Modification to the first procedure

Throughout the course of work, the synthesis of UCNP was modified.** The modified approach also
produced monodisperse, bright nanoparticles, but the reproducibility in obtaining the desired size of
the nanoparticles was improved by controlling the reaction time based on the use of a portable 980
nm diode laser. Both procedures shared the first step of preparing the precursor, with some changes
to the formation of the nanoparticles in the second procedure.

The dry precursor was dissolved in 70 mL of oleic acid and 150 mL of 1-octadecene and heated to 160
°C under argon. After 30 minutes, a clear solution was formed and then the reaction solution was
degassed under vacuum using a Schlenk line. The reaction mixture was cooled to room temperature
and then 35 mL of a methanolic solution of NaOH (13 mmol) and NH4F (20 mmol) were added slowly.
The suspension was stirred for 30 minutes at 120 °C under a flow of argon and then heated to 325°C
(a reflux condenser was connected at the very high temperature to avoid any possible evaporation of
the solvents).

The reaction was then monitored by a 980 nm laser. A green emission was observed within 10 minutes
after reaching 325°C. In the beginning of the reaction, weakly emitting a-particles will form which then
grow further through Ostwald ripening and form B-particles that show a very intense green emission
that can readily be observed with the naked eye after 15 minutes at 325°C. At this point, the mixture
was cooled to room temperature, the oleate-capped UCNP were precipitated by addition of an
appropriate amount of ethanol, and the dispersion was centrifuged at 1000 g for 5 minutes. The
product was redispersed three times in chloroform and reprecipitated in ethanol, and then washed
with cyclohexane and acetone. The purified UCNP were stored in cyclohexane.



2. Surface Modification of UCNP

Coating of UCNP with a Mesoporous Silica Shell

a. Preparation of CTAB-stabilized UCNP

The procedure for coating the UCNP with a mesoporous silica shell was based on an approach reported
in literature.® In this coating process, the UCNP are first transferred to water by stabilization with CTAB
(cetyltrimethylammonium bromide) prior to silica growth. 0.4 g of CTAB was dissolved in 80 mL of
water, then 2 mL of UCNP suspension in cyclohexane (20 mg/mL) was added to the aqueous CTAB
solution keeping the total concentration of UCNP in water at 0.5 g/mL. The mixture was stirred for 48 h
at room temperature to evaporate cyclohexane and obtain the CTAB-stabilized UCNP.

b. Coating of UCNP with a mesoporous silica shell using different basic catalysts:

For the coating process, 20 mL of water, 3 mL of EtOH and 24 pL of ammonia solution (25% w/w) were
mixed in a 100 mL flask. Then, 10 mL of the CTAB-stabilized UCNPs (see above) were added to the
mixture and heated to 70°C under stirring at 600 rpm. Subsequently, a mixture of 75 uL of TEOS in 4
mL of ethanol was added by the aid of a peristaltic pump (addition rate 0.5mL/min). The reaction was
kept at 70°C for 1 h. The resulting UCNP@mSiO, nanoparticles were washed three times with ethanol.
For the washing step, ethanol was added to the dispersion to sediment the nanoparticles and then the
dispersion was centrifuged at 1108 g for 30 min.

Finally, the surfactant (CTAB) was removed from the silica shell by an ion exchange process. The
mesoporous silica coated upconversion nanoparticles (UCNP@mSiO,) were added to a solution of 50
mL of ethanol and 0.3 g of NHsNO; and kept at 60°C for 2 h. The resulting UCNPs@mSiO, were then
washed by centrifugation and stored in ethanol.

For the sample UC-mSiO,-NaOH, the same procedure was used but 1.5 mL of 2 M sodium hydroxide
was used instead of ammonia solution.

Coating of UCNP with a microporous silica shell

A microporous silica shell was synthesized using an oil-in-water microemulsion synthesis. In a
centrifuge tube, upconversion nanoparticles in cyclohexane (4.74 mlL, 6.6 mg/ml), 5.26 mL of
cyclohexane and 0.6 mL of Igepal CO-520 were mixed by shaking, then 0.142 mL of ammonia solution
(25% w/w) were added, and the mixture was mixed again by shaking the tube. The silica precursor,
tetraethyl orthosilicate (TEOS, 0.142 mL; 0.637 mmol) was added into the mixture, and the mixture
was kept on a vortex shaker overnight. Upconversion nanoparticles with a microporous silica shell
were then sedimented and washed three times with ethanol by redispersion and centrifugation at
1108 g for 30 minutes.

Silica re-growth to form a thicker microporous silica shell

The re-growth of the silica shell on the surface of the upconversion nanoparticles was done in several
steps following a published protocol.”® First, thin silica shells were grown by oil-in-water
microemulsion processes as described in the previous section. In each step, the reaction mixture was
kept stirring after adding TEOS for at least 12 hours, and then the next shell was formed by adding the
required amount of cyclohexane, ammonia solution, Igepal CO-520 and TEOS without purification or
breaking the microemulsion. Five thin shells were applied following this procedure until the final
diameter of the core/shell nanoparticles was 123 nm. At this point, the nanoparticles were sedimented
by ethanol and washed three times with EtOH by centrifugation, dispersed in absolute ethanol, and
further coated with silica through a modified Stober process using published protocols with some
changes. Reactants amounts are listed in Table S1:



Table S1: The amounts of reactants used to produce the microporous silica shells on the surface of
the upconversion nanoparticles. All syntheses of the silica shells were performed at room
temperature.

Oil-in-water microemulsion synthesis of the silica shell
Upconversion nanoparticles core diameter: 30 nm, mass: 32 mg, no. of particles: 5.45 x 10 *4

Silica shell Cyclohexane Igepal NHs (25%) TEOS Shell thickness
(mL) (mL) (ut) (HL) (nm)
1 10 0.60 124 124 10
2 10 1.00 248 248 18
3 19 1.65 428 428 26
4 28 2.65 676 676 32
5 54 2.52 1420 1420 47

Modified Stober synthesis the silica shell
UC@SiO; core diameter: 123 nm, mass: 96 mg, no. of particles: 4.78 x 10 *13
Silica shell Ethanol (mL) NHs (25%) TEOS (L) TEOS addition Shell thickness
(uL) rate (uL/min) (nm)
6 20 940 1169 700 73

Removal of the oleate ligand with NOBF4/DMF

Upconversion nanoparticles were treated with NOBF, to strip off the oleate ligand according to a ligand
exchange strategy reported by Dong et al.!® In detail, 10 mL of dimethylformamide (DMF) were
transferred into a round bottom flask. Then, 50 mg of the oleate coated nanoparticles dispersed in 10
mL of cyclohexane were added. This resulted in a two-phase system consisting of an upper layer of
cyclohexane (containing the oleate coated nanoparticles) and a lower layer of DMF. Subsequently, 120
mg (1.0 mmol) of NOBF, were added to the dispersion and sonicated for 20 minutes at 20°C until the
DMF layer became turbid, indicating a phase transfer with the original hydrophobic oleic acid coating
of the upconversion nanoparticles replaced by a layer of hydrophilic BFs". The nanoparticles within the
slightly turbid DMF phase were precipitated by chloroform and collected by centrifugation (1000 g for
10 minutes). The obtained oleate-free, BF, stabilized nanoparticles were dispersed in 10 mL of DMF.

Ligand exchange with citrate

Citrate-coated upconversion nanoparticles were prepared according to a method reported by Carron
et. al.’ 0.2 M citric acid buffers with pH values of 3 and 6 were prepared. Then, 20 mg of the oleate
capped nanoparticles were dispersed in 20 mL of a 0.2 M citric acid buffer (pH = 3) and stirred for three
hours at 800 rpm to remove the oleic acid ligand. After that, the solution was extracted 3 times with
cyclohexane and another 3 times with diethyl ether. The ligand-free nanoparticles were precipitated
by adding an excess of acetone and collected by centrifugation (1000 g, 30 min). Afterwards, they were
re-dispersed in 20 mL of a 0.2 M citric acid buffer (pH =6) and stirred at 800 rpm for 12h. The solution
was extracted three times with cyclohexane and another three times with diethyl ether. The citrate
capped nanoparticles were obtained by precipitation with acetone, followed by centrifugation (1000
g, 30 min) and then redispersed in 5 ml of absolute ethanol and stored at room temperature.

Polyacrylic acid coating on UCNP

Coating the nanoparticles with polyacrylic acid was carried out following a protocol from Juan et al.*?

303 mg of polyacrylic acid (PAA, MW = 1800) was added to 30 mL of diethylene glycol (DEG) in a three-
neck flask, and the mixture was heated to 110°C to form a clear solution. Then, 5 mL of a toluene
dispersion containing 100 mg of the upconversion nanoparticles was added slowly into the PAA
solution under an inert atmosphere of nitrogen while maintaining the temperature at 110 °C for 1 h.
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The solution was then heated to 240°C for another 1 h. After cooling down to room temperature, the
nanoparticles were precipitated by addition of ethanol, washed several times with an ethanol/water

mixture (1: 1 v/v), and finally stored in absolute ethanol.

