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Abstract 
Luminescence sensing and imaging play an important role in the life sciences, enabling the 

detection and monitoring of biomolecular interactions and molecular targets that have no 

intrinsic colour and/or luminescence even in complex biological samples. A very promising 

approach presents the utilization of near-infrared (NIR) excitable multi-colour emissive 

upconversion nanocrystals (UCNPs) like NaYF4 nanoparticles doped with Yb3+ and Er3+ as 

luminescent reporters and as energy donors or “nanolamps” for the excitation of analyte-

responsive probes. In these systems, one of the several upconversion (UC) emission bands in 

the ultraviolet (UV), visible (vis), and NIR can be used for excitation of the analyte responsive 

dye and analyte quantification utilizing either a non-radiative resonance energy transfer 

(RET) process or radiative energy transfer (reabsorption-based system) whereas the other 

(analyte-inert and non-affected) UC band(s) act as internal reference. This allows 

straightforward construction of self-referenced sensors by combining a UCNP with a sensor 

dye, that reveals an absorption band overlapping with one of the UCNP emission bands and 

an emission band, spectrally distinguishable from the UC emission.  

In this work, aiming at the design of self-referenced UCNP-based sensors for pH, both sensor 

components were rationally designed, synthesized, and spectroscopically characterized. This 

included i) UCNPs with different sizes, architectures, and surface chemistries or coatings and 

ii) rosamine dyes with absorption and emission properties adapted to the UC emission of the 

NaYF4: Yb3+, Er3+-doped UCNPs. Several requirements for the design of pH-sensitive 

fluorescent dyes were considered for the development of UCNP-based pH nanosensors. Here, 

a spectral overlap of the absorption of the dye and one of the emission bands of the UCNPs is 

mandatory to enable an efficient sensitisation of the dye. As for the intended bioanalytical 

applications, UCNPs need to be dispersible and colloidally as well as chemically stable in 

aqueous solution and provide functional groups for the covalent attachment of sensor 

molecules on the particle surface, various surface modification strategies to render the 

initially prepared hydrophobic UCNPs water dispersible have been pursued and evaluated 

regarding an optimization of these features. In addition, also surface-related quenching of the 

UC luminescence by high energy vibrators like OH-groups should be minimized by the 

respective surface modification. To achieve these goals, an extensive study of the chemical 

stability of differently surface functionalized and coated UCNPs in biologically relevant 

buffers was performed. To simplify stability monitoring, an optical monitoring method was 

developed for the detection of particle disintegration utilizing the size and environment 

dependence of the UC emission intensity and decay kinetics. This method was validated by 

comparison with conventional analytical techniques for the quantification of the amount of 

released fluoride ions. Based upon the results of this study, amphiphilic coatings were 

identified as optimum surface coatings, providing stable UCNPs and preventing surface 

related quenching of the UC luminescence.   
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As a second component of the dual-component self-referenced sensor platform, pH-sensitive 

fluorescent dyes with suitable absorption and emission properties were rationally designed 

and synthesized. This included a series of bright pH-sensitive rosamine dyes with substitution 

pattern tunable pKa values that were accessibly in moderate yields by a simple two step 

reaction. The pH-sensitivity in this dye series is induced by the phenolic meso-subunit 

exploiting a photoinduced electron transfer (PET) process that led to fluorescence quenching 

upon deprotonation of this group. A further modification of the chromophore structures 

enabled the introduction of an additional functionality for the covalent attachment to UCNPs. 

These dyes and their pH and temperature sensitivity were spectroscopically and 

photophysically studied. 

In the final part of the Ph.D project, pH sensor films and nanosensors were constructed by 

combining the initially optimized Yb3+, Er3+ co-doped UCNPs with pH-responsive rosamine 

dyes acting as energy acceptors utilizing a simple inner filter (reabsorption)- and a RET-based 

sensor concept. For the first approach, the pH-sensitive rosamine dyes and Yb3+, Er3+-co-

doped UCNPs were incorporated in a hydrogel matrix in a spatially separated design. For the 

second approach, the sensor dyes were covalently attached to UCNPs with amphiphilic 

coating. In these nanosensors, dye-UCNP interaction is expected to occur mainly via RET.  

For the pH senosorfilm, self-referenced pH sensing was demonstrated, however, the 

sensitivity was too low, and no accurate pH quantification was achieved. For the second 

approach,  it was demonstrated that the excellent protection against the UC luminescence 

quenching by water given by the amphiphilic coating, combined with the beneficial spectral 

contribution of the UC luminescence for the core-shell UCNPs and the close proximity 

between donor (Er3+ in the UCNPs) and acceptor (rosamine dye) assured by the covalent 

attachment of the two sensor components, yielded a UCNP-based self-referenced pH 

nanosensor with high sensitivity and low signal-to-noise ratio.  
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Zusammenfassung 
Lumineszenzmessungen und Lumineszenz-Bildgebung spielen in den Biowissenschaften eine 

wichtige Rolle und ermöglichen den Nachweis und die Detektion von biomolekularen 

Wechselwirkungen und Analyten, die selbst keine intrinsische Farbe und / oder Lumineszenz 

aufweisen. Ein vielversprechender Ansatz ist die Verwendung von im Nahinfrarot (NIR) 

anregbaren, mehrfarbig emittierenden Aufkonversions-Nanokristallen (UCNPs) wie mit Yb3+  

und Er3+ dotierten NaYF4-Nanopartikeln. Diese Nanopartikel können als 

Lumineszenzreporter und als Energiedonoren bzw. „Nanolampen“ für die Anregung von 

Analyt-sensitiven Sonden eingesetzt werden. In diesen Systemen kann eine der mehreren 

Aufkonvertierungs- (UC-) Emissionsbanden im ultravioletten (UV), sichtbaren (vis) und NIR 

zur Anregung des Analyt-sensitiven Farbstoffs und zur Quantifizierung des Analyten 

verwendet werden, während die anderen (analytinerten und nicht beeinflussten) UC-

Eimssionsbanden als interne Referenz fungieren. Die dabei zugrunde liegenden Prozesse sind 

der strahlungslose Resonanzenergietransfer (RET) oder ein Reabsorptionsprozess 

(radiativer Energietransfer). Dies ermöglicht den einfachen Aufbau von selbstreferenzierten 

Sensoren durch die Kombination von UCNPs mit einem Sensorfarbstoff, der eine 

Absorptionsbande zeigt, die mit einer der UCNP-Emissionsbanden überlappt, und eine 

Emissionsbande, die spektral von der UC-Emission unterscheidbar ist. 

In dieser Arbeit, die den Aufbau eines selbstreferenzierten UCNP-basierten Sensors für die 

Ermittlung von pH-Werten als Ziel hatte, wurden beide Sensorkomponenten gezielt 

ausgewählt, synthetisiert und spektroskopisch charakterisiert. Dies beinhaltete i) UCNPs mit 

unterschiedlichen Größen, Partikelarchitekturen und Oberflächenfunktionalissierungen oder 

-beschichtungen und ii) Rosamin-Farbstoffe mit Absorptions- und Emissionseigenschaften, 

die für die gewünschte Kombination mit UCNPs geeignet sind. Für die Entwicklung von pH-

Nanosensoren auf UCNP-Basis wurden verschiedene Anforderungen an das Design von pH-

sensitiven Fluoreszenzfarbstoffen berücksichtigt. Hier ist eine spektrale Überlappung der 

Absorption des Farbstoffs und einer der Emissionsbanden der UCNPs zwingend erforderlich, 

um eine effiziente Sensibilisierung des Farbstoffs zu ermöglichen.  Für die beabsichtigten 

bioanalytischen Anwendungen müssen UCNPs in wässriger Lösung dispergierbar und 

kolloidal sowie chemisch stabil sein und funktionelle Gruppen für die kovalente Anbindung 

von Sensormolekülen an die Partikeloberfläche bereitstellen. Deswegen wurden 

verschiedene Oberflächen-modifizierungsstrategien untersucht, um die ursprünglich 

hergestellten hydrophoben UCNPs in Wasser dispergierbar zu machen. Darüber hinaus sollte 

auch die oberflächenbedingte Löschung der UC-Lumineszenz durch hochenergetische 

Vibratoren wie OH-Gruppen durch die jeweilige Oberflächenmodifikation minimiert werden. 

Um diese Ziele zu erreichen, wurde eine umfassende Untersuchung der chemischen Stabilität 

von unterschiedlich oberflächenfunktionalisierten und beschichteten UCNPs in biologisch 

relevanten Puffern durchgeführt. Für die schnelle Ermittlung der UCNP-Stabilität wurde eine 

einfache optische Überwachungsmethode zum Nachweis der Partikeldisintegation 

entwickelt, die die Abhängigkeit der UC-Lumineszenz und ihrer Lebensdauer von der 
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Partikelgröße und Oberfläche ausnutzt. Diese Methode wurde durch Vergleich mit 

herkömmlichen Analysetechniken zur Quantifizierung der Menge an freigesetzten 

Fluoridionen validiert. Basierend auf den Ergebnissen dieser Studie wurden amphiphile 

Beschichtungen als optimale Oberflächenbeschichtungen identifiziert, die in Wasser stabile 

UCNPs liefern und ein oberflächenbedingtes Löschen der UC-Lumineszenz verhindern. 

Als zweite Komponente der selbstreferenzierten Zweikomponenten-Sensorplattform 

wurden pH-sensitive Fluoreszenzfarbstoffe mit geeigneten Absorptions- und 

Emissionseigenschaften gezielt ausgewählt und synthetisiert. Hierfür wurde eine Reihe von 

fluoreszenten pH-sensitiven Rosaminfarbstoffen mit einstellbaren pKa-Werte hergestellt, die 

durch einfache 2-Stufen-Reaktion in moderaten Ausbeuten erhalten waren. Die pH-

Empfindlichkeit dieser Farbstoffreihe wird durch die phenolische meso-Untereinheit 

induziert, die einen photoinduzierten Elektronentransfer (PET)-Prozess eingehen kann, der 

zur Fluoreszenzlöschung im deprotonierten Zustand führt. Die Einstellung der pKa-Wert 

wurde durch Variation im Substitutionsmuster erreicht. Eine weitere Modifikation der 

Chromophorstrukturen ermöglichte die Einführung einer zusätzlichen Funktionalität für die 

kovalente Anbindung an UCNPs. Diese Farbstoffe sowie ihre pH- und 

Temperaturempfindlichkeit wurden spektroskopisch und photophysikalisch untersucht. 

Im letzten Teil der Doktorarbeit wurden pH-Sensorfilme und Nanosensoren durch die 

Kombination der optimierten Yb3+, Er3+ -co-dotierten UCNPs mit den pH-sensitiven 

Rosaminfarbstoffen als Energie-Akzeptoren unter Verwendung eines einfachen inneren 

Filters (Reabsorption) oder eines RET – Sensorkonzept konstruiert. Für den ersten Ansatz 

wurden die pH-sensitiven Rosaminfarbstoffe und Yb3+, Er3+ -kodotierten UCNPs in eine 

Hydrogelmatrix eingebaut. Für den zweiten Ansatz wurden die Sensorfarbstoffe kovalent an 

UCNPs mit amphiphiler Beschichtung gebunden. In diesen Nanosensoren wird erwartet, dass 

die Farbstoff-UCNP-Wechselwirkung hauptsächlich über RET erfolgt. 

Für den pH-Sensorfilm wurde eine selbstreferenzierte pH-Abhängigkeit gezeigt, jedoch war 

die Empfindlichkeit zu niedrig und es wurde keine genaue pH-Quantifizierung erreicht. Für 

den zweiten Ansatz wurde gezeigt, dass der hervorragende Schutz gegen das Löschen der UC-

Lumineszenz durch Wasser gewährleistet durch die amphiphile Beschichtung mit dem 

vorteilhaften spektralen Eigenschaften der UC-Lumineszenz für die Kern-Schale-UCNPs und 

der Nähe zwischen Donor (Er3+ in die UCNPs) und der Akzeptor (Rosaminfarbstoff), die durch 

die kovalente Bindung der beiden Sensorkomponenten sichergestellt wurden, ergaben einen 

UCNP-basierten selbstreferenzierten pH-Nanosensor mit hoher Empfindlichkeit und 

niedrigem Signal-Rausch-Verhältnis. 
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Chapter 1 Introduction 
The concept functionalizing the surface of UCNPs with indicator dyes or molecules for the 

construction of analyte-responsive nanoprobes for intracellular sensing or in vivo imaging has 

been widely employed in materials research.1, 2 Accordingly, several approaches have been 

presented in literature for sensing of ions, pH, oxygen or biomolecules. These have in common 

that the sensor principle is based on an energy transfer process between the UCNP core and 

a responsive (indicator) dye attached on the surface. Thereby, self-referenced dual wavelength 

sensors can be designed which are intrinsically referenced. The combination of UCNPs with 

pH-sensitive dyes (indicators) leads to optical pH nanosensors which can be used for pH 

sensing or for the fabrication of sensor films by incorporation in polymer matrices. This was 

the aim of this work. 

This thesis is organized as follows: Chapter 2 presents the fundamental chemical and 

physical aspects of upconversion (UC) nanomaterials of nanoparticles (UCNP) and optical 

sensors, and state-of-the-art of their applications. Chapter 3 provides details on the methods 

used to obtain the experimental results, which are presented in Chapters 4-8. In Chapter 4, 

the synthesis and optical characterisation of upconverting nanoparticles used for further 

experiments are presented. Chapter 5 summarizes ligand exchange approaches to transfer 

the UCNPs into water and strategies to improve UC efficiency with e.g., different surface 

functionalization procedures and coatings, thereby minimizing surface-related quenching of 

the upconversion luminescence (UCL). Chapter 6 focusses on the assessment of the stability 

of UCNP with selected coatings in biologically relevant buffers and the development of a non-

invasive dissolution monitoring tool. The experiments presented in Chapter 7 are devoted to 

the design, synthesis, and characterization of novel pH sensitive rosamine dyes with suitable 

optical properties for combination with UCNPs. In Chapter 8 different approaches for the 

design of self-referenced pH nanosensors based on the combination of UCNPs and the pH 

responsive rosamine dyes are studied. Finally, the main conclusions from the results obtained 

in this work are summarized in Chapter 9 along with an outlook on potential directions for 

UCNP-based nanosensors and its future applications. 
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Chapter 2 Research background
In this chapter, the state-of-art in materials and methods related to this work will be provided. 

First, the most important photophysical properties and common strategies for the 

preparation of upconverting nanostructures will be briefly reviewed and various strategies 

available for nanoparticle water solubilisation will be discussed. This is followed by sections 

on the basic principles of stability and dissolution of nanoparticles with subsection on 

previous dissolution studies of UCNPs and the applied monitoring methods. The next section 

devotes to pH sensitive dyes and presents general strategies for introducing pH sensitivity in 

xanthene-based dyes, as this class of fluorophores meets the spectral requirements for 

combination with Er-doped UCNPs. The last section summarizes UCNP-based nanoprobes for 

biosensing, imaging, drug delivery and theranostic, highlighting the wide range of 

bioapplicability of this emerging class of nanoparticles.  

2.1 Upconversion and upconverting nanomaterials 

Photon upconversion (UC) luminescence is a non-linear optical process where low-energy 

excitation is converted to high-energy emission. This enables excitation in the near infrared 

(NIR) or infrared (IR) region and the resulting emission can range from ultraviolet (UV) to 

visible and NIR (in case of Tm3+-doped UCNPs) wavelengths. The most efficient upconversion 

process is observed in materials doped with trivalent lanthanide ions (Ln3+) that have ladder-

like metastable energy levels with long lifetimes of microseconds to milliseconds and thus an 

increased probability of successive photon interactions. These properties of the Ln3+ ions are 

mainly attributed to the 4f inner shell electrons, which are shielded by the fully occupied 5s2 

and 5p6 sub-shells, minimizing interactions amongst the 4f electrons and those of ionic 

species in the host lattice. This results in very narrow absorption and emission bands, similar 

of those of the free lanthanide ions. The Laporte forbidden 4f–4f electron transitions give rise 

to absorption and emission spectra with a multitude of sharp bands of Ln3+ ions. Moreover, 

they result in long luminescence lifetimes in the µs- to ms range. 

A wide variety of UC mechanisms have been proposed and studied in the last decades. Figure 

2.1 presents the UC processes that occur with the highest probability in comparison to 

conventional fluorescence as observed for e.g. organic fluorophores.  In contrast to common 

(linear) fluorescence observed upon the absorption of one high-energy photon and leading to 

the emission of a lower-energy photon according to the Stokes law, in photon upconversion 

luminescence, two or more low-energy photons are absorbed sequentially followed by the 

emission of one single higher-energy photon. This results in luminescence bands at higher 

energy than the initially absorbed photons. Most of the upconversion luminescence is based 

on some combination of excited state absorption (ESA) and energy transfer upconversion 

(ETU) processes. ESA is a single-ion process that involves 
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sequential absorption of two (or more) photons via a real metastable excited state, and results 

in promotion of this ion to a higher excited state. The absorption of a single photon promotes 

the ground state electron to the first excited state. Due to the long-lived nature of this excited 

state, the absorption of a second pump photon is possible additionally stimulating the excited 

electron to a higher excited state. Radiative relaxation of such an excited electron to the ground 

state leads to an emission of a photon with higher energy (shorter wavelength) than both 

excitation photons. For ETU, two ions - sensitizer and activator - are mandatory. In ETU, two 

pump photons excite two neighbouring sensitizer ions to a higher energy level. The excited 

ions then nonradiatively transfer the energy to an activator ion, promoting one excited ion to 

an upper emissive energy level and demoting the sensitizer ion to the ground state. The ETU 

process utilizes sensitizers, like Yb3+ or Nd3+ with larger absorption cross sections than other 

lanthanide ions and is therefore around 100 times more efficient than ESA. For both ETU and 

ESA, an energy matching for each electronic transition need to be encountered, implying that 

the energy differences between ground state and first excited state, and first excited state and 

second excited state are equally spaced.  In addition to the presented mechanisms, photon 

avalanche (PA), co-operative upconversion (CUC), and energy migration mediated 

upconversion (EMU) processes have also been recognized as upconversion luminescence 

mechanisms. PA is an unconventional mechanism as it could lead to strong upconverted 

emission without any resonant ground state absorption (GSA) when the pump power is above 

a certain threshold value. However, the emission response is strongly delayed due to the 

involved looping process and cross-relaxation and only few nanomaterials have been 

reported to exhibit PA upconversion. CUC is based on virtual and non-real intermediate states, 

and therefore the upconversion process is not efficient. The EMU process is more complex 

Figure 2.1: Schematic illustration of the origin of photoluminescence of a) molecular organic 
fluorophore and b) upconverting nanoparticles. a) Simplified Jablonski diagram including 
ground state (S0), first excited state (S1), vibrational levels (numbered horizontal lines) and 
absorption of excitation light (dashed arrows). The transitions within and between electronic 
states can be nonradiative (wiggly arrows) or radiative (straight arrows). b) Energy schemes for 

different two-photon upconversion processes characteristic for energy transfer upconversion 

(ETU) and excited state absorption (ESA). Thereby, S refers to the energy levels (horizontal lines) 
in the sensitizer and A to those in the activator ion. Transitions between energy levels are 
represented by vertical arrows (dashed arrows symbolize photon absorption and solid arrows 

indicate photoluminescence) and curved arrows (refer to non-radiative energy transfer 

processes). 



4 | Upconversion and upconverting nanomaterials 
 

exploiting four types of luminescent centres and is observed only in particles with core-

multiple shell architectures.  

UCNPs are composed of an inorganic crystalline host lattice doped with lanthanide ions acting 

as storage reservoirs for the pump energy. As the ETU mechanism is considered to be most 

efficient in UCNPs, the host lattice is usually doped with two different lanthanide ions – one 

absorbing the excitation energy and referred to as sensitizer and the emitting ion also called 

activator. Among the lanthanide ions, Yb3+ has one a single excited 4f state and the largest 

absorption cross section in the 900–1100 nm NIR region (corresponding to the 2F5/2 → 2F7/2, 

see Figure 2.2) and is mostly used as sensitizer in UCNPs. The emission colour of the UCNPs 

can be tuned by varying the activator ion. Er3+, Tm3+, and Ho3+ ions, featuring ladder-like 

energy levels matching the excited level energy of Yb3+ for facilitating photon absorption and 

subsequent energy transfer (ET) steps, are generally chosen as activators to yield efficient 

visible emission under low pump power densities. In Figure 2.2, the energy level diagrams 

and the emission spectra of the most widely employed Yb3+-Er3+ - and Yb3+-Tm3+ - co-doped 

NaYF4 upconverting nanoparticles are presented.  Using Ho3+ as activator yields an emission 

spectrum similar to the Er3+ spectrum, however due to the lower upconversion efficiency of 

Ho3+-doped system, Ho3+ is not used as Er3+. The UC luminescence process in Yb3+,Er3+ 

nanoparticles can be divided into three steps: i) excitation of Yb3+ from the ground state 2F7/2 

to 2F5/2 ; ii) transfer of the photon energy via multiphotonic processes to the 4S3/2 2H11/2, and 
4F9/2 of Er3+ and iii) relaxation from the excited Er3+ states into the ground state 4I15/2 , to 

induce upconversion emissions at 658, 541, 522 nm, respectively. For high excitation power 

density three-photonic processes result also in blue emission at 408 nm. Similarly, the Yb3+–

Tm3+ system emissions at 800, 650, 474 and 450 nm correspond to the radiative transitions 

from 3H4–3H6, 1G4–3F4, 1G4–3H6, 1D2–3F4, respectively. 

Besides the selection of suitable dopant ions, achieving efficient UC luminescence requires 

also careful consideration of the choice of dopant concentrations and host material.  The 

dopant concentrations and the resulting spatial distribution in the particle lattice are crucial 

for the UC efficiency as the ET efficiency is higher for shorter distances between the sensitizer 

and the activator ions. However, too high doping concentrations can lead to concentration 

quenching, which decreases the upconversion emission efficiency. There can be three 

different mechanisms for concentration quenching: energy migration, cross-relaxation, and 

energy back transfer. Therefore, to enhance UC efficiency the sensitizer, Yb3+, is doped at high 

molar concentrations (around 20 mol%) and the concentration of the activator is kept low, 

usually around 2-3 mol% for Er3+ and 0.2 mol% for Tm3+. Also the host matrix plays an 

important role as its composition defines the distance between the lanthanide ions, their 

spatial position, their coordination numbers and crystal fields strength, and thus the ability 

to circumvent Laporte-forbidden f-f transitions. Consequently, it has a high impact on the UC 

luminescence efficiency and intensity distribution of the different emission bands (spectral 

distribution of UCL) and needs to fulfil a set of criteria. This includes low lattice phonon 

energy to prevent non-radiative multiphonon relaxations that can lower the upconversion 
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efficiency, close lattice matches to the dopant ions to avoid crystal defects and lattice stress 

and improved chemical stability for broad applications.  

Heavy halides, such as chloride, bromide and iodide-based materials, have relatively low 

phonon energies (< 300 cm -1), but suffer from a poor chemical stability and are hydroscopic, 

thus limiting their application. Oxide and sulfoxides based materials have improved chemical 

stability, but with their phonon energies of above 500 cm-1 the luminescence quantum yield 

is reduced.  Fluoride-based host lattices have low phonon energies of around 350 cm-1 and 

have been commonly considered to be chemically stable, making them the most common 

UCNP host materials. The phonon energy of the host lattice can be further reduced by 

minimizing the number of lattice defects. Therefore, host lattice cations with ionic radii close 

to those of the lanthanide dopants, such as Y3+, Lu3+, and La3+, i. e., alkali metals and earth 

metals such as Na+, K+, Ca2+ are mainly used in the UC host materials. A hexagonal crystal 

structure has a lower symmetry and provides a crystal field with more uneven components 

around the lanthanides, thus increasing the probability of 4f-4f transitions. For example, the 

most efficient upconversion luminescence was reported for hexagonal or β-NaYF4:Yb3+,Er3+ 

nanoparticles with a 5-fold enhanced emission intensity compared to cubic or α- 

NaYF4:Yb3+,Er3+ nanoparticles.4 

 

 
Figure 2.2: a) Energy level diagram of Er3+ or Tm3+ doped upconverting nanoparticles (solid-
line, dotted and dashed arrows represent photon absorption or emission, energy transfer, and 

energy back transfer, respectively; wiggly black arrows represent non-radiative relaxation 

processes) and upconversion emission spectra of b) Er3+-doped and c) Tm3+-doped NaYF4 

nanoparticles upon 980 nm excitation. Reprinted from Song et al.3. Published in J. of 
Biomedical Optics, 18(6), 061215 (2012). 
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2.2 Synthesis of upconverting nanomaterials 

Different characteristics such as size, shape, morphology and dispersibility of the 

nanoparticles can affect their applicability. In this sense, a number of synthetic techniques as 

co-precipitation, hydro(solvo)thermal method, thermal decomposition, and the microwave 

assisted method have been developed to synthesize UCNPs with uniformly controllable size, 

rationally designed geometries and high UCL efficiency (see Figure 2.3).5  

 

 
Figure 2.3: Overview on the synthetic methods used for UCNP preparation and illustration of typical 

morphologies of the corresponding products. Reprinted from Gai et al.5 Copyright 2014 American 

Chemical Society. 
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Hydro(solvo)thermal synthesis is another simple and effective solution-based approach, in 

which nanocrystals grow from aqueous solution (e.g., water and organic solvents) in a sealed 

reaction container (autoclave) at high temperature and high pressure, yielding monodisperse 

nanoparticles with tunable morphologies and structures. Typical precursors employed are 

Ln-chloride, nitrate, and acetate, used as Ln source, and various fluoride sources such as HF, 

NH4F, NaF or NaBF4 to synthesize LnF3 or MLnF4 (M = alkali metal) compounds. Tuning of the 

nanoparticles’ size and structure can be achieved by varying Ln/F molar ratios6, pH, fluoride 

precursor source,7 or addition of OH− ions8 or ligands.9-11 Another synthetic approaches is the 

chemical co-precipitation, that involves the precipitation of the desired products out of the 

precursor solution at lower temperatures. This, however, requires longer reaction times and 

the obtained nanocrystals suffer from a wide size distribution ranging from sub-micrometers 

to even micrometers and poor colloidal stability. Furthermore, the co-precipitation method 

predominantly produces cubic phase UCNPs which show lower UC efficiency and require post 

treatment of calcination at high temperatures to yield hexagonal phase nanocrystals with a 

higher UCL efficiency.12-14 A relatively new synthetic method is the microwave-assisted 

heating approach which is considered as a green and promising strategy to synthesize UC 

nanocrystals. However, an in-depth investigation regarding synthesis control and high quality 

of the products is still missing.15-18 Up to now, only one systematic study focusses on the 

influence of time and reactant concentration and composition on size and shape of UCNPs, 

demonstrating that a synthesis control regarding shape and monodispersity is only possible 

at lower concentration.18 

Up to now, the thermal decomposition, firstly reported in 2008 by Zhang et al.19, is the most 

facile method for the synthesis of monodisperse UCNP with defined size and morphology and 

will be discussed here in detail. In a typical thermal decomposition procedure, the lanthanide 

precursors are heated in high-boiling solvent mixture in the presence of the precursors for 

the host material. The formation of the nanoparticles can be understood through the classic 

La Mer model, which can be divided into three phases. In the first phase, the concentration of 

the precursors reaches a point where it exceeds the solubility in the chosen solvent. In the 

second phase, the concentration of the precursors reaches a supersaturation point, which will 

trigger nucleation in solution. The nucleation process is associated with a decrease in the 

reactant/precursor concentration as some material is consumed in favour of the formation of 

the nuclei. In the third phase, growth occurs at a slow rate, and this step proceeds continuous 

until the reactant materials are completely depleted in the system. For the synthesis of NaYF4-

based UCNs, the following mechanism was investigated by May et al.20 and Radunz et al. 21 : i) 

formation of cubic phased particles (alpha seeds) at temperatures lower 300°C and ii) 

dissolution of the cubic particles following the Ostwald ripening mechanism to yield the 

thermodynamically more stable hexagonal-phased beta particles (see Figure 2.4). The 

commonly used precursors are lanthanide salts (trifluoroacetates, acetates or chlorides); the 

solvent is mostly 1-octadecene (ODE) and oleic acid (OA), oleylamine (OM) or 

trioctylphosphine oxide (TOPO) are used as co-solvents and capping agent as they bear a 

functional group to coordinate to surface lanthanide ions and a long hydrocarbon chain to  
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prevent nanoparticle aggregation. The thermal decomposition method was extensively 

studies in the last years showing that the ratios oleic acid : octadecene as well as oleic 

acid : lanthanide salts have a high impact on the size and shape of the formed particles.22 

Other parameters that can influence the nanoparticles size, morphology and crystal phase and 

need to be carefully selected are reaction time and temperature, heating and cooling rate, 

inert gas flow, solvent and reagent concentrations. Thus, by carefully tailoring the 

experimental variables, such as solvent ratio, precursors’ concentration, reaction 

temperature, and time, high-quality UCNPs with a narrow size distribution, good crystallinity, 

and exceptional optical properties can be readily obtained in the thermal decomposition 

process. The drawback of the thermolysis strategy is that it involves a fast nucleation and 

growth process, which naturally can have a higher possibility to produce more defects in the 

synthesized UCNPs, thus leading to a relatively low upconversion quantum yield.  

Taking advantage of the good control over the synthesis, more complex morphologies such as 

core-(multi)shell structures utilizing an epitaxial layer-by-layer growth technique can be 

synthesized via the thermal decomposition method. This is achieved by hot-injection of a 

solution containing reactive lanthanide precursors or small sacrificial α-phase precursor 

particles into a solution of core β-phase particles prior heating.23 Altering the particle 

architecture can be used for improvement of the UC efficiency e.g. by introducing a surface 

passivation layer of non-doped shell on a lanthanide-doped active core as the luminescence 

of surface dopants can be readily quenched by high energy vibrations like -OH, -NH, -CH which  

Figure 2.4: a) LaMer model of dispersed crystalline particle formation (Cmax = maximum 
concentration for nucleation, Cmin = minimum concentration for nucleation, Cs = concentration 
for solubility; I = prenucleation period, II = nucleation period, III = growth period) b) Free 
energy diagram for the formation of cubic and hexagonal crystal phases of NaYF4. Adapted 
from  May et al. 20. Copyright 2016 American Chemical Society. c) Schematic illustration of the 
growth of UCNPs using the thermal decomposition method according to Ref. [20] and Ref. 

[21]: the Ln-precursors decompose at higher temperature to initially yield small cubic α-phased 

particles, which are then transformed into bigger hexagonal β-phased particles via a 

thermodynamically driven dissolution-recrystallization process. 
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arise from surface defects, ligands and solvent molecules.25 The decrease of UC luminescence 

efficiency is predominantly observed in aqueous solutions, and originates in particular from 

the high energy vibrations of the O-H groups between 3,200 and 3,700 cm-1 which e.g. favours 

MPR processes of the 4I11/2 → 4I13/2  and 2H11/2 / 4S3/2 → 4F9/2 transitions of Er3+ ions, thereby 

non-radiatively deactivating the 4S3/2 level of Er3+. Figure 2.5 illustrates different particle 

architecture approaches assessable via thermal decomposition synthetic route which can be 

used for modulating UC processes and efficiencies. 

In addition, in core-shell nanostructures, spatially confining the dopant ions can be achieved 

which can manipulate lanthanide donor–acceptor interactions and dynamics thereby e.g. 

eliminating or reducing deleterious cross-relaxation between lanthanide dopants.26, 27 Core-

shell architectures also enable the introduction of ionic dopants exhibiting various 

functionalities like Gd3+ and Mn2+ for combining magnetic resonance imaging (MRI) and UCL 

measurements or Nd3+ for shifting the excitation wavelength to 808 nm by tandem 

sensitization. In a tandem sensitization, the new sensitizer Nd3+ ions are first excited by 

absorbing the excitation energy at 808 nm, and then transfers their absorbed energy to 

neighboring Yb3+ ions and excite them from the 2F7/2 (Yb3+) to the 2F5/2 (Yb3+) state. 

Subsequently, the Yb3+ ion transfers the received energy to its neighboring activator ions (Er3+ 

or Tm3+), exciting them to higher energy levels. Multiphonon-assisted relaxations can then 

populate the emissive energy levels, which generate the UCNP characteristic emissions by 

radiative decay to the ground state. However, there is still a lack of knowledge regarding the 

exact structure of such type of core-(multi)shell particles in terms of intermixing of ions 

within different shells of nanometer thickness as cation migration can occur during the 

heating steps required for the growth of each new shell. Contrary to the assumption that sharp 

interfaces are present between the core and the shell as well as between the multishell 

systems, for example Duhnen et al. provided experimental evidence that partial intermixing 

of core and shell materials occurs in NaEuF4@NaGdF4 core/shell nanoparticles and 

demonstrated a gradual decrease in Eu3+ concentration from the core/shell interface to the 

Figure 2.5: Overview on particle architectures assessable via thermal decomposition synthetic 
route used for modulating UC processes and efficiencies. Reprinted from Wiesholler et. al.24. 
Copyright 2018 Elsevier 
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outer surface of the particles.28 In 2017, Hudry et al. investigated cation intermixing in β-

NaGdYbErF4@NaYF4 using STEM combined with EDSX and X-ray total scattering to obtain the 

local chemical and structural characteristics of the lanthanide ions in the core-shell  

upconversion nanoparticles.29 Such a basic understanding regarding particle growth and 

cation intermixing with high resolution and accuracy will contribute to understanding the 

“structure−property” relationship in complex UC nanoarchitectures and will ultimately 

enable the assessment of the real potential of UCNPs in various applications. 
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2.3 General strategies for surface functionalisation of 

upconverting nanoparticles 

This chapter is partially based on the publication “Surface modifications for photon 

upconversion based energy transfer nanoprobes” by E. Andresen et al., published in Langmuir 

2019, 35, 15, 5093–5113, and it is reproduced here with permission from the American Chemical 

Society. 

Upconversion nanomaterials which are applied in a biological environment require a high 

dispersibility and stability in aqueous media. Additionally, suitable functional surface groups 

for subsequent conjugation of biomolecules or probe molecules are needed. Because the 

majority of high-efficiency and uniform UCNPs are synthesized in organic solvents by the 

thermal decomposition method or the modified solvothermal method, the surfaces of these 

UCNPs are capped by hydrophobic organic ligands (e.g. oleic acid) that hinder the dispersion 

of UCNPs in biocompatible aqueous solutions.30-32 Therefore, different approaches for surface 

functionalization and engineering of as-synthesized hydrophobic UCNPs have been 

developed and established in the past years. Strategies to generate conjugable UCNPs can be 

generally divided into two main groups: ligand exchange and encapsulation techniques 

(Figure 2.6).  

Ligand exchange strategies 

Replacement of the hydrophobic native capping agents such as oleic acid (OA) by hydrophilic, 

more strongly binding ligands present one convenient and straightforward technique that 

allows the transfer to aqueous phase and provides colloidal stability. The ligand-exchange 

processes reported in the literature occur either in a one-step procedure accomplished by 

direct substitution of the primary ligands with the new ligands, via ligand-free or via BF4
‒ -

capped UCNPs as an intermediate. A direct substitution can be carried out adding secondary 

ligands with an affinity to rare earth ions higher than those of the primary capping agent, so 

that a stronger interaction between the nanoparticles and the new ligands is established. This 

approach is often challenging, time-consuming and requires high temperatures. The approach 

via a ligand free intermediate provides an opportunity to introduce a variety of new capping 

ligands easily and thus to tune specifically the surface properties. Such systems were 

investigated for oleic acid capped UCNPs and can be obtained either by removal of the oleic 

acid in acidic environment  (pH < 4) to obtain water-dispersible ligand-free (or rather H3O+ 

capped) UCNP33 or by introducing weakly coordinating ligands (e.g. BF4
‒), which provide the 

UCNPs with stability in polar, hydrophilic solvents as DMF or acetonitrile34 and can be easily 

replaced. The use of bifunctional molecules in a ligand exchange approach is currently one of 

the most popular strategies for the modification of the hydrophobic UCNP surface for 

bioapplications, while the shape, composition, and morphology of the UCNPs remain 

unaffected. Such bifunctional ligands possess one functional group capable of tight 
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attachment to the particle surface and a second hydrophilic functional group, providing good 

water-dispersibility and the possibility for subsequent dye or biomolecule conjugation.                           

  

 
Figure 2.6: Upper panel: Schematic representation of generalised water solubilisation 
strategies.  Left: ligand exchange with new ligand bearing one head group for coordination to 
the nanoparticles surface and a hydrophilic group on the other end;  Right: adsorption of an 
additional layer of amphiphilic ligand via hydrophobic interaction; Lower panel: overview of 
representative ligands for the surface functionalization and engineering of biocompatible 
upconverting nanoparticles. Adapted from Andresen et. al.35 Copyright 2019 American 
Chemical Society. 
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A large number of organic molecules and polymers which meet these requirements have been 

investigated for the surface modification of UCNPs in direct or ligand-free intermediate 

approaches. Polyethylene glycol (PEG) diacid36, PEG-phosphate37, 3-mercapropropionic 

acid38, hexanedionic acid39, 6-aminohexanoic acid, alendronic acid40, and 2-aminoethyl 

dihydrogen phosphateor  neridronate 41 have been utilized as secondary surface 

modifications. In a systematic investigation of functional ligands for colloidally stable 

upconversion nanoparticles, Duong et al.42 quantitatively investigated the competitive 

adsorption of ligands bearing phosphate, carboxylic or sulphonate groups onto the surface of 

UCNPs and studied their binding strength to identify the best conjugation strategy. The 

adsorption energy of phosphate was calculated to be -90.4 kcal mol−1 , which is stronger by 

12.5 kcal mol−1 than that of carboxylic acid groups (-77.9 kcal mol−1) and by 10.4 kcal mol−1 

than the sulphonic acid groups (-80.0 kcal mol−1). This clear trend in adsorption energies 

agrees well with the experimental observation, that phosphate containing ligands were not 

easily detached from UCNPs’ surface even in phosphate buffer compared to carboxylic or 

sulphonic acid groups, thus providing the greatest colloidal stability when using polymers 

with multiple anchoring negatively charged phosphate moieties for lanthanide ion-doped 

luminescent nanoparticles. 

