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1 INTRODUCTION TO LANTHANIDE-DOPED NANOMATERIALS 

1.1 Lanthanide Luminescence 

1.1.1 Luminescent Reporters in Bioanalysis 

Luminescence has fascinated humans for centuries and is considered one of the most 

significant and powerful tools in (bio)analytical chemistry today.1,2 Optical biosensors consist 

of a combination of a bioreceptor as recognition element, e.g. enzymes, nucleic acids, or 

even whole cells, and an optical reporter system which generates a defined signal directly 

linked to the concentration of the respective analyte. Examples for the optical transducer are 

absorption, luminescence and reflectance.3 Fluorescence based detection is often 

characterized by fast responses and high resolution and sensitivities, which can even reach 

the single-molecule level,4,5 and both intensity and lifetime of the luminescence emission are 

available as optical reporter. The application of luminophores as tags and labels for the 

quantification and imaging of (bio)analytical targets that do not display intrinsic fluorescent 

properties at all (e.g. most small metabolites, ions) or only to an insufficient degree (e.g. 

DNA, proteins) is prevalent in all fields of life science. Central characteristics of ideal 

luminescent reporters in bioanalysis are (a) high molar absorption coefficients and 

(b) quantum yields for high brightness, (c) photostability, (d) chemical stability, (e) simple 

functionalization with receptors (f) solubility in physiological hydrophilic media, such as 

buffers and cell culture media, and both (g) low cytotoxicity and (h) no excitation/emission 

wavelengths in the ultra-violet (UV) for applications in living cells combined with minimized 

photo-damage and light scattering. The importance and impact of luminescence-based 

biosensing and -imaging in current research is reflected by the selection of Nobel Prize 

laureates in chemistry during the last decade. Osamu Shimomura, Martin Chalfie and Roger 

Y. Tsien were awarded the Nobel Prize for the discovery of the green fluorescent protein in 

2008 and Eric Betzig, Stefan Hell and William E. Moerner received the Nobel Prize for their 

outstanding contributions to the development of super-resolution fluorescence microscopy in 

2014. These accomplishments have proven that luminescence-based techniques can 

provide the ability to discover and understand the secrets of life, but the incredible amount of 

ongoing research demonstrates that there is still much left to be learned in order to cross 

current boundaries. 

The oldest and still most common luminophores are molecular chromophores, i.e. organic 

dyes and metal ion complexes.6 The whole visible spectrum of light and the bordering ranges 
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are indeed covered by the huge amount of available luminophores of this type. However, 

common challenges of molecular luminophores are limited photostability upon prolonged 

photoexcitation and broad absorption and emission bands exhibiting only small Stokes shifts, 

which promotes reabsorption of the emitted light and impedes clear separation between 

excitation light, luminescence emission and background fluorescence of biological materials. 

Luminescent nanomaterials, such as quantum dots, carbon dots and gold nanoparticles have 

been established as alternatives to organic fluorophores to circumvent these issues due to 

their high photostability and capability of color tuning by modulation of the particle size.7,8 

1.1.2 Optical Properties of Lanthanide Ions 

Lanthanide ions (rare earth ions) represent a class of luminescent materials with exceptional 

and unusual optical properties. This is represented by their diverse fields of applications, 

ranging from active materials in solid-state lasers (e.g. Nd3+- or Er3+-doped yttrium-

aluminium-garnet),9 to Er3+-doped glass fibers used for telecommunication,10 and lanthanide 

complexes applied as anti-counterfeiting features,11 or luminescent reporters in 

theranostics.12 In contrast to many other luminophores, their luminescence shows multiple 

sharp emission bands and very large Stokes shifts > 100 nm. This means, emitted light can 

easily be distinguished from excitation radiation, which usually is ultraviolet or visible light. 

Their outstanding optical properties arise from the unique electronic structure that all 

lanthanides have in common. Lanthanides possess the ground state electronic configuration 

[Xe] 4fn (n = 0-14). They exist almost exclusively in the trivalent state, Ln(III). The energy 

levels of their excited states are generally well defined and insensitive to the environment 

(ligand field) due to the effective shielding of the 4f orbitals by the xenon core. This leads to 

characteristic, almost line-like emission bands from the respective f-f transitions.13 The 

energy level diagrams of the Ln(III) aqua-ions are displayed in Figure 1.1. 

Lanthanides show ladder-like energy levels with very stable excited states, leading to long 

luminescence decay times and efficient population of the higher energy levels. However, the 

small energy gaps between the single excited states facilitate non-radiative deactivation 

processes and suppress luminescence.14 Samarium, europium, gadolinium, terbium and 

dysprosium reveal the largest energy gaps between two neighboring energy levels among 

the lanthanide ions and thus exhibit the strongest intrinsic luminescence upon UV excitation 

(Stokes emission). The long-lived excited states and luminescence lifetimes of several 

hundred microseconds or even milliseconds make these lanthanide-based materials 

candidates for time-gated fluorometry in biological imaging.15 Here, background fluorescence 

can be almost completely excluded by exploiting the delay between excitation pulse and 
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acquisition of the luminescence signal, since fluorescence originating from biological matter 

usually decays within less than 10 ns. 

 

Figure 1.1│ Energy diagrams for the lanthanide aqua-ions. The luminescent levels are shown in red, while the 

fundamental level is indicated in blue. Adapted from reference 13 with permission of The Royal Society of 

Chemistry. 

The molar absorption coefficient of the lanthanides is generally quite low with often less than 

1 M-1cm-1, due to the f-f transitions being forbidden according to Laporte's parity rule.16 This 

limitation can be overcome by the use of high energy excitation sources or the introduction of 

strongly absorbing light harvesting ligands that collect the excitation energy and 

subsequently transfer it to the lanthanide ion in the center, which then emits the photon.17 

These antenna ligands, however, often are susceptible to photobleaching, just like organic 

dyes, and limit the solubility of the lanthanide complex. Another possibility is the confinement 

of ions inside solid host materials that cause a distortion of the orbital symmetry and increase 

the probability of the f-f transitions.18 Especially during the last two decades a large variety of 

lanthanide doped nanomaterials has been developed. The emission color of the 

nanoparticles can be tuned by the amount and type of lanthanide ions doped into the host 

lattice.  