3. Components of DMEM
Table S2: Components of DMEM

DMEM Product No. D5546

Component g/L Component g/L
Inorganic Salts L-Threonine 0.095
CaCl, 0.2 L-Tryptophan 0.016
Fe(NOs)3.9H,0 0.0001 | Amino Acids

MgS0, 0.09767 | L-Tyrosine.2Na.2H,0 0.10379
KCl 0.4 L-Valine 0.094
NaHCOs 3.7 Vitamins

NacCl 6.4 Choline Chloride 0.004
NaH,PO, 0.109 Folic Acid 0.004
Amino Acids myo -Inositol 0.0072
L-Alanyl-L-Glutamine | - Niacinamide 0.004
L-Arginine.HCI 0.084 D-Pantothenic Acid.’2Ca | 0.004
L-Cystine.2HCI 0.0626 Pyridoxal.HCI -
L-Glutamine - Pyridoxine.HClI 0.00404
Glycine 0.03 Riboflavin 0.0004
L-Histidine.HCI.H,0 0.042 Thiamine.HCl 0.004
L-Isoleucine 0.105 Other

L-Leucine 0.105 D-Glucose 1.0
L-Lysine.HCI 0.146 HEPES -
L-Methionine 0.03 Phenol Red.Na 0.0159
L-Phenylalanine 0.066 Pyruvic Acid.Na 0.11
L-Serine 0.042




4. Characterization of UCNP (TSEM, XRD, DLS, Absorption and Emission)

Figure S1: TSEM images of A) Oleate coated NaYFs: 20%Yb3*, 2%Er®* (UCNP) redispersed in
cyclohexane, average diameter: 20 nm. B) UCNP coated with a thin silica shell of average shell thickness
of 10 nm. C) UCNP coated with a thick silica shell of average shell thickness of 73 nm. D) UCNP coated
with a mesoporous silica shell of average shell thickness of 23 nm.

Figure S2: TSEM images of UCNP after surface modification. UCNP coated with polyacrylic acid and
redispersed in water, average diameter of UCNP: 20 nm (A) and 30 nm (B). Bare UCNP after treatment
with NOBF, and redispersion in DMF, average diameter of UCNP: 20 nm (C) and 30 nm (D). UCNP
coated with citrate and redispersed in water, average diameter of UCNP: 20 nm (E) and 30 nm (F).
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Figure 3: XRD diffractogram of the oleate stabilized upconversion nanoparticles, black spectrum.
The blue bars refer to the reference values of the hexagonal B-phase crystal structure
(JCPDS No. 28-1192), and the red bars refer to the reference values of the cubic a-phase crystal
structure (JCPDS No. 77-2042) crystal structure of undoped NaYF,.



Table S3: Average surface zeta potential of the upconversion nanoparticles of the different surface

functionalizations

Sample ID Zeta potential (mV) Pdi Schematic representation
UC-PAA-20 -22.1+0.9 0.36 £0.01
UC-PAA-30 -20.0+0.46
0.24 +0.04

UC-bare-20 32.8+0.11 0.34+0.01

35.8+0.55 0.40+£0.02
UC-bare-30
UC-citrate-20 -18.9+1.96 0.33+0.04
UC-citrate-30 -14.5+2.03 0.79+0.18

The sensitizer, Yb*" has a maximum absorption peak at 976 nm (Figure S3, A). Upon 976 nm excitation,
NaYF4: 20%Yb**, 2%Er®* has three main emission peaks, two peaks in the green region of the visible
spectrum (525 and 541 nm) and one peak in the red region (655 nm; Figure S3, B).
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Figure S4: A) Absorbance of the upconversion nanoparticles showing an absorption maximum at 976 nm. B)
UCL spectrum of the UCNP upon excitation at 976 nm revealing the green and red Er3* emission bands.



5. Analytical Measurements for the Detection of the Released lons

Table S4: Percentages of lanthanide ions released upon dissolution of UCNP in water. The
concentration of the starting UCNP dispersion was 50 pg/L in water

Sample ID % Y3* % Yb3* % Er3*
UC-PAA-20 75.77 21.58 2.65
UC-PAA-30 75.60 21.58 2.82
UC-bare-20 75.25 21.58 3.17
UC-bare-30 79.51 17.36 3.12
UC-citrate-20 77.51 19.35 3.13
UC-citrate-30 75.36 21.64 2.99
A T 5000 < 200 -
D E=)
2 4000 2 160 |
c c
2 S
§ 3000 | § 120 1
t T
§ 2000 | § 50 |
8 1000 - 8 40 4
> .= —— d o .
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
~ 1200 Time (hours) = 6000 - Time (hours)
CcC % =)
2 1000 A Z 5000
c c
© 800 2 4000 -
® g
£ 600 E 30004
g 400 - g 2000 -
jo-’ 200 - © 1000 -
™ [T
B
> o = 0 ——
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Time (hours)
——UC-PAA-20 —e—UC-PAA-30 —o—UC-bare-20 —e—UC-bare-30 —e—UC-citrate-30 —o—UC-citrate-20

Time (hours)

Figure S5: Concentrations of the ions released from upconversion nanoparticles of different particle
sizes and surface functionalizations in water at room temperature. The starting concentration of the
nanoparticles was 50 mg/L.
measurements of the supernatants after aging studies, while the fluoride ion concentrations were
analyzed using a fluoride ion selective electrode. The solid lines are a guide to the eye.

Lanthanide

jon concentrations were obtained from ICP/OES



Table S5: Results of the ISE measurements revealing the amount of fluoride ions released from the
differently sized UCNP of varying surface chemistries upon aging in water for 72 hours. Two

concentrations of UCNP in water were used, 5 and 50 mg/L.

Sample name released F Start Xe [mol%]

conc. conc.
[ppb]

UC-PAA-20 1399 5 ppm 76.67
4090 50 ppm 22.42

UC-PAA-30 1067 5 ppm 58.48
3650 50 ppm 20.00

UC-bare-20 1576 5 ppm 86.37
4050 50 ppm 22.20

UC-bare-30 1139 5 ppm 62.42
1990 50 ppm 10.90

UC-citrate-20 1251 5 ppm 68.56
5160 50 ppm 28.28

UC-citrate-30 1252 5 ppm 68.61
2940 50 ppm 16.11

Table S6: Concentration and mole fraction of fluoride ions released upon aging of UCNP in water for
72 hours. The concentration of the starting UCNP dispersions were always 50 mg/L.

Sample ID F (ug/L) T Xr (Mol%)
UC-bare-20 4050 RT 22.20
6640 37°C 36.39
UC-citrate-20 7210 RT 39.51
7780 37°C 42.64
UC-SiO»-thick 200 RT 1.096
102 37°C 0.559
UC-SiO-thin 1830 RT 10.03
4281 37°C 23.46
UC-mSiO2-NH3 2150 RT 11.78
2694 37°C 14.76
UC-mSiO,-NaOH 2990 RT 16.39
3966 37°C 21.74
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Table S7: Mole fraction of fluoride ions released upon UCNP aging in different aqueous

environments. Starting concentration of UCNP: 50 mg/mL.

Sample ID T Agueous Xr [mol%]
medium

UCNP-bare-20 RT PBS 46.39
RT H,O 22.20
37°C DMEM 4,165
UCNP-citrate-20 RT PBS 49.08
RT H.0 39.51
37°C DMEM 4.05
UCNP-SiO,-thin RT PBS 19.03
RT H.0 10.03
37°C DMEM 1.261
UCNP-mSiO;-NHs RT PBS 17.45
RT H.0 11.78
37°C DMEM 1.096
UCNP-mSiO,-NaOH RT PBS 21.66
RT H.O 16.39
37°C DMEM 1.315
UCNP-SiO,-thick RT PBS 2.263
RT H.O 1.096
37°C DMEM 2.192
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6. Luminescence Lifetime Measurements

Table S8: Yb*" and Er®* and luminescence lifetimes of UCNP-citrate-20 and UCNP-SiO,-thin samples.
Both samples were aged in water for different time intervals. The UCNP were then collected and
redispersed in water for the lifetime measurements. Lifetime measurements were carried out in MilliQ
water with a spectrofluorometer (Edinburgh Instruments, FLS-980) equipped with an electrically
pulsed, 8 W 976 nm laser diode. The lifetimes of the Yb** and Er®* emission bands were obtained from
the decay profiles recorded at 1010 nm and 545 nm using tail fitting with a biexponential decay

function.