Another strategy to generate water dispersible UCNPs is the replacement of the stabilizing 

capping ligands with water-soluble organic polymers which form a strong coordinative bond 

of their functional groups to the particle surface. These includes polyvinylpyrrolidone (PVP)37, 

43, poly(acrylic acid) (PAA)44-49, branched polyethylene imine (PEI)44, poly(amidoamine) 

(PAMAM)50, and multidentate thiolate-grafting polymers51. The attachment of polymers with 

reactive amino- or carboxylic acid groups such as PEI and PAA enables the conjugation of 

functional molecules to the particles. In 2006, Wang et al.52  demonstrated a direct ligand 

exchange with PEI to achieve water dispersible and biocompatible UCNPs. PEI is a highly 

branched hydrophilic polymer with primary, secondary and tertiary amino groups which 

stabilize the negatively charged UCNPs in solution due to the high positive net charge. The 

primary amino groups on the surface allow covalent bonding of biomolecules via 

conventional NHS/EDC chemistry. Polymer coatings are also achieved by a layer-by-layer 

(LBL) assembly strategy, where alternatively charged polyions are sequentially adsorbed on 

the nanoparticle surface due to electrostatic attraction. This method provides precise control 

over thickness and charge of the layers and generates a stable coating. In one of the first 

report, Li et. al. 53 functionalized UCNPs by sequential deposition of positively charged 

poly(allylalamine hydrochloride) (PAH) and negatively charged poly(styrene sufonate) (PSS) 

to generate hydrophilic NPs with stable amino-rich surfaces. However, before this 

modification, UCNPs must be already hydrophilic. 

Encapsulation strategies 

An alternative approach to phase transfer is the encapsulation approach, i.e., the deposition 

of an additional coating layer (e.g., silica or polymeric shells) on the particle surface that 

adsorbs to the original shell molecules and changes the surface properties accordingly. For 

this purpose, amphiphilic molecules54 like phospholipids, amphiphilic polymers55, 56 like 
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poly(isobutylene-alt-maleic anhydride) modified with dodecylamine (PMA), pyridine (Py-

PMA) or polyethylenglycol (PEG-PMA) or silica coatings are commonly used. The coating with 

an amphiphilic polymer shells involves the use of polymers with both hydrophobic and 

hydrophilic segments in their backbone. The hydrophobic surface ligands intercalate with the 

hydrophobic segment of the copolymer by mixing the UCNPs with the amphiphilic polymer. 

Accordingly, the hydrophilic part of the copolymer forms a hydrophilic shell, rendering the 

nanoparticles dispersible in aqueous media. Yi et al. 55 presented a coating based on ligand 

attraction between the native oleyl amine capping agent and an amphiphilic layer of 25% 

octylamine and 40% isopropylamine modified polyacrylic acid (PAA). The polymer coating is 

formed by hydrophobic interactions of the octyl and isopropyl groups of PAA with the 

octadecyl group of oleylamine on the nanoparticles surface.  These shells can provide reactive 

functional moieties for conjugation of sensing molecules and colloidal stability; however, they 

have the disadvantage of increasing the UCNPs hydrodynamic diameter, which can be 

relevant for all biological applications where size matters like cellular uptake and imaging 

studies. 

Surface silanization is a frequently used technique for stable surface modification of a variety 

of materials including UCNPs, because silica is chemically inert, optically transparent and has 

a low cytotoxicity. Furthermore, it exhibits the potential to functionalize the inner pore 

system and/or the external surface. Several review articles present developments in the area 

of UCNP@silica structures including those coat-ed with dense (dSiO2) or mesoporous silica 

(mSiO2) layers.57 The silanization of UCNPs can be performed in either of the following ways: 

water-in-oil reversed microemulsion or Stöber-like process by the controlled hydrolysis and 

polycondensation of pre-cursors such as tetraethoxysilane (TEOS) and other substituted 

tetraalkoxysilanes to introduce functional groups for targeting agents attachment on the silica 

surface. The thickness of the silica layer can be adjusted by varying the amount of silica 

precursor. Subsequent treatment with organosilanes yields surfaces with the desired 

functionality, e.g. amino groups by implementation of 3-aminopropyl triethoxysilane (APTES) 

or N-(3-trimethoxysilyl)propyl)ethylene diamine (TMED). Additionally, carboxy58, alkyne59 

and azide59 modified silica coating have been reported. Dense silica shells have been grown 

in a Stöber-like procedure on hydrophilic PVP-stabilized β-NaYF4:Yb3+/Er3+ nanoparticles, 

thereby taking advantage of the affinity of the PVP chains to silica.37, 60 PVP on the surface of 

the particles improves their stability in ethanol and its affinity to silica enables a uniform silica 

shell growth on the particle surface. The most commonly used technique for the coating of 

hydrophobic nanoparticles with a thin silica shell is the inverse microemulsion route.61, 62 This 

method exploits chemical reactions in hydrophilic cavities formed by a homogeneous mixture 

of ammonia, cyclohexane, surfactant, and TEOS. Surface silanization leads to a very stable and 

compact covalent surface passivation which generates UCNPs with the desired functionality. 

However, thin silica shells grown in reverse microemulsion often have the limitation of a 

lower colloidal stability and an enhanced aggregation tendency due to the dynamic nature of 

the reverse micelles and the presence of excess surfactants, as was shown in earlier reports.63 

For example Liu et al.62 have reported  that the silica-coated NaYF4 particles from reverse 

micelles were stable in water for only one day, indicating a tendency to aggregate once 
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removed from the stabilizing  micelles which kept them apart during growth. A mesoporous 

silica shell can be grown around UCNPs using cetyltrimethylammonium bromide (CTAB) as 

the stabilizing surfactant  and organic template for the formation of mesoporous silica in the 

sol–gel reaction, offers many sites for the accommodation of functional biomolecules and 

drugs onto the surface of UCNPs.64 Problematic for silica coated UCNPs is the presence of 

quenching OH groups in the silica shell close to the UCNPs that can affect the intensity and the 

spectral distribution of UCL. This effect is more severe in the case of mesoporous silica shells 

allowing the water molecules to reach the UCNP surface leading to non-radiative relaxation 

of the excited states of the lanthanides.65 

In summary, various surface modifications of UCNPs ranging from small surface ligands or 

polymers up to silica or lipid coatings can be used to improve their biocompatibility and 

stability and to introduce functionalities for further conjugations. Thereby, the use of small 

ligand molecules has the advantage of maintaining a minimal hydrodynamic size, however, 

offers poor colloidal stability and protection against water quenching of the UC luminescence. 

Polymers can be advantageous as they anchor to the UCNP surface combining multiple affinity 

groups and encapsulation of NPs in silica, lipids or surfactants can preserve the as-

synthesized NPs, but such coatings increase the hydrodynamic radius. This can be 

disadvantageous for some applications and can affect, e.g. cellular uptake. As the interaction 

of UCNPs with cells and/or in biological systems is critically determined by the surface 

properties, precise control over the NP surface is essential to regulate their fate in biological 

environments and to prevent cytotoxicity. Therefore, extensive studies regarding the 

colloidal stability and behaviour of differently coated UCNPs under conditions close to those 

found in biological fluids are still of great scientific interest.  
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2.4 Stability and dissolution of nanoparticles 

The stability of nanoparticles in aqueous environments is an essential parameter to evaluate 

their biopersistance, bioavailability, and potential toxic effects towards living organisms.66 A 

wide range of environmental conditions can interact with NPs and influence their 

physicochemical properties or structural integrity and consequently determine their 

potential toxicity. Especially dissolution can lead to the release of toxic particle constituting 

ions, as demonstrated in detailed studies on zinc sulfide,67 zinc oxide,68-70 copper oxide,71, 72 

and silver nanoparticles73-75. Figure 2.7 summarizes the main factors affecting the stability 

and dissolution behaviour of nanoparticles, which can be divided in two main categories: i) 

intrinsic factors, compromising the chemical and physical properties of the particles and ii) 

extrinsic factors as the properties of the suspension medium, i.e. its composition, pH, 

temperature and ionic strength.76 Particle size has a high impact on NP dissolution as it 

changes the surface-to-volume ratio and total free energies leading to faster dissolution of 

smaller particles. However, also various other parameters such as shape and surface 

morphology (porosity, hollow/dense particles) which affect the specific surface area, or 

crystallinity and exposed crystal faces need to be considered since they define also the 

physicochemical stability. Surface modification, e.g. capping agents, surface charge or mode 

of ligand attachment, also affect the dissolution behaviour as they change the chemical 

stability or aggregation tendency in a defined manner. Apart from the intrinsic properties of 

the NPs, there are also the characteristics of the environmental media (e.g. pH, ionic strength, 

media composition) that can considerably affect colloidal stability and influence dissolution 

of the particles. Also, the presence of complexing ions in environmental media can largely 

influence the dissolution rate of NPs by adsorbing to the surface and changing its interfacial 

characteristics.  The opposite trend,  i.e.,  increasing  the  driving  force  for  dissolution  by 

 

 

Figure 2.7: Schematic representation of the main factors that can affect dissolution of 
nanoparticles. Adapted from Misra et al 76. Copyright 2012 Elsevier  
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increasing metal solubility via complexation of dissolved metal ions from the NPs, is also 

broadly studied in the literature. For example, tryptone-rich media were reported to induce 

complete dissolution of CuO-NPs 77, EDTA was used to dissolve ZnS-NPs67, and ZnO-NPs 

exhibit enhanced dissolution in HEPES buffer compared to other biological buffers68. 

In spite of their growing and widespread applications, the chemical stability of UCNPs, 

initially regarded as chemically inert, have recently led to increasing safety concern, due to 

reports on the dissolution of NaYF4 nanoparticles in aqueous media, as this can result in the 

release of potentially toxic fluoride and lanthanide ions.78 This was observed for cubic as well 

as thermodynamically more stable hexagonal NaYF4 nanoparticles.79-82 Lisjak et al. reported 

on the dissolution of cubic NaYF4 and KYF4 UCNPs co-doped with Yb3+ and Tm3+ in aqueous 

media and proposed a mechanism for the enhanced particle disintegration in PBS.80 (Figure 

2.8) For incubation of the UCNPs in water, they reported a dissolution process limited to the 

hydrolysis of the particle surfaces resulting in a low amount of released particle constituting 

ions. In contrast, incubation of the particles in PBS led to a high degree of dissolution due to 

the high affinity of phosphates to lanthanides enabling detachment of the ions from the 

particle surface to form stable and non-soluble Ln-phosphate salts. More recent studies 

demonstrate that the UCNPs are dissolving also in water in highly diluted dispersions, which 

are often used for cellular studies.82, 83 According to Lahtinen et al., fluoride and other UCNPs-

constituting ions dissolve until the solubility equilibrium is reached in water (which means 

complete dissolution in case of small particles). This can be prevented by addition of fluoride 

to the suspension.82 Recently, Himmelstoß et. al. reported an extensive study on lanthanide 

doped NaYF4 with the most common surface coatings, ranging from small ligands to polymers 

with surface-coordinating groups baring different charges.84  They found that all these 

nanoparticles still suffer from a limited stability in very dilute aqueous dispersions. There are 

only few reports on coatings like amphiphilic85, and layer-by-layer coatings86-88 and 

polysulfonate cappings89 that can decelerate the dissolution of the UCNPs in different aqueous 

media. Saleh et al. reported that the exposure media significantly affects the stability of UCNPs 

with various coatings.83 While modest to high dissolution of the UCNPs was observed in water 

and PBS, exposure of the particles to Dulbecco’s modified Eagle medium (DMEM) led to a 

strong stabilization of all studied UCNP. This was ascribed to the formation of a so called 

“biocorona” of adsorbed DMEM constituents that shields the particles surface and prevents 

dissolution of the particles. 

 
Figure 2.8: Proposed mechanism for the dissolution of UCNPs in PBS according to Lisjak et 
al.80 Adapted from Ref. 80. Copyright 2016 American Chemical Society 
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Dissolution studies on particle systems are often monitored by electrochemical fluoride 

quantification, inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled 

plasma atomic emission spectroscopy (ICP-AES), atomic absorption spectroscopy (AAS) or 

ion selective electrodes (ISE). However, the quantification of nanoparticle dissolution is 

challenging as it requires the physical separation of NPs from the dissolved ionic species 

which can affect the equilibrium between dissolved and intact NPs. In case of UCNPs, 

dissolution studies also report significant loss of luminescence and shortening of the lifetimes 

of the differently excited energy levels of the activator ions in ensemble81 and single particle 

experiments90. This demonstrates the potential of optical techniques in dissolution studies of 

UCNP due to their size-, surface chemistry- and microenvironment-dependent upconversion 

luminescence (UCL) properties, which was not explored up to now. 

Dissolution studies are also a useful tool for understanding the observed biological and 

toxicological response of biological systems to nanoparticles. However, they cannot 

completely explain the complex interplay between biological systems and NPs or dissolved 

species, both potentially contributing to the biological response. As for any other NPs, the 

influence of UCNPs on a cellular level strongly depends on the composition, size, shape, charge 

and surface coating as well as on the examined cell line as reviewed by Gnach et al..91 In a 

comparative study focused on the cytotoxicity and non-specific cellular uptake of differently 

coated NaYF4:Yb3+:Er3+ using human skin cells, including dermal fibroblasts and immortalized 

human epidermal linear keratinocytes (HaCaT), Guller et al.92 showed that PEI-coated UCNPs 

did not affect the viability of dermal fibroblasts, but significantly decreased the population 

density of keratinocytes down to 54% after incubation for 24 h. An even more enhanced 

cytotoxicity of PEI-coated UCNPs was demonstrated by Vedunova et al. for a primary 

hippocampal culture DIV 17, where the viability dropped to 20 % after incubation for 72 h.93 

In a separate study, Guller et al. 94 demonstrated that the biological properties and cytotoxicity 

of PEI-coated NaYF4:Yb3+,Er3+ nanoparticles are significantly changed by additional wrapping 

with single or double polymer layers in a L-b-L approach. The viability of the keratinocytes 

was uneffected for up to 5 days (120 h) by additional coatings, which shield or inverse the 

high cationic charge of UCNP@PEI. This result can be attributed to the well-known cytotoxic 

effect of polycations, which is caused mainly by the irreversible damage of plasma membranes 

and release of lysosomal enzymes.95 

Thus, for clinical use of UCNPs, it is important that nanotoxicology research uncovers and 

understands how the multiple factors, briefly presented in this chapter, influence their 

toxicity and how to engineer improved nanoparticles in order to avoid undesirable 

physicochemical properties and interactions. Here, dissolution studies might provide useful 

data for the interpretation of biological responses. 
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2.5 Rhodamine-based fluorophores: A toolbox for 

versatile applications  

Xanthene dyes are particularly attractive fluorophores for the design of fluorescent probes 

because of their excellent photophysical properties like high molar absorption coefficients, 

high fluorescence quantum yields in the visible or red spectral region, and their relatively high 

photostability. Among the most important representatives of these dye class are fluoresceins 

and rhodamines, which have been applied as chemosensors and fluorescent markers in 

various areas such as cell biology, microscopy and biotechnology.96-98 Rhodamine 

fluorophores, which constitute of a planar xanthene ring 3,6-disubstituted by in-plane amino 

groups and a nearby perpendicular 2′-carboxyphenyl ring in position 9, have been 

progressively employed among a large landscape of in a variety of applications in the life and 

material sciences. 99 (Figure 2.9) 

 
 

 

The first rhodamine derivatives were prepared by Noelting and Dziewonsky in 1905.100 Since 

then numerous derivatives of rhodamine have been reported using synthetic strategies and 

post-synthetic modifications. One possible reactive site in the rhodamine chromophores are 

the amine groups on the xanthene skeleton which can be used to modulate the photophysical 

properties of the fluorophore.  

Figure 2.10 shows the molecular structures of the most commonly used rhodamine dyes, 

which have become also parents dyes for versatile novel dyes. The photophysical properties 

of these fluorophores are controlled by the substituting pattern of the amino groups on the 

xanthene moiety.  

Figure 2.9:Illustration of a rhodamine dye with the xanthene moiety highlighted in pink and 
possible applications. Adapted from Beija et al. 99  Copyright 2009 Royal Society of Chemistry 
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Further chemical modifications of the reactive sites in the rhodamine skeleton (especially 

modifications of the carboxyphenyl ring at positions 4’ and/or 5’ or of the carboxylic acid 

group at position 2’) also have a strong influence on their photophysical properties and can 

be utilized for the design of chemosensors or for the attachment of biomolecules. Here, 

versatile synthetic methods for the derivatization of rhodamines are well-established.98, 99 

Amidation of the carboxylic acid group at position 2’, for instance, generates rhodamine-

derivatives that undergo stimuli-responsive spirolactam ring-opening reaction which leads 

to severe changes in their optical properties, making them attractive chemosensors as it will 

be discussed later in this chapter.    

Synthesis of rhodamine dyes 

Commercially available rhodamines are prepared via a two-step Friedel Crafts type 

condensation of phthalic anhydride with two equivalents of meta-aminophenol. However, for 

the synthesis of functionalized rhodamines as required for post-synthetic modification, this 

synthetic procedure leads to a mixture of 4′- and 5′-regioisomers, because both carbonyls of 

the anhydride can participate in the reaction and generate a regioisomeric intermediate 

yielding of two isomers of the desired rhodamine dye. (Figure 2.11a) Regioisomers of dyes 

are known to display different properties, including different electrophoretic mobility, 

reactivity and even cell toxicity in some cases.102, 103 Aiming to circumvent this problem, Mudd 

et al. provided  an alternative method yielding isometrically pure functionalized 

rhodamines.104 In their approach, the anhydride is replaced by phtalaldehydic acid so that 

only one reactive point for the reaction with aminophenol is available and the reactions 

results in a single isomer of the product. The proposed synthetic route is a one-pot two-steps 

reaction performed in propionic acid in the presence of catalytic p-toluene sulfonic acid at 

elevated temperature. In the first step a diphenol intermediate is formed and in-situ oxidized 

using chloranil in the second step to yield the desired functionalized rhodamine dye as a single 

isomer. (Figure 2.11b) This novel synthetic route enables also the synthesis of a less well-

known (or often generalized with rhodamines) dye class of the rosamines by using 

substituted benzaldehydes as starting material. These closely to the rhodamines related dyes 

are xanthene-based fluorophores lacking the carboxylic group in the 2′-position. Rosamine 

dyes possess similar optical properties as their rhodamine analogues and can provide an 

interesting platform for the design of new fluorescent dyes.105-107 

 
Figure 2.10: Molecular structures of different rhodamine dyes and their main photophysical 
characteristics.101 
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Rhodamine dyes in sensor applications 

The need for fluorescent probes for the chemical sensing of biologically relevant optically 

silent metal ions or parameters such as pH has resulted in the development of various analyte 

sensitive fluorescent probes, extensively highlighted in diverse reviews.108-113 Generally, 

there are two types of analyte sensitive optical probes – colorimetric and fluorometric. 

Colorimetric indicators undergo a colour change (change in absorption) upon interaction 

with the analyte, i.e., for pH-responsive probes depending on the pH and are routinely used 

in e.g. commercial pH indicators (e. g. neutral red, bromkresol green, phenolphthalein, thymol 

blue). The sensing mechanism is primarily based on changes in the electronic structure 

induced by structural changes in the molecules upon analyte binding. A fluorometric sensor, 

contrarily, is an indicator that undergoes a change in luminescence induced by the interaction 

with the target ion. Fluorescent probes generally require an analyte sensitive moiety whereby 

target binding alters the spectral position of the dye´s absorption and emission bands and/or 

quantum yield of an attached fluorophore either by an internal charge transfer (ICT) or an 

intramolecular photoinduced electron transfer (PET) process. Compounds displaying ICT, 

also called push–pull chromophores possess electron rich and electron poor regions in their 

conjugated π-systems. For an ICT-based chemosensors, the analyte binding induces changes 

in the ground and excited states and the transitions (S0→S1) by enhancement or suppression 

of the push-pull effects lead to a red or blue shift in its absorption and emission spectrum 

(commonly accompanied by changes in the fluorescence intensity).114-117 (see Figure 2.12b) 

Fluorescent sensors utilizing a PET mechanism present “ON-OFF” sensors, as binding the 

analyte induces change in fluorescence intensity. The generality of luminescent PET switching 

dates back to the 1970s, although it was not until the mid-1980s that fluorescent pH 

indicators based on PET were explicitly introduced.118 PET systems consists of two to three 

components, a lumo/fluorophore, a spacer (which can be virtual or even absent for 

perpendicularly arranged moieties) and a receptor and can undergo either reductive or 

oxidative electron transfer.119 For reductive electron transfer, which is the more common one, 

analyte sensitive moieties are utilized as receptor components with energies lying between  

Figure 2.11: a) Usual synthetic route for the synthesis of rhodamines leading to isomeric 
mixtures in case of functionalized rhodamines; b) Novel synthetic route to isometrically pure 
functionalized rhodamines as proposed by Mudd et al.104 
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the HOMO/LUMO gap of the fluorophore in dependence of their free and analyte bound form. 

For metal ion sensing ionophore moieties with a high affinity for the target ion are employed. 

In case of pH sensing, these subunits possess a free electron pair provided by a nitrogen or 

oxygen atom as is the case for fluoresceins120, naphtalimides121, BODIPYs122-124 or aza-

BODIPYs125. In the absence of a bound cation or proton, the HOMO of the receptor (which is 

mainly located on the lone pair of the heteroatom) has a higher energy than the half-filled 

HOMO of the excited fluorophore. This enables a rapid electron transfer between the electron 

lone pair of the receptor (electron rich) and the excited state fluorophore thus leading to 

quenching of the fluorescence. Accordingly, binding of a target species to the lone electron 

pair of the receptor decreases the energy of its HOMO thus preventing PET and switching-ON 

the fluorescence of the fluorophore.126 (see Figure 2.12a) 

A broadly used strategy for designing analyte-sensitive rhodamine dyes is based on structural 

changes upon analyte binding switching from the spirocyclic to ring-open form of rhodamine 

derivatives. These so-called rhodamine spirolactams (RSLs), are colourless and non-

fluorescent in their spirocyclic form until interaction of the amide nitrogen with the target 

induces the opening of the spirocyclic ring system, yielding the fully conjugated and highly 

fluorescent rhodamine dye. A versatile platform of RSL is readily accessible by amidation of 

the carboxylic group of commercially available rhodamines, have been mainly studied for 

detection of metal ions or pH.97, 98, 127 By incorporation of an appropriate ligand, thus a 

functional group or chelate ligand that coordinates selectively the target ion, inducing 

spirolactam ring-opening and thereby recovery of the rhodamine fluorescence, a large 

number of fluorescent chemosensors for detection of e.g. Cu2+, Hg2+, Fe3+, Zn2+, Cr3+, Ag+ , Au+ 

and pH values have been designed in the past.128-137 Figure 2.13 presents the general 

mechanism of the analyte-induced spirolactam ring-opening of rhodamine amide derivatives 

and selected examples from the recent literature for molecular sensors utilizing this 

mechanism. 

A prominent example for rhodamine-based ion sensors utilizing the PET mechanism are the 

BAPTA (1,2 bis-(ortho-aminophenoxy)ethane-N,N,N′,N′-tetra-acetate) containing calcium 

sensors such as Rhod-2 (which is known since 1989)138 or the more recently developed 

RhoCa-Halo139 and CaRuby1+2140, bearing functional groups for attachment to nanoparticles 

or biomolecules/proteins (see Figure 2.14). BAPTA is a well-known highly selective Ca2+ 

 
Figure 2.12: Functional principles of a) PET-based and b) ICT -based analyte sensing.  

(HOMO = Highest occupied molecular orbital; LUMO = Lowest occupied molecular orbital) 
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chelator with high binding affinity to Ca2+ (KD < 20µM), which can be easily tuned by 

introducing electron-donating groups on the aryl moieties.141 In Ca2+ indicators, the 

fluorophore luminescence is quenched for the unbound ionophore (BAPTA), while binding of 

Ca2+  shifts the electronic energy levels, making PET unfavourable, and thus leading to 

increase in fluorescence.141 

 

 

 

  

Figure 2.13: General mechanism of spirolactam ring opening of rhodamine derivatives and 
representative molecular structures of rhodamine dyes used for sensing and imaging 

applications based on spirolactam ring-opening mechanism.142-150 

 
Figure 2.14: Ca2+ sensors composed of a BAPTA chelating moiety (green) and a rhodamine 
dye utilizing PET mechanism used for labeling of proteins or attacnment on nanoparticles.139, 

140  
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Rhodamine derivatives for pH sensing 

The accurate determination of pH is essential for the understanding of many chemical, 

biological and physical processes in the living organisms.151 pH measurements in the different 

and complex matrices and biological systems require molecular pH sensors with tuneable pKa 

values for accurate monitoring pH. For example, in biological systems, the pH can strongly 

vary from alkaline (pH 8) in mitochondria, to near neutral in the cytosol, to acidic in lysosomes 

(pH 4.7).152 pKa tuneability of RSLs can be achieved by incorporating a steric group130 or a 

aniline-derivative136 on the carboxylic group of rhodamine B or rhodamine 6G. Stratton et al. 

demonstrated that the pH responsivity of aniline-derived RSLs can be systematically tuned 

through substituent effects.136 In their extensive study of a series of 19 dyes including the 

evaluation of pKa data using the Fujita–Nishioka model, the authors demonstrated that both 

steric and electronic properties of the used substituents influence the pH responsivity. By 

increasing size and electron withdrawing character of the substituent, also an increase in the 

pKa value is induced, which can be attributed to changes in the RSL structure induced by 

sterically demanding substituents, and to electronic influences on the protonated spirocyclic 

reaction intermediate. However, the pKa tunability of the generated dyes revealed only small 

changes is the determined pKa value ranging between 4 and 6. (see Figure 2.15a) 

Furthermore, the kinetics of the fluorescence turn-on process in RSLs limits their application 

range and some probes might not be usable in situations where a rapid read-out  is desired.135 

Thus, alternative concepts for designing fluorescent pH-indicators utilizes xanthene dyes are 

of great interest. So far, only a few pH-sensitive rosamine-based probes utilizing PET have 

been reported.105, 153, 154  They mainly consist of a fluorophore and a nitrogen-containing 

subunit, either piperazonium groups153 or amine-containing side chain105, located in 

proximity to the xanthene core. Collot´s group reported a series of  pH-sensitive rosamine 

based dyes (denoted as H-Rubies by the authors) bearing a phenolate group as pH sensitive 

subunit.154 These dyes are derived from rhodamine 101 and possess different pKa values 

depending on the substitution pattern of the phenolic subunit or the nitrogen heterocycles. 

 
Figure 2.15: Molecular structures of pH sensitive dyes mit tunable pKa values utilizing a) sprirolactam 
ring-opening or b) induced by photoinduced electron trasfer (PET). Included tables summize the pKa 
values of the dyes.136, 154 
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Figure 2.15 gives an overview on the approaches for tuning the pKa values by substituent 

effects in RSLs or PET-capable rosamines and summarizes the pKa values for the presented 

dyes.  

Rhodamine-based ratiometric fluorescent probes utillizing excitation energy transfer 

mechanisms 

A main drawback of many molecular sensors is that they commonly rely on measuring 

changes in fluorescence intensity at a single emission wavelength. Thereby, variations in 

probe concentration, probe environment, and excitation intensity can influence the 

fluorescence intensity measurements. To overcome this limitations, analyte-sensitive 

fluorophores are often combined with a second “inert” fluorophore the optical properties of 

which are not affected by the analyte. This inert fluorophore is typically chosen to be excited 

at the same wavelength as the sensor dye and to reveal an emission band that can be 

spectrally separated from the fluorescence of the sensor dye. This dye combination is a so-

called ratiometric or self-referenced probe. Thus, it enables the simultaneous measurement 

of two fluorescence signals at different emission wavelengths for a simple excitation 

wavelength and the subsequent calculation of their intensity ratio, which provides an internal 

correction. Ratiometric sensing can be also reached with Förster resonance energy transfer 

(FRET) based probes.155 FRET is a nonradiative energy transfer process between a 

photoexcited donor and a ground-state acceptor species. FRET occurs for donor and acceptor 

which are in close physical proximity, energetically well-matched, and with suitable dipole 

alignment. Changes in the distance between the donor/acceptor pair as well as changes in the 

spectral overlap between donor emission and acceptor absorption have been demonstrated 

as effective means of generating a probe response. In recent years, these FRET-based 

ratiometric fluorescent probes have undergone rapid development. Due to their outstanding  

  
Figure 2.16: a) Quinoline–benzothiazole/rhodamine (energy donor/acceptor)-based FRET used 
for the ratiometric detection of Cd2+[156] b) Dansylamide/rhodamine FRET probe used for 
monitor labile Fe3+ fluctuations in cells undergoing ferroptosis157. 
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properties, rhodamine-based dyes have been broadly applied as acceptor dyes in 

combination with different energy donor dyes, e.g. naphthalimides, coumarins, quinolines or 

BODIPYs, for the rational design of ratiometric fluorescent probes. 155, 158, 159 Many of these 

probes are based on analyte promoted spiro-opening of rhodamine, which enables the energy 

transfer between the rhodamine moiety and the donor dye as exemplary shown in Figure 2.16 

based on a Cd2+ sensor156 developed by  Goswami et al. in 2015 and a fluorescent probe for 

ratiometric tracking of endogenous Fe3+ in ferroptosis reported by Gao et al. in 2020157. ET-

based ratiometric sensors can also be built by combining the rhodamine dyes with quantum 

dots160-162, carbon dots163 or UCNPs (see Chapter 2.5) and thus provide an alternative 

approach for constructing of detection systems for sensing a variety of analytes in aqueous 

media. 

Temperature sensitivity of rhodamine dyes 

Beside their broad applicability as chemosensors, some rhodamine dyes are also well-known 

for their temperature dependent fluorescence response, making them of great interest for the 

design of luminescence-based temperature sensors, as temperature is a fundamental 

parameter for every chemical or biological process.164-166 Here, the substitution pattern of the 

xanthene nitrogen atoms is crucial for the fluorescence response to temperature. The 

temperature sensitivity of the rhodamines is mainly caused by a non-radiative deactivation 

of the excited state by rotations of sterically not fixed amino or alkylated amino groups.167, 168 

The non-radiative deactivation of the excited state of rhodamine dyes bearing alkyl 

substituents at the nitrogen atoms is increased with increasing temperature and, therefore, 

their quantum yields as well as their fluorescence lifetimes are reduced as function of 

temperature. For the dyes with rigidised amino groups non-radiative deactivation accessible 

by vibrational movement of the substituents is limited and, thus, radiative decay is favoured 

yielding high and temperature independent fluorescence quantum yields. Therefore, 

rhodamines bearing alkyl groups on the xanthene nitrogen atoms (as rhodamine B or 

rhodamine 6G) show decrease in emission intensity with increasing temperature while 

rhodamines with fused cyclic rings on the xanthene anilines (e.g. rhodamine 101) are mostly 

temperature inert in their fluorescence response.  

Taking advantage of their outstanding photophysical properties, rhodamine dyes have 

become essential as fluorescent probes and molecular markers in chemistry and 

biochemistry. Although they are known since over 100 years, rhodamine dyes are still subject 

of extensive studies and inspire scientist in the development of new fluorophores with 

tailored photophysical properties by substituting the xanthene oxygen other atoms (e.g. 

Si,Ge,Sn or Te) or by introducing further substituent on the xanthene scaffold. 169-172 
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2.6 Upconverting nanomaterials for bioapplications  

This chapter is partially based on the publication “Surface modifications for photon 

upconversion based energy transfer nanoprobes” by E. Andresen et al., published in Langmuir 

2019, 35, 15, 5093–5113, and it is reproduced here with permission from the American Chemical 

Society. 

Upconverting nanoparticles (UCNPs) have attracted great attention in the recent years due to 

their promising applications in various research fields. Compared with traditional 

luminophores such as dye molecules, fluorescent proteins and quantum dots, UCNPs have 

many advantages, such as near-zero background in biosensing due to their long luminescence 

lifetimes ideal for time-gating, deep tissue bioimaging due to their NIR excitability, and 

remote biomanipulation, which have triggered rapid developments of lanthanide-activated 

nanoparticles for biological applications. 1, 173-175 (Figure 2.17)  

 

 

Several approaches have been meanwhile reported for self-referenced or ratiometric sensors 

for temperature, pH, oxygen and ionic species utilizing UCNPs. These systems can be 

intrinsically referenced, thereby exploiting the multicolour nature of upconversion 

luminescence (UCL). 173, 176 For the design of chemical sensors and optical probes that reveal 

analyte-specific changes in their spectroscopic properties, the UCNPs must be combined with 

analyte sensitive indicator dyes that change their absorption and/or fluorescence properties 

selectively upon interaction with their target analyte. Except for temperature sensing, the 

sensor principle is based either on an ET process or an inner-filter-effect between the UCNP 

core and a responsive (indicator) dye attached on the UCNP surface. The excitation of the 

indicator via UCL can be achieved via distance-dependent non-radiative processes such as 

resonance energy transfer (RET). Frequently, this process is also referred to as “Förster 

Resonance Energy Transfer” or “Fluorescence Energy Transfer” (FRET) or “Luminescence 

Resonance Energy Transfer” (LRET) in connection with luminescent lanthanide species. 

Alternatively, excitation of the indicator dye can occur by reabsorption-related inner filter 

Figure 2.17: Illustration of the wide range of bioapplications of UCNP-based nanoprobes for 
biosensing, imaging, drug delivery and theranostic. Reprinted from Zhang et al.173 Copyright 
2020 American Chemical Society 
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effects (radiative energy transfer). The inner filter effect-based approach, that is independent 

of donor-acceptor distance, is particularly well suited for the design of sensor platforms such 

as sensor strips or pads as shown by the construction of a set of hydrogel-based pH-

sensors.177 

UCNP-based Sensor Systems: Fundamentals 

One strategy for achieving chemoresponsive UC nanomaterials is the combination of UCNPs 

with colorimetric and/or fluorogenic indicators with analyte-responsive fluorescence 

induced by non-radiative energy transfer from the UCNPs to the energy acceptor. A 

prerequisite for a successful energy transfer is a good spectral match between the absorption 

band of the energy acceptor and one of the emission bands of the UCNP donors. (Figure 2.18a) 

The most frequently used acceptors for UCNPs are organic dyes because they offer 

substitution pattern control of their absorption and fluorescence properties and particularly 

the spectral position of their absorption and emission bands. Generally, an effective RET is 

expected to decrease the intensity of the UCL band involved in RET.  In the case of a 

fluorogenic indicator, also an extra fluorescence band can appear, that is spectrally 

distnguishable from the UCL emission bands. The emissive lanthanide ions within the 

nanoparticle can each act as an individual energy donor. This implies that RET involves mostly  

 
Figure 2.18: Main resonance energy transfer (RET)-based detection strategies utilizing 
upconversion nanoparticles and analyte-responsive chromophores illustrated on Yb3+,Er3+-
doped UCNP in combination with an indicator: (A) Fluorogenic sensor with analyte-responsive 
fluorescence of the indicator induced by LRET from the UCNP. (B) Indicator impacts UCNP 
emission acting as an acceptor for LRET. The addition of analytes cuts the linkage between 
UCNPs and acceptors, leading to the recovery of the emission. (C and D) Colorimetric indicator 
showing a significant spectral change (in either intensity or wavelength) after reacting with 
analyte, thus impacting UCNP emission by reabsorption (inner filter effect). In this case, analyte 
responsive fluorescence of the indicator can occur. Reprinted from Andresen et al.35 Copyright 
2019 American Chemical Society 
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lanthanide ions at or close to the UCNP surface whereas lanthanide ions in the center of the 

UCNPs do not contribute to RET because they are too far away from the UCNP surface.178, 179 

Despite a short distance between energy donor and acceptor, also UCNP size, chemical 

composition, and particle architecture, particularly the thickness of an often used inactive 

surface passivation shell, present key parameters for RET efficiency.178-181 In addition, water 

molecules which are strong surface quenchers for UCL, minimize the RET efficiency in 

aqueous media and therefore, efficient RET often is only observed in organic solvents. As the 

RET efficiency is highly dependent on the distance between the donor and acceptor, UCNPs-

based nanosensors can also be designed in the opposite manner, with a target-induced 

increase in donor-acceptor distance, leading to the recovery of UCL as presented in Figure 

2.18b. Another option is to combine UCNPs with colorimetric indicators or colorimetric and 

fluorogenic molecules. In this case, the sensing mechanism is based on the change (either 

intensity or wavelength) of the absorption of the indicator after reaction with the analyte 

Figure 2.18c and d). Thereby, the resulting change in absorption modulates the intensity of 

UCL in dependence on the analyte concentration. Alternatively, inner-filter effect (IFE)-based 

sensing schemes relying on radiative energy transfer, can be used. IFE refers to the absorption 

of excitation UCL by the analyte sensitive chromophores in solution or matrix and requires 

only the spectral match between UCL and absorption band of the sensor dye.  In comparison 

with RET, the IFE-based sensing approach is more flexible and straightforward as it is 

independent from distance between UCNPs’ surface and indicator. RET- and IFE-based 

sensing are sometimes difficult to distinguish. Moreover, the reliable identification of RET 

processes in UCNP-dye systems is often hampered by the relatively large UCL contribution of 

lanthanide ions in the UCNP centre, that do not participate in RET, because they are too far 

away from the RET acceptors at the UCNP surface. This can lead to a very weak relative 

quenching of the UCL intensities and a strong UCL background signal, with the contribution 

of unquenched lanthanide emitters obscuring the effect of RET-quenching on the lanthanide 

emitters.179, 180  A clear distinction is only feasible with time-resolved measurements. RET is 

accompanied by shortening in lanthanide donor emission lifetime while for IFE-based sensing 

no change in the lanthanide emission lifetime is observed. 