Ln(III) doped nanoparticles display several advantages compared to other nanomaterials that 

are often used as alternatives to molecular fluorophores. Unlike II-IV and III-V semiconductor 

quantum dots19 and molecular fluorophores,20 Ln(III) based materials show no fluorescence 

intermittence (also called blinking).21 Dye doped polymer particles are prone to 
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photobleaching and dye leakage upon swelling in aqueous environments, both of which does 

not apply for Ln(III) based nanoparticles.22 

Due to these exceptional features, lanthanide doped nanoparticles have found their way into 

bioanalytical and theranostic applications ranging from luminescence imaging and sensing 

based on Förster resonance energy transfer (FRET)23 to photodynamic therapy.24 We 

employed Eu3+-doped GdVO4 nanoparticles for the detection of hydrogen peroxide and 

designed an enzymatic assay for glucose via measurement of the quantity of H2O2 formed 

resulting from the catalytic action of glucose oxidase in collaboration with colleagues from the 

University of Belgrade, Serbia (Figure 1.2).25 

 

Figure 1.2│(A) Digital photograph of a dispersion of GdVO4(50%Eu) nanoparticles in water before and after the 

addition of two different concentrations of H2O2. The decrease of the luminescence intensity in presence of H2O2 

is clearly visible. (B) Quenching of the (normalized) luminescence of Eu
3+

-doped GdVO4 nanoparticles 

(λexc 298 nm, λem 618 nm; pH 7.4) by H2O2 as a function of the % fraction of Eu
3+

 dopand. The total concentration 

of Eu
3+

 always was adjusted to 0.4 mM. (C) Stern-Volmer plots of the emission of GdVO4(50%Eu) nanoparticles 

in the presence of various concentrations of H2O2 and glucose. 
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1.2 Upconversion Nanoparticles 

1.2.1 Mechanism of Upconversion Luminescence 

The ladder-like and long-lived metastable excited states of the lanthanide ions enable the 

occurrence of another optical phenomenon that was first described for bulk materials by 

Auzel, Ovsyankin and Feofilov in the 1960s: photon upconversion.26 This term describes a 

non-linear optical process generated by the sequential absorption of at least two low energy 

photons, which leads to the population of higher energy levels followed by the emission of 

one photon with higher energy and shorter wavelength than the excitation light. This unique 

feature makes upconversion luminescent nanoparticles (UCNPs) promising candidates for 

security printing,27 enhancement of solar cell efficiency,28 implementation as photocatalysts,29 

and, most importantly, application as labels, probes and reporters for theranostics, 

biosensing and bioimaging.30 The excitation wavelength in the near-infrared region (typically 

at 980 nm) is within the "optical window" of biological tissue, where the absorption of the 

biological matrix is at a minimum. This allows for deep tissue penetration and simultaneously 

reduced photo-damage compared to the much higher energy of UV/visible light, which is 

needed to excite Stokes-emitting molecules and materials. The NIR excitation also triggers 

virtually no background fluorescence and enables high sensitivity during measurements with 

extraordinarily high signal-to-noise ratios. 

Three main mechanisms for photon upconversion have been described: exited state 

absorption, energy transfer upconversion, and photon avalanche.31 Schematic 

representations of these mechanisms are shown in Figure 1.3. Energy transfer upconversion 

(ETU) is much more efficient than excited state absorption and, unlike photon avalanche, 

does not require a critical (high) excitation power and does not result in delayed 

luminescence emission caused by the reoccurring relaxation - excitation cycles.32 Therefore, 

most existing upconversion materials are based on ETU. The so-called sensitizer ion is 

responsible for the resonant photon absorption. The energy is then transferred to a 

neighboring activator ion. This leads to the relaxation of the sensitizer ion back to the ground 

state and the promotion of the activator ion to a higher energy level. This process is repeated 

for one (or several) more times, which leads to the population of the second (or higher) 

excited state of the activator. The transition of the activator back to its ground state causes 

the emission of a higher energy photon. In such materials upconversion emission can 

already be stimulated using low power (power densities starting from 10 W·cm-2) continuous 

wave (CW) diode lasers. The required excitation power is much lower than for simultaneous 



 

6  Introduction to Lanthanide-doped Nanomaterials 

two-photon absorption processes used for example in two-photon excitation microscopy, in 

which expensive pulsed lasers operating at power densities up to 109 W·cm-2 are applied.33 

 

Figure 1.3│ Simplified representations of the three main upconversion processes (A) excited state absorption, (B) 

energy transfer upconversion, (C) photon avalanche. Dashed arrows symbolize photon absorption, full arrows 

show photon emission and dotted arrows refer to non-radiative processes. G, E1 and E2 represent ground state, 

excited level 1, and excited level 2, respectively. 

1.2.2 Characteristics and Composition 

Inorganic UCNPs usually are composed of an inert host crystal lattice doped with metal ions. 