Sample name Aging time Lifetime Er UC Lifetime Yb
[hours] [us] DC [us]
UCNP-citrate-20 Oh 66 47
UCNP-citrate-20 6h 62 47
UCNP-citrate-20 24 h 63 41
UCNP-citrate-20 48 h 60 33
UCNP-SiO,-thin Oh 94 87
UCNP-SiO,-thin 6h 73 66
UCNP-SiO,-thin 24 h 71 60
UCNP-SiO,-thin 48 h 72 57

Table S9: Er®* and Yb** luminescence lifetimes of sample UCNP-bare-20 aged in DMEM for different
time intervals. The nanoparticles were collected and redispersed in water for measurements. Lifetime
measurements were carried out with a spectrofluorometer (Edinburgh Instruments, FLS-980)
equipped with an electrically pulsed, 8 W, 976 nm laser diode. The lifetimes of the Yb3* and Er®*
emission bands were obtained from the decay profiles recorded at 1010 nm and 545 nm using tail
fitting with a biexponential decay function.

Sample name Solvent Lifetime Lifetime
time [hours] Er UC [us] Yb DC [ps]
UCNP-bare-20 Oh H.O 87 65
UCNP-bare-20 Oh DMEM 87 77
UCNP-bare-20 12 h DMEM 86 81
UCNP-bare-20 24 h DMEM 85 81
UCNP-bare-20 48 h DMEM 85 85
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Figure S6: A) Er** and B) Yb* luminescence decay curves of unaged (magenta) and aged (black) UCNP-
SiO,-thin sample. UCNP were aged for 72 hours in water, then collected by centrifugation, and
redispersed in MilliQ water for the measurements. Excitation wavelength: 976 nm. Yb** and Er®* decays
were detected at 1010 nm and 545 nm.
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Figure S7: A) Er** and B) Yb** luminescence decay curves of aged (black curves) and unaged (orange
curves) sample UCNP-citrate-20. Nanoparticles were aged for 72 hours in water, collected after
aging, and redispersed in water for the measurements. Excitation wavelength: 976 nm, Yb3* and Er®*
decays were detected at 1010 nm and 545 nm.
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Figure S9: A) Normalized decay curves of the DC emission of Yb** of UCNP in water (blue), UCNP after
immediate transfer to DMEM (UCNP@DMEM, red), and UCNP@DMEM after immediate transfer to
water (green curve). B) Normalized decay curves of the Yb3** DC emission of UCNP@DMEM aged in
water for 24 hours (green line) and 72 hours (green dotted line) and in PBS for 24 hours (orange line)
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at 1010 nm and 545 nm.
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7. X-ray Photoelectron Spectroscopic Measurements Results

Table 10: XPS results of unaged UC-bare-20 showing the elemental composition of the surface of the
UCNP and the types of chemical bonding as suggested by the binding energies

Peak name Es/eV Area/cps.eV  Sens. Fact. Norm. Area Quant./at.%

Y 3d 159 313473.3 106180 2.952271 17

Cis 285 29942.26 18783 1.594038 9.18

Ols 524 15905 57121 0.2784399 1.6

Fls 684 783160 81590 9.598722 55.27

Na 1s 1071 250385.9 85092 2.942518 16.94

Peak name Peak hight/ Lorentzian Position/eV FWHM/eV Abs. Area/ Rel.
Counts Counts eV Area/ %

C-C, C-H 8229.1 0.1 284.921 1.4 12712 78.31

C-OR 13935 0.1 286.3808 1.4 2153 13.26

c=0 831.842 0.1 288.5549 1.4 1282 7.89

0-C=0 57.215 0.1 289.6822 14 87.72 0.54

Table 11: XPS results of UC-bare-20 after incubation in DMEM showing the elemental composition of
the surface of the UCNP and the types of chemical bonding as suggested by the binding energies

Peak name Es/eV Area/cps.eV  Sens. Fact. Norm. Area Quant./at.%

Si 2p 99 66576.48 14080 4728426 33.88

C2p 200 17209.21 41363 0.4160509 2.98

Cls 285 71412.04 18760 3.802558 27.25

Cals 348 10017.33 972277 0.1029765 0.74

N 1s 401 10884.16 34960 0.3113233 2.23

O 1s 532 230073.1 57091 4.0299 28.88

Na 1s 1072 48052.79 85062 0.5649132 4.05

Peak name Peak hight/ Lorentzian Position/eV FWHM/eV Abs. Area/ Rel.
Counts Counts eV Area/ %

C-C,C-H 13032.8 0.1 284.8346 1.4 20176 51.02

C-OR 6644.5 0.1 286.3934 1.4 10298 26.04

c=0 2271.6 0.1 288.2208 1.4 3523 8.91

0-C=0 1604.4 0.1 289.8536 1.4 2488 6.29

K2p3 1345.4 0.1 293.2611 1.4 2083 5.27

K2p1 633.882 0.1 295.9938 1.4 976.26 2.47

Peak name Peak hight/ Lorentzian Position/eV FWHM/eV Abs. Area/ Rel.
Counts Counts eV Area/ %

-NR2 2091.6 0.2 399.4478 1.7 4061 73.65

-N-C=0 748.075 0.2 401.1823 1.7 1453 26.35
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Abstract

A concept for the growth of silica shells with a thickness of 5-250 nm onto oleate-coated NaYF4:Yb3*/Er>* upconversion nanopar-
ticles (UCNP) is presented. The concept enables the precise adjustment of shell thicknesses for the preparation of thick-shelled
nanoparticles for applications in plasmonics and sensing. First, an initial 5-11 nm thick shell is grown onto the UCNPs in a reverse
microemulsion. This is followed by a stepwise growth of these particles without a purification step, where in each step equal
volumes of tetracthyl orthosilicate and ammonia water are added, while the volumes of cyclohexane and the surfactant Igepal®
CO-520 are increased so that the ammonia water and surfactant concentrations remain constant. Hence, the number of micelles
stays constant, and their size is increased to accommodate the growing core—shell particles. Consequently, the formation of core-
free silica particles is suppressed. When the negative zeta potential of the particles, which continuously decreased during the step-
wise growth, falls below —40 mV, the particles can be dispersed in an ammoniacal ethanol solution and grown further by the con-
tinuous addition of tetraethyl orthosilicate to a diameter larger than 500 nm. Due to the high colloidal stability, a coalescence of the
particles can be suppressed, and single-core particles are obtained. This strategy can be easily transferred to other nanomaterials for

the design of plasmonic nanoconstructs and sensor systems.
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Introduction

Lanthanide-based nanocrystals have gained importance as inor-
ganic optical reporters in recent years [1-3]. The doping of inor-
ganic host NaYF, matrices with different optically active
lanthanide ions can result in so-called upconversion nanoparti-
cles (UCNP) which can absorb photons of lower energy (e.g.,
near-infrared (NIR) light) and emit photons of higher energy
(e.g., visible light) via a two- or multiphoton upconversion
mechanism involving several energy transfer steps [2-5].
Advantages of UCNPs compared to organic dyes or other inor-
ganic nanoscale reporters are the emission of a multitude of
characteristic narrow emission bands in the ultraviolet/visible/
NIR upon excitation in the NIR range where light absorption
and scattering from biological tissues is minimal as well as long
fluorescence lifetimes in the microsecond range that are insensi-
tive to oxygen, a high chemical stability and a low cytotoxicity
[6,7]. This makes UCNPs attractive for applications in the life
sciences [8-11]. Some of the most frequently used UCNPs are
NaYF,-based nanoparticles (NPs) with Yb3* as the light
absorbing sensitizer and Er3* as the emitting activator [12-15].
Monodisperse UCNPs with relatively high quantum yields are
typically prepared in organic solvents at high temperatures
using hydrophobic capping agents such as oleic acid [16,17].
Life sciences applications of these NPs require to render them
water-dispersible using either ligand exchange or encapsulation
procedures [2,13,18,19]. This can be similarly necessary for ap-

plications in plasmonics or chemical sensing [20,21].

One of the most versatile ways to protect the surface of NP,
making hydrophobic particle surfaces hydrophilic and simulta-
neously providing functional groups for subsequent covalent
attachment of, e.g., biomolecules, is the coating of their surface
with silica shells [22,23]. Additionally, optically transparent
silica shells have many other advantages such as chemical inert-
ness, high thermal stability, low cytotoxicity, high biocompati-
bility and tunable porosity [22-24]. An important parameter for
all shelling procedures is the precise control of the shell thick-
ness while preventing or at least minimizing the formation of
additional seeds from the shelling material. Numerous ap-
proaches have been investigated for the growth of silica shells
on inorganic NPs like the Stober synthesis and the reverse
microemulsion method. The Stober method refers to the process
of preparing silica via the hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) within an alcohol-ammo-
nia—water system [25]. Related methods are widely used for
coating NPs that are dispersible in polar media [26,27]. Modi-
fied Stober processes, in which TEOS is continuously added to
seeds in a growth solution, allow for the growth of large,
monodisperse NPs in a single step, provided the seed NPs are
well dispersed in the growth solution [28,29]. A versatile ap-

proach for growing silica shells onto inorganic NPs that cannot
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be dispersed in polar media is the reverse microemulsion tech-
nique [22,23,30-43]. In a reverse microemulsion, the aqueous
solution is confined in uniform, nanosized droplets that are
stabilized by a surfactant such as a polyoxyethylene (5) nonyl-
phenylether (trade name Igepal® CO-520) and distributed in the
continuous nonpolar phase [44]. The ratio between the aqueous
components and the surfactant determines the size of these
droplets [30], which act as nanoreactors. For the polycondensa-
tion of precursors such as TEOS, ammonia usually acts as a
catalyst [43]. This technique allows for the formation of uni-
form silica shells on individual particle cores [23,40,41].