RET and IFE-based UCNP sensors and applications 

Systematic studies from the group of T. Hirsch revealed a size dependence of the RET 

efficiency for bare NaYF4:Yb3+,Er3+ UCNPs with sizes between 10 nm and 43 nm decorated 

with surface-adsorbed dyes in an aprotic organic solvent.179 The absorption bands of the used 

rhodamine-based dyes overlap with the green UCL. Time resolved fluorescence 

measurements of these dye-functionalized UCNP revealed a considerable shortening of the 

lifetime of the green emission of the UCNP donor as a clear indication of RET, with the size of 

this reduction depending on UCNP size and particle architecture. As the UCNPs’ size 

decreases, i.e., at larger surface-to-volume ratios, two competing processes occur. On the one 

hand, an increasing percentage of the UCNPs’ Er3+ ions become involved in RET, as the 

distance between an increasing number of Er3+ and surface-bound dyes are now within the 

Förster radius, thereby increasing RET efficiency. However, on the other hand, the surface-to-
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volume ratio increase leads to more luminescence quenching at the UCNP surface, which 

reduces the donor quantum yield and lifetime and hence, also RET efficiency. Utilizing time-

resolved UCL measurements for RET studies, the strongest shortening of the donor lifetime 

was observed for 21 nm-sized UCNPs, yielding a RET efficiency of 60 %.179 Moreover, as the 

RET efficiency correlates with the quantum yield of the donor, thin inactive passivation shells 

of about 1 nm thickness around differently sized UCNP cores can be used to enhance their 

quantum yield and thus improve the resulting RET efficiencies. For particles < 17 nm, the RET 

efficiency was enhanced by up to 40 % when coating the particles with thin silica shells. This 

underlines the strong influence of surface deactivation processes on UCL of small UCNPs. For 

larger UCNPs, e.g., the 21 nm-sized UCNPs which have previously been identified as being the 

most efficient ones, such a thin shell did not lead to a higher RET efficiency.  Mély’s group181 

presented a similar study with assembled UCNP–organic dye RET systems in aqueous 

dispersions and investigated luminescence decays and spectra with varying UCNPs sizes and 

quantities of acceptor dyes grafted onto the surface with the aid of a polymer shell. They 

proposed a Monte Carlo simulation for the quantitative prediction of RET-behavior of UCNP-

organic dye systems. The influence of the particle architecture on the RET efficiency was 

demonstrated by Kumke’s groups based on the combination of four different types of core 

and core-shell NaYF4-based UCNPs co-doped with Yb3+ and Tm3+ using the dye methyl-5(8-

decanoylbenzo[1,2-d:4,5-d´[bis([1,3]dioxole)-4-yl)-5-oxopentanoate (DBD-6) as acceptor.182 

Based on fluorescence intensities and decay kinetics measurements, they reported that  

UCNPs with an inert shell showed the strongest luminescence, but their RET efficiency was 

the lowest (17 %). UCNPs with Tm3+ dispersed only in the shell revealed the highest RET 

efficiencies of about 51 % despite the reduced luminescence efficiency due to surface 

quenching. Wang et al.183 reported that the RET efficiencies in core-shell particles of the type 

NaYF4:Yb3+,Er3+@NaYF4 can be improved by tuning the thickness of the shell layers and 

identified a critical shell thickness of 6 nm for optimal RET performance for this particle size. 

Ding et al. 184 investigated the dependence of the relative contribution of RET and 

reabsorption in dye-decorated UCNPs on the thickness of an inert NaYF4 shell between the 

active UCNP core and the dyes. By optimizing the dopant concentrations and the core–shell 

structure for higher excitation power densities, Drees et al. 185 observed enhanced UC- 

emission as well as a strongly increased sensitized acceptor fluorescence. In addition, 

Hildebrandt´s group analysed the efficiency of RET between Er3+ ions distributed over either 

the core or the shell of UCNPs and Cy3.5 dye acceptors.180 Recently, Capobianco´s group 

reported on the correlation of distance estimations and time-resolved RET analysis in UCNP-

dye nanostructures and underlined the importance of distinguishing between the 

photoluminescence properties of the emitting lanthanide ions located at or near the UCNP 

surface and in the more shielded core.186 For this study, they used tetragonal LiYF4:Tm3+/Yb3+ 

UCNPs surface-modified with a lipid bilayer incorporating photochemically switchable 

azobenzene-modified lipid molecules. which can absorb the blue Tm3+ emission. This can 

trigger the release of a payload incorporated into the lipid bilayer.  As a proof-of-concept for 

the functioning of this nanoconstruct as a potential light addressable drug delivery vehicle, 

the dye Nile red was encapsulated in the lipid bilayer as a model for hydrophobic drugs. 
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Excitation at 980 nm lead to the release of Nile Red as determined by monitoring fluorescence 

spectra of the dye. Time-resolved spectroscopy on the system revealed that the energy 

transfer mechanism is predominantly radiative (reabsorption) with a minor contribution of 

nonradiative RET. Only recently, pH responsive self-referenced dual component sensor 

systems were designed by combining Tm3+-doped UCNPs revealing multicolor emission and 

pH sensitive BODIPY dyes with tunable pKa values that were embedded into a polymeric 

hydrogel matrix as shown in Figure 2.19.177 This inner filter effect-based sensor system was 

subsequently utilized for the successful monitoring of time-dependent pH changes of a 

suspension of quiescent E. coli metabolizing d-glucose. The pH value is one of the basic 

parameters characterizing biological systems because it impacts the structure and function 

of many biologically active macromolecules and ionic species. The cytoplasmic pH regulates 

the capability of ion transport, cell proliferation, and migration. Therefore, in the past few 

years, several UCNP-based nanoprobes for the determination of intracellular pH have been 

investigated. Esipova et al. have shown that UCNPs with a dendritic polyglutamic shell 

functionalized with a meso-tetraphenylporphyrin derivative can act as self-referenced probes 

for pH.187 Here, the protonation of the porphyrin leads to a shift of its absorption bands and, 

therefore, to a change of their spectral overlap with the two main UCNP emission bands at 

around 550 and 660 nm. A self-referenced pH titration curve can be obtained by measuring 

the intensities of both UCNP emissions. This system, however, relies predominantly on the 

energy transfer from the UCNPs to the indicator dyes via IFE (an emission-reabsorption 

mechanism). IFE-based sensors were also reported for sensitive sensing of fluoride ions 

utilizing a UCNP-curcumin nanosystem by Liu et al..188  

                         
 
Figure 2.19: Schematic illustration of a pH responsive self-referenced dual component sensor 
system based on multicolor emissive upconversion nanoparticles (UCNP) and pH sensitive 
BODIPY dyes utilizing an inner-filter effect; b) Time-dependent changes of the G/R ratio of the 
pH sensor layers treated with a suspension of E. coli with D-glucose and a suspension of E. 
coli without D-glucose or pure buffer. Reprinted from Radunz et al.177. Copyright 2019 
American Chemical Society 
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Table 2.1 shows examples from the literature using UC-RET based sensing systems with 

surface-bound indicator dyes for the intracellular sensing of pH. In an approach by Schäferling 

et al., the commercially available pH indicator pHrodo red (as an NHS ester) was conjugated 

to hexagonal NaYF4:Yb3+,Er3+ crystals, coated with an amino-functionalized silica shell of ∼3 

nm thickness.189 The pH-dependent ratiometric signal is most likely generated by RET from 

the UCNPs to the fluorogenic indicator dye. The pH-dependent ratiometric signal is most 

likely generated by RET from the UCNPs to the fluorogenic indicator dye.A referenced readout 

can be achieved by measuring the ratio of the green UCL emission (550 nm) and the sensitized 

red emission of the indicator emission (590 nm), which increases with decreasing pH. The 

UCNPs were efficiently internalized by HeLa cells by endosomal uptake, and the green 

reference signal as well as the red pH-dependent signal could be detected. Later, the silica-

coated sensor system was varied by replacing Er with Tm as the emitter and attaching either 

fluorescein (using FITC as the reactive dye) 190 or xylenol orange191 (via amide coupling) as the 

indicator. In a different approach, a branched PEI coating was used to provide a larger number 

of reactive primary amino groups for the conjugation of the pHrodo red dye.192 In both core–

shell systems, a decrease in the luminescence lifetime of the green UC emission was observed 

after the conjugation of the dye. The shorter lifetimes indicate that RET is at least partially 

involved in the sensitization of the indicator dye (e.g., a RET efficiency of 38% was calculated 

in the case of the silica-coated particles), but other mechanisms such as UCL reabsorption 

(inner-filter effect or radiative ET) cannot be excluded. The limited RET efficiencies lead to 

rather low ratios of the sensitized sensor and reference signals. A much stronger reduction of 

the luminescence lifetime of the 475 nm UC emission and therefore a higher RET efficiency 

(around 78%) has been reported for NaYF4:Yb3+,Tm3+@PEI in combination with fluorescein 

by Li et al. 193 Further UC-RET-based nanosensors were designed for highly sensitive and 

selective detection of different ions in vitro and in vivo. This included sensors for heavy metal 

Table 2.1. UCNP-based probes used for intracellular sensing of pH. 

RET donor RET acceptor 
Surface 

functionalization 
Detection strategy 

Cell 
type 

Ref. 

NaYF4: 
Yb3+,Er3+ 

pHrodo Red Silica shell 
ratio of the emission intensity 

I590/550 
HeLa 189 

NaYF4: 
Yb3+,Tm3+ 

Fluorescein Silica shell 

Recovery of UC-blue emission 
upon protonation; ratio of the 

relative emission intensity 

I519/465 

HeLa 190 

NaYF4: 
Yb3+,Tm3+ 

Xylenol orange Silica shell 

Quenching of UC-blue 
emission upon protonation; 
ratio of the emission intensity 

I450/646 

HeLa 191 

NaYF4: 
Yb3+,Er3+ 

pHrodo Red Organic polymer (PEI) 
ratio of the emission intensity 

I590/550 

MDA-
MB-
231 

192 

NaYF4: 
Yb3+,Tm3+ 

Fluorescein Organic polymer (PEI) 

Recovery of UC-blue emission 
upon protonation; ratio of the 

relative emission intensity 

I475/645 

QBC93
9 

193 



Research background | 33 

ions, such as Hg+ [194,195,196,197], which are known to be extremely toxic chemicals and to 

accumulate in the human body, leading to severe nervous system damage but also metal ions 

such as Fe3+[198], Cr3+[199], Cu2+[200-202], Zn2+[203], Ca2+[204] and K+[205] which are 

essential trace elements and play a vital role in the physiology and biochemistry of organisms 

and cells. Such sensors are mainly designed by grafting analyte sensitive dyes or metal 

complexes with suitable optical properties to coated UCNPs. Detection occurs according to 

the strategies presented Figure 2.18. Only recently, Lui et al. constructed a potassium 

nanosensor by encapsulating Tm-doped UCNPs and a commercial potassium ion indicator 

(PBFI) in the hollow cavity of mesoporous silica nanoparticles and coated them with a K+ 

selective filter membrane.205 The blue emission band was used to excite the potassium ion 

indicator and detect fluctuating potassium ion concentrations in cultured cells and in animal 

models of disease including mice and zebrafish larvae. 

UCNP-based Systems: Further Bioapplications 

The unique optical properties of UCNPs make them also excellent candidates for efficient 

nanocarrier materials in drug delivery approaches utilizing photochemically induced release 

reactions exploiting the light-induced cleavage of chemical bonds and/or photoisomerization. 

In the past, different approaches to construct UCNP-based drug delivery systems were 

investigated. For instance, UCNPs can transport drugs, like doxorubicin, by encapsulating 

them in a lipid bilayer containing azobenzene amphiphilic derivatives206 used as UCNP 

surface coating. Alternatively, a azobenzene-modified mesoporous silica shell has been 

employed.207 Here, the blue light emitted from the UCNP upon IR irradiation triggers a cis-

trans isomerization of the azobenzene molecules thus opening the pathway for the drug 

release. In another approach,  mesoporous silica coated UCNPs with a Ru(II) complex 

covalently bound to the porous surface, acting as a molecular valve, were used to store, 

deliver, and release a drug from the porous surface in a controlled manner after UC-induced 

photocleavage of the Ru(II) complex and opening the pores.208 UCNPs exhibit also great 

potential for applications in photodynamic therapy (PDT).209, 210 Upconversion is an attractive 

mechanism for improving PDT as longer wavelength light has a greater penetration depth in 

tissue, potentially enabling deeper tumours to be treated. For PDT, UCNPs coated with a 

photosensitizing agents are injected into the bloodstream and gather inside the tumour. The 

tumour is then illuminated with NIR and the UC-generated visible or ultraviolet light is used 

to activates the photosensitizers coated on the outside of the UCNPs, resulting in the 

generation of singlet oxygen and destruction of the tumour. For instance, Xu et al. designed a 

multifunctional UCNP-based agent by immobilizing chlorin e6 (Ce6), a photosensitizer, and 

imiquimod (R837), a Toll-like-receptor-7 (TLR-7) agonist as an immune adjuvant, onto 

polymer-coated UCNPs.211 Under NIR excitation, the formed UCNP-Ce6-R837 nanoparticles 

could trigger photodynamic destruction of primary tumors grown on mice and stimulate 

antitumor immune responses. 
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Chapter 3 Materials and methods 

3.1 Chemicals 

Compound Specification* Supplier 

3-Hydroxybenzaldehyde ≥ 99 % Sigma-Aldrich 

p-Toluenesulfonic acid monohydrate ≥ 98 % Sigma-Aldrich 

8-hydroxyjulolidine 97 % Alfa Aesar 

p-Chloranil 97 % Alfa Aesar 

3-Diethyl-aminophenol 98 % J&K 

4-Hydroxy-benzaldehyde ≥ 99 % Roth 

5-Formylsalicylic acid 95 % Fluorochem 

N-Hydroxysuccinimid ≥ 99 % Roth 

N,N´-Dicyclohexylcarbodimmid 99 % Sigma Aldrich 

N-Boc-ethylendiamine ≥ 98 % Sigma Aldrich 

Propionic acid 99.5 % Honeywell 

Yttrium chloride hexahydrate 99.9 % Sigma-Aldrich 

Ytterbium chloride hexahydrate 99.9 % Sigma-Aldrich 

Erbium chloride hexahydrate 99.9 % Sigma-Aldrich 

Ammonium fluoride 96 % ABCR 

Sodium hydroxide min. 99.5 % ChemSolute 

Poly(maleic andyrdide-alt-octadecene) Mn 30.000-50.000 Sigma Aldrich 

Polyoxyethylene bis(amine) M.W. 1000 99.9 % Alfa Aesar 

Jeffamine M-2070 Mn 2.000 Huntsman 

Oleic acid 90 % (tech.) Sigma-Aldrich 

1-Octadecene 90 % (tech.) Alfa Aesar 

*All chemicals were used without further purification.  

Purification of organic compounds: 

ALUGRAM Xtra SIL G/UV254 plates by Macherey-Nagel were used for thin-layer 

chromatography. Isolation of products by chromatography was performed with silica from 

Macherey-Nagel Silica 60 M (0.04-0.063 mm). 
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3.2 Synthesis of upconverting nanoparticles 

Oleate-capped NaYF4:Yb3+,Er3+ 

Co-doped oleate-capped NaYF4:Yb3+,Er3+ were synthesized following a procedure reported by 

Wilhelm et al. for the large-scale synthesis of hexagonal-phase UCNPs.56 Heating was 

performed using an heating mantle and a magnetic stirrer (LLG uniStirrer 5) and temperature 

was controlled using a temperature controller from LabHeat (model KM-RX1000) equipped 

with a NiCr-Ni (Inconel®) temperature sensor (model KM-TNS).  

Briefly, YCl3·6H2O (1183.10 mg, 3.80 mmol), YbCl3·6H2O (387.50 mg, 1 mmol), and 

ErCl3·6H2O (38.17 mg, 0.20 mmol) were dissolved in 15 mL of methanol by sonication and 

subsequently added to a mixture of oleic acid (40 mL) and 1-octadecene (75 mL) in a 250 mL 

three-necked flask. The stirred reaction mixture was then heated to 150 °C under argon flow. 

After 30 min, vacuum was applied for further 45 min at 150 °C to remove remaining low-

boiling impurities. The lanthanide precursor-containing reaction mixture was then cooled 

down to room temperature (rt) under a constant argon flow. Subsequently, a methanolic 

solution (30 mL) containing NaOH (500 mg, 12.5 mmol) and NH4F (740 mg, 20 mmol) was 

added, and the resulting suspension was heated to 120 °C for 30 min to remove excess 

methanol. The reaction mixture was heated to 325 °C under reflux while applying a gentle 

flow of argon and kept at this temperature for 30 min. Then the reaction mixture was cooled 

down to rt. The resulting UCNPs were purified following the literature procedure.56 Finally, 

the particles were dispersed in cyclohexane (c = 30 mg/mL) and stored at 4 °C. 

Synthesis of core-shell UC nanoparticles NaYF4:Yb3+@ NaYF4:Er3+ 

The synthesis of core@shell oleate-capped NaYF4:Yb3+@ NaYF4:Er3+ was performed in two 

steps. First, the core NaYF4:Yb3+ was synthesized according to the procedure described above 

using YCl3·6H2O (1214.20 mg, 4.0 mmol) and YbCl3·6H2O (387.50 mg, 1 mmol). After 

purification, the cores were used as seeds for the shell growth. Briefly, the shell precursors, 

YCl3·6H2O (201.55 mg, 0.66 mmol) and ErCl3·6H2O (5.38 mg, 0.01 mmol), were dissolved in 

20 mL OA and 37 mL ODE at 160°C. After cooling to 80°C, 40.2 mg core particles were added 

to the reaction mixture and the temperature was maintained at 80 °C to remove cyclohexane. 

Then, the temperature was lowered to 50 °C and methanolic solutions of NH4F (100.44 mg, 

2.71 mmol) and NaOH (69.8 mg, 1.74 mmol) were added. The reaction mixture was heated to 

325 °C under reflux while applying a gentle flow of argon and kept at this temperature for 40 

min. Then the reaction mixture was cooled down to rt. The resulting UCNPs were purified 

following the literature procedure. Finally, the particles were dispersed in cyclohexane and 

stored at 4 °C.  

 

 



36 | Preparation of water-dispersible nanoparticles 
 

3.3 Preparation of water-dispersible nanoparticles 

3.3.1 Ligand-free NaYF4:Yb3+, Er3+ 

HCl route: Ligand-free NaYF4:Yb3+,Er3+ were synthesized according  to the procedure reported 

by Bogdan et al.33 with some modifications. Briefly, oleate-capped UCNPs (100 mg) were 

isolated via centrifugation (30 min, 10000 rpm) and dispersed in a 10 mL aqueous HCl 

(0.5 M) solution. Removal of oleate ligands was performed in an ultrasonic bath for 1 h at 

room temperature (rt). When the reaction was completed, the aqueous solution was extracted 

three times with diethyl ether to remove oleate ligands. The UCNPs in the water phase were 

collected by centrifugation (30 min, 10000 rpm) and washed twice with milliQ water. Finally, 

the particles were redispersed in water (c = 10 mg/mL) and stored at 4 °C.  

BF4
‒ route: The oleic acid was removed via NOBF4 treatment. Therefore, oleate-capped UCNPs 

(100 mg) were dispersed in a two-phase system (equivalent volumes of cyclohexane and 

DMF), 100 mg NOBF4 was added, and the mixture was stirred vigorously for 20 min at 30 °C. 

The cyclohexane phase was rejected, and the BF4
– stabilized particles were collected by 

centrifugation (10 000 g, 30 min). The resulting pellet was redispersed in DMF and washed 

one time with chloroform/DMF. Finally, the pellet was dispersed in the desired volume of 

DMF and stored at 4 °C. 

3.3.2 Phosphonate coated UCNPs 

The amount of ligand required to saturate the UCNPs surface (which considerably exceeds 

the ligand concentration required for the formation of a monolayer on UCNPs surface) was 

estimated to 20 µmol/nm2 for spherical particles. Subsequently, the respective ligand 

concentrations, adapted to particle size (diameter d) and surface area as well as particle 

concentration, were used for all ligand exchange experiments with the 21.5 nm and 31.7 nm 

sized UCNPs.  

Indirect route: For 21.5 nm sized UCNPs, 12.6 mg AA or 17.0 mg EDTMP (38.9 µmol) were 

dissolved in 25 mL water and 5 mL ligand-free UCNPs (c = 6 mg/mL) dispersion was added 

to the aqueous ligand solution to yield a final concentration of 1 mg/ml. For 31.7 nm sized 

UCNPs, 8.6 mg AA or 11.5 mg EDTMP (26.4 µmol) were dissolved in 25 mL water and 5 mL 

ligand-free UCNPs (c = 6 mg/mL) dispersion was added to the aqueous ligand solution to yield 

a final concentration of 1 mg/ml. The reaction was performed by stirring for 24 h at rt. Then, 

the particles were collected by centrifugation (30 min, 10000 rpm), washed two times with 

water, dispersed in water (c = 6 mg/mL) and stored at 4 °C.  

Direct route: 1 mL of oleate-capped UCNPs (c = 30 mg/mL) were diluted with cyclohexane to 

a final concentration of 1 mg/ml. The required amount of ligand (38.9 µmol for the 21.5 nm 

and 26.4 µmol for 31.7 nm sized particles) dissolved in water (30 mL) was added to the 

particle dispersion. The two-phase system was stirred at rt for at least 24 hours. The transfer 
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of the particles from the organic phase into the aqueous phase was controlled with a handhold 

980 nm laser utilizing visually detected UCL. Afterwards, the aqueous phase was separated, 

the particles were collected by centrifugation (30 min, 10000 rpm), washed two times with 

water, dispersed in water (c = 6 mg/mL), and stored at 4 °C.  

3.3.3 Amphiphilic coatings 

TWEEN80:  1 ml NaYF4:Yb,Er UCNPs in cyclohexane (c = 16 mg/mL) were precipitated with 

acetone and after centrifugation at 3000 rpm for 5 min redispersed in 1 mL chloroform. 

150 mg TWEEN 80 was solved in 3 mL milliQ water and added to the UCNP dispersion. The 

emulsion was stirred for 1 h at room temperature. Then, 5 mL of milliQ water were added and 

the emulsion was kept in a 70 °C water bath for 3 h to evaporate chloroform. The TWEEN80 

coated UCNPs (TWEEN-UCNPs) were obtained by centrifugation (30 min at 10 000 rpm) and 

stored at 5°C (c = 2 mg/mL). 

PMAO-coatings: 1 ml NaYF4:Yb,Er UCNPs in cyclohexane (c = 16 mg/mL) were precipitated 

with acetone and after centrifugation at 3000 rpm for 5 min redispersed in 1.5 mL 

chloroform. 100 mg PMAO was solved in 1 mL chloroform and added to the UCNP dispersion. 

The dispersion was stirred 1h at rt.  

For PMAO-OH: The UCNP-PMAO dispersion in chloroform was evaporated to dryness 

and 2 mL 0.1M NaOH were added. The dispersion was stirred for 1h at 60°C to hydrolyse the 

anhydride groups. The PMAO-OH coated UCNPs were collected by centrifugation (30 min at 

10 000 rpm) and washed three times with milliQ water.  

For PMAO-PEG: 160 mg Jeffamine M-2070 solved in 1 mL chloroform was added to the 

UCNP-PMAO dispersion and the dispersion was stirred over night at rt. 5 ml 0.1M NaOH were 

added to the chloroform dispersion and the emulsion was kept in a 70 °C water bath for 3 h 

to evaporate chloroform. The PMAO-PEG coated UCNPs were obtained by centrifugation (30 

min at 10 000 rpm), redispersed in 2 ml milliQ water (c = 8 mg/mL) and stored at 5°C. 

For PMAO-PEGcross: The UCNP-PMAO dispersion in chloroform was evaporated to 

dryness and re-dispersed in 2 mL THF. 25 mg PEG-diamine were added to the dispersion and 

the reaction solution was stirred over night at rt. The dispersion was evaporated to dryness 

and 2 mL 0.1M NaOH were added. The dispersion was stirred for 1h at rt to hydrolyse the 

anhydride groups. The PMAO- PEGcross coated UCNPs were collected by centrifugation (30 

min at 10 000 rpm) and washed three times with milliQ water. Finally, the PMAO-PEGcross 

coated UCNPs were redispersed in 2 mL milliQ water (c = 8 mg/mL) and stored at 5°C.  
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3.4 Synthesis of pH sensitive dyes 

General synthetic procedure for pH sensitive rosamines 

To a solution of aldehyde (1 eq) in propanoic acid 3-diethylaminophenol or 8-

hydroxyjulolidine (2 eq) and p-TsOH (1 eq) were added. The solution was protected from 

light and stirred at 80°C for 2h. After cooling to room temperature (rt), chloranil (1.1 eq) was 

added to the reaction mixture that was then stirred overnight at rt. The resulting dark purple 

solution was evaporated to dryness and the crude product was purified by column 

chromatography on silica gel (DCM/MeOH, 98/2 to 90/10) yielding the desired compound as 

a purple or violet solid. 

 

 

Mono-, di-, and tri-bromo-substituted hydroxybenzaldehyde compounds M3, M4, M6 and M7 

are provided by Dr. Sebastian Radunz. Their synthesis and characterisation are described in 

a previous work.122  

Rosamines 1a-d, 2a-c and 3 were synthesized using differently substituted benzaldehyde 

derivatives M1-M7 and the commercially available compounds MX-1-3, following the general 

procedure outlined in Figure S1. To obtain the desired products in sufficient purity, it was 

necessary to run several columns (at least 2), followed by extraction with NaCl solution to 

remove residue propionic acid. 

Figure 3.3.1: Synthetic route of rosamine dyes. Reaction conditions: 1) 0.15 eq p-TsOH, propionic 
acid, 80°C, 2h; 2) 1.1 eq chloranil, rt, 12h. 
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To a solution of the corresponding aldehyde M1-M7 (1.0 mmol, 1.0 eq.) in 15 mL propanoic 

acid 3-diethylaminophenol (MX-1), 3-dimethylaminophenol (MX-2), or 8-hydroxyjulolidine 

(MX-3) (2.0 mmol, 1.5 eq.) and  p-TsOH (0.15 mmol, 0.15 eq., 26 mg) were added. The solution 

was protected from light and stirred at 80°C for 2 h. After cooling to room temperature (rt), 

chloranil (1.5 mmol, 1.5 eq., 370 mg) was added to the reaction mixture that was then stirred 

overnight at rt. The resulting dark purple solution was evaporated to dryness and the crude 

product was purified by column chromatography on silica gel (DCM/MeOH, 98/2 to 90/10). 

The fraction containing the desired product were combined, concentrated, and extracted with 

NaCl solution to yield the desired compound as a purple or violet solid. 

Data for 1a: Compound 1a was synthesized according to the procedure mentioned above 

using M2 (122.5 mg) and MX-1 (331.3 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 1a 

as violet solid (114.1 mg, 27 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.31 (t, 12H), 3.68 (q, 8H), 6.65 (d, 2H), 7.08 (m, 4H), 7.23 (d, 

2H), 7.52 (d, 2H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 11.51, 45.46, 96.02, 113.19, 113.92, 115.50, 122.64, 131.53, 

132.10, 155.66, 158.28, 158.40, 159.87 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 415.2380; Found [M]+: 415.2399. 

Data for 1b: Compound 1b was synthesized according to the procedure mentioned above 

using M3 (201.3 mg) and MX-1 (331.1 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 1b 

as violet solid (101.2 mg, 20 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.32 (t, 12H), 3.69 (q, 8H), 6.96 (d, 2H), 7.10 (dd, 2H), 

7.16 (d, 1H), 7.31 (dd, 1H), 7.47 (s, 1H), 7.48 (s, 1H); 7.62 (d, 1H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 11.48, 45.48, 96.06, 110.37, 113.16, 114.12, 116.25, 123.79, 

130.39, 131.75, 134.26, 155.72, 156.31, 156.88, 158.23 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 493.1485; Found [M]+: 493.1552. 

Data for 1c: Compound 1c was synthesized according to the procedure mentioned above 

using M4 (280 mg) and MX-1 (330 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 1c 

as violet solid (93 mg, 16 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.36 (t, 12H), 3.74 (q, 8H), 7.02 (d, 2H), 7.17 (dd, 2H), 7.48 (d, 

2H), 7.70 (s, 2H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 13.10, 47.16, 97.74, 113.03, 114.89, 116.02, 116.10, 127.26, 

133.08, 134.90, 154.71, 155.94, 157.51, 157.54, 159.87 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 573.0570; Found [M]+: 573.0600. 
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Data for 1c*: Compound 1c* was synthesized according to the procedure mentioned above 

using M4 (281.1 mg) and MX-2 (275.5 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 

1c* as violet solid (101.9 mg, 19 %). 

1H-NMR (500 MHz, CD3OD): δ = 3.37 (s, 12H), 7.02 (d, 2H), 7.17 (dd, 2H), 7.49 (d, 2H), 7.69 (s, 

2H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 39.61, 96.29, 111.38, 113.36, 114.45, 125.61, 131.14, 133.28, 

153.10, 154.97, 157.68, 158.00 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 516.9944; Found [M]+: 516.9935. 

Data for 1d: Compound 1d was synthesized according to the procedure mentioned above 

using M4 (152.8 mg) and MX-3 (206 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 1d 

as violet solid (56.3 mg, 18 %). 

1H-NMR (500 MHz, CD3OD): δ = 2.03 (td, 8H), 2.90 (td, 8H), 3.54 (td, 8H), 6.87 (s, 2H), 7.51 (s, 

2H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 19.49, 19.64, 20.46, 27.27, 50.08, 50.59, 105.41, 111.37, 

112.68, 124.26, 125.93, 126.16, 132.99, 151.24, 151.37, 152.25, 152.79 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 621.0570; Found [M]+: 621.0671. 

Data for 2a: Compound 2a was synthesized according to the procedure mentioned above 

using M5 (122.5 mg) and MX-1 (331.5 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 2a 

as violet solid (112.1 mg, 27 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.31 (t, 12H), 3.68 (q, 8H), 6.87 (m, 1H), 6.89  (d, 1H), 6.95 (d, 

2H), 7.07 (m, 3H), 7.46 (m, 3H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 11.40, 45.41, 95.92, 112.97, 114.00, 116.09, 116.77, 120.24, 

129.80, 131.78, 133.28, 155.75, 157.74, 158.17 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 415.2380; Found [M]+: 415.2422. 

Data for 2b: Compound 2b was synthesized according to the procedure mentioned above 

using M6 (202.9 mg) and MX-1 (331.2 mg) as precursors. Purification by column 

chromatography on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 2b 

as violet solid (53.6 mg, 11 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.32 (t, 12H), 3.70 (q, 8H), 6.83 (d, 2H), 6.89 (d, 1H), 6.99 (m, 

3H), 7.11 (dd, 2H), 7.25 (d, 2H), 7.64 (d, 2H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 11.31, 45.87, 96.14, 105.36, 114.58, 118.76, 128.61, 131.33, 

134.27, 156.03, 158.26 ppm. 
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MS (ESI-TOF) m/z calculated for [M]+ 493.14852; Found [M]+: 493.1584. 

Data for 2c: Compound 2c was synthesized according to the procedure mentioned above 

using M7 and MX-3 as precursors. Purification by column chromatography on silica gel using 

DCM/MeOH (98/2 to 90/10) as eluent gave compound 2c as violet solid (82.1 mg, 12 %). 

1H-NMR (500 MHz, CD3OD): δ = 2.07 (td, 8H), 2.94 (td, 8H), 3.59 (td, 8H), 6.81 (s, 2H), 7.78 (s, 

1H) ppm. 

13C-NMR (125MHz, CD3OD) δ = 19.54, 19.63, 20.48, 27.23, 50.14, 50.62, 101.97, 105.47, 

111.80, 114.45, 115.36, 124.45, 125.50, 133.12, 134.08, 151.35, 152.58, 153.61 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 698.96750; Found [M]+: 698.9999. 

Data for 3: Compound 3 was synthesized according to the procedure mentioned above using 

M1 (106.2 mg) and MX-1 (330.5 mg) as precursors. Purification by column chromatography 

on silica gel using DCM/MeOH (98/2 to 90/10) as eluent gave compound 3 as violet solid 

(119.1 mg, 30 %). 

1H-NMR (500 MHz, CD3OD): δ = 1.32 (t, 12H), 3.69 (q, 8H), 6.99 (s, 1H), 7.09 (dd, 2H), 7.38 (d, 

2H), 7.49 (m, 2H), 7.68 (m, 3H) ppm. 

13C-NMR (125 MHz, CD3OD) δ = 11.50, 45.53, 96.09, 113.20, 114.18, 128.70, 129.42, 130.08, 

131.80, 132.25, 155.86, 157.70, 158.29 ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 399.2431; Found [M]+: 399.2450. 
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Synthetic procedure for Ros-NH2 

5-formyl salicylic acid M8 (1 g, 6.08 mmol), N-hydroxysuccinimide (0.77 g, 6.67 mmol) and 

DCC (1.37 g, 6.65 mmol) were solved in THF (20 mL). The mixture was stirred at room 

temperature for 1 h then filtered over a pad of celite. The filtrate was concentrated under 

reduced pressure. The crude product M8-NHS was obtained as a yellowish solid and stored 

under Argon at 4°C. The crude product M8-NHS was used without further purification. 

M8-NHS (528.1 mg, 2 mmol) was solved in 20 mL DMSO and N-Boc-Ethylendiamine (358.5 

mg, 2.2 mmol) and 1.5 mL (3.5 eq.) DIPEA were added. The solution was stirred over night at 

rt. The reaction solution was diluted with ethyl acetate and extracted three times with 1M 

HCl. The aqueous layer was extracted three times with ethyl acetate. The organic layers were 

combined and dried over MgSO4. The crude product was purified by flash chromatography 

(cyclohexane/ethyl acetate 1:1 to 2:3) to give M9 (394 g, 64 %) as a white solid. 

Monomer M9 (380 mg, 1.2 mmol) and MX-1 (396.6 mg, 2.4 mmol) were solved in 15 ml 

propionic acid and p-TsOH (34.2 mg, 0.18 mmol) was added. The solution was stirred for 16 h 

at 60°C and after cooling down to rt chloranil (442.62 mg, 1.8 mmol) was added. The soltuion 

was stirred for 5 h at rt. Purification by column chromatography on silica gel using 

DCM/MeOH (98/2 to 90/10) as eluent gave compound Ros-NH-Boc as violet solid (96 mg, 

16 %). The amine was deprotected by dissolving Ros-NH-Boc in toluene and addition of 3 M 

HCl to obtain Ros-NH2. 

Data for M9: 

1H-NMR (500 MHz, CDCl3): δ = 1.43 (s, 12H), 3.51 (dt, 5H), 7.05 (d, 1H), 7.89 (d, 1H), 8.11 (s, 

1H), 8.36 (s, 1H), 9.84 (s, 1H) 

MS (ESI-TOF) m/z calculated for [M]+ 331.1264; Found [M]+: 331.1248. 

Data for Ros-NH-Boc: 

1H-NMR (600 MHz, CD3OD): δ = 1.29 (m, 24H), 3.35 (dt, 4H), 3.67 (q, 8H), 6.95 (d, 2H), 7.08 

(dd, 2H), 7.17 (d, 2H), 7.44 (d, 2H), 7.48 (dd, 1H), 7.87 (s, 1H) ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 601.3384; Found [M]+: 601.3426. 

Data for Ros-NH2: 1H-NMR (700 MHz, CD3OD): δ = 1.34 (t, 12H), 3.21 (t, 2H), 3.73 (m, 10H), 

7.00 (d, 2H), 7.13 (dd, 2H), 7.26 (d, 1H), 7.49 (d, 2H), 7.57 (dd, 1H), 8.03 (s, 1H) ppm. 

MS (ESI-TOF) m/z calculated for [M]+ 501.2860; Found [M]+: 501.2866. 

 

 

 



 Materials and methods | 43 
 

3.5 Characterisation methods 

3.3.4 Characterisation of UCNPs 

Steady State and Time-Dependent Emission Measurements 

Spectrally resolved UCL measurements were carried out on an Edinburgh Instruments Model 

FLS980-xD2-stm spectrofluorometer equipped with an 8 W, 978 nm laser diode. The emission 

wavelength range was set to 500–700 nm and the slit was to 5 nm. 

Luminescence decay measurements were carried out on an Edinburgh Instruments Model 

FLS980-xD2-stm spectrofluorometer equipped with an electrically pulsed, 8 W, 978 nm laser 

diode (long square pulses, pulse width of 150 μs). The decay kinetics were recorded at 

540 nm, 655 nm (Er-UC), and 1000 nm (Yb-DC) with a red-sensitive photomultiplier tube 

(PMT; Model H10720-20) from Hamamatsu, using time-correlated single photon counting 

(TCSPC). All dissolution measurements were performed at the same excitation power density 

(P). For P-dependent time-resolved measurements, P was varied (pulse width kept constant) 

and the emission slit width was adapted in such a way that always the same number of photon 

counts per second (cps) of 2000 was detected.  

Photoluminescence lifetimes were calculated from the measured decay kinetics with the 

FAST software (Edinburgh Instruments) using a second-order exponential decay fit. The 

decay curves of the long-lived UC emission were used as obtained, without consideration of 

the instrument response function (tail fit, no unfolding of the instrument response function 

was done).  

TEM Characterization 

Transmission electron microscopy (TEM) images were obtained with a Talos F200S 

Microscope (Thermo Fisher Scientific) using an accelerating voltage of the electron beam of 

200 kV. The samples were prepared by UCNP dispersions (1 mg/mL in water) onto a 3 mm 

copper grid (lacey, 400 mesh) and letting them dry under air at rt. The obtained micrographs 

were analysed with the software ImageJ. For as synthesized oleate-capped UCNPs, the 

average particle size was determined from 8 micrographs (58kx magnification) with each 

containing approximately 350 particles. Therefore, the area of the particles was automatically 

measured using a fixed thresholding based on the unprocessed image intensity histograms 

and the size distribution descriptors (e.g. Feretmax and Feretmin). The obtained diameters were 

plotted in the form of a histogram which was subsequently fitted with a Gaussian curve. The 

mean (µ) and standard deviation (σx) of this curve was taken to be the representative particle 

size for the respective sample. To determine the elemental composition of the UCNPs, energy 

dispersive X-ray spectroscopy (EDX) with two silicon drift detectors (SDD) was used during 

TEM analysis. The counting time for the X-ray spectra was 60 s. 
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Thermogravimetric Analysis (TGA) 

Thermal gravimetric analysis (TGA) was performed using Hitachi STA 7200 set-up with 

Sample Charger AS3. TGA experiments were performed over a temperature range of 30–600 

°C under nitrogen atmosphere (200 mL/min) at a heating rate of 10 °C/min. 

Fourier transform infrared (FT-IR) absorption spectroscopy 

FT-IR spectra were acquired on a Nicolet Nexus FT-IR spectrometer (Thermo Electron 

Corporation) using an ATR accessory. The spectra were recorded in the extinction mode in a 

wavenumber range of 4000 – 400 cm-1. Before each measurement, the background spectrum 

was recorded and consequently subtracted from the sample spectrum to obtain the blank-

corrected IR spectra. 

Zeta (ζ) potential measurements  

The electrophoresis mobility was measured using electrophoretic light scattering at 20°C 

(Zetasizer nano ZS, Malvern) and converted into a zeta potential. For these measurements, 

the particles were dispersed in water at pH 7.4. Three runs of 30 cycles were performed to 

determine the reproducibility and the relative standard deviation of the measured zeta 

potential values. 