Transition metal ions, e.g. Ti2+, Re3+, or Os4+, have been reported as luminescent dopants,34 

but trivalent lanthanide ions show by far the most promising features for efficient photon 

upconversion. Yb3+ ions represent the most popular sensitizers. They possess a molar 

absorption coefficient of 10 M-1cm-1, which is very high considering that the absorption 

promotes parity forbidden f-f transitions.16 A typical absorption spectrum of Yb3+ is shown in 

Figure 1.4. The main absorbance of Yb3+ is in the near infrared (NIR) region at a wavelength 

of 978 nm. Therefore, the Yb3+ ions acting as sensitizers can be efficiently excited by 

conventional 980 nm low power (hand held) diode lasers. The energy conserved in the 2F5/2 

electronic state of the Yb3+ ions can be transferred to activator ions, which act as the 

luminescent centers in the nanoparticles. Most common activators are Er3+ and Tm3+, but 

upconversion luminescence originating from other lanthanide ions, like Ho3+, Tb3+ and Eu3+ 

ions has also been reported.35,36 

The upconversion efficiency of UCNPs is strongly dependent on the host material. The 

energy transfer dynamics between sensitizer-sensitizer and sensitizer-activator is influenced 

by the ion-ion distances within the host crystal lattice. Suitable host lattices in this regard are 

metal oxides and halogenides, such as Y2O3, YVO4, LaF3, and NaYF4.
31 The fluoride host is 

superior to oxide materials due to its low phonon energy around 350 cm-1. This avoids 

energy loss caused by multiphonon relaxation between the metastable states inside the 
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crystal lattice and promotes upconversion efficiency. Fluoride materials with Na+, Ca2+, and 

Y3+ as cations additionally provide chemical stability. Therefore NaYF4 is regarded as the 

most efficient and most widely used upconversion host material. 

 

Figure 1.4│ Absorption spectrum of oleate-capped β-NaYF4 (20% Yb, 2% Er) UCNPs dispersed in cyclohexane 

at a particle concentration of 22 mg·mL
-1

. The optical path length of the cuvette was 5 cm, the slit width was 1 nm. 

The ionic radius of Y3+ is very similar to that of trivalent lanthanide ions and can consequently 

be easily exchanged by the rare earth ions without significantly disturbing the overall crystal 

structure.37 This offers the option to design a number of various nanomaterials with diverse 

electromagnetic properties depending on the chosen dopants. Magnetic properties for MRT 

applications can be introduced, if the host material is doped with Gd3+ ions. Doping with Eu3+ 

or Tb3+ leads to “downconversion” luminescence upon UV excitation, while doping with Yb3+, 

Tm3+, Er3+ or Ho3+ produces upconversion luminescence.38 The combination of such different 

doping possibilities enables the design of multimodal nanoparticles. Thermodynamically 

stable phases of NaYF4 at room temperature are the cubic α-phase and the hexagonal β-

phase. However, the upconversion efficiency is about ten times higher in β-NaYF4 compared 

to α-NaYF4 due to a more favorable spatial arrangement of the dopants within the hexagonal 

β-crystal phase.39 The probability of resonant energy transfer processes between Yb3+ and 

Er3+ is increased by optimal ion-ion distances creating efficient photoactive sites in 

β-NaYF4.
40  
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1.2.3 Photophysical Properties 

One of the highest upconversion efficiencies so far has been reported for a β-NaYF4 host 

lattice doped with either 20 mol% Yb3+ as sensitizer and 2 mol% Er3+ as activator or 

25 mol% Yb3+ as sensitizer and 0.3 mol% Tm3+ as activator. Upconversion quantum yields of 

0.1% have been reported for these particles (diameter of 22 nm) already at low excitation 

power densities (around 50 W·cm-1).41 While higher amounts of Yb3+ would increase the 

absorption of the material, they also induce increased sensitizer-sensitizer relaxations and 

activator-sensitizer back transfers that counteract the population of the higher electronic 

states in the activator ions. The same is true for higher doping concentrations of the 

activator, which can promote undesired non-radiative activator-activator relaxations.42 

The energy level diagrams of the lanthanide ions in NaYF4:Yb3+/Er3+ and NaYF4:Yb3+/Tm3+ 

and the mechanisms leading to the population of the excited states are shown in Figure 1.5. 

The pair Yb/Er generates two main upconversion emission bands upon excitation at 980 nm, 

one in the green region between 500 nm and 550 nm and one in the red region between 

640 nm and 680 nm. The green emission originates from the transitions from 2H11/2 and 4S3/2 

back to the ground state 4I15/2 in Er3+. The red emission can be ascribed to the 4F9/2 → 4I15/2 

transition. The green emission is more intense than the red one as a result of different 

pathways leading to the population of the two distinct emissive states, which imparts a 

colloidal dispersion of the nanoparticles with the impression of predominantly green 

luminescence. All three excited electronic states in Er3+ are mainly populated by a two-

photonic ETU pathway. Higher order population pathways of energy states occur for the 

main upconversion emissions of the pair Yb/Tm. The ultraviolet emission around 360 nm 

(1D2 → 3H6) and one of two blue (1D2 → 3F4) emission bands at 450 nm are populated by the 

sequential absorption of four NIR photons. The second blue emission (1G4 → 3H6) at 475 nm 

is generated by the absorption of three NIR photons. The most intense Tm3+ emission 

(3H4 → 3H6) is in the NIR around 800 nm and is populated by a two-photon ETU pathway. But 

since the NIR and UV emissions are not visible by the human eye, Yb/Tm doped UCNPs 

give the impression of blue luminescence. A photograph of colloidal dispersions of 

β-NaYF4:Yb3+,Er3+ and β-NaYF4:Yb3+,Tm3+ UCNPs in cyclohexane indicating the multicolor 

main upconversion emission bands is depicted in Figure 1.6. 
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Figure 1.5│ Energy level diagrams of the lanthanide ions in NaYF4:Yb
3+

/Er
3+

 and NaYF4:Yb
3+

/Tm
3+

. The solid and 

dotted black and grey arrows represent photon absorption, the solid colored arrows photon emission, the curly 

black lines non-radiative relaxations, and the curly blue lines non-radiative relaxations favored by high energy O-H 

vibrations. 

 

Figure 1.6│ (Middle) Dispersion of hydrophobic NaYF4:Yb
3+

,Er
3+

 and β-NaYF4:Yb
3+

,Tm
3+

 UCNPs in cyclohexane 

displaying predominantly blue or green luminescence upon 980 nm CW laser excitation. (Left and right) 

Corresponding upconversion luminescence spectra upon 980 nm CW laser excitation. The wavelengths of the 

individual peak maxima are given for each of the two distinct main peaks in either the blue and NIR or the green 

and red spectral region, respectively. 