Up to now, syntheses of UCNPs with relatively thin silica shells
(mostly 1-10 nm) have mostly been reported. Li et al. presented
the first approach to coat oleate-stabilized UCNPs via the
reverse microemulsion technique in 2008 [42,43]. However, for
certain applications such as sensing and plasmonics, a thicker
silica shell is desired that can be loaded with sensor molecules
or used as spacer for the plasmonic enhancement of the emis-
sion of UCNPs by gold or silver shells [45]. Moreover, since
UCNPs can release rare earth metal and fluoride ions to some
extent into the surrounding medium [46], which can cause toxic
effects, a thick silica shell could act as protective coating [46].

For silica shells grown onto iron oxide NPs using an inverse
microemulsion, it was shown that the thickness of the shell in-
creases as the amount of TEOS increases, while core-free silica
NPs appear when the TEOS content exceeds the threshold of
homogeneous nucleation [36,39,47-49]. Typically, a maximum
diameter <50 nm can be reached with this technique [23].
Microemulsion growth processes are usually slow and labo-
rious as one has to control the water-to-surfactant ratio to
prevent the formation of core-free silica NPs. In this respect,
combining this technique with Stober growth can be advanta-
geous [50]. For example, Katagiri managed to further grow
silica-coated Fe3Oy4 particles with a thin shell to a diameter
>100 nm by a similar procedure [23].

In this work, we present an approach for growing a silica shell
with an adjustable thickness between 5 and 250 nm onto oleate-
coated NaYF,:Yb3*/Er3* UCNP. This coating procedure
comprises the growth of a silica shell via a reverse microemul-
sion method to shell thicknesses of about 40-50 nm, followed
by the growth of a thick silica layer by continuously adding
TEOS in a Stober-like growth step. Thereby, particle aggrega-
tion, which can occur during a Stober-like growth process, and
the formation of NPs from the shell material can be elegantly
prevented, and monodisperse particles with just one UCNP core
in the center coated by a thick silica shell are obtained. This
method should also be suitable for other NPs with hydrophobic
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surfaces dispersed in an apolar solvent independent of their
chemical composition.

Results and Discussion

The core particles used in this study, i.e., oleate-capped UCNPs
with a NaYF, host structure and doped with 18% Yb and 2%
Er, were synthesized by a thermal decomposition method [16]
yielding spherical particles of low polydispersity. A typical
scanning transmission electron microscopy (STEM) image is
shown in Figure 1A. The diameter of the UCNP@SiO,
core—shell particles was obtained from these STEM images, and
the corresponding hydrodynamic diameters were measured by
dynamic light scattering (DLS, see below in Table 1). Al-
though large, core-free silica particles can easily be obtained by
Stober-like growth processes [28], and the controlled growth of
silica particles to large monodisperse particles with a precisely
predetermined diameter is well-established, a direct Stober

200 nm
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growth of silica shells on hydrophobic particles in a nonpolar
solvent is not feasible. Aiming at the development of a synthe-
sis providing maximum growth of a silica layer in a single step
without producing UCNP-free silica particles as side products, a
thin silica layer was grown first onto the particles via a reverse
microemulsion process in cyclohexane with Igepal CO-520 as
surfactant and ammonia as a catalyst. In such a reverse micro-
emulsion, the size and the number of the aqueous domains, i.e.,
the water pools inside the micelles, are determined by the ratio
of ammonia water to Igepal CO-520, often denoted as the
R-value [30,36,51,52]. Several authors suggested that for an
optimal growth process where particles with multiple cores as
well as coreless particles are absent, the number of micelles has
to ideally match the number of particles [36,47]. If in the course
of this process the silica shell becomes thicker, ammonia water
and surfactant must be added accordingly in order to balance
the particle growth, while suppressing the formation of new

Figure 1: TEM images of (A) NaYF4:(Yb,Er) cores (C1; diameter: 24 + 1 nm) and (B) the same core after coating with the first thin silica shell (C1_1S,
shell thickness: 7 £ 1 nm). Image (C) shows the same UCNP cores after the second silica coating step (C1_2S, shell thickness: 18 + 2 nm), (D) after
the third silica coating (C1_3S, shell thickness: 35 + 2 nm), (E) after the fourth shell silica coating (C1_4S, shell thickness: 44 + 2 nm) and (F) after the
fifth silica growth step (C1_5S, shell thickness: 149 + 8 nm). The first to the fourth silica shell were grown with the reverse microemulsion method,
whereas the fifth shell was grown using a modified Stéber growth. The scale bar in the insets of panels (C—F) represents 100 nm.
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micelles [23]. Ding et al. linked these considerations to the
theory of LaMer [36]. According to the LaMer theory, hetero-
geneous nucleation occurs when the supersaturation of the
growth species is below the homogeneous nucleation threshold
but above the heterogeneous nucleation threshold, while a
higher supersaturation (above the homogeneous nucleation
threshold) leads to simultaneous heterogeneous and homoge-
neous nucleation. In general, the processes leading to homoge-
neous and heterogeneous nucleation and growth in such reverse
microemulsion systems are complex and depend on numerous
factors. Our considerations for the growth of thick silica shells
on UCNPs are based on the models presented by Ding et al.
[36] and Katagiri et al. [23] for silica-coated iron oxide NP.

For UCNPs with a diameter of 24 £ 2 nm and a particle concen-
tration of 3 g/L, with an ammonia water-to-surfactant weight
ratio of 1:9.5 or a molar ratio of 1:2.7 and an ammonia water
concentration of 1.7 £ 0.5 wt % in cyclohexane almost no core-
free particles (<1%) are formed. For the desired control of the
growth process and hence shell thickness, a relatively low
ammonia water-to-surfactant ratio was used as this slows down
the hydrolysis of TEOS and thus shell growth. A general
scheme of the growth of the initial silica layer on the UCNPs
with this reverse microemulsion process is shown in Figure S1
in Supporting Information File 1. According to the mechanism
of silica growth reported for oleate-functionalized iron oxide
NP, the oleate ligands on the NP surface are at least partly
exchanged for the surfactant as well as the hydrolyzed TEOS
upon addition of the oleate-functionalized NPs to the Igepal
CO-520-cyclohexane system [36,47]. A similar process is
assumed for the oleate-capped UCNPs. As the size of our
UCNPs was 2-3 times larger than the size of the iron oxide NPs
[23,36], and their number concentration was 8 and 1.6 times
higher than the ones used in [36] and [23], respectively, we
used a higher concentration of Igepal CO-520. In our case, even
with a significantly lower ratio of surfactant to particle surface
(1.6 mol/m? in the present case, 9.5 mol/m?2 and 5.2 mol/m? in
the cases of Ding et al. [36] and Katagiri et al. [23], respective-
ly) no silica particles with multiple UCNP cores were formed.
Based on these considerations, we also used a lower value of
the ammonia water-to-surfactant (R) weight ratio for the first
silica shell growth steps (1:9.4 in the present case; compared to
1:2.7 in the work of Ding et al. [36] and 1:6.1 in the work of
Katagiri et al. [23]).

For further shell growth, even a slightly lower Igepal CO-520
concentration in cyclohexane (from 16 wt % for the first to
14 wt % for the subsequent shell growth steps) and an in-
creased ammonia water concentration (from 1.7 wt % for the
first and 3.3 wt % for the subsequent shell growth steps) were

employed, raising the R-value from 1:9.5 to 1:4.3. In this way,
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the number of micelles was kept constant, and their diameters
were adjusted so that they are large enough to host the growing

core—shell particles.