Powder X-ray diffraction (PXRD) 

Powder X-ray diffraction (PXRD) measurements patterns were collected using a Rigaku 

Ultima IV diffractometer (Rigaku, Tokio, Japan) in a range of 10–80°/2θ with Cu Kα radiation 

(λ = 0.15406 nm). The scanning step was 0.2°/2θ with a counting time of 4 s per step. 

  



 Materials and methods | 45 
 

3.3.5 Characterisation of rosamine dyes 

NMR spectroscopy and mass spectrometry 

NMR spectra were recorded on a JEOL Eclipse+ 500 (1H 500 MHz, 13C 126 MHz) and BRUKER 

AVANCE 700 (1H 700 MHz, 13C 176 MHz) spectrometer at 25 °C. The chemical shifts δ are 

calibrated on the respective solvent peak as internal standard (1H: δ(CD3OH) = 3.31 ppm; 13C: 

δ(CD3OH) = 77.16 ppm). All shifts are reported in in parts per million (ppm) and NMR 

multiplicities are abbreviated as s (singlet), d (duplet), t (triplet), and m (multiplet).  

MS measurements were performed on an Agilent 6210 ESI-TOF, Agilent Technologies, Santa 

Clara, CA, USA. Solvent flow rate was adjusted to 4 µL/min, and spray voltage set to 4.000 V, 

respectively. Drying gas flow rate was set to 15 psi (1 bar). All other parameters were adjusted 

for maximum abundance of the relative [M+H]+ / [M-H]-. 

Optical spectroscopy 

All optical measurements were done with 1 cm quartz glass cuvettes from Hellma GmbH. 

Absorption measurements were carried out on a calibrated Varian Cary 5000 UV-/VIS-/NIR 

spectrophotometer with a scan rate of 600 nm/s and a slit width of 2 nm using a baseline 

correction (air/air) and a solvent sample as a reference. 

Fluorescence spectra were recorded on a calibrated FLS920 spectrofluorometer from 

Edinburgh Instruments with an integration time of 0.3 s and slit widths of 6.0 nm of the 

excitation and emission monochromators. The excitation wavelength was set to 540 nm for 

dyes 1a-c*, dyes 2a,b and dye 3 and to 570 nm for dyes 1d and 2c, respectively.  

Fluorescence quantum yields were determined absolutely using a Quantaurus-QY integrating 

sphere spectrometer C11347-01 from Hamamatsu Photonics K.K using special long-neck 

quartz cells provided by the instrument manufacturer. The absorbance of the sample 

solutions was kept below 0.1 at the excitation wavelength (λex = 540 nm). The quantum yield 

values of the dyes given were obtained by averaging five independent measurements. To 

determine the fluorescence quantum yield of the protonated species, 5 μl of concentrated HCl 

(12 M) were added to 3 ml of a 1x10-6 M methanolic solution of the dyes. 

The determination of fluorescence lifetimes was carried out with a FLS920 

spectrofluorometer from Edinburgh Instruments using a femtosecond supercontinuum laser. 

The repetition rate was set to 10 MHz. The fluorescence lifetimes were measured for 

methanolic dye solutions with concentrations of 5x10-6 M. The excitation wavelength was set 

to 540 nm for dyes 1a-c*, dyes 2a,b, and dye 3 and to 570 nm for dyes 1d and 2c, respectively. 

All fluorescence decay curves were measured in 1 cm quartz cuvettes from Hellma GmbH and 

were evaluated using the software FAST (Edinburgh Instruments) and applying 

monoexponential fits to obtain the provided fluorescence lifetimes. 

pH-titration experiments were carried out with solutions of the dyes in a 1/2 (v/v) mixture 

of methanol and aqueous buffer (borate-citrate, 25 mM) with dye concentrations of 1x10-6 M, 
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thereby also suppressing a possible dye dimerization and self-quenching. The pH values of 

the used buffer solutions were previously adjusted with a 780-pH meter using a glass 

electrode from Deutsche METROHM GmbH & Co. KG and were verified with a pH 211 

microprocessor pH meter from Hanna Instruments. The 780 pH meter was calibrated in a 

three-point calibration with standard buffers of pH 10.01, 7.01, and 4.01 (Hanna Instruments) 

at 25°C. For the determination of the pKa-values, 5 μL of the methanolic stock solutions of the 

dyes (2x10-3 M) diluted in 2 ml methanol, were added to 1 ml buffer, resulting in a 1x10-6 M 

dye solution. Successively, defined amounts of concentrated NaOH were added and the 

absorption and fluorescence emission spectra were collected at the respective pH. pKa-values 

were determined from 3 independent samples and measurements applying a sigmoidal curve 

fit. 

The temperature dependent fluorescence intensity measurements were performed in 

triplicate in from the temperature range of 10°C to 50°C in 5 °C steps (using equilibration 

times of 5 min. and stirring the solutions in between the measurements). After heating to 50°C 

the sample was cooled down to 10°C and the fluorescence intensity was measured again to 

confirm the thermal stability of the studied rosamine dyes. 

3.6 Dissolution and stability studies 

Aging studies were performed in PBS with a particle concentration of 0.1 mg/mL for 24 h. For 

in situ optical screening of dissolution, the Yb3+ luminescence lifetime at 1000 nm (λEx = 

978 nm) was hourly monitored by acquiring 24 runs with a run duration of 900 s run with a 

45 min interval between the measurements. 

Detailed in situ optical monitoring of particle disintegration was performed with 21.5 nm 

sized particles (indirect route), incubated in PBS (1.5 mL) at 400 rpm rotation for 24h at 20°C 

or 37°C. For the control series, the particles were incubated in PBS for 1 h, 2 h, 4 h, 6 h, 8 h, 

10 h, 12 h, 18 h and 24 h at either rt or 37 °C. After measuring the luminescence lifetime of the 

sample, the particles were separated via centrifugation (16 000 rpm for 15 min) and the 

supernatant was passed through a syringe filter (0.02 μm, AnotopTM 10). The fluoride ion 

concentration in the supernatant was determined with an ion-selective electrode from 

Metrohm with an integrated temperature sensor using the Tiamo 2.4 Light Software. The 

measurements were performed in TISAB IV concentrate in triplicate for each sample. 

For studies on the dependence of the coating procedure and particle size on particle 

dissolution, 21.5 nm and 31.7 nm sized UCNPs from the different surface modification or 

coating procedures were incubated in PBS (1.5 mL) at 400 rpm rotation for 24 h at 37 °C while 

monitoring the Yb3+ luminescence lifetime at 1000 nm. 

For representative studies on the effect of added fluoride ions, 31.7 nm sized alendronate-

coated UCNPs were incubated in PBS (1.5 mL) for 24 h at 37 °C in the presence of different 

concentrations of NaF (in the range 0 mM to 2.5 mM) while monitoring the Yb3+ luminescence 

lifetime at 1000 nm. 
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3.7 Preparation of UCNP-based self-referenced sensors 

3.7.1 Self-referenced UCNP-based pH sensorfilms 

For the preparation of self-referenced sensorfilm, pH-sensitive dye 1c and 21.5 nm sized 

citrate-capped UCNPs  were added to a viscous solution of 1 g of D4 hydrogel in 9 mL of THF. 

The used ratios are given in Table 3.1.  Subsequently, 300 μL of the sensor system was filled 

into the wells of a 8-well ibidi slide with glass bottom. The solvent was left to evaporate at 

room temperature in a fume hood for at least 120 min to obtain smooth sensor layers with an 

area of roughly 100 mm2/well. 

 

 

Concentration of UCNP Dye concentration 

1 mg /mL 

1 mg / mL 

0.5 mg/ mL 

0.25 mg/ mL 

0.125 mg/ mL 

2.5 mg /mL 

1 mg / mL 

0.5 mg/ mL 

0.25 mg/ mL 

0.125 mg/ mL 

5 mg /mL 

1 mg / mL 

0.5 mg/ mL 

0.25 mg/ mL 

0.125 mg/ mL 

7.5 mg /mL 

1 mg / mL 

0.5 mg/ mL 

0.25 mg/ mL 

0.125 mg/ mL 

 

  

Table 3.1: Concertation of UCNPs and dye 1c used for preparation of pH sensor films. 
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3.7.2 Self-referenced UCNP-based pH nanosensors 

5 mg dye Ros-NH2 were added to a solution of 500 mg PMAO in 5 mL chloroform and the 

solution was stirred over night at rt. 1mL of the PMAO-Ros-NH2 solution were added to a 

dispersion of UCNPs in 1 ml chloroform (c = 10 mg/mL). The dispersion was stirred 1h at rt. 

The UCNP-PMAO dispersion in chloroform was evaporated to dryness and re-dispersed in 

2 mL THF. 25 mg PEG-diamine were added to the dispersion and the reaction solution was 

stirred over night at rt. The dispersion was evaporated to dryness and 2 mL 0.1M NaOH were 

added. The dispersion was stirred for 1h at rt to hydrolyse the remaining anhydride groups. 

The PMAO-Ros-NH2-PEGcross coated UCNPs were collected by centrifugation (30 min at 10 

000 rpm) and washed three times with milliQ water. Finally, the PMAO-Ros-NH2-PEGcross 

coated UCNPs were redispersed in 2 mL milliQ water (c = 8 mg/mL) and stored at 5°C.  
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Chapter 4 Synthesis and 
characterisation of UCNPs 

This chapter presents the synthesis of upconverting nanoparticles (UCNPs) consisting of 

NaYF4 host matrix co-doped with Yb3+ and Er3+. Various methods for their synthesis, such as 

coprecipitation, hydrothermal synthesis, thermal decomposition, microwave assisted 

synthesis have been investigated in the last decades. 5 Among these techniques the thermal 

decomposition is the most facile methods for the synthesis of monodisperse UCNPs and was 

used for the synthesis of oleate-capped UCNPs of defined size and material composition 

during the project. Here, two different particle architectures were studied: i) differently sized 

core-only UCNPs with sensitizer (Yb3+) and activator (Er3+) ions randomly distributed within 

the entire particle and ii) core-shell UCNPs with intentionally spatially separated sensitizer 

(Yb3+) in the core and activator (Er3+) ions in the shell. Particle characterization was 

completed using powder X-ray diffraction (PXRD), transmission electron microscopy (TEM) 

and inductively coupled plasma optical emission spectroscopy (ICP-OES). The impact of size 

and particle architecture on UC luminescence was studied using steady-state and time-

resolved photoluminescence (PL) measurements and the different particles were evaluate in 

respect to their potential application as energy donors in resonance energy transfer (RET)-

based nanosensors . 

4.1 Core-only upconverting nanoparticles 

Oleate-capped NaYF4:Yb3+,Er3+ nanoparticle were prepared using a previously described 

thermal decomposition method.56 In a typical procedure, methanolic solution of LnCl3·H2O 

(Ln: Y, Yb, Er) were added to a mixture of oleic acid (capping agent) and 1-octadecene 

(solvent) and the suspension was heated to 160 °C under evacuation to remove methanol and 

water and to generate Ln3+ oleates. After cooling down to 50°C (under Ar stream), NaOH and 

NH4F were added to the reaction vessel and methanol was removed at 120°C under Argon 

stream. The reaction mixture was then rapidly heated to 325 °C under gentle Ar flow to 

prevent the oxidation process and the temperature was kept for 30 min. At these high 

temperatures, the process of Ostwald ripening – thus the dissolution of smaller particles, 

which supports the growth of larger particles - leads to the formation of monodisperse 

hexagonal-phased Yb3+,Er3+ co-doped NaYF4 nanocrystals. (Figure 4.1) The obtained UCNPs 

were characterized with transmission electron microscopy (TEM), powder X-Ray diffraction 

(PXRD), and inductively coupled optical emission spectroscopy (ICP-OES) providing the size 

and shape, size distribution, crystal phase, and chemical composition (lanthanide dopant ion 

concentration) of the nanoparticles. 
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Figure 4.1: Reaction temperature profile as a function of time for the synthesis of the 
NaYF4: Yb3+, Er3+ UCNPs. 

Figure 4.2a-d presents TEM images of differently sized UCNPs synthesised during the project 

and the corresponding histograms of the particle size distributions obtained by statistical 

analysis of approximately 300 particles. The TEM images of the different UCNP show that the 

particles were spherical in shape for sizes of approximately 20 nm and 30 nm, whereas for 

bigger particles the hexagonal crystal planes became more pronounces yielding hexagonal 

platelets. The corresponding histograms show that the synthesised UCNPs are highly 

monodisperse with narrow size distribution. Dynamic light scattering (DLS) measurements 

were conducted as an additional method to determine the sizes of studied UCNP and the data 

for the presented UCNP batches is summarised in Figure 4.2f.  

 
Figure 4.2 a-d) (upper panel) Representative TEM images (150kx magnification) of differently 

sized co-doped NaYF4 nanoparticles synthesized via thermal decomposition. The average 

particle size was calculated based on statistical analysis of approximately 300 particles. (lower 
panel) Histograms of the particle size distributions of the nanoparticle samples, as determined 
by TEM; e) SAED pattern of hexagonal NaYF4:Yb,Er exemplary shown for 31.7 nm sized 
UCNPs ; f) Hydrodynamic diameter of the oleate-UCNPs in cyclohexane measured by DLS 
(distribution by number).  
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The crystalline structure of the as-synthesized UCNP was further investigated using PXRD. 

For NaYF4, cubic (α-phase) and hexagonal (β-phase) are known. As can be seen from Figure 

4.3, the PXRD diffractogram verified the purely hexagonal crystal structure of the synthesized 

NaYF4:Yb3+,Er3+ UCNPs. Comparison with a reference PXRD pattern for pure β-NaYF4 

indicates a slight shift in the position of the reflexes which can be attributed to lattice defects 

introduced by the dopant ions. 

 

An inductively coupled plasma optical emission spectroscopy (ICP-OES) was used for the 

exact determination of the dopants ratio in the nanoparticles, showing very good matching of 

the used precursors and the obtained Ln3+ dopant concentration and proving that all studied 

UCNPs have the same dopant concertation and differ only in size and shape. (Table 4.1) 

 Yb3+ Er3+ Y3+ 

Theoretical ratio / % 20 2 78 

Ratio determined by ICP-OES / %    

21.5 nm sized UCNPs 19.55 ± 0.19 1.72 ± 0.01 78.73 ± 1.12 

31.7 nm sized UCNPs 19.71 ± 0.11 1.87 ± 0.01 78.42 ± 1.07 

53.6 nm sized UCNPs 19.24 ± 0.26 1.67 ± 0.02 79.09 ± 1.34 

46.5 x 65.3 nm sized UCNPs 19.85 ± 0.23 1.92 ± 0.01 78.23 ± 1.10 

 

Finally, the photophysical properties of the synthesised UCNPs investigated. As shown in 

Figure 4.4a, upon 976 nm excitation, the UCNPs exhibited bright luminescence with three 

emission bands at 520, 540, and 655 nm, assigned to the transitions 2H11/2→4I15/2, 4S3/2→4I15/2, 

and 4F9/2→4I15/2 Er3+ transitions, respectively. The effects of nanocrystal size on the emission 

intensity and quantum efficiency of UCNPs have been widely reported in literature212 and can 

be also clearly seen for the four studied samples in Figure 4.4a. For decreasing size also a 

decrease in the luminescence emission intensity is observed. This is attributed to surface 

effects and phonon confinement effects which are more pronounced for smaller particles as 

they possess a higher surface area-to-volume ratio, and therefore, potentially a larger portion 

of Ln3+ ions on the surface are quenched. The surface effects on luminescence emission 

Figure 4.3 Representative PXRD pattern (red) of NaYF4:Yb3+,Er3+ particles via thermal 
decomposition. The standard data of hexagonal NaYF4 is shown as a reference (black). 

Table 4.1: Molar ratios of the lanthanide ions of the particles determined by ICP-OES. 
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intensity are attributed to the presence of high vibrational energy ligands (e.g., −CH, −OH 

groups) or surface defects (e.g., vacancy, lanthanide segregation).212 The decay kinetics of the 

emissive Yb3+ and Er3+ energy levels also show strong size dependence. The decay kinetics of 

the 540 and 655 nm upconverted (UC) luminescence  of Er3+ (populated via ETU from excited 

Yb3+) and of the downshifted (DS) emission of Yb3+  (excited at 980 nm, collected at 1000 nm) 

are presented in Figure 4.4b-d. The corresponding mean lifetimes are summarized in Table 

4.2. A comparison of the mean lifetimes of the 540 nm and 655 nm UC emissions and the 

1000 nm DS emission of the largest and smallest UCNPs in the size series revealed a 

diminution by factors of 2.2, 2.5 and 4.8, respectively. These findings are in agreement with 

the mean decay rates reported by other groups for different sizes of UCNPs. 212 

 
Figure 4.4:  a) Steady-state photoluminescence spectra of the differently sized β-NaYF4:Yb,Er 

nanoparticles in cyclohexane under 978 nm NIR excitation (insert: normalized spectra) and b-c) time-

resolved photoluminescence measurements of the 2F5/2→2F7/2 Yb3+ transition, 4S3/2→4I15/2, and 
4F9/2→4I15/2 Er3+ transitions, respectively. 

 

Luminescence 

decay time 

Size of the UCNPs 

21.5 nm 31.7 nm 53.6 nm 46.5 x 65.3 nm 

540 nm 105.7 µs 115.2 µs 223.7 µs 231.4 µs 

655 nm 164.0 µs 256.6 µs 411.7 µs 418.2 µs 

1000 nm 85.4 µs 167.5 µs 398.8 µs 410.8 µs 

  

Table 4.2: Mean decay times of the red (655 nm) and green (540 nm) UCL bands of Er3+, excited 
at 978 nm and the mean decay lifetimes of the NIR Yb3+ emission (excited at 978 nm) of 
differently sized NaYF4: Yb3+, Er3+ UCNPs in cyclohexane. 
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4.2 Core-shell upconverting nanoparticles 

Aim of the second part of the project was to construct a system where activator (Er3+) and 

sensitizer (Yb3+) are spatially separated with Yb3+ located in the core and Er3+ in the shell and 

thus enabling different possible scenarios for energy transfer upconversion (ETU) processes 

and protecting the sensitizer ions from the environment by an activator-doped shell. Further 

advantage of such core-shell architecture is that activator ions located at the particle surface 

are in close contact with attached molecules and can act as ET donor in RET applications. 

Therefore, core-shell nanoparticles were obtained via a two-step reaction using pre-

synthesized core particle as the template for epitaxial growth of the shell layer. (Figure 4.5a) 

As detected by TEM the growth of a shell layer on the core seeds led to an increment of 

resultant nanoparticles in size, which remain the hexagonal phase according to PXRD 

diffraction profiles. (Figure 4.5b and c) The growth of a Er3+ doped shell was further 

confirmed using ICP-OES measurements. The results are summarized in Table 4.3, illustrating 

that the core particles are doped only with Yb3+ and after the epitaxial growth of the shell also 

Er3+ was detected.  

 

 

Figure 4.5 a) Schematic illustration of the synthesis of the core-shell UCNPs; b) TEM images of 
the Yb3+ doped core particles (left) and the core-shell particles (right) at 150kx magnification 
(scale bar 50 nm); c) PXRD pattern of NaYF4:Yb3+ (red) and NaYF4:Yb3+@ NaYF4:Er3+ (green) 
The standard data of hexagonal NaYF4 is shown as a reference (black). 
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Ratio determined by ICP-OES / % Yb3+ Er3+ Y3+ 

Core NaYF4:Yb3+ 19.75 ± 0.19 0.02 ± 0.01 80.23 ± 1.12 

Core-shell NaYF4:Yb3+@ NaYF4:Er3+ 19.71 ± 0.11 1.87 ± 0.01 78.42 ± 1.07 

 

Steady-state and time-resolved luminescence studies were performed to study the influence 

of the relative spatial distribution of the Yb3+ and Er3+ ions on the observed UC luminescence 

and the decay kinetics of the emissive states. The optical characterisation was performed on 

ligand-free UCNPs in aqueous dispersion, prepared according to the procedure reported in 

Chapter 3 (HCl treatment), as the particles are aimed to be used in biological application and 

the effect of surface quenching by H2O molecules needs to be considered. As a comparison the 

optical properties of a core-only NaYF4:Yb3+,Er3+ nanoparticles with a similar size (40 nm) 

were also examined and the summarized data is shown in Figure 4.6. Upon 976 nm excitation, 

both UCNPs architecture exhibited with three emission typical bands at 520, 540, and 655 

nm, assigned to the transitions 2H11/2→4I15/2, 4S3/2→4I15/2, and 4F9/2→4I15/2 Er3+ transitions, 

respectively. However, the  green emission of Er3+ at 520-540 nm is obviously boosted for the 

core-shell system NaYF4:Yb@NaYF4:Er compared to the core-only NaYF4:Yb,Er nanoparticles 

(Figure 4.6b) as a 5-fold enhancement in the G:R ratio was observed for the core-shell UCNPs 

(G:R (core-only) = 0.5 and G:R (core-shell) = 2.4). This can be ascribed to the spatial separation 

of Yb3+ and Er3+ in the core–shell structure, which minimizes the deleterious Yb3+-Er3+ 

interaction and thus reduces cross relaxations between Er3+ and Yb3+ and back energy 

transfer occurred at heavy doping levels.26 The improved PL for the core-shell sample can be 

further explained by the fact that the activator-doped shell protects the sensitizer in the core 

from the outer environment, thus from surface-related quenching effects as they are more 

pronounced for the sensitizer.27  This is further reflected in the luminescence lifetimes of Er3+ 

and Yb3+ , which are shown in Figure 4.6c-e. The calculated intensity-weighted mean decay 

lifetimes are summarized in Table 4.4. The prolongation of the decay lifetimes is most 

pronounced for the Yb3+ downshifted luminescence at 1000 nm as a 3.8-fold increase is 

observed for the core-shell compared to the core-only particles. The Er3+ UC lifetime at 

540 nm follows this trend and is increased be factor ~3 for the core-shell system.  

 

 

 

  

Table 4.3: Molar ratios of the lanthanide ions of the core and core-shell particles determined by 
ICP-OES. 

Table 4.4: Luminescence decay lifetimes of core-only and core-shell UCNPs for different emission 
bands. 

Luminescence decay time Core-only Core-shell 

540 nm 110 µs 312 µs 
655 nm 325 µs 358 µs 
1000 nm 151 µs 585 µs 
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Figure 4.6:  a) Normalized steady-state photoluminescence spectra of core-only NaYF4:Yb,Er 
nanoparticles and core-shell NaYF4:Yb@ NaYF4:Er in water under 978 nm NIR excitation and 
b-c) time-resolved photoluminescence measurements of the 2F5/2→2F7/2 Yb3+ transition at 
1000 nm, 4S3/2→4I15/2, and 4F9/2→4I15/2 Er3+ transitions at 540 nm and 654 nm, respectively. 

 

 

4.3 Conclusions 

In summary, upconverting nanoparticles (UCNPs) with different sizes and the same 

composition- NaYF4 host nanocrystal co-doped with 20% Yb3+ and 2% Er3+ - were synthesized 

in the first part of the project using the well-established thermal decomposition synthetic 

route.  The obtained UCNPs were characterizes using powder X-ray diffraction (PXRD), 

transmission electron microscopy (TEM), inductively coupled optical emission spectroscopy 

(ICP-OES), as well as steady-state and time-resolved photoluminescence (PL) measurements. 

Thereby, the crystal phase, size and shape, size distribution, and chemical composition 

(lanthanide dopant ion concentration) as well as the optical properties of the differently sized 

UCNPs were examined. The results revealed that the thermal decomposition enables the 

synthesis of UCNPs with variable size but narrow size distribution, defined crystal phase and 

material composition. The optical measurements showed that brightness and decay kinetics 

of the UCNPs strongly depend on the size and bigger particles have enhanced luminescence 

intensity and longer decay lifetimes of the emissive states. Disadvantageous for such core-

only architectures in respect to their application as energy donors in RET-based nanosensors 

is that only lanthanide emitters close to the UCNP surface are within the typical distance of 

the dye acceptor, contributing to efficient RET while the lanthanide ions in the inner UCNP 

core remain unaffected which can result in a relatively large background signal. Therefore, in 
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a second approach a core-shell architecture with spatially separated sensitizer (Yb3+) in the 

core and activator (Er3+) in the shell were synthesized in a two-step thermal decomposition 

procedure.  Such system enables different scenarios for energy transfer upconversion (ETU) 

processes and protecting the Yb3+ ions from the environment by an activator-doped shell. 

Steady-state and time-resolved luminescence studies revealed that the spatial distribution of 

the sensitizer and the activator leads to brighter particles with longer lifetimes and thus thus 

with beneficial optical properties for biological applications.  
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Chapter 5 Surface modification of 
UCNPs

This chapter is partially based on the publication “Time-Resolved Luminescence Spectroscopy 

for Monitoring the Stability and Dissolution Behaviour of Upconverting Nanocrystals with 

Different Surface Coatings” by E. Andresen et al., published in Nanoscale 2020, 12, 12589 – 

12601, and it is reproduced here with permission from the Royal Society of Chemistry. 

Surface engineering of UCNPs pursues the major objectives of enhancing upconversion 

efficiency, tuning dispersibility and introducing functionalities on the particles for further 

conjugation. Within this work different coating procedures were applied to achieve 

dispersibility in aqueous solutions and to generate a platform for various functionalization. 

Simple ligand exchange reactions were used to change particle dispersibility and to introduce 

surface functionalities. Improved coatings with amphiphilic polymers were applied to reduce 

surface quenching effects and thus to enhance their brightness in aqueous dispersions. 

Surface functionalization and ligand exchange were monitored with dynamic light scattering 

(DLS), measurements of the zeta potential, infrared spectroscopy (IR) and thermogravimetric 

analysis (TGA). The influence of these coatings on the luminescence properties of the UCNPs 

were assessed. All investigated coating will be discussed in this chapter exemplary for a 

21.5 nm NaYF4:Yb3+,Er3+ core nanoparticles. 

 

5.1 Ligand exchange 

Hydrophobic, oleate-coated upconversion nanoparticles were rendered water dispersible by 

different surface modification procedures using various of surface stabilizing ligands. In the 

first approach ligand exchange procedures were tested. Therefore, two routes for the 

synthesis of ligand-free UCNPs were performed and used as intermediate for introducing 

different surface ligands as illustrated in Figure 5.1.  In the first approach (yellow arrows), the 

oleic acid was removed via NOBF4 and the particles were further coated with citrate. Citric 

acid bears three carboxylic groups and can efficiently coordinates to the UCNP surface and 

generates a hydrophilic and negatively charged surface at physiological pH. It is commonly 

used for ligand exchange modifications to create nanoparticles dispersible in water or 

buffers.56 In a typical procedure, the oleate-capped UCNPs were dispersed in a two-phase 

system (equivalent volumes of cyclohexane and DMF) and after addition of NOBF4 (1 mg per 

1 mg UCNPs), the mixture was stirred vigorously for 30 min at rt. Thereby, as monitored by 

hand-held 980 nm laser, the UCNPs were transferred from the cyclohexane phase to the DMF 

phase, whereas the free oleic acid remained in the cyclohexane phase. For introducing a 

citrate coating, the BF4
 – stabilized particles in DMF were added to an aqueous citrate solution, 

yielding a stable aqueous dispersion of the coated UCNPs. 
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Next, phosphonate ligands which are known to have high affinity to the rare earths were 

employed as a stabilizing ligand for UCNP. Here, alendronic acid, a bisphosphonate ligand 

baring an additional reactive group for further conjugations, and ethylendiamine 

tetra(methylene phosphonic acid) (EDTMP), a tetraphosphonic ligand known as an effective 

coating agent to passivate UCNP surfaces, preventing particle transformation under acidic 

biological conditions213. As can be seen in Figure 5.1, two different coating procedures were 

assessed for introducing of phosphonate ligands on the UCNP surface: i) the direct route 

illustrated in red and ii) the indirect route - in blue. For the direct coating route, the oleic acid 

capped particles in cyclohexane were mixed with an aqueous solution of the desired ligand 

(20 µmol/nm2 particle surface). During the ligand exchange, which occurs based on the 

stronger bonding of the phosphonates to the rare earths compared to carboxylic groups, the 

UCNPs transfer from the organic layer into the aqueous layer, thus substantiating the efficient 

ligand exchange. For the indirect route, the oleic acid was firstly removed from the UCNP 

following the protocol of Bodgan et al.33 with some modifications to yield the ligand-free UCNP. 

To assure a complete removal of the oleic acid, we treated the particles with 0.5M HCl instead 

of 0.1M as previously reported. The resulted system exhibited a high dispersibility in water, 

thus corroborating the efficient ligand removal. The final functionalization with 

organophosphonates was performed in a subsequent functionalization of the ligand-free 

UCNP with organophosphonates. All coating procedure were conducted in concentrated 

particle suspension (c > 1 mg/mL) in water at room temperature to ensure a deposition of 

thin ligand layer on the particle surface and no disintegration of the particles. The amount of 

released fluoride ions in the reaction mixture was analysed via fluoride ion electrode after 

 
Figure 5.1: Scheme of the surface modification of the initially oleate-capped UCNCs via ligand 
exchange: i) synthesis of citrate coated UCNPs via BF4

‒ capped particles (yellow arrows) and ii) 
synthesis of phosphonate coated UCNPs via the direct route (red arrows) or in two-step 
synthesis including removal of the oleate via acidic treatment and subsequent addition of 
organophosphonate ligands (indirect route, blue arrows). 
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removal of the particle and was negligible, proving that the coating procedure doesn´t induce 

changes in the particle integrity. (see Appendix I, Table S3) This was further confirmed by TEM 

measurement of the differently coated UCNPs, illustrating that the surface modification led to 

colloidally stable UCNPs dispersed in water. For the phosphonate coated UCNPs a slight 

tendency to aggregate was observed. (Figure 5.2) 

 

 

5.2 Encapsulation 

The second approach used to render the UCNPs water-dispersible is the encapsulation of the 

hydrophilic oleate-capped UCNPs via non-covalently physical adsorption of amphiphilic 

molecules and polymers. Even though the attraction between such ligands and the oleic chains 

on the particle´s surface is due to rather weak van der Waals forces between the aliphatic 

chains, the hydrophobic interaction and the large number of contact points by the several side 

chains in case of the polymer result in a very stable coating. In the present work, Tween-80, a 

non-ionic surfactant derived from polyethoxylated sorbitan and oleic acid, and amphiphilic 

polymers based on poly(maleic anhydride)-based backbone partially grafted with octylamine 

(PMAO) were utilized. (Figure 5.3) The free maleic anhydride rings in PMAO provide a 

platform for further functionalization. When coming into contact with water, the maleic 

anhydride rings hydrolyse and open, forming two carboxylic groups each and this providing a 

hydrophilic surface layer on the UCNP. Furthermore, the maleic anhydride moieties react 

spontaneous with primary amines which was exploited for a post-modification of the polymer. 

Here, diaminated PEG molecules were used to crosslink the PMAO-chains, and this improve 

Figure 5.2: TEM images of hydrophilic 21.5 nm sized UCNPs surface modified via ligand 
exchange procedures. Upper panel: 58 kx magnification, scale bar = 200 nm; lower panel: 
150 kx magnification, scale bar = 50 nm. 
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the stability of the coating, and PEG-amine molecules were introduced to improve the water-

dispersibility of the particles. In additional functional molecules like fluorescent dyes can be 

covalently grafted to the polymer if they exhibit an amine functionality.  

 

 

 

 

  

Figure 5.3: Scheme of the surface modification of the initially oleate-capped UCNCs via 
encapsulation using: i) Tween-80 (upper panel) and ii) PMAO and its further modifications as 
amphiphilic ligand.  
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Figure 5.4 shows TEM images of the 21.5 nm sized UCNPs with different amphiphilic coatings, 

illustrating that no changes in particle morphology are induced by the encapsulation 

procedure. Further the particles are very homogeneously distributed, and no aggregation is 

observed, indicating a very good colloidal stability of the amphiphilic coated UCNPs in 

aqueous dispersions.  

 

5.3 Assessing Surface Modification with TGA, FTIR, DLS 

and Zeta Potential Measurements 

Thermogravimetric analysis (TGA), that can provide the total amount of thermally 

decomposable organic materials on thermally stable inorganic particles like iron oxide 

nanoparticles214, silica nanoparticles215 or UCNPs216 was employed to obtain the amount of 

surface bound organic ligands. This confirmed the efficient ligand exchange for all systems 

studied (Figure 5.5). For the as-synthesized oleate-capped particles, the relative mass loss of 

∼15 % at 600 °C was determined. TGA measurements of the phosphonate-coated particles 

reveal that the coating procedure affects the surface coverage of UCNPs with the new ligand 

and hence, the ligand exchange efficiency.  Generally, surface modification by the indirect 

route led to a relative mass loss of organic material (sum of all surface ligands) exceeding that 

observed for hydrophilic UCNPs obtained by the direct procedure by about 2-3 %. This 

suggests that the direct ligand exchange procedure favours a mixed organic ligand shell 

containing oleate and phosphonate ligands and thus a lower ligand exchange efficiency. A 

Figure 5.4: : TEM images of hydrophilic 21.5 nm sized UCNPs surface modified via encapsu-
lation with amphiphilic molecules and polymers. Upper panel: 58 kx magnification, scale 
bar = 200 nm; lower panel: 150 kx magnification, scale bar = 50 nm. 
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more accurate quantification of the ligand exchange efficiency from the TGA curves and the 

corresponding differential thermal analysis (DTA) curves is not possible as a distinction 

between oleate and phosphonate ligands is not feasible with these methods that measure 

solely the loss in organic mass as a function of temperature. From the results of the TGA 

experiments, the total number of ligands per UCNPs was calculated for 21.5 nm sized UCNPs, 

which equals a surface area of 1256 nm2 .(Figure 5.5 and Table 5.1: Summarized results of the 

calculated amount of ligand per 1 mg particle (21.5 nm, 1256 nm2) and Table 5.1) 

 

 

 

Fourier-transform infrared (FTIR) spectroscopy was further used to confirm the presence of 

the ligands on the UCNP surface. The spectra are shown in Figure 5.6. The IR spectrum of as-

synthesised oleate-coated UCNPs displayed characteristic bands at 2852 cm−1 and 2922 cm−1, 

corresponding to symmetric and asymmetric C–H stretching vibrations of the alkyl chain of 

the OA ligands, respectively, and sharp bands at 3006 cm−1 (=C–H stretch) and at 1552 cm−1 

and 1463 cm−1, that can be ascribed to the symmetric and asymmetric stretching vibrations 

of the carboxylate (COO−) group bound to the UCNP surface. IR spectra of the ligand free 

UCNPs and the phosphonate coated UCNPs on the other hand show the disappearance of 

Figure 5.5:  Thermogravimetric analysis (TGA) curves of 21.5 nm-sized NaYF4: Yb3+,Er3+ 
particles with different surface coatings. 

Table 5.1: Summarized results of the calculated amount of ligand per 1 mg particle (21.5 nm, 
1256 nm2) and absolute number of ligand molecules on one single particle. 

Ligand 
Coating 
procedure 

Weight loss 

at 600°C 

% 

Calculated amount ligand 

µmol / mg 
molecule/
nm2 

Oleate as synthesized 15.3 0.54 4.0 
Alendronate direct method 3.9 0.29 2.9 
Alendronate indirect method 5.1 0.37 3.9 
EDTMP direct method 3.5 0.16 2.1 
EDTMP indirect method 7.2 0.24 2.9 
Citrate BF4 method 9.7 0.51 5.0 
PMAO-PEG Encapsulation 37.7 0.48 3.7 
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these bands, together with the appearance of new peaks for the alendronate and EDTMP 

coated UCNPs. For the phosphonate coated UCNPs, the IR spectrum revealed characteristic 

bands within the region of 1250–950 cm−1 corresponding to the stretching vibrations of the 

phosphate functional groups These changes in the IR spectra demonstrate that the oleate 

ligands initially anchored to the UCNP surface were successfully removed by the acid 

treatment or replaced by the phosphonate ligands. These observations are in good agreement 

with other reports from the literature217. FTIR spectra obtained for PMAO and PMAO-PEG-

coated UCNPs, illustrated in Figure 5.6b, successfully verified the formation of PMAO-PEG 

coating on the UCNP surface. Of particular interest in the spectra are two peaks.  For PMAO, 

the characteristic absorption peaks at 1784 cm−1 and 1865 cm-1 represent the succinic 

anhydride C=O symmetric and asymmetric stretching, respectively. After PEG grafting, the 

peaks at 1784 cm−1 and 1865 cm−1 diminished, and more carboxylic acids were formed, 

reflecting from the carboxylic acid C=O stretching at 1717 cm−1. The esterification reaction 

between the carboxylic acids (from PMAO anhydride rings) with the amine group (from PEG-

NH2) was confirmed from the ester bond formation at around 1540 cm−1. Additionally, for the 

PMAO-PEG sample the characteristic peaks at around 3400 cm-1 (OH stretching), 2889 cm−1 

(C-H stretch of CH2), 1281–1467 cm−1 (C-H bending) and 1113 cm−1 (C-O stretching) are 

observed. 

 

 

  

Figure 5.6 ATR-FTIR spectra of a) as-synthesized oleate-capped UCNPs and UCNPs with 
various coatings after ligand exchange and b) UCNPs encapsulated with PMAO-PEG. The 
reference ATR-FTIR spectra of PMAO is shown as dashed line.  
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The size, ζ-potential, and the morphology of the different UCNPs coated with various small 

ligands and amphiphilic coatings were subsequently characterized via DLS (Table 5.2). The 

zeta potential of the nanoparticle sample provided information about the dispersion stability. 

The border between a stable and unstable dispersions is generally accepted as a potential of 

+30 mV and -30 mV, respectively, and thus an absolute value higher than 30 mV indicates a 

good dispersion stability. The ζ-potential of the alendronate capped UCNPs is around +25 mV, 

which is ascribed to the positive charge of the NH2-group of the ligand, whereas for the EDTMP 

coated UCNPs a value of – 25 mV was measured, indicating that free phosphonate groups are 

located at the periphery of the ligand shell.  