The small particle dimensions (d < 50 nm) needed for bioanalytical applications, i.e. uptake 

into cells and interaction with biomolecules, amplify all surface related effects. The massive 

increase of the surface-to-volume ratio by the reduction of the particle dimensions down to 

the nm regime leads to increased (non-radiative) surface deactivation caused by quenching 

by surface ligands, solvent molecules and crystal defects.43 Consequently, the quantum yield 
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of UCNPs is much lower than that of the bulk material. The upconversion quantum yield in 

nanoparticles scarcely reaches values above 1% and heavily depends on even slight 

changes of the particle diameter and excitation power density.41,44 Surface quenching is most 

pronounced in aqueous solvents as a result of increased deactivation of Ln(III) excited states 

by O-H vibrations of water molecules.41 Core-shell particle architectures provide a possibility 

to minimize surface deactivation by protecting the surface of the emissive UCNP core. Inert 

shells, usually consisting of non-doped host material, efficiently prevent water molecules (or 

quenchers in general) coming close to the active particle core and lead to enhanced 

upconversion luminescence quantum yield, emission intensity and lifetime in all solvents.45 A 

shell thickness of ≥ 10 nm almost completely suppresses surface quenching and no further 

luminescence enhancement is achieved with even thicker shells.46 

1.2.4 Synthesis and Surface Modification 

Sophisticated and reproducible synthesis protocols are necessary to control the crystal size 

and composition, ensure monodisperse particle (and shell) growth, avoid crystal defects, and 

optimize the spatial arrangement of sensitizer and activator ions in the crystal lattice for the 

design of high quality upconversion nanomaterials.47 Many synthesis methods for the 

fabrication of efficient UCNPs have been described during the last years. Several recent 

reviews give a comprehensive overview of the characteristics of different synthetic strategies, 

including thermal decomposition, co-precipitation, hydro-/solvothermal methods and 

combinations of these techniques.48 Most prevalent is the high temperature synthesis 

performed in solvent mixtures of oleic acid and 1-octadecene at 300 °C first reported by Li et 

al. in 2008.49 This technique enables the fabrication of oleate-capped, pure β-NaYF4 

nanocrystals doped with lanthanide ions that display outstanding quality in terms of 

monodispersity, shape uniformity, and upconversion luminescence efficiency for large 

batches of several grams of UCNPs.50 The size and shape of the UCNPs can be tuned by 

altering the ratio of oleic acid and 1-octadecene,51 by varying the Na+ content,52 or by 

addition of Gd3+ as further dopant.53 An example of β-NaYF4:Yb,Er UCNPs synthesized by 

this high temperature procedure is depicted in Figure 1.7. The transmission electron 

micrograph shows the narrow size distribution structure of the resulting UCNPs. 

The surface of the particles is stabilized by oleate molecules, which causes dispersibility only 

in hydrophobic organic solvents. Since such particles cannot be dispersed in water due to 

the oil-based synthesis, further surface modification is necessary before the UCNPs can be 

applied in biosensing and -imaging. Most common surface modification techniques that have 

been established for the functionalization of hydrophobic nanoparticles, such as quantum 
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dots, magnetic particles and UCNPs are (a) ligand exchange, (b) additional coating with 

amphiphilic molecules, and (c) encapsulation with silica. These three strategies greatly differ 

regarding time consumption and optical and physical properties of the functionalized, 

hydrophilic UCNPs.54 Amphiphilic coatings and encapsulation with silica are expected to 

provide better protection against surface deactivation compared to ligand exchange as a 

result of the additional hydrophobic layer or increased distance between particle surface and 

solvent molecules, leading to stronger luminescence. They also tend possess higher colloidal 

stability in physiological media. Colloidal stability depends on an efficient electrostatic and/or 

steric stabilization, which is challenging to maintain in biological environments with high ionic 

strengths. Ligand exchange gives the impression of the most versatile strategy resulting in 

overall smallest particle sizes due to direct attachment of the new ligand to the UCNP 

surface. Stability in buffered solutions can be improved by the use of polymers as chelating 

ligands or molecules containing phosphonates as strongly coordinating groups towards the 

UCNPs. Since all of these factors influence the performance of UCNPs in bioanalytical 

applications, it of great importance to develop specific surface modification strategies 

precisely tailored towards the final application. 

 

Figure 1.7│ Transmission electron micrograph (scale bar: 60 nm) of oleate-capped NaYF4:Yb
3+

,Er
3+

@NaYF4 

core-shell UCNPs with a mean diameter of 28.8 ± 1.0 nm. The core particles used for the synthesis had a 

diameter of 21.1 ± 1.0 nm, and the thickness of the inert shell is almost 4 nm. The inset shows a higher 

magnification (scale bar: 10 nm) of one core-shell particle. The difference between core and shell is not visible, 

since the two very similar materials display the same contrast in the images. The regular orientation of the lattice 

planes indicates the uniform growth of the NaYF4-shell in all directions. The distance between the visible lattice 

planes is 0.5 nm. 
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1.2.5 Current Applications and Challenges 

The exceptional optical properties of UCNPs and advances in the field of nanoparticle 

synthesis leading to the controlled preparation of complex particle architectures meet many 

criteria that define efficient luminescent reporters in bioanalysis and for theranostic 

applications55 and have led to UCNPs being the focus of intensive research in these fields 

over the last decade. They have been applied as luminescent reporters for the detection and 

quantification of a multitude of different target analytes. A vast number of recent publications 

report on the development of upconversion nanoprobes for the determination of e.g. heavy 

metal ions,56 mycotoxins,57 viruses,58 bacteria,59 and hemoglobin.60 Loading of UCNPs with 

active ingredients enabled imaging guided drug delivery and cancer therapy.61-63 Cellular 

uptake provided a nanoplatform for photodynamic therapy with UCNPs acting as in situ 

nanolamps for indirect excitation of photosensitizers with reduced damage to surrounding, 

healthy tissue.64,65 UCNPs have also been successfully used for super-resolution fluoresence 

microscopy to achieve nanoscopic resolutions.66 

The abundance of ongoing studies demonstrates the demand for new luminescent probes 

and also the perspectives offered by a complete understanding of upconversion 

luminescene. However, there are still some unsolved questions limiting the exploitation of the 

full theranostic potential of UCNPs. One major challenge is the need for efficient surface 

engineering providing both colloidal stabilization in physiological media and functionalization 

with selective receptor molecules, and simultaneously enabling (sub)cellular targeting. The 

combination of all these features while at the same time keeping particle crosslinking and 

cytotoxicity at a minimum is crucial for the creation of stable, target-responsive nanoprobes. 