After an initial silica shell of 5-10 nm was coated onto the
UCNP, a further growth by a Stober-like growth process was
attempted, i.e., the particles were redispersed in ethanol, and
ammonia water, water and TEOS were added. However, these
attempts resulted in samples where most of the particles are
grown together as well as in the formation of core-free silica
particles. Figure S2 in Supporting Information File 1 shows
UCNPs with a diameter of 20 = 2 nm (sample C2_1S) initially
coated with an 11 + 1 nm silica shell followed by the Stober-
like regrowth. Similar findings were also obtained for larger
UCNP. It turned out in several preliminary experiments con-
ducted by the same procedure that the zeta potential of the parti-
cles after the initial silica growth in the reverse microemulsion
was always only around —20 mV, which explains the low
colloidal stability of these particles. The latter was also con-
firmed by the rather high hydrodynamic diameter of the parti-
cles derived from DLS compared to the diameter obtained by
STEM (see below in Table 1). A similarly low colloidal
stability of the NPs coated with silica in reverse microemul-
sions was reported before [53-56] and attributed to the pres-
ence of the Igepal CO-520 on the NP surface. However, exten-
sive purification of the particles after the growth of the first
silica shell by repeated centrifugation and redispersion in

ethanol did not significantly alter their zeta potential.

For this reason, further silica shell growth was performed in a
reverse microemulsion. For this procedure, initially, the concept
for growing larger silica shells on oleate-coated iron oxide NPs
introduced by Ding et al. was adapted for the UCNPs [36] and
used for a step-wise growth process (Figure 2). According to
this model, the controlled addition of ammonia water along
with increasing the amount of surfactant corresponding to the
size of the (silica-coated) core should lead to slow hydrolysis of
TEOS and consequently a well-controlled growth of the silica
shell yielding a thin silica shell (Figure 2, path A) [30]. In
contrast, if the ammonia water concentration is quickly raised
from a low R-value, the volume of the water domain in the
micelles increases. This causes an increase in the hydrolysis
rate and the formation of new empty micelles and promotes the
formation of new silica particles and uncontrolled silica growth
(see Figure 2 path B) [36]. In the STEM image in Figure S3 in
Supporting Information File 1, a sample is shown where the
R-value was only 1:2.2, and consequently, many core-free silica
particles were formed. Hence, for the further shell growth, espe-
cially for a silica shell thickness exceeding 10 nm, the R-value
was adjusted to 1:4.3 to keep the aqueous domain large enough

for the growth of thicker silica shells but small enough to
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Figure 2: Scheme of the reverse microemulsion synthesis for growing thicker silica shells after a first silica coating on the UCNP. Path A describes
the controlled growth of the silica shell, while path B depicts the formation of core-free silica particles due to TEOS hydrolysis in core-free micelles
caused by an increasing water-to-surfactant (R) ratio due to ammonia water addition during the further steps of silica shell growth.

suppress the formation of core-free silica particles. In the
following, the amount of each chemical for the further steps of
the silica shell growth is discussed. For a second silica shell
with the thickness #,, the volume of TEOS (V1) was calculated
for a given mass mycnp of uncoated UCNP cores with diame-
ter dy according to Equation 1 assuming 100% conversion of

TEOS to SiO; and the absence of any secondary nucleation:
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where #; is the thickness of the first silica shell, pg is the densi-
ty of colloidal silica (2 g/cm?), py is the density of the UCNP
cores (4.21 g/cm3), Mt is the molar mass of TEOS
(208.32 g/mol), Mg is the molar mass of SiO, (60.08 g/mol) and
pr is the density of TEOS (0.94 g/cm?). The added volume of
ammonia water always matched that of the added TEOS. The
volume of cyclohexane was calculated for each growth step
such that the ammonia water concentration in cyclohexane was
3.3 £ 0.1 wt %. The concentration of Igepal CO-520 was kept
constant at 14 + 1 wt % in cyclohexane throughout all growth
steps in the reverse microemulsion, resulting in an R-value for
the further shell growth of 1:4.3 (weight ratio) or 1:6.0 (molar
ratio). The R-value was increased compared to the growth of
the first shell to keep the water domain large enough for the in-
creasing size of the particles while maintaining a constant ratio
of the number of micelles and the number of particles. The
control of the Igepal CO-520 concentration prevents the forma-

tion of core-free micelles and provides the particles with suffi-
ciently large water domains for further TEOS hydrolysis. If the
surfactant concentration is too high while the concentrations of
the other reactants is constant or too low, new micelles are
formed, which can facilitate the formation of core-free silica
particles. Ding et al. used a slightly lower concentration of
ammonia water (1 wt % compared to 1.7 £ 0.5 wt % in the
present work) and a lower surfactant concentration (5.6 wt %
compared to 16 wt %) for the growth of a single shell, corre-
sponding to an R-value of 1:5.5 for iron oxide core particles
with diameters of 12.2 nm. Under these conditions, they were
able to vary the added amount of TEOS in a range of
75-600 pL so that they could adjust the thickness of the silica
shell. Katagiri et al. used ammonia water and surfactant concen-
trations of 0.83 wt % and 5.1 wt %, respectively, for iron oxide
particles with diameters of 10 nm (R = 1: 6.1 in weight ratio).
They used the same concentration of both components also for
the stepwise growth of a thicker silica shell. This concentration
was significantly lower than the concentration (16 wt %) used
in this work, especially in the case of Igepal CO-520. This
difference could explain why the maximum size of the
core—shell particles did not exceed 50 nm before core-free parti-
cles started to form in the experiments conducted by Katagiri
and co-workers [23]. These studies and their comparison under-
line the many possibilities of varying the parameters of the shell
growth in the reverse microemulsion approach. However, we
could show that the reported R-value can be utilized to synthe-
size a wide range of silica shells with different thicknesses.

In a typical example, a UCNP core (NaYF,4 doped with Yb and

Er; core sample C1) with a diameter of 24 = 1 nm was coated
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with silica shells through a stepwise reverse microemulsion
synthesis. The silica shell thickness increased here in four
growth steps from 7 to 44 nm (Figure 1). The terminology used
for each shell is C1_1S for the first shell, C1_2S for the second
shell and so on.

For all growth steps, the measured shell thicknesses from
STEM agree relatively well with the calculated shell thick-
nesses (Table 1 and Table S1, Supporting Information File 1).
This supports that all TEOS grows as SiO, on the existing core
particles. The observation that the measured shell thickness was
slightly larger than the calculated one can be explained by the
fact that the total mass of the particles, including the oleate
ligands, was used for the calculations. The oleate ligands are,
however, exchanged during shell growth in the inverse micro-
emulsion [36,47]. The oleate content for particles of this size
was in the range of 5-10 wt % as shown by thermogravimetric
analysis [57]. The z-average values of the samples after the first
and second shell indicate low colloidal stability of the particles,
which is also supported by the high PDI values suggesting
partial aggregation (Table 1). Repeated centrifugation and
redispersion in ethanol were carried out in an attempt to
improve the colloidal stability by removing the remaining sur-
factant from the surface. However, this procedure did not
increase the stability of the particles. This colloidal instability
of NPs with thin silica shells obtained from the reverse micro-
emulsion syntheses was also reported by several other authors
before [53-56]. In contrast to these findings, after the third and
fourth steps of shell growth, the particles have a relatively low
PDI, and the z-average diameters match the radii obtained from
STEM much more closely, indicating their high colloidal
stability. The zeta potential becomes increasingly more nega-
tive with the growth of thicker silica shells. The particles after
the second step of the silica growth (C1_2S) have a zeta poten-
tial of =32 = 1 mV (Table 1), which decreases to —41 £ 1 mV
after the formation of the third shell. The samples after the
fourth silica shell growth step have a zeta potential of
—45 £ 1 mV, which is in the range typically found for particles

from Stober-like growth processes [58]. This increasingly more
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negative zeta potential likely arises from a decrease of the sur-
face concentration of Igepal CO-520 on the growing silica-
coated particles and was repeatedly found in this work. Due to
the increased colloidal stability, it was then possible to continue
to further grow the shells in a Stober-like growth process.
Under these conditions, the silica growth itself is much faster
than in a reverse microemulsion [59]. Moreover, modified
Stober processes where TEOS is continuously added allow for
the growth of silica layers that are several hundred nanometers
thick at high precision in one step [28]. The particles were
transferred into ethanol with a rather high ammonia water con-
centration (14.4 wt %). A fifth shell was then grown on sample
C1_4S by continuously adding TEOS. In this way, the particles
could be grown directly from 112 = 4 nm diameter to a size of
321 + 16 nm (sample C1_58S). A z-average value that is similar
to the diameter measured in STEM and a relatively low PDI of
this sample (Table 1) indicate the formation of monodisperse
particles (Figure 1F). This result shows that the Stober method
allowed for a significant increase in the particle size within one
step. In the case of sample C1_4S, the particle volume could be

grown more than 23-fold.