 Ligand ζ-potential (mV)a Hydrodynamic radius (nm) b  

Li
g
a
n
d
 e

xc
h
a
n
g
e
 Ligand free +27.4 22.6 

Alendronate +23.6 23.1 

EDTMP -25.8 23.8 

Citrate -28.5 22.7 

BF4 +23.8 22.5 

E
n
ca

p
su

la
tio

n
 TWEEN -13.7 39.0 

PMAO -34.5 38.1 

PMAO-PEG -33.0 37.8 

PMAO-PEGcross -45.8 43.8 

a in milliQ water, pH=7; 
b 

number distribution, from dynamic light scattering (DLS)  

 

5.4 Optical Characterisation of Differently Coated 

UCNPs 

An important issue in regard to ligand exchange and phase transfer is the stability of the 

optical properties in the case of fluorescent nanoparticle as UCNPs. Especially when brought 

to the aqueous phase, the particle surface is prone to the water molecules, leading to strong 

reduction of the fluorescence quantum yield and shortening of the lifetimes of the excited 

states.56, 65 This quenching of the luminescence is attributed to the solvent molecule high-

energy vibrations (e.g. OH vibration at  hν ≈ 3400 cm−1) which modulate the population of 

intermediate energy levels, thereby affecting the ETU efficiency. Figure 5.7 presents a 

comparison of the luminescence spectra and lifetimes of the excited states of Er3+ and Yb3+ of 

the as synthesized oleate capped UCNPs in cyclohexane and the hydrophilic surface-modified 

UCNPs. All measurements were acquired under identical measurement conditions and 

normalized to the intensity at 654 nm. The quenching effect of water can be clearly observed 

in the change of the relative intensity ratios of the upconversion emission bands (green:red 

ratio) and in the shortening of the lifetimes of the excited states (see also Table 5.3 ), which is 

more pronounced for the hydrophilic UCNPs bearing small molecules as ligands on the surface 

(ligand exchange approach). The intensity of the emission at 540 nm drops by a factor of ∼3 

Table 5.2: Size and ζ-potential of UCNPs with different small ligand coatings and amphiphilic 
coatings. 
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for the UCNPs obtained via ligand exchange and by a factor of ~ 2.5 and ~ 1.9 for the coatings 

with amphiphilic molecules and amphiphilic polymers, respectively. The effect of water 

quenching is reflected also in the decay kinetics of the excited states of Er3+ at 540 nm and  

 
Figure 5.7: Optical characterisation of differently coated UCNPs modified via ligand exchange (blue) 

and encapsulation (green). a) Photoluminescence spectra; b) lifetime of the Er3+ upconversion 

luminescence (UCL) at 540 nm, c) lifetime of the Er3+ UCL at 655 nm and d) lifetime of the downshifted 

luminescence (DSL) of Yb3+ at 1000 nm excited at 978 nm. 
 

654 nm (upconversion luminescence (UCL)) and of the downshifted luminescence (DSL) of 

Yb3+ at 1000 nm. The main quenching mechanism of upconversion emission is most likely 

caused by multiphonon deactivation of the Yb3+ sensitizer due to the overtone OH vibrations 

of water molecules which explains the significant shortening in the Yb3+ lifetime at 1000 nm. 

These results show that the amphiphilic coatings obtained via encapsulation strategy 

conserve the native environment of the inorganic nanoparticles by intercalating into the oleic 

chains and thus improve the brightness of the UCNPs which is advantageous for their 

application. 
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5.5 Conclusions 

In summary, different approaches for the synthesis of hydrophilic UCNPs were tested on 

21.5 nm sized β-NaYF4:Yb3+,Er3+ nanoparticles using encapsulation and ligand exchange 

strategies. In each case, water-dispersible β-UCNPs with good colloidal stability suitable for 

subsequent functionalization and bioconjugation were obtained as confirmed by TEM, DSL 

and zeta potential measurements. However, for the UCNPs obtained via ligand exchange a 

significant reduction in the brightness of these UCNPs in water compared to the hydrophobic 

as-synthesized UCNPs. This is attributed to the non-radiative decay of the electronically 

excited states of the dopant lanthanide ions caused by surface ligands and water molecules. 

On the contrary, UCNPs with amphiphilic coatings preserved the hydrophobic environment 

of the UCNPs and providing excellent protection against water quenching as evaluated by 

steady state and time-resolved luminescence measurements. 

 

Table 5.3: Spectroscopically determined parameters for differently coated UCNPs. 

 
 

Green:
Red 
ratio 

     Luminescence decay lifetimea at 

 540 nm 654 nm 1000 nm 

 Oleate 15.3 105.7 µs 164.0 µs 85.4 µs 

Li
g
a
n
d
 

e
xc

h
a
n
g
e
 Ligandfree 3.3 80.4 µs 120.7 µs 38.7 µs 

BF4 2.9 79.1 µs 120.6 µs 37.1 µs 

Citrate 3.0 80.2 µs 119.0 µs 38.6 µs 

Alendronate 3.4 80.5 µs 120.3 µs 39.1 µs 

EDTMP 3.7 81.0 µs 121.6 µs 39.3 µs 

E
n
ca

p
su

la
ti
o
n
 TWEEN 6.3 99.7 µs 154.0 µs 70.3 µs 

PMAO-PEG 8.5 102.8 µs 159.7 µs 77.2 µs 

PMAO-
PEGcross 

8.6 103.1 µs 156.6 µs 77.5 µs 

a intensity-weighted lifetime: 𝜏𝑖𝑛𝑡 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
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Chapter 6 Stability studies of 
upconverting nanoparticle

This chapter is partially based on the publication “Time-Resolved Luminescence Spectroscopy 

for Monitoring the Stability and Dissolution Behaviour of Upconverting Nanocrystals with 

Different Surface Coatings” by E. Andresen et al., published in Nanoscale 2020, 12, 12589 – 

12601, and it is reproduced here with permission from the Royal Society of Chemistry. 

In this chapter, the dissolution of differently coated water-soluble UCNPs under biologically 

relevant conditions was extensively studied and a non-destructive screening tool for the 

timely detection of signs of material decomposition was developed. The degree of dissolution 

was determined by potentiometric measurement of the released fluoride, visualized using 

TEM and the changes in surface composition were assessed by EDX. Multiparametric 

spectroscopic studies of the analytically characterized UCNPs exposed to various 

environments under controlled conditions were performed using steady state and time 

resolved fluorometry. The identified optimum screening parameters for the optical method 

were assessed according their versatility and suitability for UCNPs of different surface 

chemistry, particularly varying particle size, stabilizing ligands and coating procedure.  

The studied systems include phosphonate coatings which were expected to provide better 

and long-term dispersibility in aqueous media and decelerate material disintegration upon 

aging due to their high affinity to the rare earths as well as amphiphilic coatings which have 

shown the best shielding against water as discussed in Chapter 5. 
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6.1 Preparation of hydrophilic UCNPs 

One batches of around 20 nm-sized and one batch of 30 nm-sized oleate-capped 

NaYF4:Yb3+,Er3+ nanoparticles were synthesized by a thermal decomposition method as 

discussed in Chapter 4. Different coatings, that provide hydrophilicity of the particles were 

tested regarding the stability of the coated particles under different condition. Here, ligand 

free particles and phosphonate coated UCNPs, prepared according to the different ligand 

exchange procedures discussed in Chapter 5.1 and UCNPs with amphiphilic coatings as 

presented in Chapter 5.2 were tested. Table 6.1 summarizes the studied samples and which 

investigation were performed with this samples. 

    

Coating 
Core 

size 

Coating 

method 
Performed investigation 

Ligand-free 

(LF) 

21.5 nm HCl treatment 

Stability 

studies 

Development 

of dissolution 

monitoring 

tool 

Influence 

of 

particle 

size 

 

 

Alendronate 

(AA) 

21.5 nm Indirect route 

via LF 

Influence 

of coating 

procedure 

EDTMP 21.5 nm Indirect route 

via LF 

Alendronate 

(AA) 

21.5 nm Direct route  

EDTMP 21.5 nm Direct route 

Ligand-free 

(LF) 

31.7 nm HCl treatment  

Alendronate 

(AA) 

31.7 nm Direct route  

Alendronate 

(AA) 

31.7 nm Indirect route 

via LF 

Influence 

of 

addition 

of 

fluoride 

ions 

EDTMP 31.7 nm Direct route  
EDTMP 31.7 nm Indirect route 

via LF 

TWEEN 80 21.5 nm Encapsulation   
PMAO 21.5 nm Encapsulation 

PMAO cross 21.5 nm Encapsulation 

 

  

Table 6.1: Overview of differently coated hydrophilic UCNPs tested in respect to their stability and 
list of the performed investigations. 
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6.2 Characterization of particle dissolution and fluoride 

release  

A detailed dissolution monitoring study was performed using ligand-free, alendronate-coated 

and EDTMP-coated 21.5 nm sized hexagonal NaYF4: Yb3+, Er3+ nanoparticles. Nanosized 

particles in this size range or even smaller are preferred in bioanalytical applications due their 

high colloidal stability and reduced sterical issues.218 The coating procedure was performed 

via the indirect route, thus assuring complete coverage with the new ligand as well as no 

residue oleic acid and enabling comparison between the ligand-free and the coated particles. 

To induce disintegration of the particles, we performed the stability studies in the biologically 

relevant phosphate buffer saline (PBS) (pH=7.4) at 20°C (room temperature) and 37°C. It is 

reported that the disintegration of UCNP in PBS is much stronger than in water because of the 

formation of a stable / water insoluble Ln-phosphonate compounds acting as a driving force 

for the particle dissolution.80 The progressing dissolution of the uncoated and phosphonate-

coated UCNPs was monitored electrochemically by measuring the concentration of the 

released fluoride ions. For the comparison of the amount of released fluoride ions, the molar 

fractions of released fluoride (XF) were calculated relative to the nominal composition of the 

UCNPs (NaY0.78Yb0.20Er0.02F4). As can be seen from the dissolution profiles in Figure 6.1 the 

increase in XF is more pronounced at elevated temperatures. For example, for ligand-free 

UCNPs a fluoride release of 30 mol % was observed after an incubation time of 4 h at rt, while 

at 37 °C, the same release was reached already after 1 h.  

 

 

Figure 6.1: Fraction of fluoride ions released by ligand-free, alendronate-, and EDTMP-capped 
UCNPs in PBS (pH 7.4) at room temperature or at 37° 

 
Table 6.2: Initial dissolution rates of the differently coated 21.5 nm sized UCNPs calculated 
from the linear region of the dissolution profiles shown in Figure 6.1. 

Ligand, Incubation temperature Dissolution rate / mol % / h 

Ligand-free, room temp 3.80 ± 0.20 

Ligand-free, 37 °C 9.18 ± 0.62 

Alendronate, room temp 1.56 ± 0.06 

Alendronate, 37 °C 7.46 ± 0.21 

EDTMP, room temp 1.28 ± 0.06 

EDTMP, 37 °C 3.53 ± 0.11 
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The phosphonate-coated particles, however, showed a better stability as demonstrated by 

concentrations of 30 mol % of dissolved fluoride obtained after 18 h (rt) and 4 h (37 °C) for 

the alendronate and 24 h (rt) and 8 h (37 °C) for the EDTMP-coated particles, respectively. 

These findings are in a good agreement with results from recent dissolution studies of other 

groups and reflect the temperature dependence of the solubility product of NaYF4. 80 A 

comparison of the dissolution profiles of the uncoated and phosphonate-coated particles 

underlines the stabilizing effect of the phosphonate coatings, that decelerate UCNP 

dissolution in PBS. As expected, the tetraphosphonate ligand, EDTMP protects the UCNPs 

more effectively than the alendronic acid, highlighting the beneficial influence of 

multivalency. For example, at 37 °C, ligand-free UCNPs released 50 mol % fluoride after only 

3 h of incubation, while the decomposition of alendronate and EDTMP-coated particles 

reached this level of fluoride release only after 6 h and 12 h, respectively. From the linear 

region of the dissolution profiles in Figure 6.1, the dissolution rates of the studied systems 

were calculated as released fluoride amount per time unit to enable a comparison of the 

different UCNP materials assessed and the influence of temperature (see Table 6.2). 

Apparently, the strongest relative (compared to the same sample incubated at rt) 

temperature-induced dissolution enhancement of a factor of 4.8 results for alendronate-

capped particles. This observation is attributed the enhanced detachment of the surface 

ligands at 37 °C thereby accelerating particle dissolution. For the ligand-free and the EDTMP-

coated particles, a smaller increase in dissolution rate by factors of 2.4 and 2.7 is observed. To 

gain more insights into the dissolution behaviour of the UCNPs, the progressing disintegration 

of the UCNPs during particle aging was studied with TEM. The resulting TEM images shown 

in Figure 6.2 suggest that some particles dissolve faster than others. This observation is 

tentatively ascribed to particle-to-particle differences in surface or crystal defects and/or the 

stabilizing organic ligand shell, affecting the chemical and thermodynamic stability of the 

UCNPs.  For the ligand-free particles, a rather homogeneous dissolution occurs as suggested 

by the change in particle shape, while the phosphonate-coated particles dissolve 

anisotropically yielding rod-shaped particles. This is attributed to a non-homogeneous 

surface coating of the ligand stabilized UCNPs caused by a preferential binding of the ligand 

molecules to certain crystalline planes or facets. Please note also the different textures of the 

amorphous side products. For the ligand-free and the alendronate-capped UCNPs, needle-

shaped side products are observed, while in the case of the EDTMP-coated particles the side 

product appears to be more dense. This observation is ascribed to the formation of a network 

of the tetraphosphonate ligands with the amorphous side product. The formation of an 

amorphous phase on the surface of the originally highly crystalline particles and the decrease 

in particle size during dissolution is exemplary shown in detail for the alendronate-coated 

particles in Figure 6.3.  
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Figure 6.2: TEM images (magnification 150kx) from selected aging stages (3 lower panel 
rows).  The inserts in the TEM images provide the aging time and the corresponding fraction of 
released fluoride ions. 

Figure 6.3: Upper panel: TEM images (390 kx magnification) from EDTMP-capped 21.5 nm 
sized UCNP incubated for 6h at 37°C (left) and ligand-free 21.5 nm sized UCNP incubated for 
6h at rt (right) at 0.1 mg/mL concentration in PBS illustrating the different dissolution behaviour 
depending on the surface coating; lower panel: Selected area of TEM images (390kx 
magnification, 3-fold enlargement) from alendronate-coated UCNP visualizing the formation 
of amorphous layer on the particles surface and decrease in particle size during dissolution. 
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The elemental composition of the aged UCNPs was also assessed by EDX spectroscopy. For 

the determination of changes in the material composition, all spectra were normalized to the 

Y-K lines (Y-Kα1 at 14.958 keV, Y-Kα2 at 14.883 keV and Y-Kβ at 16.738 keV). The resulting 

changes in the atomic percentages are illustrated in Figure 6.4. Apparently, particle aging 

leads to a reduction in fluoride and sodium amount and an increase in oxygen and phosphorus 

content. For example, for the alendronate-capped UCNPs incubated in PBS for 24 h at 37 °C 

and the ligand-free UCNPs incubated for 12 h at 37 °C, the amount of released fluoride exceeds 

99 mol % and the corresponding EDX spectra confirm the complete loss of fluoride (and 

sodium) in the aged samples. Overall, the EDX data correspond well with the results of the 

potentiometrically determined fluoride release upon particle dissolution and confirm the 

formation of a Ln-phosphate side product. 

 

 

6.3 Development of an optical monitoring tool 

The responsivity of the UC luminescence, originating from the different energy levels for the 

sensitizer and activator ions Yb3+ and Er3+ to UCNP size (more precisely to SA/Vol) and to the 

microenvironment makes them a promising monitoring tool for screening of particle stability 

and dissolution. Exemplary results for dissolution-induced changes in photoluminescence 

intensity and decay kinetics of the green and red emissive states of Er3+ (4S3/2 and 4F9/2) and 

the initially populated 2F5/2 state of Yb3+)219 during UCNP incubation in PBS are shown in 

Figure 6.5 for alendronate-capped 21.5 nm-sized UCNPs. A total luminescence reduction of 

63 % was observed for the emission spectra (integration over green and red Er3+ bands) 

measured after 24 h incubation at rt. The increase in the red-to-green ratio from 0.60 to 0.65 

indicates a relative increase of the red emission which is typically observed under quenched 

conditions.219 For UCNPs in water, the high energy vibrational modes of the H2O molecules 

(∼3600 cm−1) favour a nonradiative relaxation of the 4I11/2 level to the 4I13/2 level by multi-

Figure 6.4: a) EDX spectra of EDTMP-coated 21.5 nm-sized UCNP at t = 0 and after 
incubation in PBS at 37°C for 24 h and changes in the elemental composition of the b) 
ligandfree, c) AA-coated and d) EDTMP-coated 21.5 nm-sized UCNP upon aging in PBS. 
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phonon relaxation (MPR).65 The observed reduction in UCL and change in relative spectral 

UCL distribution indicate an increase of the surface-to-volume ratio of the particles 

originating from particle dissolution  The Er3+ UCL decay curves at 540 nm and 655 nm reveal 

a prolongation, while the decay curves of the Yb3+ DSL show a decrease of the short-lived 

component and the appearance of a new long-lived component. This long lifetime component 

is attributed to the slower population dynamics arising from the strong luminescence 

quenching induced by particle dissolution. The DSL of Yb3+ showed the highest sensitivity to 

changes in UCNP surface chemistry, thereby reflecting the strong quenching of Yb3+ emission 

by near surface high energy O-H functions.  

 

 

An important advantage of time resolved luminescence measurements compared to steady 

state measurements is that they are less or not affected by e.g. sample concentration or 

excitation power density (particularly in the low power regime) as exemplary shown for 

EDTMP-coated 21.5 nm sized UCNPs (Figure S11). This makes time-resolved luminescence 

measurements better suited for screening and monitoring purposes in UCNPs stability and 

dissolution studies.  

Hence, the luminescence decay kinetics of the downshifted luminescence of the sensitizer 

Yb3+ were used to demonstrate the clear correlation between the changes in the optical 

properties of the UCNP and the degree of UCNP dissolution, determinate from the fluoride 

release measurements. Therefore, particles dispersion in PBS (21.5 nm, indirect route, 

c = 0.1 mg/mL) were aged at rt (20°C) and 37°C and the luminescence decay kinetics were 

collected hourly for 900 s. With this procedure of counting photons for a constant time 

Figure 6.5: Photoluminescence spectra of alendronate-capped UCNP (20 nm, indirect route) 
and b) lifetime of the Er3+ UCL at 540 nm, c) lifetime of the Er3+ upconversion luminescence 
(UCL) at 655 nm and d) lifetime of the downshifted luminescence (DSL) of Yb3+ at 1000 nm 
excited at 978 nm (150 µs pulse width, pulsed frequency of 100 Hz). For the incubation studies 
in PBS at room temperature, a particle concentration of 0.1 mg/mL was used. The spectra 
were recorded immediately after incubation, after 1 h, and after 24 h, respectively. 
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interval, the lifetime components derived from the exponential fitting for differently aging 

stages are better comparable and the integrated area under the luminescence decay curves 

correlates with the luminescence quantum yield of the sensitizer and emitter concentrations. 

Figure 6.6a shows exemplary the in situ collected luminescence decay data for the 

alendronate-capped particles upon aging in PBS at rt. From this data various parameters have 

been derived:  

i) lifetime components derived from a biexponential fit according to following 

equations: (Figure 6.5c) 

Biexponential function for decay fitting  𝑅(𝑡) =  𝐴1𝑒
− 
𝑡

𝜏1 + 𝐴2𝑒
− 
𝑡

𝜏2  (Eq. 1) 

Intensity weighted lifetime    𝜏𝑖𝑛𝑡 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
        (Eq. 2)  

Amplitude weighted lifetime    𝜏𝑎𝑚𝑝 =
𝐴1𝜏1+𝐴2𝜏2

𝐴1+𝐴2
   (Eq. 3)   

with A1 and A2 = Amplitudes of the exponential term 

τ1 and τ2 = Lifetime components 

ii) quenching efficiency calculated from the integrated decay curves (QEdecay(int)) and 

from the number of counted photons at 250 µs equalling the maximum of the decay 

curve (QELum) according to Eq. 4 (Figure 6.5b) 

 

𝜂𝑎 = (1 −
𝐼𝑎

𝐼0
) 𝑥 100%    (Eq. 4)   

with I0 = initially measured luminescence intensity / integrated luminescence decay curve 

Ia = luminescence intensity / integrated luminescence decay curve obtained in the presence of a    quenching 

process 

To validate the in situ collected data, we performed control experiments at selected aging 

times. The results of the in situ measurements are plotted in Figure 6.6b and c together with 

the values from the control samples. For QELum (t = 24 h) a value of 67 % was derived from 

the in situ data. This agrees well with the total luminescence reduction of 63 % obtained from 

the emission spectra of the sample (see Figure 6.5a), demonstrating the applicability of the 

lifetime monitoring method. Please note that the reduction in luminescence intensity (which 

correlates with the number of photons counted in the maximum of the decay curve at 250 µs) 

and the sensitizer quenching derived from the integral decay profile contribute to QEDecay(int) 

shown in Figure 6.6b (blue circles). Figure 6.6d illustrates exemplarily the excellent 

correlation between the decrease of the short lifetime component τ1 and the amount of 

fluoride ions released for the alendronate-capped UCNPs. This indicates that the Yb3+ and Er3+ 

ions, which participate in the upconversion process generating UCL, dissolve along with the 

fluoride ions. The data obtained for all dissolution studies are summarized in the Appendix I.  



 Stability studies of upconverting nanoparticle | 75 
 

 

 

The luminescence decay curves present the averaged luminescence decay behaviour shown 

by UCNPs in different stages of dissolution present in the analysed sample as revealed by the 

TEM images showing different numbers of UCNP particles (see Figure 6.2). Figure 6.7 a-d 

shows in detail the correlation of the lifetime components with the overall changes in sample 

composition and the different dissolution kinetics of the bare, alendronate-, and EDTMP-

coated UCNPs at different temperatures. Figure 6.7 summarizes the trends for all samples.  

For all particles, a clear correlation between the decay kinetics and the dissolution stage of 

the UCNP ensemble, i.e., the amount of released fluoride ions, can be derived utilizing the 

short lifetime component τ1 as well as the mean intensity- and the amplitude-weighted 

lifetimes (τint and τamp) of the Yb3+ emission. Only for strongly dissolved samples (lost amount 

of fluoride ions > 90 mol %) the values obtained from the time-resolved luminescence 

measurements face limitations. A linear correlation of the decrease in τ1 and the amount of 

released fluoride ions was observed with 
𝜕𝜏1

𝜕𝑋𝐹
 = ‒0.25 ± 0.01 µs/mol %. (see Figure 6.7e ) In 

the case of the long lifetime component τ2, the background signal has to be carefully 

considered for proper fitting of the decay profiles; however, if background distortions are 

properly taken  

Figure 6.6: a) Luminescence decay profiles of 21.5 nm-sized alendronate-capped UCNPs 
(surface modification via indirect route) measured at 1000 nm after excitation at 978 nm 
(150 µs pulse width, a pulse frequency of 200 Hz). The particles were incubated at a 
concentration of 0.1 mg/mL in PBS at rt. The decay profiles  were collected hourly over a 
period of  900s; b) Quenching efficiency calculated from the integrated decay curves 
(QEdecay(int), blue circles) and from the number of counted photons at 250 µs equalling the 
maximum of the decay curve (QELum, red circles) and the corresponding values from the control 
series (crosses ); c) Lifetime components derived from a second-order exponential fit of the in 
situ series (circles) and the control experiments (crosses); d) Fraction of released fluoride ions 

for the control series (XF, orange circles) and the corresponding short lifetime component τ1 

(green circles). 
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Figure 6.7: a-d) Lifetime components derived from a second-order exponential fitting of the 
Yb3+ DC emission band (excited at 978 nm and detected at 1000 nm) for the in situ series 
(21.5 nm, various coatings, indirect route) aged at 20 °C and 37 °C; e)  Lifetimes components 

as function of measured released fluoride for all studied samples (red: τ1, blue: τamp; green: 

τint). 
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into account, also τ2 shows a linear decrease with 
𝜕𝜏2

𝜕𝑋𝐹
 = ‒0.43 ± 0.03 µs/mol % as function of 

the amount of released fluoride ions (see Appendix I, Figure S2). For the calculated mean 

lifetime an increase is observed, which is attributed to a significant increase in the amplitude 

of the longer-lived decay component τ2 upon aging of the particles. Notably, for all samples, 

the minimum intensity-weighted lifetime (τint) corresponds to 31 ± 2 mol % released fluoride 

ions (see Figure 5c and Figure 2, top panel). The change in τint as a function of the amount of 

released fluoride ions can be mathematically described with a polynomic function (see Eq. 1 

and Eq. 2): 

𝜏𝑖𝑛𝑡(𝑋𝐹) = 38.75 − 0.35 ∙  𝑋𝐹 + 0.01 ∙ 𝑋𝐹
2 (Eq. 1) 

For the amplitude-weighted lifetime (τamp), a linear correlation of the lifetime and released 

fluoride amount was observed in the range from 0 to 60 mol % with 

𝜕𝜏𝑎𝑚𝑝

𝜕𝑋𝐹
= ‒ 0.23 ±  0.01 µs/mol % (see Figure 5e). 

This demonstrates that the dissolution degree of UCNPs in a certain environment can be 

predicted by measuring the initial lifetime of the UCNPs and the lifetime at a certain 

incubation time using a previously determined calibration curve. To consider size and 

possibly also doping ion concentration effects, this calibration curve should be obtained for 

UCNPs of closely matching size and chemical composition.  

6.4 Influence of particle size, coating procedure and 

addition of fluoride ions on the stability and 

dissolution behaviour of UCNPs 

The developed in situ time-resolved luminescence method was subsequently employed for a 

qualitative description and empirical quantification of the dissolution dynamics of the 

differently sized and surface-coated UCNPs. According to theoretical studies on nanoparticle 

synthesis,220 particle disintegration depends on the surface-to-volume ratio as smaller 

particles are thermodynamically less stable. For UCNPS, it was also shown that the 

disintegration kinetics are slower for large particles.81 To address the influence of size and 

surface modification procedure on particle dissolution, we performed aging studies with 

21.5 nm- and 31.7 nm-sized bare and phosphonate-coated UCNPs in PBS at 37°C over a period 

of 24h at a concentration of 0.1 mg/mL and assessed changes in situ with time-resolved 

fluorescence spectroscopy. All in situ decay measurements, the derived lifetime components 

and the calculated quenching efficiency are provided in the SI (Figures S20-S21). These 

studies clearly demonstrate that the quenching efficiency derived from the integrated 

luminescence decay profiles (QEDecay(int)) presents a suitable parameter for describing the 

dissolution dynamics of the differently coated UCNPs as shown in Figure 6.7. As to be 

expected, the larger particles are more stable than the smaller ones. In the case of the ligand-
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free UCNPs, where mainly particle size determines the dissolution kinetics, quenching 

efficiencies of 40 % and 60 % are observed for the 31.7 nm-sized and 21.5 nm-sized UCNPs 

after incubation for 2 h. The influence of the coating procedure is also clearly visible from the 

trends of QEDecay(int). For both UCNP sizes and both phosphonate ligands, the direct coating 

procedure leads to less stable particles. This observation is ascribed to a higher ligand density 

on the surface of UCNPs surface-modified by the indirect route, as derived from previously 

detailed TGA measurements, which seems to provide a better surface protection.  

 

 

For the quantification of the different dissolution kinetics, we developed an empirical model 

to consider the complex interplay between the parameters UCNP size (S/Vol) and 

microenvironment (summarizing here the surrounding solvent and ligand molecules) and the 

changes in decay kinetics induced by luminescence quenching. Therefore, we fitted the 

experimentally determined quenching efficiency QEDecay(int) at time t according to Eq. 5: 

𝑄𝐸Decay(int)(t) = 𝐴2 +
𝐴1−𝐴2

1+(
𝑡

𝑡0
)𝑝

       (Eq. 5) 

In Eq. 5, A1 and A2 are the initial and the final value of QEDecay(int), respectively, and t0 is the 

turning point of the sigmoidal fit and corresponds to the incubation time at which the 

integrated luminescence decay is reduced to half of its initial value (𝑡𝑄𝐸(1/2)). p is a form factor: 

for higher p values, the increase in the curve is decelerated in the beginning but steeper 

around t0. The fits are shown in Figure 6.7 and the 𝑡𝑄𝐸(1/2) and p values obtained for the 

differently sized and coated UCNPs are given in Table 2. 

Figure 6.8: a-c) Quenching efficiency calculated from the integrated luminescence decay for 
21.5 nm and 31.7 nm sized UCNP from the direct and the indirect coating procedure; Logistic 
fit (black line) according Eq. 3 represents the increase in QEDecay(int) over time; d) Comparison of 
curve profile for the alendronate and the EDTMP-coated particles. 
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All fitting parameters used are summarized in Appendix I in Table S1. The derived 𝑡𝑄𝐸(1/2) 

values for the samples surface-modified with the indirect route are always higher than those 

obtained for samples functionalized by the direct route. This confirms the improved stability 

provided by a denser ligand shell as discussed in the previous sections. For instance, for the 

EDTMP-stabilized particles, the 𝑡𝑄𝐸(1/2) value is 10.20 h vs 6.55 h for the 31.7 nm-sized and 

7.93 h vs 4.79 h for the 21.5 nm-sized UCNPs surface modified by the indirect vs direct coating 

route. For closely matching 𝑡𝑄𝐸(1/2) values as obtained for the alendronate- and EDTMP-

coated 31.7 nm-sized UCNPs, here 𝑡𝑄𝐸(1/2)= 6.19 h and 6.55 h, the p value can be used to 

differentiate between different curve profiles. The corresponding p values of 3.29 and 1.91 

obtained for AA and EDTMP reveal that the dissolution of the alendronate-coated particles is 

decelerated in the beginning of the incubation but subsequently proceeds with a higher 

dissolution rate at 𝑡𝑄𝐸(1/2)  than that of the EDTMP-stabilized particles. 

Subsequently, we addressed the effect of the fluoride ion concentration on the dissolution 

behaviour of UCNPs, thereby affecting the solubility equilibrium between the particles and 

the released constituents determined by the solubility product. As previously reported, the 

addition of fluoride ions to dilute UCNP dispersions can enhance UCNP stability and prevent 

dissolution.82 The dissolution of fluoride ion and other particle-constituting ions in PBS can 

be described with Eq. 6, where the formation of an insoluble Ln-phosphate compound acts as 

a dissolution driving force shifting the solubility equilibrium to the right site, thereby 

enhancing nanoparticle dissolution.  

NaYF4: Yb, Er(s)
PBS
↔  Na+ + LnPO4(s) ↓  +4F

−  (Eq. 6) 

with Ln =Y3+, Yb3+, Er3+ 

 

We studied the effect of the amount of added fluoride ions on UCNP dissolution kinetics 

representatively for 31.7 nm-sized alendronate-coated UCNPs in PBS at 37 °C by in situ 

monitoring of the DSL decay of Yb3+. These experiments were done for a particle 

concentration of 0.1 mg/mL with NaF concentrations varied from 0 mM to 2.24 mM (Figure 

6.9a-e).  

Table 6.3: Calculation of 𝒕𝑸𝑬(𝟏/𝟐)values for the differently sized UCNPs from the quenching 

efficiency of the integrated luminescence decay. 

              Sample 
Coating   Size         Route 

𝑡𝑄𝐸(1/2) / h p 
 

    LF       31.7 nm 2.91 ± 0.15 1.66  

    LF       21.5 nm 1.46 ± 0.02 1.45  

    AA      31.7 nm   direct 3.83 ± 0.13 1.95  

    AA      31.7 nm   indirect 6.19 ± 0.07 3.29  

    AA      21.5 nm   direct 2.79 ± 0.03 2.74  

    AA      21.5 nm   indirect 3.58 ± 0.05 2.55  

 EDTMP   31.7 nm   direct 6.55 ± 0.12 1.58  

 EDTMP   31.7 nm   indirect 10.20 ± 0.54 1.91  

 EDTMP   21.5 nm   direct 4.79 ± 0.12 1.31  

 EDTMP   21.5 nm   indirect 7.93 ± 0.3 1.64  
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The obtained DSL decay profiles show a clear deceleration of the dissolution kinetics of the 

UCNPs with increasing amount of fluoride ions added. The sample aged in the presence of 

1.12 mM NaF, showing strongly retarded dissolution kinetics, was incubated over a longer 

period of time (92 h) until a dissolution equilibrium was achieved. The luminescence 

parameters QELum and QEDecay(int) as well as the lifetime components τ1, τ2, τint, and τamp derived 

from in situ time-resolved DSL measurements are shown in the Appendix I in Figure S1 f-k. 

For a fluoride concentration of 2.24 mM only a slight DSL quenching of about 5 % was 

detected during 24 h. Apparently, this equals the minimum fluoride concentration needed to 

prevent the dissolution of these UCNPs for our experimental conditions, i.e., the chosen UCNP 

concentration, solvent, and temperature. Exploiting QEDecay(int) and QELum as well as the 

lifetime components obtained from a multi-exponential fit of the Yb3+ luminescence decay, we 

could demonstrate a linear correlation between the added amount of fluoride ions and 𝑡𝑄𝐸(1/2) 

as well as 𝑡𝜏(1/2). (see Figure 6.9f) For determination of 𝑡𝜏(1/2) and 𝑡𝑄𝐸(1/2), the experimental 

data was fitted according to Eq. 3. (see Appendix I, Table S2). The values for 𝑡𝜏(1/2) derived 

Figure 6.9: a-f) Luminescence lifetime of 31.7 nm-sized alendronate coated UCNP in the 
presence of different amount of NaF measured at 1000nm after excitation at 978 nm (150 µs 
pulse width at 200 Hz); f) Linear correlation between the optical parameters and the added 
amount of fluoride for 31.7 nm sized alendronate-coated UCNPs in PBS at 37 °C. 𝑡𝜏(1/2) and 

𝑡𝑄𝐸(1/2) values are derived from a logistic fit of the QE and the calculated lifetime components 

according Eq. 5. 
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from τ1 and the mean lifetimes τint and τamp are in agreement with the 𝑡𝑄𝐸(1/2) values derived 

from the QELum. This underlines the reliability of the proposed lifetime approach. The 𝑡𝑄𝐸(1/2) 

value derived from the QEDecay(int) shows also a linear dependence, however, the absolute 

values are lower because QEDecay(int) contains contributions of QELum and the effective 

quenching of the decay profile. 

During aging the particles dissolve thereby releasing fluoride ions until an equilibrium is 

achieved that depends on the respective solubility product or dissolution equilibrium 

constant Kdiss which can be affected by temperature and by the matrix, particularly if the latter 

contains species that can form insoluble products with the constituents released by the 

particles. Table 6.4 summarizes the final amount of fluoride ions released by the different 

samples yielding a constant DSL decay profile that did not change at longer incubation times. 

This concentration equals the solubility equilibrium concentration in PBS at 37°C of about 

46 mg/L fluoride (or 2.6 mM). This exceeds the fluoride concentration corresponding to a 

complete dissolution of the particles for the chosen concentration of 0.1 mg/mL (equalling 

36.6 mg/L). This indicates that the NaYF4 nanoparticles will always dissolve completely in 

PBS at 37 °C for c < 0.1mg/mL. Assuming a stoichiometric dissolution, Kdiss of the NaYF4 

nanoparticles in PBS (1x, pH 7.4) at 37 °C can be calculated according to Eq. 6 (considering all 

ions present in PBS), see also Appendix I, Eq. S1 and Eq. S2) as: 

𝐾𝑑𝑖𝑠𝑠,𝑃𝐵𝑆 = 1.7 𝑥 10
−11 

The solubility data available in the literature for ternary fluorides are very limited. A solubility 

product of Ksp = 1.6×10–26 was determined for 25 nm-sized polyacrylic acid-stabilized NaYF4 

nanoparticles in water at rt.82 The enhanced solubility of the UCNPs observed in the presented 

study underlines the strong dissolution promoting effect of PBS on NaYF4 nanoparticles, 

related to the formation of an insoluble lanthanide phosphate, in combination with the 

increased temperature of 37°C. These results highlight the need to consider such effects, that 

can be possibly caused also by other phosphor sources, for the estimation of the stability of 

UCNPs in different environments that is particularly important for all studies involving 

biological systems and toxicity concerns. 

Table 6.4: Dissolved fluoride ion concentrations at different time points in PBS suspensions for 
31.7 nm sized alendronate-coated UCNPs (c = 0.1 mg/mL) after initial addition of curtain 
fluoride amount.  

Sample 
Added 

fluoride / 
mg/L 

Measured fluoride / 
mg/L 

(Aging time) 

Released 
fluoride / 

mg/L 

Alendronate-coated 
UCNP in 0 mM NaF 

0 35.5 ± 0.2 
(24 h) 

35.5 ± 0.2 

Alendronate-coated 
UCNP in 0.56 mM NaF 

10.6 45.5 ± 0.3 
(24 h) 

34.9 ± 0.3 

Alendronate-coated 
UCNP in 1.12 mM NaF 

21.3 30.5± 0.1 
(24 h) 

9.2 ± 0.1 

Alendronate-coated 
UCNP in 1.12 mM NaF 

21.3 41.5 ± 0.4 
(92 h) 

20.2 ± 0.4 

Alendronate-coated 
UCNP in 2.24 mM NaF 

42.6 45.9 ± 0.2 
(24 h) 

3.3 ± 0.2 
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6.5 Amphiphilic coatings for improved stability 

 In the last part of this project, the stability and dissolution behaviour of the 21.5 nm sized 

UCNPs with different amphiphilic coatings were tested. As discussed in Chapter 5, such 

ligands provide the best surface shielding in respect to luminescence quenching in aqueous 

solution. Three amphiphilic coatings were tested for their effects on the dissolution of the 

UCNPs using the newly developed non-invasive monitoring technique: i) a amphiphilic 

molecule - TWEEN80; ii) PEG-functionalized poly(maleic acid-alt-1-octadecene) (PMAO-PEG) 

and iii) poly(maleic acid-alt-1-octadecene) crosslinked with PEG-diamine. All samples were 

aged in PBS at 37°C for particle concentration of 0.1 mg/mL and the decay kinetics of the 

down shifted Yb3+ luminescence at 1000 nm were collected hourly over a period of 900s. The 

obtained in-situ lifetime measurements and the derived short lifetime component τ1 are 

presented in Figure 6.10. For the TWEEN 80-coated sample a rapid decrease in luminescence 

intensity and shortening of the decay lifetime was observed, which is comparable to the 

change in decay kinetics for the ligand-free sample (see Figure 6.8, red curve). This indicates 

that the simple amphiphilic molecule provides no protection against the disintegration of the 

UCNPs in PBS at elevated temperatures. This is attributed to the dynamic binding and 

unbinding processes due to the weak hydrophobic interaction with oleic chains intensity. In 

contrast, for the PMAO coatings an effective protection against the dissolution of the UCNPs 

was observed in the optical measurements. Even after aging for 24h in PBS at 37°C, only 18 % 

loss in luminescence and no shortening of the decay lifetime was observed for the PMAO-PEG-

coated particles. Crosslinking of the polymer chains with PEG-diamine leads to an even 

stronger protection against disintegration as revealed by the optical measurements. For the 

PMAO-PEG cross sample no change in luminescence intensity or in the lifetime kinetics of the 

down shifted Yb3+ luminescence at 1000 nm was observed, proving that the crosslinked 

amphiphilic polymer completely preserves the UCNPs and provides a PBS- impermeable 

hydrophobic protective layer but still ensures good dispersibility and high colloidal stability 

of the UCNPs in physiological buffers. The optical results were confirmed by electrochemical 

measurements of the released fluoride during aging in PBS. (Table 6.5)  

 

 

 
Table 6.5: Dissolved fluoride ion concentrations after 24h aging in PBS suspensions for 
21.5 nm-sized UCNPs with amphiphilic coatings (c = 0.1 mg/mL). The relative standard 
deviations for the measured value were derived from triplicate measurements. 