Another challenge is to increase the understanding of influences on upconversion 

luminescence emission. The luminescence intensity is dependent on many different 

parameters, e.g. particle size, architecture, and concentration, solvent, excitation power 

density, light scattering, and surface coating. All these influences must be considered to 

design efficient nanoprobes for diverse applications.67 

Exploitation of Förster resonance energy transfer (FRET) enables the elimination of many of 

these dependencies. This non-radiative energy transfer process takes place between two 

(fluorescent) molecules very close to each other, usually within less than 10 nm, and is 

extremely distance dependent.68 FRET is the most powerful analytical method for monitoring 

bioaffinity reactions, e.g. DNA hybridization69 and receptor interactions,70 due to its ability to 

act as a "nanoscopic ruler". The two energy transfer partners must display an overlap of the 

luminescence emission spectrum of one molecule (energy donor) with the absorption 

spectrum of the second one (energy acceptor). Characteristic for successful FRET is the 
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reduction of the donor luminescence intensity and lifetime, i.e. the stronger the reduction, the 

higher the FRET efficiency. In contrast to conventional organic dyes usually used as donors 

for FRET-based detection schemes, UCNPs possess long lifetimes in the range of 100 µs up 

to over 1 ms. Their decay times are thus ascertainable with very simple instrumentation, e.g. 

a conventional CW laser source and an optical chopper wheel for mechanical intermittence 

of the excitation light, and changes are easily detectable. Unlike the emission intensity, the 

lifetime of UCNPs is mostly unaffected by several critical parameters, e.g. (a) its 

concentration, which can be challenging to determine especially in the case of nanoparticles, 

(b) radiative absorption processes, i.e. inner filter effects capable of influencing the changes 

of the emission intensity, (c) fluctuations in the power density of the excitation source, which 

can cause changing intensity ratios as a result of the nonlinear nature of the absorption 

process preceding the UC emission, and (d) luminescence light scattering typically induced 

in all biological tissues. FRET also impacts the acceptor lifetime. When FRET occurs, the 

luminescence decay time of the acceptor molecule is equal to the donor lifetime. For organic 

dyes acting as acceptors in combination with UCNP donors this should lead to an elongation 

of their originally short lifetimes in the lower ns to ps range to > 100 µs. Such an extreme 

effect is also easily detectable. Despite the considerable advantages of time-resolved FRET 

studies, most current FRET-based detection schemes rely on changes of the upconversion 

intensity.71 A more detailed understanding of FRET with UCNPs may promote the 

development of lifetime-based upconversion nanoprobes and the expansion and 

improvement within their fields of application. 
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2 MOTIVATION AND OBJECTIVES 

The design and synthesis of efficient FRET nanoprobes using UCNPs as energy donors 

requires detailed understanding of energy transfer cascades occurring within the particles 

and processes on the interface between particle surface and the solvent. The aim of this 

work was the complete characterization of FRET processes between UCNPs and organic 

dyes on the particle surface in order to identify both the ideal particle architecture and 

surface modification technique to provide maximum FRET efficiency and colloidal stability. 

This comprehensive knowledge on the complex interplay between particle size and surface 

functionalization enables the development of enhanced FRET for an improved performance 

of UCNPs in bioanalytical and theranostic applications. 

 

First and most importantly, control over the surface chemistry of the innately hydrophobic 

UCNPs needs to be established in order to create the following essential properties: 

(a) colloidal stability in aqueous (physiological) solvents by electrostatic stabilization, 

(b) preparation of UCNPs exhibiting high brightness in the aqueous environment, 

(c) incorporation of functional groups for the subsequent attachment of FRET acceptors, 

selective receptors and targeting elements, (d) generation of high FRET efficiencies by 

controlling the donor-acceptor distance, (e) maintaining colloidal stability after further 

functionalization, (f) enabling fast cellular uptake, and (g) low cytotoxicity. Advantages and 

disadvantages of the variety of available techniques and strategies (such as ligand 

exchange, additional coating with amphiphilic molecules, and silica shells) with respect to the 

crucial requirements mentioned before need to be carefully considered and evaluated for the 

proper choice of surface chemistry. 

 

Second, the particle composition and architecture must be precisely designed and controlled. 

One should keep in mind that UCNPs are not molecular emitters, but rather a collection of 

single point emitters (the activator ions). Consequently, their behavior as FRET donors in 

combination with usually also significantly more than one molecular acceptor on the particle 

surface may be entirely different from conventional single donor and single acceptor 

systems. Aiming at the design of the ideal particle architecture the effect of UCNP size on the 

energy transfer efficiency to organic dyes acting as FRET acceptors needs to be 

investigated. “Large” dye decorated UCNPs (> 20 nm) theoretically contain a great number of 

emitting lanthanide ions in its centers that are too far away from the surface to be able to 

contribute to the energy transfer. But increasing surface to volume ratios may promote 

surface deactivation competing with FRET. Thus, the optimum UCNP size for FRET based 
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application should be established by exploring FRET efficiencies determined from lifetime 

studies of UCNPs with varying sizes and different core-shell architectures for the 

manipulation of the donor-acceptor distance/ratio and brightness of the UCNPs. The FRET 

systems should be thoroughly characterized and the most efficient design should be 

reasonably identified. 