Core-free silica particles were formed in one growth step during
the stepwise growth process (Figure 1C). To obtain further
shells of the same thickness as the initial silica shell, several
smaller growth steps were carried out in the later syntheses de-
scribed in the following. Smaller amounts of TEOS were added
per step, and the other chemicals were also added in corre-
spondingly smaller steps (Figure S4 in Supporting Information
File 1). The ammonia water and Igepal CO-520 concentrations
as well as the R-values were the same as used for the initial syn-
theses. Smaller growth steps helped to prevent possible minor
new nucleation of silica due to a locally too high TEOS concen-
tration. Moreover, smaller growth steps have the advantage that
accidentally formed secondary nuclei can be removed more
easily by centrifugation since the difference between newly
formed particles and the core—shell particles is larger. When the
zeta potential was sufficiently negative (=50 = 8§ mV), the

microemulsion was broken, and the particles were transferred to

Table 1: Overview of the size, silica shell thickness, z-average, PDI and zeta potential of each silica-coated sample. DLS of the core was performed
in cyclohexane, while the silica-coated samples were measured in ethanol, and the zeta potential was measured in water.

sample shell  total diameter (STEM)

[nm] [nm]
C1 core 24+2 0
C1_1S 1st 38+2 7+2
C1_2s 2nd 59+3 18 +4
C1_3S 3rd 93+4 35+4
C1_4S 4th 112+ 4 44 +4
C1_5S (Stober) 5th 321+ 16 149 + 16

silica shell thickness (STEM)

z-average PDI zeta potential

[nm] [mV]
44 +2 0.360 + 0.020 n.d.
89+2 0.090 + 0.020 n.d.
98 +2 0.110 £ 0.030 -32+1
116 £2 0.013 £ 0.005 -41 +1
137 £ 2 0.040 £ 0.010 -45 +1
376 +9 0.095 + 0.020 -37 +1
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an ethanol solution containing ammonia water. Subsequently, a
modified Stober growth was performed where TEOS was con-
tinuously added over several hours with a peristaltic pump. In
this way, particles with a diameter exceeding 500 nm and a
narrow size distribution could be grown within one step (Figure
S4H-J in Supporting Information File 1).

Overall, the growth of a silica shell with the reverse microemul-
sion method initially decreased the colloidal stability of the par-
ticles, as shown by the diameter of the UCNPs as determined by
TEM and the deviating z-average and low zeta potential values.
The particle stability could be increased by growing a thicker
silica shell through a further stepwise use of the reverse micro-
emulsion method. The silica shell growth using the Stober
method did not significantly change the colloidal properties of
the dispersion, which is shown by the z-average value and the
relatively narrow PDI value of sample C1_5S. The z-average
value exceeds the average diameter derived from TEM by
(17 = 5)%. The dispersion has a high colloidal stability due to
the highly negative zeta potential of the particles, which is
typical for silica dispersions from Stober-like growth processes
containing particles of similar sizes [58,60,61]. Since the sur-
face of the particles corresponds to that of particles from a stan-
dard Stober synthesis, the colloids can be functionalized with
the same diverse methods as Stober silica particles [58].

Figure S5 in Supporting Information File 1 shows X-ray
diffraction (XRD) measurements of the oleate-coated UCNP
cores C1 and the same particles after the growth of two, three,
four and five additional silica shells (samples C1_2S, C1_3S,
C1_4S, and C1_5S). These data exclude a possible influence of
the silica shell on the crystallinity of the UCNP core. The cores
have a predominantly hexagonal crystal structure. Minor peaks
at 47° (220) and 55° (311) 20 indicate a small fraction of the
cubic phase. The XRD patterns of the silica-coated UCNPs
show the same peaks (mainly the hexagonal phase) with de-
creasing intensity as the silica shell thickness increases. Accord-
ingly, the broad signal of the amorphous silica at 20 = 20-25°
becomes more dominant with increasing thickness of the silica
shell. These data indicate that the crystal structure of the UCNP
cores is not changed during the silica shell formation process.

Figure 3 shows the upconversion luminescence (UCL) spectra
of the UCNP cores before the growth of a silica shell (sample
C2) and after coating with one (sample C2_18S, shell thickness:
11 £ 1 nm) and seven silica layers (sample C2_78S, shell thick-
ness: 61 £ 1 nm). Sample C2_7S corresponds to the final prod-
uct with a thick silica layer produced in a modified Stober
growth. All spectra show the typical green and red Er3" emis-
sion bands of NaYF,4:(Yb,Er) UCNPs [62-64]. The silica

coating only slightly alters the relative spectral distribution of
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the UCL spectra. The most pronounced effect is the slight
reduction of the green emission bands at 520 and 540 nm of the
UCNPs with the thinnest silica shell (sample C2_1S) compared
to the oleate-functionalized particles. Similar effects have been
reported previously for silanized UCNPs after their transfer into
water [65]. They can be explained by the presence of UCL
quenching by high-energy vibrators such as -OH groups from
ethanol and maybe also from silanol or silanolate groups of the
silica network. The increase in non-radiative relaxation pro-
cesses by surface quenching effects caused for example by
Igepal CO-520 after silica coating can lead to a decrease of the
UCL intensity [66].
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Figure 3: UCL spectra of the oleate coated UCNP cores C2

(20 £ 2 nm diameter, black line) in cyclohexane and after coating with
one silica shell (sample C2_18S, shell thickness: 11 £ 1 nm, green line)
and seven shells (sample C2_7S, shell thickness: 61 + 1 nm, pink line)
in ethanol. All spectra are normalized at 655 nm for better comparison.
The excitation power density was 2 W/cm? at 980 nm.

The considerable influence of such quenchers on UCL spectral
distribution and UCL quantum yield has been previously shown
by us by comparing the excitation power density-dependent
UCL of bare UCNPs in organic solvents, water, and D,O [67].
A further increase in silica shell thickness barely alters the red-
to-green intensity ratio. Here it needs to be kept in mind that the
different sizes of the silica-coated particles can affect their scat-
tering characteristics and thereby the excitation power density
distribution within the optical cell used for the UCL measure-
ments. In the case of UCL, which depends on the excitation
power density, this can influence both the UCL intensity and
the UCL spectral distribution. In general, the coating with a
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thick silica shell is not expected to strongly affect the bright-
ness of the UCNPs as long as the two properties absorption
cross section and fluorescence quantum yield, which determine
the particle brightness, are not considerably affected. Neverthe-
less, it must be kept in mind that the increased scattering origi-
nating from larger particles can affect the excitation power den-
sity that is effective on the dispersed UCNP. As the emission
spectra and the relative spectral distribution of UCL both
depend on the excitation power density, this can in principle
also affect the relative intensity ratios of the green and red emis-
sion bands [68,69].

Conclusion

A concept for the growth of silica shells of sizes between 5 and
250 nm on oleate-stabilized UCNPs was developed. This
concept comprises (1) the growth of an initial 5-11 nm thick
shell on the oleate-stabilized particles in a reverse microemul-
sion using the surfactant Igepal CO-520 and an ammonia water
concentration of 1.7 £ 0.5 wt % and (2) a further stepwise
growth of these particles in the same reverse microemulsion
without any intermediate isolation or purification steps of the
nanoparticles. In each step, the same volumes of TEOS and
ammonia water were added, and the volumes of cyclohexane
and Igepal CO-520 were increased so that the ammonia water
concentration in cyclohexane was 3.3 = 0.1 wt %, and that of
Igepal CO-520 in cyclohexane was kept constant at
14 £ 1 wt %. In this way, the number of micelles remained con-
stant to match the number of UCNP cores. Also, the micelle
size was adjusted to ensure that they were large enough to host
the growing core—shell particles. Simultaneously, the aqueous
domain was kept small enough to prevent the formation of core-
free silica particles. In this stepwise procedure, the zeta poten-
tial of the particles becomes increasingly more negative. When
the zeta potential of the silica-coated UCNPs reached —40 mV,
the particles which then had a silica shell thickness of about
40-50 nm could be dispersed in an ammoniacal ethanol solu-
tion with a rather high ammonia water concentration
(12-13 wt %) and could be grown by continuous addition of
TEOS in one step up to a diameter of more than 500 nm in a
modified Stober process. This stepwise procedure was neces-
sary for growing thick silica shells on the UCNPs since a direct
growth of silica on oleate-functionalized UCNPs was not
possible in a Stober-like growth process affording NPs with a
hydrophilic surface. A Stober growth of a silica shell on the
UCNPs coated with only a thin silica shell leads mainly to
coalesced multicore particles. The latter is related to the rela-
tively small zeta potential of these silica-coated UCNPs which
are not very stable in ammoniacal ethanol. Despite the rather
harsh conditions during the growth process, this procedure does
not influence the crystal structure of the UCNPs and the shape

of the UCL emission spectra. This stepwise shell growth can
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most likely be also utilized for the coating of other NPs with
similar hydrophobic surface chemistries of the initial particles
such as iron oxide NPs or semiconductor NPs. Further applica-
tions can include the covalent attachment of biomolecules such
as peptides, antibodies or nucleic acids for bioimaging applica-
tions or fluorescence assays. The growth of a mesoporous silica
shell on a microporous silica shell can also be applied for the
subsequent use of these nanomaterials for drug loading and
delivery [69].