 
Sample Released fluoride / mg/L 

 
TWEEN80 97.5 ± 0.2 

 
PMAO-PEG 3.9 ± 0.3 

 
PMAO-PEGcross 3.2 ± 0.1 
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Figure 6.10  Luminescence decay profiles of 21.5 nm-sized UCNPs  with different amphiphilic 
coatings measured at 1000 nm after excitation at 978 nm (150 µs pulse width, a pulse 
frequency of 200 Hz). The particles were incubated at a concentration of 0.1 mg/mL in PBS at 
37°C. a) TWEEN80-coated UCNPs, b) PMAO-PEG coated UCNPs, c) PMAO-PEGcross coated 
UCNPs. Inserts: Quenching efficiency calculated from the integrated decay curves (QEdecay(int), 

blue circles) and from the number of counted photons at 250 µs equalling the maximum of the 

decay curve (QELum, red circles); d)  Short lifetime component τ1 derived from a second-order 
exponential fit for all samples. 

 

 

6.6 Conclusions 

In summary, aiming to develop a suitable method for stability screening and monitoring, the 

decomposition and dissolution kinetics of sets of 21.5 nm- and 31.7 nm-sized ligand-free 

hexagonal NaYF4:Yb3+, Er3+ upconversion nanoparticles (UCNPs) and UCNPs stabilized with 

bidentate and tetradentate phosphonate ligands were studied in phosphonate buffered saline 

solutions (PBS) at room temperature and 37°C. UCNP dissolution behaviour was monitored 

with a fluoride-sensitive electrode (ISE), providing the amount of released fluoride ions, 

transmission electron microscopy (TEM) as a measure for direct changes in particle size and 

shape, and steady state and time-resolved luminescence spectroscopy. The latter utilized the 

environment sensitivity of the photoluminescence of the lanthanide sensitizer and activators 

ions Yb3+ and Er3+. The results reveal that UCNP dissolution is enhanced for smaller particles 

and evaluated temperatures and can be decelerated with organophosphonate ligands. 

Moreover, the dissolution data reflect the beneficial effect of multivalent ligands. The excellent 

correlation of the optical and electrochemical data demonstrates the direct response of the 

luminescence decay kinetics of the 1000 nm downshifted emission of Yb3+ and the respective 

lifetime components to the degree of particle dissolution, thereby confirming the potential of 

time-resolved luminescence spectroscopy as a non-invasive monitoring tool for stability 

studies of luminescent nanocrystals like UCNPs. This simple lifetime method, which 
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eliminates the need to separate the particles from the solution and reduces the time of 

analysis, provides various optical parameters to quantitatively evaluate the dissolution 

kinetics of UCNPs. With the aid of these parameters, an empiric model for describing the UCNP 

dissolution kinetics could be developed that can be used for the comparison of different 

surface coatings and synthetic procedures. 

Finally, amphiphilic coatings were tested for their potential protection against the dissolution 

of UCNPs in PBS at elevated temperatures. Thereby, amphiphilic copolymers provided 

enhanced stability of the particles and sufficiently prevented disintegration of the UCNPs. 

Such coatings provide a PBS- impermeable hydrophobic protective layer on the particle 

surface, while the simply intercalated amphiphilic molecules as TWEEN 80 undergo dynamic 

binding and unbinding processes which allows the permeation of water and PBS and thus 

compromise the chemical stability of the nanoparticles. 
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Chapter 7 Synthesis of pH sensitive 
dyes

7.1 PET-based rosamine dyes with tuneable pH 

This chapter is based on the publication “Novel PET-Operated Rosamine Sensor Dyes with 

Substitution Pattern-Tunable pKa Values and Temperature Sensitivity" by E. Andresen et al., 

published in New Journal of Chemistry 2021, 45, 13934-13940, and it is reproduced here with 

permission from the Royal Society of Chemistry. 

Several requirements for the design of pH-sensitive fluorescent dyes have to be considered 

for the development of UCNP-based pH nanosensors. Here, a spectral overlap of the 

absorption of the dye and one of the emission bands of the UCNPs is mandatory to enable an 

efficient sensitisation of the dye. Additionally, tunablity of pKa values enables the use in 

various fields of applications. Furthermore, the capability of the tunability should be readily 

accessible, as well as the basic mechanism of pH-sensing should be fast and efficient. Here, 

photoinduced electron transfer (PET) has been highlighted as an outstanding mechanism 

especially for pH-sensing. Therefore, a series of rosamine-derived dyes, which match the 

photophysical requirements for nanosensors utilizing Yb,Er-codoped UCNPs, was developed. 

These novel dyes consist of a xanthene fluorophore core, which determines the dyes’ 

photophysical properties such as excitation/emission wavelength, fluorescence quantum 

yield, and fluorescence lifetime, and differently substituted phenol moieties and a hydroxyl 

substituent of the phenol moiety which introduces a pH sensitivity of the dyes´ fluorescence 

exploiting PET, that leads to a protonation-induced switching on of the rosamine emission. 

(Figure 7.1)  

Figure 7.1: General scheme showing the novel PET-operated rosamine sensor dyes with 
substitution pattern-tunable pKa vaues. 
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Rational tuning of the pKa value of the rosamine fluorescence between 4 to 9 is achieved by 

altering the substitution pattern and degree of bromination of the phenolic subunits. 

Additionally, a temperature sensitivity of the fluorescence quantum yield is introduced or 

suppressed based upon the degree of rigity of the xanthene scaffold. Under consideration of a 

previous study221 in the field of rosamine synthesis, which reported the synthesis of a series 

of regioisomerically pure bromo-substituted rosamines by condensation of 4-

bromobenzaldehyde with different phenolic amines, the present work represents progress 

by reporting a series of regioisomerically pure pH-sensitive rosamines. The utilized synthetic 

route enabled also the synthesis of a pH sensitive rosamine dye with linker group on the 

phenol moiety which enabled the facile coupling of the promising fluorophores to the UCNPs 

bearing reactive surface groups to construct pH-responsive nanosensors for bioimaging 

applications and will be discussed in Chapter 8. 

Design and synthesis of pH-sensitive rosamines with pattern-tunable pKa-value and 

temperature sensitivity 

On the field of rhodamines, Despras et al. successfully developed a serie of red-emitting 

fluorescent PET-capable pH sensors with different pH-sensitive moieties and xanthene 

fluorophores, whereby no systematic tuning of the pKa values was investigated.154 However, 

as recently published by our group, a series of pH-responsive BODIPY dyes with tunable pKa 

values can be readily obtained by introducing electron-withdrawing groups on the phenolic 

PET-subunit. 122 This strategy can be also used to design a platform of pH-sensitive PET-

capable rosamine fluorophores with tunable pKa values. Thereby, a series of novel 

regioisomerically pure pH-sensitive rosamine fluorophores was obtained by the 

condensation of differently substituted benzaldehydes with 3-aminophenol derivatives. The 

condensation was carried out using propionic acid and a catalytic amount of p-toluenesulfonic 

acid (p-TsOH), followed by oxidation using chloranil. (Figure 7.2a) The rosamine scaffold was 

commonly derived from rhodamine B (RhB), rhodamine X (RhX) or tetramethylrhodamine 

(TMR), which differ in their substitution patterns at the xanthene ring systems and in their 

optical properties. By using differently brominated ortho- and para-hydroxyphenyl as pH-

sensitive moiety, a set of nine pH-rosamines (1a-2d) with pKa values altering from 4 to 9 was 

synthesized. (Figure 7.2b) A reference dye 3 consisting of xanthene and unsubstituted 

phenolic unit was further synthesized. 
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Structure/properties relationship of the rosamine dyes 

Subsequently, the influence of the substitution pattern of the phenolic subunits and the 

nitrogen atoms at the xanthene core on the pH-dependent spectroscopic behaviour of the 

dyes was examined. As previously stated, the former introduces the desired pH-sensitivity 

and tunability of the pKa value, while the latter determines the photophysical properties of 

the dyes  such as the spectral position of the absorption and emission maxima (λabs(max), 

λem(max)), the fluorescence quantum yields (φ), and the fluorescence lifetimes (τ). An overview 

of the spectroscopic properties of the new rosamine compounds in methanol is provided in 

Table 7.1. The molar absorption coefficients ε of the rosamines are in the order of 50,000–

95,000 M−1 cm−1 and the φ values amount to 30 – 70 % in ethanol. shows a comparison of the 

absorption and emission spectra of compounds bearing alkyl groups or fully rigidized 

xanthene scaffolds. For the alkyl substituted compounds, similar absorption and emission 

spectra with absorption and emission maxima at 555 nm and 580 nm are observed. The 

absorption and emission spectra of the compounds with a fused xanthene nitrogen are 

bathochromically shifted by 20 nm yielding absorption and emission maxima at 583 nm and 

602 nm, respectively. 

Figure 7.2: a) General synthetic route and b) chemical structures of the synthesized pH-
sensitive fluorescent rosamine probes. 
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Dye ε (λabs(max)) 

(MeOH) 

[M-1cm-1] 

λabs-ON 

(MeOH) 

[nm] 

λem (MeOH) 

[nm] 

Φfl(EtOH)(abs.) 

[%] 

fl (MeOH) a 

[ns] 
pKa (Em)b 

1a 81 000 551 570 35 1.73 8.99 

1b 93 000 556 577 34 1.66 7.37 

1c 86 000 561 580 27 1.56 5.51 

1c* 58 000 555 578 32 1.98 5.54 

1d 70 000 582 600 70 4.13 5.87 

2a 65 500 553 576 35 1.72 9.42 

2b 53 000 565 580 33 1.64 8.71 

2c 57 000 600 620 56 4.44 5.14 

3 76 000 555 575 32 1.65 n. a. 
a Mono exponential fit (global analysis fi(%) = 100.0). b in H2O/MeOH 2:1 vol%, 25 mM buffered solution. 

 

This is ascribed to the enhanced delocalization of the electron density of the nitrogen electron 

pairs favoured by the restricted rotation around the C-N bonds caused by the fused rings of 

compound 1d. The influence of the halogen substituents on the phenyl ring is illustrated in 

Figure 7.3. This figure compares the absorption and emission spectra of the non-halogenated 

rosamine reference dye 3 with those of the para-hydroxy substituted non-, mono- and di-

brominated rosamine dyes 1a, 1b, and 1c. Apparently, introducing a hydroxy group on the 

phenyl ring does not affect the rosamine absorption and emission spectra, while each bromine 

atom induces a red shift of 5 nm of the absorption and emission maxima. The absorption 

maximum of 3 at 551 nm is shifted to 556 nm for 1a and to 561 nm for 1b and 1c and the 

emission maxima from 572 nm to 577 nm and 583 nm, respectively. Similar shifts in 

absorption and emission results also for the meta-hydroxy substituted rosamine derivatives 

2a-c in dependence of the degree of bromination of the phenyl moiety (see entries in Table 

7.1). The very similar spectral properties of 1a-c and 2a-b as well as 1d and 2c indicate more 

or less complete electronic decoupling of the rosamine chromophore and the phenyl moiety 

inducing pH-sensitivity. Deprotonation of the hydroxyl group of the pH-responsive rosamines 

leads to a hypsochromic shift in absorption of about 10 nm whereas the absorption spectrum 

of the reference dye 3 remains unaffected by pH (see Appendix II, Fig. S2-S10). Consequently, 

these changes are attributed to an equilibrium between the cationic form (protonated 

hydroxyl group) and zwitterionic form (deprotonated hydroxyl group) of the rosamines 

introduced by deprotonation of the hydroxylic group and the increased electron density 

(enhanced electron donor strength) - of the negatively charged hydroxylic group located in 

the immediate proximity of the rhodamine core.  

The φ values of the rosamines are reduced by 30 % compared to their parent rhodamine dyes 

(ΦEtOH(RhB)= 69 %, ΦEtOH(TMR)= 68 %, ΦEtOH(Rh101)= 96% at 25°C)222. (see Table 7.1) This 

diminution in φ is ascribed to the absence of the carboxylic group in 2´ position, which 

permits rotation of the phenolic moiety, thereby opening further non-emissive relaxation 

pathways. A similar behaviour was also observed by Mottram et al.107 The rosamine dyes 

reveal mono-exponential fluorescence decay kinetics in methanol with τf values in the 

nanosecond (ns) range. The rosamine dyes 1d and 2c with fused xanthene nitrogen atoms 

Table 7.1: Overview of the photophysical properties of the synthesized rosamine dyes. 
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possess the longest lifetimes of around 4 ns, whereas the rosamines bearing N-alkyl groups 

have fluorescence lifetimes of less than two ns (Figure 7.3.c). Bromination of the phenol group 

is accompanied by a diminution in τf as reflected, e.g. by a comparison of dye 1c and non-

brominated 1a (see Appendix II, Fig. S19). This trend is ascribed to the heavy-atom effect of 

bromine.  

 

pH sensitivity of the rosamine fluorescence 

All rosamine dyes bearing a phenolic substituent are non-fluorescent in the unprotonated 

form due to PET-induced fluorescence quenching. Upon protonation, they reveal an efficient 

and very fast recovery of their fluorescence, accompanied by minimal spectral shifts in 

absorption as exemplary shown for dye 1b in Figure 7.4. This enables fluorometric pH 

sensing. The fact that the fluorescence of reference compound 3 lacking a hydroxylic group is 

not affected by pH (see Appendix II, Fig. S2) underlines the need for this deprotonable 

functionality to induce PET-related pH-control of the rosamine fluorescence. The amine 

groups of the xanthene core are obviously not involved in this sensing mechanism. 

Figure 7.3: Influence of a) the xanthene moiety and b) the bromination degree on the spectral 
position of the absorption and  emission maxima. c) Luminescence decay kinetics of different 
xanthene moieties. 
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Moreover, as shown in Figure 7.5, the concept of halogenating phenolic subunits to tune the 

pKa of fluorescent probes utilized for different classes of fluorophores such as BODIPY dyes 
121, 122 we could successfully expand to rosamine dyes. Stepwise bromination of the phenolic 

aryl moiety in position 9 of the xanthene core clearly provides substitution pattern control of 

the pKa of this dye class with the degree of halogenation strongly influencing the acidity of 

the pH-sensitive hydroxy group due to its electron withdrawing effect. The results of the 

fluorometric pH titration experiments of the rosamine dyes are shown in the Appendix II (Fig. 

S3–S10) and the pH titration curves used to derive the pKa values are summarized in Figure 

7.5c . Unsubstituted compounds 2a and 1a exhibit the most basic pKa values of 9.42 and 8.99, 

respectively. Monobromination lowers the pKa values to 8.71 for 2b and to 7.37 for 1b. This 

demonstrates that substitution in ortho-position to the hydroxylic group (in the case of 1b) 

has a stronger influence on the pKa value than halogenation in meta-position (for 2b). Further 

halogenation leads to more acidic pKa values of 5.51 for the di-brominated compound 1c. 

 

 

 
Figure 7.4: a) pH-dependent normalized absorption (left) and emission (right) spectra of 1b in 
a mixture of methanol and water (1/2 vol%, 25mM) with a typical pH titration curve in the 
insert; b) Reversibility of the pH-sensitivity of dye 1b over 12 cycles. 

Figure 7.5: a) Photograph of the dyes 1c, 1c* and 1d at pH values from 2.5 to 12.5,                                  

b) Photograph of the dyes 1c, 1b and 2b at pH values from 2.5 to 12.5 and c)  pH-titration 

curves (Dose response equation fit) and the calculated pKa values for all studied rosamines. 
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The lowest pKa value of 5.14 is observed for the tri-brominated compound 2c. While 

halogenation of the subunits plays an important role for the tuning of the pKa value, a 

comparison of compounds 1c, 1c*, and 1d with different substitution pattern of the xanthene 

core, which exhibit pKa values of 5.51, 5.54, and 5.87, respectively, shows that the substitution 

pattern of the xanthene core barely affects the pKa value of the sensor dye. 

Subsequently, the reversibility of the PET-triggered ON/OFF-switching of the rosamine 

fluorescence was investigated that accompanies the protonation/deprotonation of the 

hydroxyl group. Therefore, the pH of the dyes solutions was reversibly changed from pH of 2 

to 10 in 10-12 cycles. As shown in the Appendix II (Fig. S3–S10), all dyes reveal an excellent 

reversibility of their fluorescence with their initial fluorescence intensity at a pH of 2 being 

completely restored even after 12 deprotonation/protonation cycles. The observed slight 

decrease in fluorescence intensity is attributed to dilution effects and not to a loss in 

reversibility. 

As some rhodamine dyes show a temperature sensitive fluorescence intensity, we also 

performed temperature dependent studies with the differently substituted rosamine dyes to 

clarify whether the derived pKa values are temperature- dependent. Such a temperature 

dependence could hamper their suitability for pH-sensing. Representatively, the pKa value of 

compound 1c was determined at 20°C and 40°C. The obtained values of 5.50 and 5.48 for 20°C 

and 40°Cunderline the temperature independence of the pH-sensing behaviour (Appendix II, 

Fig. S3–S10). 

Temperature sensitivity of the rosamine dyes 

As the substitution pattern, of the xanthene scaffold of the parent rhodamine dyes, i.e., the 

degree of rigidity of the amino substituents can introduce a temperature dependence of the 

fluorescence, the influence of temperature on fluorescence intensity was investigated for 

selected rosamine dyes. Our rosamine dyes can be classified into four groups with respect to 

their structural pattern, i.e., the substitution pattern of the amino groups at the xanthene core 

and the phenolic moiety. This includes the following classes: i) rigid-rigid (rigidized amino 

groups on the xanthene core and hindered rotation of the phenolic subunit (2c)), ii) free-rigid 

(freely rotatable amino groups on the xanthene core and hindered rotation of the phenolic 

subunit (2b)), iii) rigid-free (rigidized amino groups on the xanthene core and free rotation 

of the phenolic subunit (1d)), and iv) free-free (freely rotatable amino groups on the xanthene 

core and non-hindered rotation of the phenolic subunit (1c )). Subsequently, we studied the 

temperature dependence of the fluorescence of representative rosamine dyes from each 

structural class. The changes of the integrated fluorescence intensities of the studied dyes in 

dependence of the temperature in a temperature interval from 10°C to 50°C are highlighted 

in Figure 7.6. The corresponding absorption and emission spectra of the four dyes are 

provided in the SI (see Figures S14-S17). For a better comparison of the different rosamines, 

the fluorescence intensities were normalized to the fluorescence intensity at 10 °C and a 

linear fit of the temperature-dependent changes using the least-mean-squares method was  
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applied. This yielded fluorescence intensity changes of approximately -1.59 %, -1.57 %, -0.49 

%, and -0.15 % per °C for 1c, 2b, 1d, and 2c, respectively. The absorption spectra of the dyes 

display only a small temperature-dependent decrease of the absorption maximum by 0.5-1 

%. Dye 2c, representing the rigid-rigid class (i) reveals a quasi-temperature insensitive 

fluorescence. This is ascribed to the rigidization of the xanthene anilines as fused cyclic rings 

and the sterically restricted rotation of the phenolic subunit induced by substitution in 

positions 2´and 6´. However, reducing the overall rigidity of the dyes by either reducing the 

rigidity of the amine scaffold at the xanthene core (class i) or enabling a rotation of the 

phenolic PET-subunit (class iii) results in an enhanced temperature sensitivity favoured by 

the thereby opened non-radiative relaxation pathways. For example, for dye 1d, representing 

class iii), a slight decrease in fluorescence intensity with increasing temperature is 

accordingly observed. Dyes 2b and 1c (classes ii) and iv)) reveal a similar, yet more 

pronounced temperature sensitivity. This behaviour is ascribed to the free rotation of the 

alkylated amines on the xanthene core, enabling an electron transfer from the amino groups 

to the xanthene ring, that leads to a fast non-radiative deactivation to the ground state 

ascribed to a twisted intermolecular charge-transfer (TICT) process.223 Notably, the degree of 

rotational hindrance of the phenolic group has only a negligible effect. 

 

7.2 Synthesis of a functionalised rosamine dye 

Despite the reported synthesis of pH-sensitive rosamines yielding excellent results as 

fluorescent pH probes, the importance of the ability to functionalise such fluorescent sensors 

must be emphasised and thus, the basic synthesis was developed further in order to design 

rosamine with additional functionality for covalent attachment to e.g nanoparticles. For this 

purpose, a linker was introduced in ortho-position of the phenol group via an amide bond. 

Therefore, 5-formylsalicylic acid M8 was activated as NHS-ester and a Boc-protected diamine 

was attached. (Figure 7.7) The functionalized aldehyde M9 was further transformed into the 

corresponding rosamine dye utilizing the synthetic route presented in Chapter 7.1 and MX-1 

as xanthene scaffold building block.  

 
Figure 7.6: Integrated fluorescence intensity of dyes 1c, 1d, 2b and 2c as a function of 
temperature. 
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Figure 7.7: Synthetic route of amine-functionalized rosamine dye Ros-NH2. 

 

After deprotection of the Boc-protected terminal amine, a rosamine dye Ros-NH2 with amine 

functionality for further conjugation was synthesized with a total yield of 18 %. The new 

amine-functionalized rosamine dye Ros-NH2 was spectroscopically characterized. As 

expected, the absorption and emission maxima are located at 540 nm and 580 nm. The dye 

also revealed a pH-dependent fluorescence with a pKa value of 7.1. (Figure 7.8) The pKa shift 

compared to the unfunctionalized dye 1a (pKa = 9) is attributed to the mild electron-

withdrawing effect of the amide group. Thus, the designed dye Ros-NH2 presents a very 

promising pH sensitive dye for covalent attachment to amine-reactive nanoparticles (e.g 

bearing carboxy or anhydride groups) with pKa value in the biologically relevant range.  

 

 

 

Figure 7.8: pH-dependent normalized absorption (left) and emission (right) spectra of Ros-NH2 in 
a mixture of methanol and water (1/2 vol%, 25mM) with a typical pH titration curve in the insert. 
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7.3 Conclusions 

In summary, a simple and efficient strategy for the synthesis of a series of moderately to 

strongly fluorescent rosamine dyes with pKa values tunable between 5.1 to 9.5 that can be 

utilized for pH sensing in the pH window of 4 to 10 was developed. The rational design of 

these sensor molecules relies on a phenolic subunit electronically decoupled from the 

xanthene core. The latter determines the spectral features of the fluorescent probes while the 

protonation state of the former controls the dye´s fluorescence via an intramolecular 

photoinduced electron transfer (PET). Protonation of the phenol group inhibits the 

fluorescence quenching PET, leading to a pH dependent switching ON of the rosamine 

fluorescence. Tuning of the pKa values of these pH-sensitive rosamines could be achieved by 

systematically introducing electron withdrawing groups like bromine atoms to the phenolic 

PET-inducing subunit. Moreover, a temperature-dependent fluorescence response of the 

rosamines can be promoted or suppressed in dependence of the rigidity of the dye scaffold, 

as reported for the rhodamine parent dyes. Thereby, it can be also ensured that the dyes´ pH-

sensitivity is not affected by temperature. Based on the presented synthetic route, a pH-

responsive rosamine dye Ros-NH2 with a linker group on the phenol moiety and optical 

properties matching the requirements for UCNP-based nanosenors was synthesized. This dye 

presents a promising fluorophore for facile coupling Yb3+,Er3+ co-doped UCNPs bearing 

reactive surface groups to construct pH-responsive nanosensors for bioimaging applications. 
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Chapter 8 Self-referenced pH Sensing
A self-referenced optical pH sensor system relies typically on two components: one 

component with pH-dependent optical features and a second spectrally distinguishable 

component that is not affected by pH and acts as an inert reference. In this chapter different 

strategies for the synthesis of UCNP-based self-referenced pH sensors are presented and 

discussed. Therefore, Er3+-doped UCNPs, providing UC luminescence bands in the green and 

red spectral region, were combined with the pH sensitive rosamine dyes, which were 

presented in Chapter 7. The working mechanism of a UCNP based pH sensor is schematically 

illustrated in Figure 8.1. A nanosensor based on the combination of Yb3+, Er3+ co-doped UCNPs 

acting as nanolamp with pH-responsive rosamine dyes as RET acceptors can be constructed. 

The UCNPs are excited with an NIR laser and the green UC emission bands can be used for 

RET sensing applications and analyte quantification, whereas the red UC band can be used as 

internal reference. This allows straightforward construction of self-referenced sensors and 

was investigated in the last part of the project for two different approaches. In the first 

approach pH-sensitive rosamine dyes and Yb3+, Er3+-co-doped UCNPs were incorporated in 

hydrogel matrix to yield a pH sensitive sensorfilm. In such system the sensor dyes and the 

UCNPs are spatially separated and the mechanism of interaction of these two components 

sensors is based on an inner filter effect. In a second approach, dyes covalently attached to 

PMAO-coated UCNPs were tested. Those systems are expected to utilize luminescence 

resonance energy transfer (LRET).  

 

 

 

  

Figure 8.1: Schematic illustration of a UCNP-based nanosensor.  
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8.1 Self-referenced sensing in solution 

Prior the construction of UCNP-based pH nanosensors, the synergy of the Yb3+,Er3+ co-doped 

particles and the pH sensitive rosamine dyes was spectroscopically tested in solution. The 

referencing scheme, depicted in Figure 8.2a, shows the perfectly matching spectral properties 

of a rosamine dye bearing ethyl groups on the xanthene nitrogen atoms, exemplary shown for 

dye 1c (see Chapter 7) and the Yb3+, Er3+-codoped UCNPs described in Chapter 2.  The 

absorption of the dye coincides with the green emission of the UCNPs as a prerequisite for 

efficient RET. The fluorescence of the dye is located between the two UC band, enabling 

analyte quantification based on the fluorescence intensity of the rosamine dye, which is only 

emissive in the protonated form. The red Er3+ emission at 650 nm is not affected either by pH 

nor by the dye absorption/emission and can act as reference signal. Beneficial for this system 

is also the slight hypochromic shift of the absorption of the dye by changing the pH from acidic 

to basic, thus enabling self-referenced sensing by using also the ratios between green and red 

UC emission band of the UCNPs. This was demonstrated for a self-referenced dual component 

sensor solution, consisting of citrate-capped 21.5 nm sized UCNPs and a pH-sensitive 

rosamine dye in a buffered methanol/aqueous solution (1/2 vol %, 25 mM). The spectra of 

the sensor solution after 980 nm excitation at different pH values are presented in Figure 

8.2b. The efficient interplay between the two compounds is illustrated by the decrease in 

luminescence intensity of the green UCNP emission and the appearance of a new pH 

responsive band at 580 nm, which corresponds to the emission band of the sensor dye. A pH 

titration from basic (pH ~ 9) to acid (pH ~ 2) of the dual sensor system resulted in an increase 

in the dye fluorescence (F) due protonation-induced switching-on of the rosamine emission 

and also in an increase in the green UC emission band of the UCNPs which is attributed to the 

shift in absorption band of the dye upon protonation. Thus, a pH quantification can be 

performed by measuring the ratio of the pH-dependent fluorescence of the indicator dye at 

580 nm (F) and the pH insensitive UC emission band at 650 nm as well as by determining the  

 
Figure 8.2: a) Referencing scheme showing the overlap of the characteristic UC luminescence 
of  oleic acid-capped NaYF4:Yb3+,Er3+ UCNPs in cyclohexane upon excitation with 980 nm 
(black line) with the absorption (red, dashed line) and emission (green) of rosamine dye 1c at 
different pH values; b) Normalized luminescence emission of a pH sensor systems consisting of 
3 mg/mL citrate-capped Yb3+,Er3+-codoped UCNPs and rosamine dye 1c (2 × 10–6 M) in 
buffered mixture of methanol and water (1/2 vol. %, 25 mM) in dependence of pH upon 
excitation at 980 nm; c) Normalized ratios of the integrated luminescence intensities of the 
rosamine fluorescence and the red UC emission of the UCNPs (pink) and the integrated green 
UC emission and the red UC emission of the UCNPs (green)  and the corresponding sigmoidal 
curve fit. 
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ratio between the RET-involved UC emission band at 540 nm (G) and the reference UC 

emission band at 650 nm. Figure 8.2c depicts the pH titration curves determined based on 

this two emission band ratios, illustrating the good agreement of the two quantification 

methods. The calculated pKa value of 5.89 corresponds to the value determined for the 

respective dye in solution. (see Chapter 7) However, the rosamine fluorescence intensity is 

still weak compared to the reference signal, hampering the nanosensor´s sensitivity for 

quantitative pH imaging. Therefore, approaches to immobilize the two sensor compounds or 

even better to covalently bound them in order to improve the RET mechanism are needed.  

8.2 Self-referenced UCNP-based pH sensorfilms 

In the first approach, a multifunctional nanoprobe with sensing and imaging properties was 

constructed by combining Er3+, Yb3+ co-doped UCNPs and pH responsive rosamine dyes. 

Therefore, 21.5 nm sized NaYF4:Yb3+,Er3+ UCNPs and a rosamine dye 1c (see Chapter 7) are 

loaded into proton permeable hydrogel (HydroMed D4). The hydrophobicity of the sensor 

components prevents leaking from the hydrogel upon treatment with buffered solutions and 

enables reliable pH measurements. Due to the spectrally matching optical properties the 

UCNPs act as excitation light source for the analyte-responsive rosamine dye as well as 

intrinsic reference. To achieve the highest sensitivity of the two component nanosensor the 

UCNP-to-dye concentration ratio was optimized with respect to UCL reabsorption and 

minimum dye´s fluorescence quenching due to self-absorption and dye aggregation. Self-

absorption occurs with increasing dye concentration for dyes with a small Stokes shift like 

the used rosamine dyes. The aggregation of the parent rhodamine dyes in aqueous solutions 

has been described in numerous papers.224, 225 Thereby, non-emissive H-aggregates, based on 

a sandwich-type association and characterized by light absorption at higher energies, are 

formed. Therefore, first aqueous solution of the dye at different concentrations were 

spectroscopically characterized, revealing that the highest fluorescence of the studied 

rosamine dye is observed for a concentration of 24 µg/mL. For the rosamine dye loaded in 

the D4 hydrogel matrix 10-times higher concentration of the dye can be utilize before 

fluorescence quenching occurs. (Figure 8.3) The corresponding spectra are shown in 

Appendix II. 

 

 

Figure 8.3: Determination of aggregation concertation of dye 1c in aqueous solution (left) and in 
proton permeable hydrogel (HydroMed D4) (right).  
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In a second step, the optimum ratio between UCNPs and dye loaded in D4 hydrogel matrix 

was determined. Therefore, hydrogel films with concentration varying from 125 to 1000 

µg/mL and 1 to 7.5 mg/ml for the rosamine dye and the UCNPs, respectively, were prepared 

and the luminescence spectra of the dried sensors films war measured after 980 nm 

excitation. As depicted in Figure 8.4, a dye concentration of 500 µg/mL and a UCNP 

concentration of 5 mg/ml in D4 hydrogel film were found to be best suited in terms of 

processing the sensor cocktail, dye concentration, UCNP/dye intensity ratio, and signal-to-

noise ratio. The corresponding spectra collected at least three positions of the sensor film are 

presented in Appendix II, Figure S23.  

 
Figure 8.4: 3D plot of the dye fluorescence at 580 nm as function of the concentration of 
UCNP and dye in the sensor film upon excitation at 980 nm. 

 

In the final step, the sensor film with optimized ratios of the compounds was tested in terms 

of self-referenced pH sensing. The fabrication of the sensor material was performed by first 

dispersing the respective amount of dye, UCNP, and hydrogel as a mixture in a THF, followed 

by applying equivalent volumes into the wells of a 8-well ibidi slide to obtain a readily 

accessible one-layer sensor system. The conceptual design of the self-referenced dual 

component pH sensor was tested for a pH range of 2.5 to 9.5. Therefore, each sensor layer was 

treated with a buffer solution with different pH value and the PL spectra was collected with a 

custom-made automated mapping setup upon 980 nm excitation. Each well of the 8-well ibidi 

slide was measured with a step width of 1 mm and background corrected yielding a resolution 

of roughly 200 spectra/cm2, thus, 200 spectra/well. From all collected spectra, the ratios of 

the integrated intensities of the rosamine fluorescence in the range 570–640 nm (F) and the 

red (R) Er3+ UCL (640–700 nm) were determined and used to calculate the pKa of the 

incorporated dye in the hydrogel. The resulting F:G ratios are presented in Figure 8.5a, 

illustrating that a trend of increasing the F:G ratio was observed for increasing the pH value 

which corresponds to a protonation-induced increase in dye fluorescence. However, no 

accurate determination of the different proton concentrations was achieved utilizing the 

designed sensor system. The averaged F:R ratio for each well at different pH, shown in Figure 

8.5b, provide a rather unsatisfactory results with strong intensity fluctuations and high 

standard deviations in the range of 30–80 %. This might be attributed to layer inhomogeneity  
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Figure 8.5: (left) Calculated luminescence intensity ratios of the dye fluorescence of rosamine 
1c (F) and the red UCL of the UCNPs (R) at different pH values. Each pixel represents a 
separately measured spectrum. Color-coding is done in a nonequidistant scaling. (right) F/R-
ratio in dependence of pH and the corresponding sigmoidal curve fit. 

 

in terms of not homogeneous distribution of the sensor compounds within the layer (due to 

e.g. colloidal stability issues induced by changes of the zeta potential accompanying the 

adjustment of different pH values). Furthermore, the pKa value of the sensor system was 

calculated to 4.5, revealing a significant shift of the pKa value in the polymer matrix to the 

more acid region compared to the pKa value of the used rosamine dye in solution (pKa = 5.89). 

This can be explained by the changed chemical environment. However, it might be also 

attributed to a low sensitivity of the designed sensor layer as the reference band has much 

higher intensity than the fluorescence intensity of the sensor. This hampers the accurate 

quantification of dye fluorescence in more basic environment and thus artificially lowers the 

calculated pKa.  

In conclusion, an inner filter based self-referenced pH sensor films utilizing 21.5 nm sized 

UCNPs and a pH sensitive rosamine dye was constructed. However, the designed system was 

not efficient for an accurate pH imaging and further improvements are required. 

 

8.3 Self-referenced UCNP-based pH nanosensors 

In a second approach, a UCNP-based sensor system with a rosamine dye covalently attached 

to the particle surface was designed. Therefore, the synthesized rosamine dye Ros-NH2 was 

covalently attached to a PMAO-coated UCNPs with different architecture and the system was 

further stabilized by crosslinking the PMAO-chains with PEG-diamine. This coating was 

chosen as it provided the best protection against water-quenching induced UC luminescence 

loss (as discussed in Chapter 5) and permits UCNP suspensions to be colloidally and 

chemically stable in water and biologically relevant buffers as PBS over extended periods of 

time. Within the study core-only particles with sensitizer (Yb3+) and activator (Er3+) ions 

randomly distributed within the entire particle and core-shell UCNPs with intentionally 

spatially separated sensitizer (Yb3+) in the core and activator (Er3+) ions in the shell were 

used as energy donors for self-referenced pH sensing.  
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The pH nanosensors were constructed as follows: i) the PMAO polymers are conjugated with 

the dyes before forming a shell around UCNPs, so that UCNPs of different architecture with 

the same polymer have the same amount of dyes per unit surface to allow comparison of RET 

efficiency between particles of different architecture; ii) the dye decorated PMAO polymers 

were added to the suspensions of oleic acid capped UCNPs in chloroform and ii) PMAO chains 

were crosslinked using a PEG-diamine in order to further stabilize the nanosensor. Finally, 

the dye-decorated PMAO-PEGcross coated UCNPs were dispersed in water and pH titrations in 

buffered aqueous dispersions (citrate/borate, 25 mM) were performed. The 

photoluminescence spectra of the sensors were collected at different pH after excitation at 

980 nm and the spectra were normalized to red UC emission at 650 nm. As can be seen in 

Figure 8.6, the constructed self-referenced nanosensors show good pH sensitivity for both 

particle architectures. However, for the core-shell system the relative intensity of the 

sensitized dye emission band is higher than in case of the core-only particles. This is 

attributed to the intensity distribution of the different UCL bands, which were discussed in 

chapter 4.2. The core-shell particles reveal a stronger green emission, which is involved in the 

energy transfer to the rosamine dye, whereas the red emission acting as an internal reference 

is lower, thus enabling better signal-to-noise ratio. After attachment to the UCNP, the 

rosamine dye is still pH sensitive and for pH quantification either the ratio between the 

sensitized dye emission an the red UCL band or between the green UCL and the red UCL band 

can be used.  

 
Figure 8.6: Normalized luminescence emission of a pH nanosensor systems in buffer (25 mM) 
in dependence of pH upon excitation at 980 nm for a) dye-decorated core-only 
NaYF4:Yb3+,Er3+ UCNPs (20 nm) and b) dye-decorated core-shell NaYF4:Yb3+@NaYF4:Er3+ 
UCNPs (42 nm).  (right panel) Normalized ratios of the integrated luminescence intensities of 
the rosamine fluorescence and the red UC emission of the UCNPs (pink) and the integrated 
green UC emission and the red UC emission of the UCNPs (green) and the corresponding 
sigmoidal curve fit. 
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The corresponding sigmoidal curve fittings reveal a pKa value of around 8 for the rosamine 

dye immobilized on the particle surface which is more basic than the pKa value in solution 

(around 7). This can be attributed to the hydrophobicity of the dye, so that the dye might 

preferentially accumulate in the hydrophobic layer around the particle and due to the limited 

water permeability of the shell the (de)protonation induced fluorescence changes are 

hampered.  