 

The insights gained from the systematical investigation of surface modification techniques 

and the impact of particle size on the FRET efficiency with UCNPs acting as donors can be 

exploited for the development of an efficient nanoprobe applicable for bioanalysis. Focus 

needs to be put on smart particle design by combining the preparation of bright UCNPs 

facilitating high FRET efficiencies with proper surface engineering. Protection against water 

quenching by inert shells and additional amphiphilic coatings is essential to attain high 

upconversion luminescence intensity, but is also linked to increased donor-acceptor 

distances compared to ligand exchange strategies. The best compromise between these two 

opposing effects must be identified to achieve efficient FRET. Further functionalization with 

bioreceptors must not impair the colloidal stability of the UCNPs and needs to facilitate 

defined analyte-responsive distance alterations. Structure switching receptors, such as 

aptamers and molecular beacons, provide a simple but reproducible way to change the 

donor-acceptor distance. This can be exploited to induce FRET by labeling with acceptors or 

by introducing specific dyes for the recognition of the structure change in presence of the 

analyte. Fast cellular uptake is required in order to allow for subcellular targeting and the 

nanoprobe should not exhibit cytotoxicity. The challenge is to combine all these features into 

one comprehensive probe design. Detailed characterization of the properties and 

performance of such detection systems will reveal insights into refined FRET-based probe 

designs for future theranostic applications. 
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3 UPCONVERSION NANOPARTICLES: FROM HYDROPHOBIC 

TO HYDROPHILIC SURFACES 

3.1 Abstract 

Photon upconversion nanoparticles (UCNPs) have emerged as a promising new class of 

nanomaterials due to their ability to convert near-IR light into visible luminescence. 

Unfortunately, most efficient methods for preparing UCNPs yield hydrophobic materials, but 

water-dispersibility is needed in the major fields of applications of UCNPs, that is, in 

bioimaging, labeling, and bioassays. Numerous methods therefore have been reported in the 

past years to convert the hydrophobic surface of UCNPs to a more hydrophilic one so to 

render them dispersible in aqueous systems. We present a classification respective for these 

strategies and assess the main methods. These include (A) chemical modification of the 

hydrophobic (typically oleate) ligand on the surface, (B) addition of an extra layer, (C) 

addition of a thin shell on top of the UCNP, and (D) complete replacement of the original 

ligand by another one. Chemical modification (A) involves oxidation of the oleate or 

oleylamine and leads to particles with terminal oxygen functions. This method is less often 

used because solutions of the resulting UCNPs in water have limited colloidal stability, 

protocols are time-consuming and often give low yields, and only a limited number of 

functional groups can be introduced. Methods B and C involve coating of UCNPs with 

amphiphiles or with shells made from silica oxide, titanium oxide, or metallic gold or silver. 

These methods are quite versatile in terms of further modifications, for example, by further 

cross-linking or by applying thiol−gold chemistry. Growing an extra shell is, however, often 

accompanied by a higher polydispersity. Method D can be divided into subgroups based on 

either (i) the direct (single-step) replacement of the native ligand by a new ligand or (ii) two-

step protocols using nitrosyltetrafluoroborate (NOBF4) or strong acids as reagents to produce 

ligand-free UCNPs prior to the attachment of a new ligand. These methods are simple and 

versatile, and the distance between the new ligand and the luminescent particle can be well 

controlled. However, the particles often have limited stability in buffer systems. The methods 

described also are of wider interest because they are likely to be applicable to other kinds of 

nanomaterials. We additionally address the need for (a) a better control of particle size and 

homogeneity during synthesis, (b) more reproducible methods for surface loading and 

modification, (c) synthetic methods giving higher yields of UCNPs, (d) materials displaying 

higher quantum yields in water solution without the need for tedious surface modifications, 

(e) improved methods for workup (including the suppression of aggregation), (f) new 
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methods for surface characterization, and (g) more affordable reagents for use in surface 

modification. It is noted that most synthetic research in the area is of the trial-and-error kind, 

presumably due to the lack of understanding of the mechanisms causing current limitations. 

Finally, all particles are discussed in terms of their biocompatibility (as far as data are 

available), which is quintessential in terms of imaging, the largest field of application. 

 

Scheme 3.1│ Overview of established surface modification strategies of hydrophobic nanoparticles, including 

ligand exchange, ligand oxidation, encapsulation with inorganic materials and additional amphiphilic coatings. 
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3.2 Introduction  

Upconverting (or upconversion) luminescent materials, first described in the 1960s, are 

capable of converting light of long wavelength (typically 800 – 1000 nm) into shorter-wave 

(mostly visible) luminescence.1 Unlike in two-photon excitation (where two photons are 

absorbed at the same time), the effect is based on the sequential absorption of multiple lower 

energy photons, not the least because the first excited states have long lifetimes and where 

the probability of absorbing a second photon to form a higher excited state therefore is quite 

high. Relaxation from such an excited state results in the emission of light at higher energy, 

with typical wavelengths that lie between 350 and 800 nm. Upconverting nanoparticles 

(UCNPs), like the corresponding bulk phases, also display upconverted luminescence, albeit 

with lower brightness.2 The most efficient upconverting luminescent nanomaterials known to 

date consist of hexagonal-phase lanthanide-doped NaYF4 nanocrystals. The excitation 

wavelengths required for upconversion to occur lie in the optical window of most biological 

matter so that absorption of light in this range is comparably weak. This leads to a longer 

penetration depth of the excitation light and makes strong laser light sources (that can 

damage tissue) dispensable. The fact that upconverted luminescence is anti-Stokes-shifted 

also facilitates the separation of luminescence from Raman-bands and other scattered light. 