Experimental

All syntheses were carried out with standard glass equipment.
The reaction vessels were cleaned before use with hydrofluoric
acid (8 vol %) and were then repeatedly rinsed with water. The
redispersion of the nanoparticles was carried out using an ultra-
sonic bath (Sonorex RK512H (860 W, 35 kHz) from Bandelin).
Alternatively, a sonotrode UP200H (200 W, 24 kHz) from
Hielscher was used. Ultrapure water (Millipore; filter size =
0.22 pm, p = 18.2 MQ cm) was used for all syntheses. For the
controlled addition of TEOS, a peristaltic pump (REGLO
Digital MS-2/8-160) from Ismatec with a TYGON R-3603
tubing, type AME-Olor an LA-30 syringe pump from Landgraf
Laborsysteme HLL GmbH was used.

Materials

Cyclohexane (tech. 99.5%) and ammonia water (p.a., 25 wt %
NH3) were purchased from Roth. Oleic acid (OA, 90%), erbium
chloride hexahydrate (ErCl;-6H»0, 99.9%), ytterbium chloride
hexahydrate (YbCl3-:6H,0, 99.9%) and yttrium chloride hexa-
hydrate (YCl3-6H,0, 99.9%) were received from ABCR. Sodi-
um hydroxide (NaOH, 99%) was obtained from Griissing,
Ethanol (EtOH, 100%) from Berkel AHK and hydrofluoric acid
(HF, 30%) from Riedel de Haén. Polyoxyethylene (5)
nonylphenyl ether (Igepal® CO-520), ammonium fluoride
(NH4F, 99.8%), 1-octadecene (tech. 95%), sodium oleate
(82%), tetraethyl orthosilicate (TEOS, 98%) as well as yttrium-,
ytterbium- and erbium standards for inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurements
(TraceCERT®, ¢ = 1000 mg/mL) were purchased from Sigma
Aldrich. All chemicals were used without further purification.

Synthesis

NaYF,4:(Yb,Er) UCNPs were prepared from the corresponding
lanthanide oleates [14,70] according to a modified procedure
from Na and co-workers [16]. For details, see Supporting Infor-

mation File 1.

Growth of the silica shell
Shell growth in a reverse microemulsion
The synthesis of the silica coating was based on a modified

microemulsion method [24,71]. The following describes a
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typical microemulsion synthesis for the silica coating of
UCNPs.

For the first silica shell growth with a calculated thickness of
5 = 1 nm, a dispersion of UCNPs (diameter = 24 * 2 nm;
¢ =3 g/Lin 11 mL of cyclohexane) was mixed with 0.154 mL
of Igepal CO-520. After sonication for 10 min, 1.213 mL of
Igepal CO-520 was added, and after brief mixing with sonica-
tion, 0.159 mL of ammonia water were added, and the disper-
sion was sonicated for another 20 min. Finally, 0.159 mL of
TEOS were added, and the whole mixture was sonicated for at
least 1 h. Generally, a concentration of 16 = 1 wt % in cyclo-
hexane was used for Igepal CO-520, and the ammonia water
concentration was 1.7 £ 0.7 wt % (density of ammonia water
was 0.90 + 0.09 g/mL for a concentration of 25 wt % NH3) in
cyclohexane for the growth of the first shell. Finally, the disper-
sion was stirred for 12 h at 1200 rpm at room temperature.

For the further stepwise growth of the silica shells, additional
cyclohexane, Igepal CO-520 and ammonia water were added
sequentially to the non-purified dispersion to obtain a constant
surfactant concentration of 14 = 1 wt % in cyclohexane and a
maximal ammonia water concentration of 3.3 £ 0.1 wt % in
cyclohexane. TEOS was added gradually with a rate of
20.8 pL/min through a peristaltic pump while the dispersion
was stirred for 12 h at 1200 rpm at room temperature. Alterna-
tively, a vortex shaker from Scientific Industries, Inc. (Model
no. G560E) was used.

It was important that the microemulsion was not broken during
the entire synthesis, i.e., the last layer of silica was grown
before the particles were precipitated with ethanol. In Table S1
in Supporting Information File 1, an example of the amounts of
solvent and reactant for a typical multi-step silica shell synthe-
sis with the reverse microemulsion method is given. Table S2
summarizes the surfactant concentration (c(Igepal)), ammonia
water concentration (c(ammonia water)) and the ammonia
water-to-Igepal CO-520 mass ratio in each growth step of the
silica shell.

After the last growth step, the particles were precipitated by
adding 5-10 mL of EtOH and washed three times by repeated
centrifugation (1200g, 1 h) and redispersion in 10 mL of EtOH
and finally redispersed in 10-15 mL of EtOH.

Shell growth via a modified Stéber approach

The growth of silica shells on UCNPs via a modified Stober
method [25,28] was carried out after the multistep growth of
silica shells (shell thickness = 40-50 nm) with the reverse
microemulsion approach. At this point, the zeta potential of the

silica particles reached a value below —40 mV in water at pH 7.
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In a typical reaction (growth from 112 £ 4 nm diameter to an
intended diameter of 300 nm), 2 mL of ammonia water were
added to 16.25 mL of an ethanolic dispersion of silica-coated
UCNPs (¢ = 1 g/L). Subsequently, 1.1 mL of TEOS were added
dropwise with the help of a peristaltic pump (v = 20.8 puL/min)
to this mixture under magnetic stirring (600 rpm). After the ad-
dition was completed, the reaction mixture was stirred for
another 12 h. Then, the particles were washed three times by
centrifugation (3300g, 1 h) and redispersion in 10-20 mL of
EtOH with the help of an ultrasonic bath and were finally redis-
persed in 10 mL of EtOH.

Characterization

Scanning transmission electron microscopy (STEM)
STEM images were recorded with a Hitachi SU 8030 scanning
electron microscope in STEM mode with an electron accelera-
tion voltage of 30 kV and a current of 20 uA. A droplet of a
dispersion (¢ = 0.5-1 g/L) of the particles in either cyclohexane
for oleate-functionalized UCNP cores or ethanol for silica-
coated UCNPs was dried on a carbon-coated copper grid (Cu
400 mesh, Quantifoil®: 100 carbon support films). The images
analysis was carried out with the software FIJI.

Dynamic light scattering (DLS) and electrophoretic
light scattering

The DLS measurements were carried out with a Zetasizer Nano
ZS from Malvern Instruments at 25 °C using a wavelength of
633 nm. The uncoated cores were dispersed in cyclohexane, and
the silica-coated particles were dispersed in ethanol and filtered
with a sterile syringe filter (pore size: 0.2 pm; materials: nylon
or polytetrafluoroethylene (PTFE) for particles dispersed in
cyclohexane and nylon or regenerated cellulose for particles
dispersed in ethanol, Rotilab). Zeta potential measurements of
the aqueous dispersions were carried out with a Zetasizer Nano
ZS in capillary zeta cells DTS 1070 from Malvern Instruments.
The concentration of the samples in all measurements was be-
tween 0.5 and 1 mg/mL.

Measurements of the upconversion luminescence
(UCL)

The UCL measurements were carried out with a FluoroMax-4
spectrometer from Horiba Jobin Yvon equipped with a 2 W
980 nm laser diode from Insaneware-Robert Nowak and an
Edinburgh Instruments spectrofluorometer FLS-980 equipped
with an electrically modulated 8 W 978 nm laser diode (950 ps
long square pulses) and a red-extended photomultiplier tube
(Hamamatsu R2658P). Quartz glass cuvettes (QS Suprasil,
5 mm, Hellma or VWR) were used in all measurements per-
formed at room temperature. The concentration of the samples
was 1-2 g/L in cyclohexane for oleate-capped UCNPs or
ethanol for silica-coated UCNP.
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Inductively coupled plasma-optical emission
spectroscopy (ICP-OES)

For the determination of the elemental composition of the
UCNP samples, 1 mL of the dispersions (¢ =5 g/L in cyclo-
hexane for the oleate-coated UCNPs or in ethanol for the silica-
coated UCNP) was dried. The dried particles were dissolved in
1 mL of aqua regia for at least 30 min and diluted with at least
5 mL of ultrapure water. The measurements were carried out
using an iCAP 6000 Series ICP Spectrometer from Thermo
Scientific with a radial optical approach. A series of solutions
with different concentrations were prepared separately for cali-
bration from an yttrium standard for ICP (c(Y3*) = 10, 20 and
40 ppm), ytterbium standard for ICP (c(Yb3) = 10, 20 and
40 ppm) or erbium standard for ICP (c(Er¥*) = 1, 5 and

10 ppm).