 

8.4 Conclusions 

In summary, different approaches for the design of UCNP-based self-referenced nanosensors 

for pH quantifications were studied. Studies in solution showed the good spectral match of 

the optical properties of Yb3+, Er3+- codoped UCNPs with the rosamine dyes as a prerequisite 

for the fabrication of a self-referenced dual component sensor system. In the first approach, 

incorporation of both sensor components into a hydrogel provided a pH-sensor film with low 

sensitivity due to disadvantageous intensity distribution of the different UCL bands and 

inhomogeneities of the sensor film. Here, optimization is required e.g. the use of UCNPs with 

stronger green emission which will enable better signal-to-noise ratio. In the second 

approach, PMAO-coated UCNPs with different architecture were decorated with the amine 

functionalized dye Ros-NH2 to obtain a UCNP-based self-referenced pH nanosensor. In a 

proof-of-concept study the working mechanism of the two pH nanosensors was proven, 

showing that the core-shell nanoparticles act as improved energy donor as they reveal a 

stronger green emission. The ion distribution in such core-shell nanoparticles is also more 

advantageous for RET-based nanosensors, as the activator ions are located in the shell and 

thus are closer to the dye acceptors on the surface. Here, time-resolved luminescence 

measurements are needed to investigate the mechanism of energy transfer (radiative or non-

radiative) and to determine the RET efficiency of the different UCNP architectures.  
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Chapter 9 Summary and Outlook
In this work, self-referenced UCNP-based nanosensors for optical sensing of pH as biologically 

relevant analyte were designed and investigated. Therefore, custom-made rosamine dyes as 

versatile sensor molecules were combined with Yb3+,Er3+-co-doped upconverting 

nanocrystals (UCNPs) acting as nanolamps and internal reference.  

Firstly, in Chapter 4, hexagonal phase Yb3+,Er3+-co-doped NaYF4-based nanoparticles with 

different size, shape and particle architecture were synthesised and their optical properties 

were characterized in terms of their potential application in self-referenced nanoprobes. 

Core-shell architectures with Yb3+ sensitizer ions protected in the particle core and Er3+ 

activator ions located in a NaYF4-shell revealed strong green upconversion (UC) 

luminescence. This is beneficial for the construction of self-referenced nanosensors which 

utilize the green UC emission for sensitizing the analyte responsive dye in such nanoparticle-

sensor systems. A further advantage of these core-shell UCNPs is the location of the activator 

only in the outer shell of the UCNPs, that are hence in close contact with surface-bound 

organic sensor molecules. This is expected to enhance the distance-dependent resonance 

energy transfer (RET) efficiency between UCNPs and sensor dye.  

In Chapter 5, different strategies to render UCNPs hydrophilic were assessed and utilized. 

Surface functionalization with small molecules was achieved using a ligand exchange strategy 

which yields water-dispersible UCNPs. However, these ligands were not efficient to prevent 

luminescence quenching in aqueous media.  In a second approach, amphiphilic coatings 

realized via encapsulation strategies, provided a good long-time stability, and minimized 

quenching effects related to the presence of water molecules. 

In spite of their growing and widespread applications, the chemical stability of UCNPs has 

recently led to increasing safety concern, due to reports on the dissolution of NaYF4 

nanoparticles in aqueous media, as this can result in the release of potentially toxic fluoride 

and lanthanide ions.78 Therefore, in Chapter 6, dissolution and stability studies of differently 

sized UCNPs with various coatings were performed and monitored with optical spectroscopy. 

Based on a correlation of the optical and electrochemical data, it was demonstrated that the 

luminescence decay kinetics of the 1000 nm downshifted emission of Yb3+ and the respective 

lifetime components directly respond to the degree of particle dissolution. This simple 

lifetime method, which eliminates the need to separate the particles from the aqueous 

solution and reduces the time of analysis, provides various optical parameters to 

quantitatively evaluate the dissolution kinetics of UCNPs. With the aid of these parameters, an 

empiric model for describing the UCNP dissolution kinetics was developed and used for 

comparison of different particle sizes, surface coatings, and coatings procedures. Finally, 

amphiphilic coatings were tested for their potential protection against the dissolution of 

UCNPs in PBS at elevated temperatures. Thereby, amphiphilic copolymers could be identified 

as coatings providing an enhanced UCNP stability and sufficiently prevent their 

disintegration.  
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Chapter 7 presents the synthesis of pH sensitive rosamine dyes with suitable spectral 

properties as a second analyte sensitive component of UCNP-based self-referenced 

nanosensors. These novel rosamine dyes consist of a xanthene fluorophore core, which 

determines the dyes’ photophysical properties such as excitation/emission wavelength, 

fluorescence quantum yield, and fluorescence lifetime, and differently substituted phenol 

moieties and a hydroxyl substituent of the phenol moiety. The latter introduces the pH 

sensitivity of the dyes´ fluorescence exploiting photoelectron transfer (PET), that leads to a 

protonation-induced switching on of the rosamine emission. Tuning of the pKa values of these 

pH-sensitive rosamines by systematically introducing electron withdrawing groups like 

bromine atoms to the phenolic PET-inducing subunit yield a set of rosamine dyes with pKa 

values between 5.1 to 9.5 which can be utilized for pH sensing in the pH window of 4 to 10. 

Moreover, a temperature-dependent fluorescence response of the rosamines can be 

promoted or suppressed in dependence of the rigidity of the dye scaffold, as reported for the 

rhodamine parent dyes. Based on the established synthetic route, a pH-responsive rosamine 

dye with a linker group on the phenol moiety and optical properties matching the 

requirements for UCNP-based nanosensors was synthesized. This dye with a pKa value of 7.1 

presents a promising fluorophore for facile coupling Yb3+,Er3+ co-doped UCNPs bearing 

reactive surface groups to construct pH-responsive nanosensors for bioimaging applications. 

The combination of these pH-sensitive dyes with Yb3+,Er3+-co-doped UCNPs was studied in 

solution, in a sensor film, and for a covalently coupled nanosensor in Chapter 8. Here, inner 

filter effect (IFE) - and / or resonance energy transfer (RET) - based self-referenced pH 

sensors depending on the distance between the UCNPs and the stimuli-responsive dyes 

occurs. Due to a perfectly matching spectral overlap of the dyes and the UCNPs, the dyes can 

be excited by the green Er3+ emission of the particles, resulting upon illumination with 980 

nm light, via a radiative or non-radiative energy transfer or a mixture of both processes. 

Firstly, a self-referenced sensor film was constructed by combining UCNPs and a rosamine dye 

in water-permeable hydrogel matrix. For this system, self-referenced pH sensing was 

demonstrated, however, the sensitivity was too low, and no accurate pH quantification could 

be achieved. In a second approach, UCNPs with amphiphilic coatings, which were highlighted 

for their optical and chemical stability in Chapter 5 and 6, were decorated with the amine-

functionalized pH sensitive dye presented in Chapter 7. Here, two different UCNP architecture 

– core-only and core-shell UCNPs, were employed as nanocarriers and nanolamps. In a proof-

of-concept study, it was demonstrated that the excellent protection against the UC 

luminescence quenching by water molecules provided by the amphiphilic coating, combined 

with the beneficial spectral contribution of the UC luminescence for the core-shell UCNPs and 

the close proximity between donor (Er3+ in the UCNPs) and acceptor (rosamine dye) assured 

by the covalent attachment of the two sensor components, yields a UCNP-based self-

referenced pH nanosensor with a high sensitivity and low signal-to-noise ratio. Time-resolved 

luminescence measurements are needed to further investigate the different sensing 

mechanisms and distinguish between upconversion resonance energy transfer (UC-RET; non-

radiative energy transfer leading to a decrease in donor lifetime) and reabsorption of UCL 

(inner filter-based sensing; radiative energy transfer, no change in lifetime).  
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In summary, within this work, aiming to construct a self-referenced pH nanosensor, several 

scientific challenges were mastered. Firstly, a fast-optical monitoring tool for assessing the 

stability and dissolution of differently sized and surface functionalized UCNPs was developed 

and validated. We expect that in the future this lifetime-based method will facilitate the 

characterization of the stability and dissolution behaviour of UCNPs in complex environments 

as found in in vitro and in vivo studies. This can also considerably contribute to the assessment 

of the potential toxicity of differently sized and surface functionalized UCNPs and help to 

assess the suitability of different surface coatings to protect these particles. Secondly, a set of 

novel PET-operated rosamine sensor dyes with substitution pattern-tuneable pKa values and 

temperature sensitivity was developed, synthesized, and spectroscopically characterized. 

Thirdly, UCNP architecture and surface coatings, beneficial for the construction of self-

referenced nanosensors were identified that utilize the green Er3+ emission as energy donor 

and the red Er3+ UC emission as reference. Finally, in a proof-of-concept study, a self-

referenced pH sensor was constructed from these two moieties and evaluated in aqueous 

solution. In the future, the presented concepts can be transferred to various systems, e.g. to 

study microbiologically influenced corrosion processes or other biotechnologically processes 

accompanied by changes in pH or by exchanging the used sensor molecule also for the 

detection of various analytes. 

  



 Bibliography | 105 
 

Bibliography 
1. G. Liang, H. Wang, H. Shi, H. Wang, M. Zhu, A. Jing, J. Li and G. Li, Journal of 

Nanobiotechnology, 2020, 18, 154. 
2. J. Yao, C. Huang, C. Liu and M. Yang, Talanta, 2020, 208, 120157. 
3. Z. Song, Y. Anissimov, J. Zhao, A. Nechaev, A. Nadort, D. Jin, T. Prow, M. Roberts and 

A. Zvyagin, Journal of Biomedical Optics, 2012, 18, 061215. 
4. K. W. Krämer, D. Biner, G. Frei, H. U. Güdel, M. P. Hehlen and S. R. Lüthi, Chemistry of 

Materials, 2004, 16, 1244-1251. 
5. S. Gai, C. Li, P. Yang and J. Lin, Chemical Reviews, 2014, 114, 2343-2389. 
6. R. Rafique, S. H. Baek, L. M. T. Phan, S.-J. Chang, A. R. Gul and T. J. Park, Materials 

Science and Engineering: C, 2019, 99, 1067-1074. 
7. M. Ding, S. Yin, D. Chen, J. Zhong, Y. Ni, C. Lu, Z. Xu and Z. Ji, Applied Surface Science, 

2015, 333, 23-33. 
8. S. Li, S. Ye, X. Chen, T. Liu, Z. Guo and D. Wang, Journal of Rare Earths, 2017, 35, 

753-760. 
9. H. Qiu, G. Chen, L. Sun, S. Hao, G. Han and C. Yang, Journal of Materials Chemistry, 

2011, 21, 17202-17208. 
10. H. Lin, D. Xu, A. Li, D. Teng, S. Yang and Y. Zhang, Scientific Reports, 2016, 6, 28051. 
11. P. Qiu, R. Sun, G. Gao, C. Zhang, B. Chen, N. Yan, T. Yin, Y. Liu, J. Zhang, Y. Yang 

and D. Cui, Theranostics, 2015, 5, 456-468. 
12. M. Lin, Y. Zhao, S. Wang, M. Liu, Z. Duan, Y. Chen, F. Li, F. Xu and T. Lu, Biotechnology 

Advances, 2012, 30, 1551-1561. 
13. G. Yi, H. Lu, S. Zhao, Y. Ge, W. Yang, D. Chen and L.-H. Guo, Nano Letters, 2004, 4, 

2191-2196. 
14. Z. Yang, P. Gredin and M. Mortier, Optical Materials, 2019, 98, 109458. 
15. R. C. K. H. S. L. S. W. Kshetri Y and T. H. Kim, Nanotechnology, 2018, 29. 
16. Y. K. Kshetri, C. Regmi, D. R. Dhakal, T.-H. Kim, S. H. Kim, H.-S. Kim and S. W. Lee, 

Nanotechnology, 2020, 31, 244001. 
17. H.-Q. Wang and T. Nann, ACS Nano, 2009, 3, 3804-3808. 
18. H.-Q. Wang, R. D. Tilley and T. Nann, CrystEngComm, 2010, 12, 1993-1996. 
19. H.-S. Qian and Y. Zhang, Langmuir, 2008, 24, 12123-12125. 
20. P. B. May, J. D. Suter, P. S. May and M. T. Berry, The Journal of Physical Chemistry C, 

2016, 120, 9482-9489. 
21. S. Radunz, A. Schavkan, S. Wahl, C. Würth, H. R. Tschiche, M. Krumrey and U. Resch-

Genger, The Journal of Physical Chemistry C, 2018, 122, 28958-28967. 
22. H. Na, K. Woo, K. Lim and H. S. Jang, Nanoscale, 2013, 5, 4242-4251. 
23. X. Chen, D. Peng, Q. Ju and F. Wang, Chemical Society Reviews, 2015, 44, 1318-1330. 
24. L. M. Wiesholler and T. Hirsch, Optical Materials, 2018, 80, 253-264. 
25. H. Qiu, C. Yang, W. Shao, J. Damasco, X. Wang, H. Ågren, P. N. Prasad and G. Chen, 

Nanomaterials, 2014, 4, 55-68. 
26. B. Zhou, L. Yan, L. Tao, N. Song, M. Wu, T. Wang and Q. Zhang, Adv Sci (Weinh), 

2018, 5, 1700667. 
27. A. Pilch, C. Würth, M. Kaiser, D. Wawrzyńczyk, M. Kurnatowska, S. Arabasz, K. Prorok, 

M. Samoć, W. Strek, U. Resch-Genger and A. Bednarkiewicz, Small, 2017, 13, 
1701635. 

28. S. Dühnen and M. Haase, Chemistry of Materials, 2015, 27, 8375-8386. 
29. D. Hudry, D. Busko, R. Popescu, D. Gerthsen, A. M. M. Abeykoon, C. Kübel, T. Bergfeldt 

and B. S. Richards, Chemistry of Materials, 2017, 29, 9238-9246. 
30. J.-C. Boyer, F. Vetrone, L. A. Cuccia and J. A. Capobianco, Journal of the American 

Chemical Society, 2006, 128, 7444-7445. 



106 | Bibliography  
 

31. H.-X. Mai, Y.-W. Zhang, R. Si, Z.-G. Yan, L.-d. Sun, L.-P. You and C.-H. Yan, Journal of 
the American Chemical Society, 2006, 128, 6426-6436. 

32. G. S. Yi and G. M. Chow, 2006, 16, 2324-2329. 
33. N. Bogdan, F. Vetrone, G. A. Ozin and J. A. Capobianco, Nano Letters, 2011, 11, 835-

840. 
34. A. Dong, X. Ye, J. Chen, Y. Kang, T. Gordon, J. M. Kikkawa and C. B. Murray, Journal 

of the American Chemical Society, 2011, 133, 998-1006. 
35. E. Andresen, U. Resch-Genger and M. Schäferling, Langmuir, 2019, 35, 5093-5113. 
36. G. S. Yi and G. M. Chow, Adv. Funct. Mater., 2006, 16, 2324-2329. 
37. N. J. J. Johnson, N. M. Sangeetha, J.-C. Boyer and F. C. J. M. van Veggel, Nanoscale, 

2010, 2, 771-777. 
38. M. Nyk, R. Kumar, T. Y. Ohulchanskyy, E. J. Bergey and P. N. Prasad, Nano Letters, 

2008, 8, 3834-3838. 
39. Q. Zhang, K. Song, J. Zhao, X. Kong, Y. Sun, X. Liu, Y. Zhang, Q. Zeng and H. Zhang, 

Journal of Colloid and Interface Science, 2009, 336, 171-175. 
40. A. Nsubuga, M. Sgarzi, K. Zarschler, M. Kubeil, R. Hübner, R. Steudtner, B. Graham, T. 

Joshi and H. Stephan, Dalton Trans., 2018, 47, 8595-8604. 
41. Z. Farka, M. J. Mickert, Z. Mikušová, A. Hlaváček, P. Bouchalová, W. Xu, P. Bouchal, P. 

Skládal and H. H. Gorris, Nanoscale, 2020, 12, 8303-8313. 
42. H. T. T. Duong, Y. Chen, S. A. Tawfik, S. Wen, M. Parviz, O. Shimoni and D. Jin, RSC 

Advances, 2018, 8, 4842-4849. 
43. N. J. J. Johnson, W. Oakden, G. J. Stanisz, R. Scott Prosser and F. C. J. M. van Veggel, 

Chemistry of Materials, 2011, 23, 3714-3722. 
44. J. Jin, Y.-J. Gu, C. W.-Y. Man, J. Cheng, Z. Xu, Y. Zhang, H. Wang, V. H.-Y. Lee, S. H. 

Cheng and W.-T. Wong, ACS Nano, 2011, 5, 7838-7847. 
45. R. Naccache, F. Vetrone, V. Mahalingam, L. A. Cuccia and J. A. Capobianco, Chemistry 

of Materials, 2009, 21, 717-723. 
46. L. Xiong, T. Yang, Y. Yang, C. Xu and F. Li, Biomaterials, 2010, 31, 7078-7085. 
47. J. Shen, G. Chen, A.-M. Vu, W. Fan, O. S. Bilsel, C.-C. Chang and G. Han, Advanced 

Optical Materials, 2013, 1, 644-650. 
48. T. V. Esipova, X. Ye, J. E. Collins, S. Sakadžić, E. T. Mandeville, C. B. Murray and S. A. 

Vinogradov, Proc. Natl. Acad. Sci. U.S.A., 2012, 109, 20826-20831. 
49. Y.-F. Wang, G.-Y. Liu, L.-D. Sun, J.-W. Xiao, J.-C. Zhou and C.-H. Yan, ACS Nano, 

2013, 7, 7200-7206. 
50. N. Bogdan, F. Vetrone, R. Roy and J. A. Capobianco, Journal of Materials Chemistry, 

2010, 20, 7543-7550. 
51. M. Liras, M. González-Béjar, E. Peinado, L. Francés-Soriano, J. Pérez-Prieto, I. Quijada-

Garrido and O. García, Chemistry of Materials, 2014, 26, 4014-4022. 
52. F. Wang, D. K. Chatterjee, Z. Li, Y. Zhang, X. Fan and M. Wang, Nanotechnology, 2006, 

17, 5786-5791. 
53. L. Wang, R. Yan, Z. Huo, L. Wang, J. Zeng, J. Bao, X. Wang, Q. Peng and Y. Li, 

Angewandte Chemie International Edition, 2005, 44, 6054-6057. 
54. L.-L. Li, R. Zhang, L. Yin, K. Zheng, W. Qin, P. R. Selvin and Y. Lu, Angew. Chem. Int. 

Ed., 2012, 51, 6121-6125. 
55. G.-S. Yi and G.-M. Chow, Chemistry of Materials, 2007, 19, 341-343. 
56. S. Wilhelm, M. Kaiser, C. Würth, J. Heiland, C. Carrillo-Carrion, V. Muhr, O. S. 

Wolfbeis, W. J. Parak, U. Resch-Genger and T. Hirsch, Nanoscale, 2015, 7, 1403-1410. 
57. J.-N. Liu, W.-B. Bu and J.-L. Shi, Acc. Chem. Res., 2015, 48, 1797-1805. 
58. F. Liu, Q. Zhao, H. You and Z. Wang, Nanoscale, 2013, 5, 1047-1053. 
59. H. S. Mader, M. Link, D. E. Achatz, K. Uhlmann, X. Li and O. S. Wolfbeis, Chem. Eur. J., 

2010, 16, 5416-5424. 
60. Z. Li and Y. Zhang, Angewandte Chemie, 2006, 118, 7896-7899. 
61. Z. Liu, G. Yi, H. Zhang, J. Ding, Y. Zhang and J. Xue, Chemical Communications, 2008, 

DOI: 10.1039/B715402J, 694-696. 



 Bibliography | 107 
 

62. C. Liu, H. Wang, X. Li and D. Chen, Journal of Materials Chemistry, 2009, 19, 3546-
3553. 

63. N. R. Jana, C. Earhart and J. Y. Ying, Chemistry of Materials, 2007, 19, 5074-5082. 
64. H. S. Qian, H. C. Guo, P. C.-L. Ho, R. Mahendran and Y. Zhang, Small, 2009, 5, 2285-

2290. 
65. R. Arppe, I. Hyppänen, N. Perälä, R. Peltomaa, M. Kaiser, C. Würth, S. Christ, U. Resch-

Genger, M. Schäferling and T. Soukka, Nanoscale, 2015, 7, 11746-11757. 
66. W. Utembe, K. Potgieter, A. B. Stefaniak and M. Gulumian, Particle and Fibre Toxicology, 

2015, 12, 11. 
67. H. Zhang, B. Chen and J. F. Banfield, The Journal of Physical Chemistry C, 2010, 114, 

14876-14884. 
68. J. E. Eixenberger, C. B. Anders, R. J. Hermann, R. J. Brown, K. M. Reddy, A. Punnoose 

and D. G. Wingett, Chemical Research in Toxicology, 2017, 30, 1641-1651. 
69. C. A. David, J. Galceran, C. Rey-Castro, J. Puy, E. Companys, J. Salvador, J. Monné, R. 

Wallace and A. Vakourov, The Journal of Physical Chemistry C, 2012, 116, 11758-
11767. 

70. V. A. Senapati and A. Kumar, Environmental Chemistry Letters, 2018, 16, 1129-1135. 
71. J. M. Hortin, A. J. Anderson, D. W. Britt, A. R. Jacobson and J. E. McLean, Environmental 

Science: Nano, 2020, 7, 2618-2631. 
72. S. Liu, Y. Liu, B. Pan, Y. He, B. Li, D. Zhou, Y. Xiao, H. Qiu, M. G. Vijver and W. J. G. 

M. Peijnenburg, Chemosphere, 2020, 245, 125612. 
73. P. Bove, M. A. Malvindi, S. S. Kote, R. Bertorelli, M. Summa and S. Sabella, Nanoscale, 

2017, 9, 6315-6326. 
74. C.-M. Ho, S. K.-W. Yau, C.-N. Lok, M.-H. So and C.-M. Che, Chemistry – An Asian 

Journal, 2010, 5, 285-293. 
75. K. Loza, J. Diendorf, C. Sengstock, L. Ruiz-Gonzalez, J. M. Gonzalez-Calbet, M. Vallet-

Regi, M. Köller and M. Epple, Journal of Materials Chemistry B, 2014, 2, 1634-1643. 
76. S. K. Misra, A. Dybowska, D. Berhanu, S. N. Luoma and E. Valsami-Jones, Science of 

The Total Environment, 2012, 438, 225-232. 
77. C. Gunawan, W. Y. Teoh, C. P. Marquis and R. Amal, ACS Nano, 2011, 5, 7214-7225. 
78. H. Oliveira, A. Bednarkiewicz, A. Falk, E. Fröhlich, D. Lisjak, A. Prina-Mello, S. Resch, 

C. Schimpel, I. V. Vrček, E. Wysokińska and H. H. Gorris, Advanced Healthcare 
Materials, 2019, 8, 1801233. 

79. D. Lisjak, O. Plohl, M. Ponikvar-Svet and B. Majaron, Rsc Advances, 2015, 5, 27393-
27397. 

80. D. Lisjak, O. Plohl, J. Vidmar, B. Majaron and M. Ponikvar-Svet, Langmuir, 2016, 32, 
8222-8229. 

81. O. Plohl, M. Kraft, J. Kovač, B. Belec, M. Ponikvar-Svet, C. Würth, D. Lisjak and U. Resch-
Genger, Langmuir, 2017, 33, 553-560. 

82. S. Lahtinen, A. Lyytikäinen, H. Päkkilä, E. Hömppi, N. Perälä, M. Lastusaari and T. 
Soukka, J. Phys. Chem. C, 2017, 121, 656-665. 

83. M. I. Saleh, B. Rühle, S. Wang, J. Radnik, Y. You and U. Resch-Genger, Scientific Reports, 
2020, 10, 19318. 

84. S. F. Himmelstoß and T. Hirsch, Particle & Particle Systems Characterization, 2019, 36, 
1900235. 

85. O. Plohl, S. Kralj, B. Majaron, E. Fröhlich, M. Ponikvar-Svet, D. Makovec and D. Lisjak, 
Dalton Transactions, 2017, 46, 6975-6984. 

86. E. Palo, M. Salomäki and M. Lastusaari, Journal of Colloid and Interface Science, 2019, 
538, 320-326. 

87. E. Palo, S. Lahtinen, H. Päkkilä, M. Salomäki, T. Soukka and M. Lastusaari, Langmuir, 
2018, 34, 7759-7766. 

88. E. Palo, H. Zhang, M. Lastusaari and M. Salomäki, ACS Applied Nano Materials, 2020, 
3, 6892-6898. 



108 | Bibliography  
 

89. N. Estebanez, M. González-Béjar and J. Pérez-Prieto, ACS Omega, 2019, 4, 3012-
3019. 

90. O. Dukhno, F. Przybilla, V. Muhr, M. Buchner, T. Hirsch and Y. Mély, Nanoscale, 2018, 
10, 15904-15910. 

91. A. Gnach, T. Lipinski, A. Bednarkiewicz, J. Rybka and J. A. Capobianco, Chemical 
Society Reviews, 2015, 44, 1561-1584. 

92. A. E. Guller, A. N. Generalova, E. V. Petersen, A. V. Nechaev, I. A. Trusova, N. N. 
Landyshev, A. Nadort, E. A. Grebenik, S. M. Deyev, A. B. Shekhter and A. V. Zvyagin, 
Nano Research, 2015, 8, 1546-1562. 

93. M. V. Vedunova, T. A. Mishchenko, E. V. Mitroshina, N. V. Ponomareva, A. V. Yudintsev, 
A. N. Generalova, S. M. Deyev, I. V. Mukhina, A. V. Semyanov and A. V. Zvyagin, RSC 
Advances, 2016, 6, 33656-33665. 

94. A. E. Guller, A. Nadort, A. N. Generalova, E. V. Khaydukov, A. V. Nechaev, I. A. 
Kornienko, E. V. Petersen, L. Liang, A. B. Shekhter, Y. Qian, E. M. Goldys and A. V. 
Zvyagin, ACS Biomaterials Science & Engineering, 2018, 4, 3143-3153. 

95. L. Parhamifar, A. K. Larsen, A. C. Hunter, T. L. Andresen and S. M. Moghimi, Soft Matter, 
2010, 6, 4001-4009. 

96. in Kirk‐Othmer Encyclopedia of Chemical Technology, DOI: 
https://doi.org/10.1002/0471238961.2401142023090708.a01.pub2, pp. 1-19. 

97. X. Chen, T. Pradhan, F. Wang, J. S. Kim and J. Yoon, Chemical Reviews, 2012, 112, 
1910-1956. 

98. H. Zheng, X.-Q. Zhan, Q.-N. Bian and X.-J. Zhang, Chemical Communications, 2013, 
49, 429-447. 

99. M. Beija, C. A. M. Afonso and J. M. G. Martinho, Chemical Society Reviews, 2009, 38, 
2410-2433. 

100. E. Noelting and K. Dziewoński, Berichte der deutschen chemischen Gesellschaft, 1905, 
38, 3516-3527. 

101. B. Herman, Current Protocols in Cell Biology, 1998, 00, A.1E.1-A.1E.5. 
102. M. J. Uddin and L. J. Marnett, Organic Letters, 2008, 10, 4799-4801. 
103. 1987. 
104. M. Gemma, P. Irene Pérez, F. Nicholas, G. D. Peter, R. B. Olivier and A. Manfred, 

Methods and Applications in Fluorescence, 2015, 3, 045002. 
105. R. Sun, X.-D. Liu, Z. Xun, J.-M. Lu, Y.-J. Xu and J.-F. Ge, Sensors and Actuators B: 

Chemical, 2014, 201, 426-432. 
106. Y.-H. Ahn, J.-S. Lee and Y.-T. Chang, Journal of the American Chemical Society, 2007, 

129, 4510-4511. 
107. L. F. Mottram, S. Forbes, B. D. Ackley and B. R. Peterson, Beilstein Journal of Organic 

Chemistry, 2012, 8, 2156-2165. 
108. J. Han and K. Burgess, Chemical Reviews, 2010, 110, 2709-2728. 
109. D. Wencel, T. Abel and C. McDonagh, Analytical Chemistry, 2014, 86, 15-29. 
110. J.-T. Hou, W. X. Ren, K. Li, J. Seo, A. Sharma, X.-Q. Yu and J. S. Kim, Chemical Society 

Reviews, 2017, 46, 2076-2090. 
111. S. Wen, L. Xiaohua and M. Huimin, Methods and Applications in Fluorescence, 2014, 

2, 042001. 
112. Z. Li, J. R. Askim and K. S. Suslick, Chemical Reviews, 2019, 119, 231-292. 
113. S. Suganya, S. Naha and S. Velmathi, ChemistrySelect, 2018, 3, 7231-7268. 
114. S. MUKHERJEE, A. K. PAUL and H. J. J. o. C. S. STOECKLI-EVANS, 2015, 127, 1637-

1643. 
115. F. Yu, P. Li, P. Song, B. Wang, J. Zhao and K. Han, Chemical Communications, 2012, 

48, 2852-2854. 
116. Z. Xu, J. Yoon and D. R. Spring, Chemical Society Reviews, 2010, 39, 1996-2006. 
117. Y. Ning, X. Wang, K. Sheng, L. Yang, W. Han, C. Xiao, J. Li, Y. Zhang and S. Wu, New 

Journal of Chemistry, 2018, 42, 14510-14516. 

https://doi.org/10.1002/0471238961.2401142023090708.a01.pub2


 Bibliography | 109 
 

118. A. P. de Silva and R. A. D. D. Rupasinghe, Journal of the Chemical Society, Chemical 
Communications, 1985, DOI: 10.1039/C39850001669, 1669-1670. 

119. W. Zhang, Z. Ma, L. Du and M. Li, Analyst, 2014, 139, 2641-2649. 
120. K. M. K. S. Ha Na Kim, Juyoung Yoon, Tetrahedron Letters, 2011, 52, 2340-2343. 
121. J. Qi, D. Liu, X. Liu, S. Guan, F. Shi, H. Chang, H. He and G. Yang, Analytical Chemistry, 

2015, 87, 5897-5904. 
122. S. Radunz, H. R. Tschiche, D. Moldenhauer and U. Resch-Genger, Sensors and Actuators 

B: Chemical, 2017, 251, 490-494. 
123. R. Gotor, P. Ashokkumar, M. Hecht, K. Keil and K. Rurack, Analytical Chemistry, 2017, 

89, 8437-8444. 
124. Y. S. Marfin, M. V. Shipalova, V. O. Kurzin, K. V. Ksenofontova, A. V. Solomonov and E. 

V. Rumyantsev, Journal of Fluorescence, 2016, 26, 2105-2112. 
125. C. Staudinger, J. Breininger, I. Klimant and S. M. Borisov, Analyst, 2019, 144, 2393-

2402. 
126. A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J. 

T. Rademacher and T. E. Rice, Chemical Reviews, 1997, 97, 1515-1566. 
127. H. N. Kim, M. H. Lee, H. J. Kim, J. S. Kim and J. Yoon, Chemical Society Reviews, 2008, 

37, 1465-1472. 
128. W. Zhang, B. Tang, X. Liu, Y. Liu, K. Xu, J. Ma, L. Tong and G. Yang, Analyst, 2009, 

134, 367-371. 
129. Q. A. Best, R. Xu, M. E. McCarroll, L. Wang and D. J. Dyer, Organic Letters, 2010, 12, 

3219-3221. 
130. L. Yuan, W. Lin and Y. Feng, Organic & Biomolecular Chemistry, 2011, 9, 1723-1726. 
131. Z. Li, S. Wu, J. Han and S. Han, Analyst, 2011, 136, 3698-3706. 
132. M. Tian, X. Peng, J. Fan, J. Wang and S. Sun, Dyes and Pigments, 2012, 95, 112-115. 
133. A. Bender, Z. R. Woydziak, L. Fu, M. Branden, Z. Zhou, B. D. Ackley and B. R. Peterson, 

ACS Chemical Biology, 2013, 8, 636-642. 
134. H.-S. Lv, S.-Y. Huang, Y. Xu, X. Dai, J.-Y. Miao and B.-X. Zhao, Bioorganic & Medicinal 

Chemistry Letters, 2014, 24, 535-538. 
135. W. L. Czaplyski, G. E. Purnell, C. A. Roberts, R. M. Allred and E. J. Harbron, Organic & 

Biomolecular Chemistry, 2014, 12, 526-533. 
136. S. S. G., T. G. H., P. G. E., R. Mona, C. W. L. and H. E. J., Chemistry – A European 

Journal, 2017, 23, 14064-14072. 
137. S. Ma, Y. Wang, M. She, S. Wang, Z. Yang, P. Liu, S. Zhang and J. Li, Reviews in 

Analytical Chemistry, 2017, 36. 
138. S. R. Adams, J. P. Y. Kao and R. Y. Tsien, Journal of the American Chemical Society, 

1989, 111, 7957-7968. 
139. M. Best, I. Porth, S. Hauke, F. Braun, D.-P. Herten and R. Wombacher, Organic & 

Biomolecular Chemistry, 2016, 14, 5606-5611. 
140. A. I. Zamaleeva, G. Despras, C. Luccardini, M. Collot, M. de Waard, M. Oheim, J.-M. 

Mallet and A. Feltz, Journal, 2015, 15, 24662-24680. 
141. M. Oheim, M. van 't Hoff, A. Feltz, A. Zamaleeva, J. M. Mallet and M. Collot, Biochim 

Biophys Acta, 2014, 1843, 2284-2306. 
142. Y. Zhang, S. Xia, M. Fang, W. Mazi, Y. Zeng, T. Johnston, A. Pap, R. L. Luck and H. Liu, 

Chemical Communications, 2018, 54, 7625-7628. 
143. M. V. H. Bay, N.K.; Son, S.; Trinh, N.D.; Trung, N.T.; Nam, P.C.; Kim, J.S.; Quang, 

D.T., Sensors, 2019, 19. 
144. C. Zhang, H. Xie, T. Zhan, J. Zhang, B. Chen, Z. Qian, G. Zhang, W. Zhang and J. 

Zhou, Chemical Communications, 2019, 55, 9444-9447. 
145. J. Gong, C. Liu, X. Jiao, S. He, L. Zhao and X. Zeng, RSC Advances, 2020, 10, 38038-

38044. 
146. H. Moon, J. Park and J. Tae, The Chemical Record, 2016, 16, 124-140. 
147. O. Sunnapu, N. G. Kotla, B. Maddiboyina, S. Singaravadivel and G. Sivaraman, RSC 

Advances, 2016, 6, 656-660. 



110 | Bibliography  
 

148. Z. Xue, M. Chen, J. Chen, J. Han and S. Han, RSC Advances, 2014, 4, 374-378. 
149. R. Alam, A. S. M. Islam, M. Sasmal, A. Katarkar and M. Ali, Organic & Biomolecular 

Chemistry, 2018, 16, 3910-3920. 
150. G. Bao, K.-L. Wong and P. A. Tanner, ChemPlusChem, 2019, 84, 816-820. 
151. A. Steinegger, O. S. Wolfbeis and S. M. Borisov, Chemical Reviews, 2020, 120, 12357-

12489. 
152. J. R. Casey, S. Grinstein and J. Orlowski, Nat Rev Mol Cell Biol, 2010, 11, 50-61. 
153. D. Aigner, S. M. Borisov, F. J. Orriach Fernández, J. F. Fernández Sánchez, R. Saf and 

I. Klimant, Talanta, 2012, 99, 194-201. 
154. G. Despras, A. I. Zamaleeva, L. Dardevet, C. Tisseyre, J. G. Magalhaes, C. Garner, M. 

De Waard, S. Amigorena, A. Feltz, J.-M. Mallet and M. Collot, Chemical Science, 2015, 
6, 5928-5937. 

155. L. Yuan, W. Lin, K. Zheng and S. Zhu, Accounts of Chemical Research, 2013, 46, 1462-
1473. 

156. K. Aich, S. Goswami, S. Das, C. D. Mukhopadhyay, C. K. Quah and H.-K. Fun, Inorganic 
Chemistry, 2015, 54, 7309-7315. 

157. J. Gao, Y. He, Y. Chen, D. Song, Y. Zhang, F. Qi, Z. Guo and W. He, Inorganic 
Chemistry, 2020, 59, 10920-10927. 

158. R. Zhang, F. Yan, Y. Huang, D. Kong, Q. Ye, J. Xu and L. Chen, RSC Advances, 2016, 
6, 50732-50760. 

159. L. Wu, C. Huang, B. P. Emery, A. C. Sedgwick, S. D. Bull, X.-P. He, H. Tian, J. Yoon, J. 
L. Sessler and T. D. James, Chemical Society Reviews, 2020, 49, 5110-5139. 

160. H. Singh, J. S. Sidhu, D. K. Mahajan and N. Singh, Materials Chemistry Frontiers, 2019, 
3, 476-483. 

161. R. Guo, S. Zhou, Y. Li, X. Li, L. Fan and N. H. Voelcker, ACS Applied Materials & 
Interfaces, 2015, 7, 23958-23966. 

162. A. Moquin, E. Hutter, A. O. Choi, A. Khatchadourian, A. Castonguay, F. M. Winnik and 
D. Maysinger, ACS Nano, 2013, 7, 9585-9598. 

163. Y. Kim, G. Jang and T. S. Lee, ACS Applied Materials & Interfaces, 2015, 7, 15649-
15657. 

164. S. Uchiyama, A. Prasanna de Silva and K. Iwai, Journal of Chemical Education, 2006, 
83, 720. 

165. K. Kemnitz and K. Yoshihara, The Journal of Physical Chemistry, 1991, 95, 6095-6104. 
166. Biomed. Opt. Express, 2015, 6, 4105-4117. 

167. Lou, Jianfeng, Finegan, Timothy Μ., Mohsen, Paulash, Hatton, T. Alan and Laibinis, 

Paul E., Reviews in Analytical Chemistry, 1999, 18, 235-284. 
168. T. López Arbeloa, F. López Arbeloa, P. Hernández Bartolomé and I. López Arbeloa, 

Chemical Physics, 1992, 160, 123-130. 
169. J. B. Grimm, A. K. Muthusamy, Y. Liang, T. A. Brown, W. C. Lemon, R. Patel, R. Lu, J. J. 