If luminescence of biomatter is induced at all, it will occur far in the NIR. In other words, the 

intensity of background visible fluorescence (i.e., in the region where upconverted 

luminescence occurs) is virtually zero. In contrast to quantum dots, the color of the emission 

of UCNPs does not dependent on the size of the particles. UCNPs are not known to be 

cytotoxic, chemically stable, and neither blink nor bleach. On the other hand, their quantum 

yields depend on their size, on the kind of surface coating, and on the power-density of the 

laser used for photoexcitation.3 These features have been discussed in numerous reviews 

that can be easily found. Their outstanding features make UCNPs highly interesting materials 

for purposes including photodynamic therapy,4 photoinduced drug delivery,5 (targeted) cell 

imaging,6 sensing of fundamental parameters such as pH values,7 oxygen,8 ammonia,9 

heavy metal ions,10 or CO2,
11 in screening12 and in immunoassays.13  

Initially, UCNPs were produced by top-down strategies. Such methods yield stable colloidal 

solutions, but the particles were rather polydisperse and fairly large, this leading to slow if not 

lack of cellular uptake. A comparative study on upconversion luminescence and cell 

bioimaging based on single-step synthesized hydrophilic UCNPs capped with various 

functional groups has been presented by Tsang et al.14 To overcome the limitations by high 

polydispersity and poor flexibility in terms of surface modification (by either small molecules 

or thin additional layers), bottom-up strategies have been developed with the aim to 
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synthesize small and monodisperse nanoparticles but yet possessing bright upconversion 

luminescence. The most common strategies are co-precipitation, thermal decomposition, and 

solvothermal syntheses.15 Depending on the kind of the host lattice and the protocol used for 

synthesis, UCNPs can be prepared in shapes such as symmetrical spheres, rods, and even 

plates. The reviews by Chen et al.15 and DaCosta16 et al. provide an overview on synthetic 

strategies and material properties. DeCosta et al. also have introduced a system for the 

classification of methods of making apolar surfaces of UCNPs more polar (based on ligand 

exchange, ligand oxidation, ligand absorption, layer-by-layer assembly, ligand-free 

modifications and silanizations). Other reviews are available on lanthanide-doped 

luminescent nanoprobes (with a small section on UCNPs),17 and on UCNPs for use in small-

animal imaging (with a short section on surface modification.18 The groups of Selvin19 and 

Li20 have briefly reviewed methods for surface engineering of UCNPs, while other reviews 

are ignoring the need for converting hydrophobic to hydrophilic surfaces.21 

Hexagonal phase NaYF4 nanoparticles doped with trivalent lanthanides (Ln3+) are by far most 

often used. In 2008, Li and Zhang22 presented an efficient protocol for preparation of 

hydrophobic (oleate-capped) UCNPs. It involves heating of rare earth chlorides in a mixture 

of octadecene and oleic acid, first to generate the respective oleate salts which act as in-situ 

precursors. The addition of ammonium fluoride and sodium hydroxide and an increase in the 

reaction temperature to 300 °C leads to the formation of highly monodisperse, oleate-

capped, hexagonal UCNPs that can be dispersed in nonpolar solvents. Oleylamine (OlAm) 

may be added to, or even used in place of oleic acid.23 This bottom-up method in high-boiling 

solvents is said to be superior to others with respect to the monodispersity, shape uniformity 

and phase purity of the resulting UCNPs. On the other hand, it suffers from the disadvantage 

of giving UCNPs that are dispersible in hydrophobic solvents only, but not in aqueous 

solutions including buffers. If intended for use in biosciences, water dispersibility and colloidal 

stability in buffers is, however, mandatory. In addition, these particles are highly inert in being 

devoid of any useful functional group on their surface. In order to exploit the large potential of 

UCNPs, appropriate functional groups have to be introduced. 

This review throws a critical look at the methods for surface modification and 

functionalization that lead to UCNPs for use in aqueous media. In terms of bioimaging (which 

is the most widespread application of such particles at present), features such as small size, 

brightness and tunable emission/excitation spectra also are paramount.24 We summarize 

general principles, discuss advantages and disadvantages of the strategies, and give 

selected examples for respective applications. 
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3.3 Surface Modification of Hydrophobic UCNPs 

A large variety of methods for surface modification have been developed to convert 

hydrophobic UCNPs into more hydrophilic particles. They often are not limited to UCNPs but 

also may be applied to  other nanoparticles.25 The respective strategies can be categorized 

into four groups: (1) Chemical modification of the hydrophobic (usually oleate or oleylamine) 

ligand on the surface; (2) bilayer coating with amphiphilic molecules or polymers, (3) addition 

of an extra layer or shell on top of the UCNP; and (4) complete replacement of the original 

ligand by another one. These will be discussed in the following. 

3.3.1 Modification of the Original Ligand 

The direct modification of the hydrophobic ligand on a particle's surface to generate 

hydrophilic UCNPs is simple but not common. It is based on the oxidation of the carbon-

carbon double bond of the oleate or oleylamine. Depending on the reagents employed, it can 

lead to the formation of carboxy groups or epoxy groups. Oxidizing agents include the 

Lemieux-von Rudloff reagent,26 ozone,27 and 3-chloroperoxybenzoic acid.28 In addition to the 

formation of reactive groups, the dispersibility of the resulting particles in water is strongly 

enhanced. Such particles then may been covalently coupled to other species, for example to 

the cancer drug doxorubicin in order to enable controlled drug delivery,29 or to poly(ethylene 

glycol) in order to impart biocompatibility.28 Notwithstanding this, oxidative surface 

modification is rarely used because dispersions in water are of poor colloidal stability and 

only a limited number of ligands (aldehydes, epoxides, or carboxylic acids) can be 

introduced. 