X-ray diffraction (XRD) measurements

A minimum amount of 10 mg of dried particles were used for
the XRD measurements. The XRD device was a Rigaku
SmartLab 3 kW with a DTex Ultra 250 detector (40 kV,
30 mA) equipped with a Cu Koy radiation source and a radia-
tion wavelength of 0.15405 nm. The angle range of the mea-
surements was 10—60° 20, measurement time was 60 s/0.3°.

Supporting Information

Supporting Information File 1

Synthesis details, additional STEM images, and XRD data.
[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-231-S1.pdf]
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Synthesis of lanthanide oleates as precursors for the synthesis of

upconversion nanoparticles

The synthesis procedure was modified from a literature approach for the preparation
of iron oleate as a precursor for the synthesis of iron oxide nanoparticles [1,2]. As an
example, the synthesis of NaYF4 nanoparticles doped with 18% Yb and 2% Er from 1
mmol of lanthanoide chlorides is described: A mixture of yttrium chloride hexahydrate
(0.242 g; 0.78 mmol), ytterbium chloride hexahydrate (0,069 g; 0.18 mmol), and
erbium chloride hexahydrate (0.006 g; 0.02 mmol) was dissolved in 3 mL of ultrapure
water, 7 mL of ethanol (EtOH) and 7 mL of hexane. Sodium oleate (1.22 g; 4 mmol)
was dissolved in a mixture of 2 mL of ultrapure water and 3 mL of ethanol in a 50 mL
one-necked flask, then the solution of the mixed lanthanide chlorides was added
under stirring. Another 7 mL of hexane were finally added under stirring, and the
solution was heated to reflux at 70 °C for 4 h. The solution was then cooled to room
temperature, and the organic phase was extracted three times with 20 mL of
ultrapure water. Subsequently, the organic phase was separated, volatiles and
hexane were removed in vacuo, and the waxy white product was dried under vacuum
(p =5 x 1072 mbar) in a 100 mL three-necked flask at room temperature before being

used in the next step without further purification.
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Synthesis of upconversion nanoparticles

The following method is the typical synthesis procedure for 1 mmol NaYFa4:(Yb,Er)
nanoparticles from rare earth oleates [3]. The rare earth oleates from the above
described method were dissolved in a mixture of 15 mL 1-octadecene and 7 mL oleic
acid in a three-necked flask with a heating mantle with an automatic temperature
controller under an inert atmosphere of argon, heated under vacuum until the
reaction mixture reached 100 °C and kept at 100 °C for 1 h to evaporate all water
and hexane. The mixture was cooled down to 50 °C under argon flow. NaOH (100
mg; 2.5 mmol) and NH4F (148 mg; 4 mmol) were dissolved in 5 mL of MeOH and
added to the oleates with a syringe. The mixture was stirred for 30 min at 50 °C at
300 rpm. Afterward, MeOH was evaporated under reduced pressure (p =5+ 1 x 1073
mbar). After three vacuum degassing and argon flushing cycles to ensure that all
MeOH has been evaporated, the reaction mixture was heated to 300 °C and stirred
at 500 rpm at this temperature under argon for 1.5 h. After the reaction mixture was
cooled down, 15-20 mL of EtOH were added to precipitate the particles. The white
powder was redispersed in cyclohexane, precipitated with 5-10 mL of EtOH and
centrifuged at 1100g for 15 min. This redispersion/reprecipitation process was
repeated three times. The particles were finally redispersed and stored in 10 mL of

cyclohexane.
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Table S1: Amount of reactants for a stepwise silica coating of UCNP cores with the

microemulsion method.

Layer | Thickness Calculated | Total Volume of | Added volumes

of the growth of | thickness | initial

existing the SiO- of the dispersion | Cyclohexane | Igepal | Ammonia | TEOS

SiOzshell shell SiO shell water

(calculated)

[nm] [nm] [nm] [mL] [mL] | [mL] [mL] | [mL]

1 0 7 7 0.781 11.00 | 1.364 0.159 | 0.159
2 7 11 18 13.463 16.85 | 1.850 0.674 | 0.674
3 18 14 32 33.511 66.05 7.29 1.887 | 1.887
4 32 11 43 97.162 93.10 | 10.272 2.660 | 2.660
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Table S2: Amount of surfactant, ammonia water concentration, and ammonia water-

to-lgepal weight ratio used in the microemulsion synthesis for each sample.

Sample | Shell c (Igepal) ¢ (@ammonia water) Ammonia  water-to
Igepal weight ratio

[wt % in cyclohexane] | [wt % in cyclohexane]

Cl_1S 1st 15.90 1.67 1:95
C1.2S 2nd 14.79 3.45 1:4.3
C1_3S 3rd 14.32 3.34 1:4.3
C1_4S 4th 14.22 3.31 1:4.3
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Figure S1: Scheme of microemulsion synthesis for coating oleate-functionalized
UCNP cores with a first thin silica shell. Upon addition of surfactant to the UCNP
dispersion, a ligand exchange between oleate ligands and the surfactant occurs.
Upon addition of TEOS and NHs, aqueous micelles are formed, and TEOS is
hydrolyzed at the interface between the oil (cyclohexane) and the water phase. A
second ligand exchange occurs between hydrolyzed TEOS (silica monomers) and
Igepal, which transfers the UCNP into the micelles where the condensation reaction

of the silica monomers take place, leading to the formation of the final silica shell.
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Figure S2: STEM image of UCNPs (sample C2, 20 + 2 nm diameter) that were
coated in a Stober-like growth process after an initial thin (11 £ 1 nm) silica shell was

grown in a reverse microemulsion.
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Figure S3: STEM image of UCNPs (sample C1, 24 + 2 nm diameter) that were
coated in a four-step silica shell process in a reverse microemulsion process with an
R-value of 1:2.2, which leads to the formation of core-free silica particles due to a too
high ammonia water concentration, which accelerates the hydrolysis rate of TEOS.
The size of the silica-coated UCNPs was 107 + 6 nm, and the core-free particles had

an average diameter of 60 + 15 nm.
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Figure S4: STEM images of oleate-stabilized (A) UCNP cores (sample C2, 20 + 2

nm diameter) coated by an optimized reverse microemulsion method with (B) one
silica shell (sample C2_1S, 11 + 1 nm thickness), (C) two silica shells (sample
C2_2S, 16 £ 1 nm thickness), (D) three silica shells (sample C2_3S, 24 + 1 nm
thickness), (E) four silica shells (sample C2_4S, 31 + 1 nm thickness), (F) five silica
shells (sample C2_5S, 38 + 1 nm thickness) and (G) six silica shells (sample C2_6S,
43 £ 1 nm thickness). The final seventh layer in the Figures (H), (1) and (J) was grown
by a modified Stober process (sample C2_7Sa, 61 £ 1 nm shell thickness, sample
C2_7Shb, 48 + 3 nm shell thickness, and C2_7Sc, 95 + 4 nm shell thickness). The
scale bar in the insets of panels (D—H) represents 200 nm, while the scale bar in the

insets of Figure (1) and (J) represents 400 nm.
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Figure S5: XRD patterns of oleate-coated UNCP cores (24 + 2 nm diameter, sample
C1, black line) where red bars indicate reference values of the hexagonal phase
(JCPDS No. 00-028-1192) and blue bars indicate reference values of the cubic
phase (JCPDS No. 01-077-2042) and XRD patterns of the same cores after the
second silica coating (C1_2S, shell thickness: 18 = 2 nm, green line), third silica
coating (C1_3S, shell thickness 35 = 2 nm, cyan line), fourth shell silica coating
(C1_4S, shell thickness: 44 £ 2 nm, brown line) and fifth silica coating (C1_5S, shell

thickness: 149 + 8 nm, pink line).
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C18TMS Octadecyltrimethoxysilane

CSuU Cooperative Sensitization Upconversion
CTAB Cetyltrimethylammonium Bromide
CTAC Cetyltrimethylammonium Chloride
DLS Dynamic Light Scattering

DMF N,N-dimethylformamide

ESA Excited State Absorption

ETU Energy Transfer Upconversion

FS Fluorescence Spectroscopy

ICP-OES Inductively Coupled Plasma - Optical Emission Spectroscopy
ISA Ionic Strength Adjuster

ISE Ion Selective Electrode

IUPAC International Union of Pure and Applied Chemistry
LEDs Light Emitting Diods

MS Mass Spectrometry

MSN Mesoporous Nanoparticles

NIR Near Infrared

PA Photon Avalanche

PAA Poly Acrylicacid

PEG-PA PEO-10-OH-terminated phosphoric acid
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SEM

TEM
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ucC

UCL

UCNP

uv

XPS

XRD

Santa Barbara Amorphous mesoporous nanoparticles
Scanning Electron Microscopy

Transmission Electron Microscopy
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Total Ionic Strength Adjusted Buffer solution
Tertramethoxysilane

Upconversion

Upconversion Luminescence

Upconversion Nanoparticles

Ultra Violet
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X-Ray Diffraction
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