Macklin, P. J. Keller, N. Ji and L. D. Lavis, Nature Methods, 2017, 14, 987-994. 
170. Y.-H. Chu, J. O. Escobedo, M. Jiang, P. S. Steyger and R. M. Strongin, Dyes Pigm, 2016, 

126, 46-53. 
171. J. B. Grimm, A. N. Tkachuk, L. Xie, H. Choi, B. Mohar, N. Falco, K. Schaefer, R. Patel, 

Q. Zheng, Z. Liu, J. Lippincott-Schwartz, T. A. Brown and L. D. Lavis, Nature Methods, 
2020, 17, 815-821. 

172. Y.-Q. Sun, J. Liu, X. Lv, Y. Liu, Y. Zhao and W. Guo, Angewandte Chemie International 
Edition, 2012, 51, 7634-7636. 

173. Z. Zhang, Q. Han, J. W. Lau and B. Xing, ACS Materials Letters, 2020, 2, 1516-1531. 
174. B. del Rosal and D. Jaque, Methods and Applications in Fluorescence, 2019, 7, 022001. 
175. C. Wang, X. Li and F. Zhang, Analyst, 2016, 141, 3601-3620. 
176. J. Wang, T. Sheng, X. Zhu, Q. Li, Y. Wu, J. Zhang, J. Liu and Y. Zhang, Materials 

Chemistry Frontiers, 2021, 5, 1743-1770. 



 Bibliography | 111 
 

177. S. Radunz, E. Andresen, C. Würth, A. Koerdt, H. R. Tschiche and U. Resch-Genger, 
Analytical Chemistry, 2019, 91, 7756-7764. 

178. K. Huang, H. C. Liu, M. Kraft, S. Shikha, X. Zheng, H. Agren, C. Wurth, U. Resch-Genger 
and Y. Zhang, Nanoscale, 2018, 10, 250-259. 

179. V. Muhr, C. Würth, M. Kraft, M. Buchner, A. J. Baeumner, U. Resch-Genger and T. 
Hirsch, Analytical Chemistry, 2017, 89, 4868-4874. 

180. S. Bhuckory, E. Hemmer, Y.-T. Wu, A. Yahia-Ammar, F. Vetrone and N. Hildebrandt, 
Eur. J. Inorg. Chem., 2017, 2017, 5186-5195. 

181. O. Dukhno, F. Przybilla, M. Collot, A. Klymchenko, V. Pivovarenko, M. Buchner, V. Muhr, 
T. Hirsch and Y. Mely, Nanoscale, 2017, 9, 11994-12004. 

182. A. López de Guereñu, P. Bastian, P. Wessig, L. John and M. U. Kumke, Biosensors, 2019, 
9, 9. 

183. Y. Wang, K. Liu, X. Liu, K. Dohnalová, T. Gregorkiewicz, X. Kong, M. C. G. Aalders, W. 
J. Buma and H. Zhang, J. Phys. Chem. Lett., 2011, 2, 2083-2088. 

184. Y. Ding, F. Wu, Y. Zhang, X. Liu, E. M. L. D. de Jong, T. Gregorkiewicz, X. Hong, Y. Liu, 
M. C. G. Aalders, W. J. Buma and H. Zhang, J. Phys. Chem. Lett., 2015, 6, 2518-2523. 

185. C. Drees, A. N. Raj, R. Kurre, K. B. Busch, M. Haase and J. Piehler, Angew. Chem. Int. 
Ed., 2016, 55, 11668-11672. 

186. P. A. Rojas-Gutierrez, S. Bhuckory, C. Mingoes, N. Hildebrandt, C. DeWolf and J. A. 
Capobianco, ACS Applied Nano Materials, 2018, 1, 5345-5354. 

187. T. V. Esipova, X. Ye, J. E. Collins, S. Sakadžić, E. T. Mandeville, C. B. Murray and S. A. 
Vinogradov, Proceedings of the National Academy of Sciences, 2012, 109, 20826-
20831. 

188. Y. Liu, Q. Ouyang, H. Li, Z. Zhang and Q. Chen, ACS Applied Materials & Interfaces, 
2017, 9, 18314-18321. 

189. R. Arppe, T. Näreoja, S. Nylund, L. Mattsson, S. Koho, J. M. Rosenholm, T. Soukka and 
M. Schäferling, Nanoscale, 2014, 6, 6837-6843. 

190. Y.-X. Wu, X.-B. Zhang, D.-L. Zhang, C.-C. Zhang, J.-B. Li, Y. Wu, Z.-L. Song, R.-Q. Yu 
and W. Tan, Analytical Chemistry, 2016, 88, 1639-1646. 

191. T. Ma, Y. Ma, S. Liu, L. Zhang, T. Yang, H.-R. Yang, W. Lv, Q. Yu, W. Xu, Q. Zhao and 
W. Huang, Journal of Materials Chemistry C, 2015, 3, 6616-6620. 

192. T. Näreoja, T. Deguchi, S. Christ, R. Peltomaa, N. Prabhakar, E. Fazeli, N. Perälä, J. M. 
Rosenholm, R. Arppe, T. Soukka and M. Schäferling, Analytical Chemistry, 2017, 89, 
1501-1508. 

193. C. Li, J. Zuo, L. Zhang, Y. Chang, Y. Zhang, L. Tu, X. Liu, B. Xue, Q. Li, H. Zhao, H. 
Zhang and X. Kong, Sci.Rep., 2016, 6, 38617. 

194. X. Li, Y. Wu, Y. Liu, X. Zou, L. Yao, F. Li and W. Feng, Nanoscale, 2014, 6, 1020-1028. 
195. Q. Liu, J. Peng, L. Sun and F. Li, ACS Nano, 2011, 5, 8040-8048. 
196. B. Gu, Y. Zhou, X. Zhang, X. Liu, Y. Zhang, R. Marks, H. Zhang, X. Liu and Q. Zhang, 

Nanoscale, 2016, 8, 276-282. 
197. X. Ge, L. Sun, B. Ma, D. Jin, L. Dong, L. Shi, N. Li, H. Chen and W. Huang, Nanoscale, 

2015, 7, 13877-13887. 
198. R. Wei, Z. Wei, L. Sun, J. Z. Zhang, J. Liu, X. Ge and L. Shi, ACS Applied Materials & 

Interfaces, 2016, 8, 400-410. 
199. S. Liu, Y. Li, C. Zhang, L. Yang, T. Zhao, R. Zhang and C. Jiang, Journal of Colloid and 

Interface Science, 2017, 493, 10-16. 
200. X. Huang, L. Wang, X. Zhang, X. Yin, N. Bin, F. Zhong, Y. Liu and Q. Cai, Sensors and 

Actuators B: Chemical, 2017, 248, 1-8. 
201. Y. Xu, H. Li, X. Meng, J. Liu, L. Sun, X. Fan and L. Shi, New Journal of Chemistry, 2016, 

40, 3543-3551. 
202. C. Liu, Y. Yu, D. Chen, J. Zhao, Y. Yu, L. Li and Y. Lu, Nanoscale Advances, 2019, 1, 

2580-2585. 
203. J. Peng, W. Xu, C. L. Teoh, S. Han, B. Kim, A. Samanta, J. C. Er, L. Wang, L. Yuan, X. 

Liu and Y.-T. Chang, Journal of the American Chemical Society, 2015, 137, 2336-2342. 



112 | Bibliography  
 

204. Z. Li, S. Lv, Y. Wang, S. Chen and Z. Liu, Journal of the American Chemical Society, 
2015, 137, 3421-3427. 

205. J. Liu, L. Pan, C. Shang, B. Lu, R. Wu, Y. Feng, W. Chen, R. Zhang, J. Bu, Z. Xiong, W. 
Bu, J. Du and J. Shi, Science Advances, 2020, 6, eaax9757. 

206. C. Yao, P. Wang, X. Li, X. Hu, J. Hou, L. Wang and F. Zhang, Adv. Mater., 2016, 28, 
9341-9348. 

207. J. Liu, W. Bu, L. Pan and J. Shi, Angew. Chem. Int. Ed.,, 2013, 52, 4375-4379. 
208. V. San Miguel, M. Álvarez, O. Filevich, R. Etchenique and A. del Campo, Langmuir, 

2012, 28, 1217-1221. 
209. M. R. Hamblin, Dalton Trans., 2018, 47, 8571-8580. 
210. H. Qiu, M. Tan, T. Y. Ohulchanskyy, J. F. Lovell and G. Chen, Nanomaterials 2018, 8, 

344. 
211. J. Xu, L. Xu, C. Wang, R. Yang, Q. Zhuang, X. Han, Z. Dong, W. Zhu, R. Peng and Z. 

Liu, ACS Nano, 2017, 11, 4463-4474. 
212. M. Kraft, C. Würth, V. Muhr, T. Hirsch and U. Resch-Genger, Nano Research, 2018, 11, 

6360-6374. 
213. R. Li, Z. Ji, J. Dong, C. H. Chang, X. Wang, B. Sun, M. Wang, Y.-P. Liao, J. I. Zink, A. E. 

Nel and T. Xia, ACS Nano, 2015, 9, 3293-3306. 
214. W. H. Binder, H. Weinstabl and R. Sachsenhofer, J. Nanomat., 2008, 2008. 
215. J. Jiang, W. Wang, H. Shen, J. Wang and J. Cao, Applied Surface Science, 2017, 397, 

104-111. 
216. L. Tong, E. Lu, J. Pichaandi, P. Cao, M. Nitz and M. A. Winnik, Chemistry of Materials, 

2015, 27, 4899-4910. 
217. A. Nsubuga, M. Sgarzi, K. Zarschler, M. Kubeil, R. Hübner, R. Steudtner, B. Graham, T. 

Joshi and H. Stephan, Dalton Transactions, 2018, 47, 8595-8604. 
218. S. Xu, S. Huang, Q. He and L. Wang, TrAC Trends in Analytical Chemistry, 2015, 66, 

72-79. 
219. C. Würth, M. Kaiser, S. Wilhelm, B. Grauel, T. Hirsch and U. Resch-Genger, Nanoscale, 

2017, 9, 4283-4294. 
220. P. B. May, J. D. Suter, P. S. May and M. T. Berry, J. Phys. Chem. C, 2016, 120, 9482-

9489. 
221. G.-S. Jiao, J. C. Castro, L. H. Thoresen and K. Burgess, Organic Letters, 2003, 5, 3675-

3677. 
222. R. F. Kubin and A. N. Fletcher, Journal of Luminescence, 1982, 27, 455-462. 
223. Z. R. Grabowski, K. Rotkiewicz and W. Rettig, Chemical Reviews, 2003, 103, 3899-

4032. 
224. N. O. McHedlov-Petrosyan and Y. V. Kholin, Russian Journal of Applied Chemistry, 

2004, 77, 414-422. 
225. N. K. Ibraev and A. R. Tenchurina, Russian Journal of Physical Chemistry A, 2010, 84, 

521-524. 

 

  



 List of abbreviations | 113 
 

List of abbreviations 
AA Alendronic acid 

AAS Atomic absorption spectroscopy 

APTES 3-aminopropyl triethoxysilane  

ATR Attenuated total reflection 

BAPTA 1,2 bis-(ortho-aminophenoxy)ethane-N,N,N′,N′-tetra-acetate 

BODIPY Boron-dipyrromethene 

cps Counts per second 

CUC Co-operative upconversion 

DCM Dichlormethan 

DLS Dynamic light scattering 

DMEM Dulbecco’s modified Eagle medium 

DMF Dimethylformamide 

DS Down shifted 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid 

EDTMP Ethylendiamine tetra(methylene phosphonic acid) 

EDXS Energy dispersive X-ray spectroscopy 

EMU Energy migration mediated upconversion 

ESA Excited state absorption 

ETU  Energy transfer upconversion 

FT-IR Fourier transform infrared 

FRET Förster Resonance Energy Transfer 

GSA Ground state absorption 

HOMO Highest occupied molecular orbital  

ICT Internal charge transfer 

ICP-AES Inductively coupled plasma atomic emission spectroscopy 
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Appendix I 
This Appendix contains figures and tables from the Supplementary information of the 

publication “Time-Resolved Luminescence Spectroscopy for Monitoring the Stability and 

Dissolution Behaviour of Upconverting Nanocrystals with Different Surface Coatings” by E. 

Andresen et al., published in Nanoscale 2020, 12, 12589 – 12601, and it is reproduced here with 

permission from the Royal Society of Chemistry. 

Luminescence Lifetime Measurements: Decay curves, Quenching efficiency, Lifetime 

Components for 21.5 nm sized UCNP with various coatings  

a) Luminescence lifetime of the UCNP measured at 1000 nm after excitation at 978 nm (150 µs pulse width at 200 MHz). 

The particles were incubated at 0.1 mg/mL concentration for 24 h in PBS at 37 °C. The decay spectra were collected 

hourly for 900 s; b) Quenching efficiency delivered from integrated decay curves (blue) and from the luminescence 

intensity at 250 µs (red) and the corresponding control measurements (crosses); c) Lifetime components derived from 

a second-order exponential fitting (circles) and the corresponding control measurements (crosses); d) Fraction of 

released fluoride from UCNP in PBS at room temperature (orange circles) and the corresponding short lifetime 

component τ1 (green circles). 

Ligand-free UCNP in PBS at room temperature (21.5 nm) 
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Ligand-free UCNP in PBS at 37 °C (21.5 nm) 

 
 

EDTMP-capped UCNP in PBS at room temperature (21.5 nm, indirect route) 

 

EDTMP-capped UCNP in PBS at 37 °C (21.5 nm, indirect route) 
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Alendronate-capped UCNP in PBS at 37 °C (21.5 nm, indirect route) 
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Luminescence lifetime of various 31.7 nm sized UCNP measured at 1000nm after 

excitation at 978 nm (150 µs pulse width at 200 MHz) and calculated lifetimes 

components. 
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Figure S1: (a-e) Luminescence lifetime of 31.7 nm-sized alendronate coated UCNP in the presence of different amount 

of NaF measured at 1000nm after excitation at 978 nm (150 µs pulse width at 200 MHz), (f-i) lifetimes components and 

(j-k) quenching efficiencies calculated from insitu lifetime measurements. Logistic fits according to Eq. 4 were 

performed for c (NaF) of 0, 0.28, 0.56 and 1.12 mM and are presented in the graphs. Fitting parameters are summarized 

in Table S5. 
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Figure S2: Long lifetimes components of the Yb3+ DC emission band (excited at 978 nm and detected at 1000 nm) as 

function of measured released fluoride for the 21.5 nm particles (indirect route) with various coatings. 

 

Calculation of total dissolution equilibrium constant Kdiss of NaYF4 nanoparticles in PBS: 

𝑁𝑎𝑌𝐹4: 𝑌𝑏, 𝐸𝑟(𝑠) + 137𝑚𝑀 𝑁𝑎
+ + 2.7 𝑚𝑀 𝐾+ + 139.7𝑚𝑀 𝐶𝑙− +  12 𝑚𝑀 𝑃𝑂4

3−  
                      
↔       𝑁𝑎𝑌𝐹4: 𝑌𝑏, 𝐸𝑟(𝑠) + (137 + 0.65)𝑚𝑀 𝑁𝑎

+ + 2.7𝑚𝑀 𝐾+ + 139.7𝑚𝑀 𝐶𝑙− + (12 −

0.65) 𝑚𝑀 𝑃𝑂4
3− + 2.6 𝑚𝑀 𝐹− + 0.65 𝑚𝑀 𝐿𝑛𝑃𝑂4(𝑠) ↓     (Eq. S1) 

𝐾𝑑𝑖𝑠𝑠 = 
[𝑁𝑎][𝑃𝑂4

3−][𝐹−]4

[𝑁𝑎][𝑃𝑂4
3−]

= 1.7 𝑥 10−11      (Eq. S2) 

Table S1: Fitting parameters for the logistic curve fitting of (QEDecay(int)) 

 A1 A2 x0 p R2 

Ligand-free 31.7 nm 1.95682 ± 2.58038 100 ± 1.60076 2.90676 ± 0.15033 1.6626 ± 0.13272 0.98983 

Ligand-free 21.5 nm 0.25583 ± 0.7088 98.8032 ± 0.3435 1.46549 ± 0.02511 1.44594 ± 0.03363 0.999 

EDTMP 31.7 nm 

direct 
1.78636 ± 0.70847 104.7664 ± 1.2693 6.54626 ± 0.12244 1.58056 ± 0.04587 0.99914 

EDTMP 31.7 nm 

indirect 
4.80469 ± 1.35408 100 ± 4.347 10.1977 ± 0.5434 1.90588 ± 0.15105 0.99493 

EDTMP 21.5 nm 

direct 
1.64772 ± 0.85158 100 ± 1.29099 4.78649 ± 0.12163 1.30864 ± 0.04332 0.9987 

EDTMP 21.5 nm 

indirect 
4.49048 ± 1.17802 100 ± 2.7451 7.93352 ± 0.314 1.64067 ± 0.09539 0.99698 

Alendronate 31.7 nm 

direct 
1.67455 ± 1.97154 100 ± 1.7009 3.82918 ± 0.13802 1.94978 ± 0.13758 0.99459 

Alendronate 31.7 nm 

indirect 
3.3676 ± 0.796 100 ± 0.59782 6.1943 ± 0.06702 3.29396 ± 0.10891 0.9986 

Alendronate 21.5 nm 

direct 
1.73642 ± 0.60885 97.14841 ± 0.2225 2.78703 ± 0.02636 2.7479 ± 0.05711 0.99934 

Alendronate 21.5 nm 

indirect 
2.73045 ± 0.95931 99.4942 ± 0.46016 3.58827 ± 0.0534 2.55451 ± 0.08316 0.99839 
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NaF A1 A2 x0 p R2 

Tau 1 

0 mM 55.33995 ± 0.95425 2.40699 ± 0.75771 3.66442 ± 0.12716 1.71331 ± 0.101 0.99573 

0.28 mM 54.60392 ± 0.54568 4.17658 ± 0.77322 8.14735 ± 0.14666 2.73161 ± 0.13456 0.9976 

0.56 mM 54.06858 ± 0.32347 5.78993 ± 0.93776 11.86747 ± 0.1899 3.10411 ± 0.12783 0.99859 

1.12 mM 53.68929 ± 0.30169 13.23886 ± 0.8793 20.12185 ± 0.2869 3.98372 ± 0.18568 0.99454 

Tau 

(amp) 

0 mM 54.50033 ± 1.03054 13.72602 ± 0.47017 3.10778 ± 0.12291 2.41242 ± 0.19468 0.99155 

0.28 mM 54.99276 ± 0.24017 11.53416 ± 0.2742 7.64216 ± 0.06207 2.99861 ± 0.07253 0.99939 

0.56 mM 54.96633 ± 0.21323 9.46761 ± 0.63346 11.77401 ± 0.1388 2.96696 ± 0.08509 0.99933 

1.12 mM 54.63203 ± 0.21269 17.02674 ± 0.60153 19.90038 ± 0.2236 3.68544 ± 0.12569 0.99706 

Tau 

 (int) 

0 mM 57.79473 ± 0.94633 18.86786 ± 0.88251 2.71822 ± 0.11407 2.32004 ± 0.22237 0.9955 

0.28 mM 57.27924 ± 0.47967 19.45248 ± 0.38508 6.74834 ± 0.10911 3.5378 ± 0.18838 0.99686 

0.56 mM 57.18743 ± 0.2736 16.90329 ± 0.56035 10.6471 ± 0.12984 3.3159 ± 0.12425 0.99872 

1.12 mM 57.29708 ± 0.20245 21.31167 ± 0.57176 18.96411 ± 0.20249 3.9463 ± 0.12947 0.99732 

QE 

(Lum) 

0 mM 1.37007 ± 1.19147 99.70595 ± 0.83418 3.84145 ± 0.08238 1.89355 ± 0.07433 0.99801 

0.28 mM 1.57672 ± 0.56943 97.02858 ± 0.71591 8.00852 ± 0.07267 2.96618 ± 0.07958 0.99926 

0.56 mM 1.76871 ± 0.40985 95.85324 ± 1.34656 12.35153 ± 0.1436 3.05553 ± 0.08545 0.99937 

1.12 mM 1.91993 ± 0.38452 77.86952 ± 1.13342 20.27036 ± 0.19408 4.08185 ± 0.13132 0.9974 

QE 

(Decay) 

0 mM 1.27989 ± 0.8383 100 ± 0.31249 2.36859 ± 0.0341 2.19723 ± 0.05512 0.99904 

0.28 mM 3.3676 ± 0.796 100 ± 0.59782 6.1943 ± 0.06702 3.29396 ± 0.10891 0.99878 

0.56 mM 4.30716 ± 1.14483 100 ± 1.83225 9.55106 ± 0.18022 3.30477 ± 0.19991 0.99664 

1.12 mM 4.17037 ± 0.53179 95.49767 ± 1.44003 17.56921 ± 0.18937 4.02426 ± 0.13011 0.99759 

 

 

  

Table S2: Fitting parameters for the logistic curve fitting of lifetimes components and 

quenching efficiencies calculated from insitu lifetime measurements for of 31.7 nm-sized 

alendronate coated UCNP in the presence of different amount of NaF 
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Ligand Coating procedure 

Released 

fluoride 

[mol%] 

Ligand free HCl (0.5M), RT, 1h, c (particle)= 10 mg/mL 2.0 

Citrate 
Via BF4-@UCNP, RT, 1h, c (particle)= 10 mg/mL 

n (ligand)=50 µmol/nm2 particle 
1.5 

Alendronic acid 
INDIRECT ROUTE: Water, RT, 24 h, c (particle)= 1 mg/mL 

n (ligand)=20 µmol/nm2 particle 
1.8 

EDTMP 
INDIRECT ROUTE: Water, RT, 24h, c (particle)= 1 mg/mL 

n (ligand)=20 µmol/nm2 particle 
2.1 

Alendronic acid 
DIRECT ROUTE: Cyclohexane/water, RT, 24h, c (particle)= 1 mg/mL 

n (ligand)=20 µmol/nm2 particle 
2.3 

EDTMP 
DIRECT ROUTE: Cyclohexane/water, RT, 24h, c (particle)= 1 mg/mL 

n (ligand)=20 µmol/nm2 particle 
2.7 

 

  

Table S3: Fluoride released during ligand exchange procedure for 21.5 nm sized UCNPs 
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Appendix II 
This Appendix contains figures and tables from the Supplementary Information of the 

publication “Novel PET-Operated Rosamine Sensor Dyes with Substitution Pattern-Tunable pKa 

Values and Temperature Sensitivity" by E. Andresen et al., published in New Journal of Chemistry 

2021, 45, 13934-13940, and it is reproduced here with permission from the Royal Society of 

Chemistry. 

Data and Spectra from Optical Spectroscopy 

Table S1: Equation used for sigmoidal curve fitting of pH titration experiments and fitting 
parameters using normalized and integrated fluorescence emission spectral data 
(∫ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛
700𝑛𝑚

550𝑛𝑚
). 

Model Dose response 

Equation 
𝑦 = 𝐴1 + 

𝐴2 − 𝐴1

1 + 10(𝑙𝑜𝑔𝑋𝑜−𝑋)𝑝
 

 

Dye A1 A2 log X0 p 

 

R2 

3_1 

3_2 

3_3 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

1a_1 

1a_2 

1a_3 

-0.00153 ± 0.01152 

-0.0023 ± 0.0025 

0.00161 ± 0.00551 

0.99307 ± 0.008 

0.99698 ± 0.00183 

0.99169 ± 0.00367 

8.99409 ± 0.02238 

8.98378 ± 0.00557 

8.99118 ± 0.01076 

-1.04077 ± 0.06009 

-0.99819 ± 0.01405 

-1.05934 ± 0.02795 

0.99797 

0.99993 

0.99959 

1b_1 

1b_2 

1b_3 

-0.00452 ± 0.00688 

-0.00694 ± 0.00577 

-0.00444 ± 0.00433 

0.9871 ± 0.00677 

0.99151 ± 0.0052 

0.99258 ± 0.00385 

7.35013 ± 0.01854 

7.37477 ± 0.01441 

7.36961 ± 0.01139 

-0.92596 ± 0.03303 

-0.88797 ± 0.02344 

-0.92499 ± 0.01948 

0.99974 

0.99981 

0.99991 

1c_1 

1c_2 

1c_3 

0.00531 ± 0.00703 

0.00135 ± 0.00365 

0.0029 ± 0.00511 

1.00062 ± 0.00961 

1.00412 ± 0.00546 

0.99983 ± 0.00757 

5.54975 ± 0.0191 

5.49847 ± 0.01193 

5.49417 ± 0.01644 

-0.99844 ± 0.04353 

-0.90259 ± 0.02171 

-0.93257 ± 0.02911 

0.99934 

0.99984 

0.99964 

2a_1 

2a_2 

2a_3 

-0.0074 ± 0.01092 

-0.0057 ± 0.01448 

-0.00619 ± 0.00439 

0.97579 ± 0.00648 

0.98093 ± 0.00886 

0.99178 ± 0.00304 

9.42156 ± 0.02378 

9.41741 ± 0.03109 

9.4333 ± 0.00961 

-0.97041 ± 0.04784 

-0.99741 ± 0.06554 

-0.91641 ± 0.01805 

0.99899 

0.99813 

0.99982 

2b_1 

2b_2 

2b_3 

-0.00474 ± 0.00566 

-0.00781 ± 0.00718 

-0.0087 ± 0.00829 

0.99181 ± 0.00328 

0.98311 ± 0.00447 

0.9846 ± 0.00549 

8.69353 ± 0.0113 

8.70158 ± 0.01414 

8.70638 ± 0.01799 

-0.91921 ± 0.02133 

-0.90209 ± 0.02316 

-0.89107 ± 0.02883 

0.99984 

0.99968 

0.99954 

 

1c*_1 

1c*_2 

1c*_3 

 

0.00339 ± 0.00633 

0.00687 ± 0.0064 

0.00406 ± 0.01189 

 

0.99253 ± 0.00922 

0.9866 ± 0.00809 

0.97976 ± 0.01519 

 

5.4789 ± 0.02134 

5.4624 ± 0.01814 

5.47075 ± 0.03566 

 

-0.79734 ± 0.02734 

-0.90459 ± 0.03179 

-0.87098 ± 0.05412 

 

0.99932 

0.99935 

0.99779 

      

1d_1 

1d_2 

1d_3 

0.00183 ± 0.00673 

0.00464 ± 0.00802 

0.00222 ± 0.0067 

1.00705 ± 0.00876 

0.99972 ± 0.01027 

1.00509 ± 0.00773 

5.85981 ± 0.02282 

5.87754 ± 0.02879 

5.87255 ± 0.02003 

-0.77618 ± 0.0279 

-0.82544 ± 0.03879 

-0.78119 ± 0.02684 

0.99951 

0.99926 

0.99958 

2c_1 

2c_2 

2c_3 

0.02014 ± 0.0032 

0.01504 ± 0.01215 

0.02637 ± 0.02076 

0.9904 ± 0.00277 

1.00333 ± 0.01239 

1.0122 ± 0.02166 

5.11658 ± 0.00824 

5.13842 ± 0.04425 

5.17115 ± 0.04877 

-1.0997 ± 0.02157 

-0.69362 ± 0.04765 

-0.8743 ± 0.07554 

0.99981 

0.99797 

0.99721 
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1.1. Absorption and emission spectra of the pH-titration (triplicate 

measurement) of the synthesized dyes (1µmol/L) in a water-methanol mixture 

(H2O/MeOH 2/1 vol%) containing borate-citrate buffer (25mM) 
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Figure S1: pH-titration of 3 as triplicate measurement. 
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pKa=8.99
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Figure S2: pH-titration of 1a as triplicate measurement. 
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Figure S3: pH-titration of 1b as triplicate measurement. 
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Figure S4: pH-titration of 1c as triplicate measurement. 
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Figure S5: pH-titration of 1c* as triplicate measurement. 
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Figure S6: pH-titration of 1d as triplicate measurement. 
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Figure S7: pH-titration of 2a as triplicate measurement. 
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Figure S8: pH-titration of 2b as triplicate measurement. 
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Figure S9: pH-titration of 2c as triplicate measurement. 

1.2. pH-titration curves of 1c (1µmol/L) in a water-methanol mixture 

(H2O/MeOH 2/1 vol%) containing borate-citrate buffer (25mM) at 20°C and 

40°C 

Table S2: Fitting parameters using normalized and integrated fluorescence emission spectral 
data (∫ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛

700𝑛𝑚

550𝑛𝑚
). 
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Figure S11: pH-titration curves of 1c at 20°C and at 40°C. 
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1.3. Reversibility of the switching between protonated and deprotonated 

form of the dyes (1µmol/L) in a water-methanol mixture (H2O/MeOH 2/1 vol%) 

containing borate-citrate buffer (25mM) 

 

Figure S12: pOH-derived dyes 1a, 1b, 1c, 1c* and 1d. 



 Appendix II | 137 
 

 

Figure S13: mOH-derived dyes 2a, 2b and 2c. 

1.4. Absorption and emission spectra of the temperature dependence 

(averaged triplicate measurement) of the dyes 1c, 1d, 2b , 2c (1µmol/L) in a water-

methanol mixture (H2O/MeOH 2/1 vol%) containing borate-citrate buffer 

(25mM) 
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Figure S12: Temperature sensitivity of 1c. 
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Figure S13: Temperature sensitivity of 2b. 
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Figure S14: Temperature sensitivity of 1d. 
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Figure S15: pH-titration of 2c. 
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1.5. Fluorescence decay curves of the synthesized dyes (1µmol/L) in 

methanol (averaged triplicate measurement). 

 

Figure S16: Fluorescence decay curves of 3. 

 

Figure S17: Fluorescence decay curves of pOH derived compounds 1a, 1b, 1c. 

 

Figure S18: Fluorescence decay curves of mOH derived compounds 2a, 2b. 
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Figure S19: Fluorescence decay curves of 1c*. 

 

Figure S20: Fluorescence decay curves of Rhod 101-derived compounds 1d, 2c. 
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2. NMR spectra 

Compound 1a 
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Compound 1b 
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Compound 1c 
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Compound 1c* 
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Compound 1d 
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Compound 2a 
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Compound 2b 
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Compound 2c 
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Compound 3 
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Compound M9 

 

Compound Ros-NH-Boc 
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Compound Ros-NH2 
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Mass spectra 

Compound 1a 

 

Compound 1b 
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Compound 1c 

 

Compound 1c* 
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Compound 1d 

 

 

Compound 2a 
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Compound 2b 

 

Compound 2c 
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Compound 3 

 

Compound M9 
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Compound Ros-NH-Boc 

 

Compound Ros-NH2 
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Figure S21: Absorption (left) and emission spectra of dye 1c in water-methanol mixture 

(H2O/MeOH 2/1 vol%) containing borate-citrate buffer (25mM) at different 

concentrations 

 

Figure S22: Absorption spectra of dye 1c incorporated in D4 hydrogel at two different 

concentrations. 

 

Figure S23: Photoluminescence spectra of dry D4 hydrogel films loaded with different 

concentrations of 21.5 nm sized NaYF4:Yb3+, Er3+ UCNPs and pH sensitive rosamine dye 

1c. 



| 159 
 

 

Danksagung 
 

Mein besonderer Dank geht an Dr. Ute Resch-Genger für die Bereitstellung des interessanten 

Themas und die Betreuung, die guten Arbeitsbedingungen und anregende Diskussionen. 

Liebe Ute, danke, dass Du mir immer die Freiheit gegeben hast, meine eigenen Ideen 

umzusetzen und mir stets zur Hilfe und Rat standest. 

Prof. Dr. Janina Kneipp danke ich herzlich für die Übernahme der Betreuung an der HU 

Berlin und die stets freundliche und kompetente Diskussionen und Anregungen bei den 

Präsentationen der Zwischenergebnisse. 

Prof. Dr. Erhard Kemnitz und Dr. Michael Weller möchte ich für die Übernahme des Amtes 

des zweiten und dritten Gutachters bedanken. Vielen Dank ebenfalls an Prof. Dr Christoph 

Arenz für die Übernahme des Amtes des Kommissionsvorsitzenden. 

Ein großes „Danke schön!“ gilt allen Kollegen an der BAM, die mich mit unterschiedlichen 

Messungen während der Doktorarbeit unterstützt haben: Herrn André Gardei für die PXRD 

Messungen, Frau Janina Roik für die ICP-OES Messungen und Herrn Matthias Michaelis für 

die TGA Messungen. Besonders hervorheben möchte ich Herr Carsten Prinz für die vielen 

TEM Messungen und ihm für die netten Gespräche früh morgens am TEM-Gerät danken. Seine 

Zuverlässigkeit, Engagement und Positivität haben enorm zum Erfolg dieser Arbeit 

beigetragen. 

Ich bedanke mich auch beim ganzen NMR- und MS-Team an der FU Berlin für die unzähligen 

Messungen an meine Farbstoffmoleküle. 

Für finanzielle Unterstützung während der Arbeit möchte ich mich bei DFG (SCHA-1009/17-

1) und bei der BAM bedanken. 

Herzlichen Dank auch an allen Mitarbeiter der Fachbereich Biophotonik. Insbesondere 

möchte ich mich bei Dr. Christian Würth für die gute Zusammenarbeit bei sämtlichen 

Projekten, für seine konstruktive Kritik und vielen Anregungen bedanken. Dr. Bastian Rühle 

danke ich für seine Hilfsbereitschaft bei kleinen und großen Problemen, für die sehr 

produktiven Diskussionen und Anregungen während meiner Promotionszeit, sowie fürs 

Korrekturlesen einzelner Kapitel dieser Arbeit. 

Außerdem möchte ich mich bei meinen Büro-Kollegen über die letzten vier Jahre Sebastian, 

Harald und Matthias für die nette Atmosphäre im Büro, für all die wissenschaftlichen und 

nicht so wissenschaftlichen, aber dafür sehr hilfreichen Gespräche bedanken.  

Meiner Familie in Bulgarien, insbesondere meiner Mutter Maria, danke ich, dass sie immer 

an mich geglaubt hat und mich wo und wie sie nur konnte unterstützt hat.  



160 | Danksagung 
 

Meinem Mann, meinem besten Freund, meinem Felsen in der Brandung, Eric, danke ich für 

seine unerschöpfliche und bedingungslose Liebe, für seine Unterstützung, die nette Worte 

und die Kraft, die er mir stets gibt. Lieber Eric, danke, dass Du vor 10 Jahre im AC Praktikum 

meine Hand genommen hast und nie losgelasen hast, egal wie schwer die Zeiten waren. Und 

zu guter Letzt danke ich meinem Sohn Victor für seine kindliche, naive und unverfälschte 

Liebe. Lieber Victor, ich freue mich schon auf unsere nächste Marienchenkäfer-Burgbau-

Aktion und auf die Regenwürmer-Rettungsmissionen. Ohne euch beiden hätte ich es nie 

geschafft. Danke. 

 

 

 

 

 

  



| 161 
 

Declarations 
 

 

 

Die vorliegende Arbeit wurde in der Zeit von Januar 2017 bis Mai 2021 in der Arbeitsgruppe 

um Dr. Ute Resch-Genger (Abteilung 1 - Fachbereich 1.2, Biophotonik) an der Bundesanstalt 

für Materialforschung und -prüfung (BAM) angefertigt. 

 

 

Ich erkläre, dass ich die Dissertation selbständig und nur unter Verwendung der von mir 

gemäß § 7 Abs. 3 der Promotionsordnung der Mathematisch-Naturwissenschaftlichen 

Fakultät, veröffentlicht im Amtlichen Mitteilungsblatt der Humboldt-Universität zu Berlin Nr. 

42/2018 am 11.07.2018 angegebenen Hilfsmittel angefertigt habe. 

 

 

Berlin, 27.05.2021                                                                                 Elina Andresen 

 

 

Ich bestätige, dass die von mir in der Universitätsbibliothek abgegeben gedruckte Version der 

Dissertationsschrift mit der vom edoc-Server der Humboldt-Universität zu Berlin akzeptieren 

elektronischen Version übereinstimmt. 

 

 

Berlin, 19.11.2021                                                                                     Elina Andresen 


	Abstract
	Zusammenfassung
	Table of Content
	1 Introduction
	2 Research background
	2.1 Upconversion and upconverting nanomaterials
	2.2 Synthesis of upconverting nanomaterials
	2.3 General strategies for surface functionalisation of upconverting nanoparticles
	2.4 Stability and dissolution of nanoparticles
	2.5 Rhodamine-based fluorophores: A toolbox for versatile applications
	2.6 Upconverting nanomaterials for bioapplications

	3 Materials and methods
	3.1 Chemicals
	3.2 Synthesis of upconverting nanoparticles
	3.3 Preparation of water-dispersible nanoparticles
	3.3.1 Ligand-free NaYF4:Yb3+, Er3+
	3.3.2 Phosphonate coated UCNPs
	3.3.3 Amphiphilic coatings

	3.4 Synthesis of pH sensitive dyes
	3.5 Characterisation methods
	3.3.4 Characterisation of UCNPs
	3.3.5 Characterisation of rosamine dyes

	3.6 Dissolution and stability studies
	3.7 Preparation of UCNP-based self-referenced sensors
	3.7.1 Self-referenced UCNP-based pH sensorfilms
	3.7.2 Self-referenced UCNP-based pH nanosensors


	4 Synthesis and characterisation of UCNPs
	4.1 Core-only upconverting nanoparticles
	4.2 Core-shell upconverting nanoparticles
	4.3 Conclusions

	5 Surface modification of UCNPs
	5.1 Ligand exchange
	5.2 Encapsulation
	5.3 Assessing Surface Modification with TGA, FTIR, DLS and Zeta Potential Measurements
	5.4 Optical Characterisation of Differently Coated UCNPs
	5.5 Conclusions

	6 Stability studies of upconverting nanoparticle
	6.1 Preparation of hydrophilic UCNPs
	6.2 Characterization of particle dissolution and fluoride release
	6.3 Development of an optical monitoring tool
	6.4 Influence of particle size, coating procedure and addition of fluoride ions on the stability and dissolution behaviour of UCNPs
	6.5 Amphiphilic coatings for improved stability
	6.6 Conclusions

	7 Synthesis of pH sensitive dyes
	7.1 PET-based rosamine dyes with tuneable pH
	7.2 Synthesis of a functionalised rosamine dye
	7.3 Conclusions

	8 Self-referenced pH Sensing
	8.1 Self-referenced sensing in solution
	8.2 Self-referenced UCNP-based pH sensorfilms
	8.3 Self-referenced UCNP-based pH nanosensors
	8.4 Conclusions

	9 Summary and Outlook
	Bibliography
	List of abbreviations
	List of figures
	List of tables
	List of publications and presentations
	Appendix I
	Appendix II
	Danksagung
	Declarations