3.3.2 Amphiphilic Coatings 

This technique involves coating of the UCNPs with molecules containing long alkyl chains to 

form a bilayer that is stabilized via van-der-Waals interactions between the hydrophobic 

oleate and the new coating. Amphiphilic molecules are preferred in this context because they 

(a) undergo strong van-der-Waals interaction, (b) enable the surface charge to be easily 

altered, and (c) may even be deposited as a so-called layer-by-layer coating, i.e. in the form 

of multiple layers of alternating charge. If oleate-capped UCNPs are treated with long-chain 

amphiphiles, their hydrophobic tails intercalate between the oleate chains, while their 

hydrophilic head groups are directed outwards. This results in the formation of a bilayer 

around the UCNP as shown in Scheme 3.2. The hydrophilic head groups render the particles 

well dispersible in water. 
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Scheme 3.2│ Principle of bilayer formation by coating the oleate-capped UCNP with an amphiphile with a 

hydrophilic or ionic end group, thus converting the hydrophobic particles to hydrophilic particles. 

Phospholipids (PLs) have often been used to modify surfaces. Respective particles (not only 

UCNPs) are readily internalized by cells, non-immunogenic, and possess a long functional 

lifetime even in vivo. PLs have been widely used in drug delivery. Quite a variety of PLs is 

commercially available with various kinds of head groups such as maleimide (for binding the 

particle to protein thiol groups), biotin (with its high affinity for streptavidin), and several 

others. Phospholipids also are known with highly different chain lengths, and variation in 

length is often accomplished by incorporating poly(ethylene glycol) (PEG) units which has 

the beneficial effect of imparting biocompatibility.30,31 In a typical example, maleimide and 

folate head groups were used to conjugate UCNPs to gold nanoparticles and image HeLa 

cells (see Figure 3.1).19 

While phospholipids with polar head groups and PEG spacers are easy to use, they are 

difficult to make and purify, and expensive if commercially available. The following calculation 

may reflect the costs to be expected in a typical experiment: The surface area of one single 

nanocrystal with a diameter of 20 nm is 1250 nm2. If 1 µmol of such particles is to be covered 

with, say, a PEGylated distearoyl phospholipid (with a size of ~ 80 Å²), the total surface to be 

coated is as large as 760 m2. This requires, roughly, 4.5 g of the phospholipid which will 

actually cost more than US$ 30,000. This number may be even higher if phospholipids are 

applied in excess to warrant complete coverage of the surface. Obviously, less expensive 

methods are desirable to create bilayers. Zhao et al.32 have coated UCNPs with the 

detergent Tween 80 to obtain particles for use as a carrier for doxorubicin that was trapped in 

the hydrophobic bilayer. Other long-chain alkylammonium derived surfactants were tested by 

the Yang group,33 but the colloidal stability of the particles in water was poor. Subsequent 

surface modification with silica was required. This will be discussed in the next section. 
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Figure 3.1│ Illustration of the assembly of the water-dispersible UCNPs by adding a monolayer of phospholipids. 

(a) Illustration of the targeted imaging of cancer cells with Lipo-UCNPs carrying folic acid (FA). (b, c) 

Transmission and luminescence microscopy images of HeLa cells treated with Lipo-UCNPs-FA (b), and with Lipo-

UCNPs without folate ligand (c). Scale bar is 5 µm. UCL: upconversion luminescence. Reprinted with permission 

from ref.19. Copyright © 2012 by Wiley & Sons, Inc. 

In another approach, amphiphilic polymers were used in place of the relatively small-

molecule surfactants as shown by the Parak group34 in order to modify the surface of gold 

nanoparticles, quantum dots, or iron oxide particles. Poly(maleic anhydride-alt-1-octadecene) 

(PMAO) is a widely used polymeric amphiphile35,36 as it contains multiple alkyl chains per 

molecule and has a weak chelating effect which stabilizes the surface coating against ligand 
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detachment. Particles coated with PMAO display good temporal stability in aqueous media 

which can be further increased by reacting the anhydride groups with 

bis(hexamethylene)triamine (BHMT).37 This method enabled UCNPs to be stabilized over the 

pH 3 - 13 range and in cell cultures for even several weeks (see Figure 3.2). 

 

Figure 3.2│ Core/shell nanoparticles (NaYF4:20%  Yb
3+

, 2% Er
3+

/NaYF4−PMAO−BHMT) dispersed in water at 

different pH from 3 to 13 and serum-supplemented cell growth medium and respective images under 980 nm 

excitation (bottom). Reprinted with permission from ref.37. Copyright 2012 American Chemical Society. 

Poly(acrylic acid) modified with long alkyl chains also binds to the surface of oleate-capped 

UCNPs.38 This results in the introduction of carboxy groups that are negatively charged at 

near-neutral pH values and will render the particles water-soluble. The carboxy groups can 

further serve as functional groups to couple the particles to proteins.39 There have also been 

reports on UCNPs coated (a) with amphiphilic chitosan for use photodynamic therapy,40 and 

(b) with an amphiphilic silane for use in optical probing of temperature using an 

Eu(III) chelate as an indicator41 as schematically shown in Figure 3.3. UCNPs that are highly 

stable under physiological conditions were obtained42 by coating them with methoxy-

poly(ethylene glycol-block-caprolactone). Table 3.1 gives a selection of amphiphilic 

molecules applied to surface modification of UCNPs. 
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Figure 3.3│ Schematic illustration of the synthesis of silane-modified NaYF4:Yb
3+

,Er
3+

 loaded with the probe 

Eu(TTA)3(TPPO)2 (top), and temperature-dependent spectra of C18 silane-modified NPs under 980 nm (a) and 

352 nm (b) excitation (bottom). The inset in (a) shows the temperature-dependent intensity ratio value of the two 

upconversion luminescence emissions at 525 nm and 544 nm. The inset in (b) shows the temperature-dependent 

lifetime of the upconversion luminescence. Reproduced from ref. 41 with permission of The Royal Society of 

Chemistry. 

Table 3.1│. Examples for amphiphilic molecules used for coating of UCNPs, and selected applications of the 

resulting water-dispersible nanoparticles. 

UCNP and native ligand Amphiphilic molecule Application Reference 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate 

phospholipids with various 

head groups 

optical and magnetic resonance 

imaging 

19, 30, 

3132 

NaYF4:Yb,Er@oleate  Tween 80 bioimaging and drug delivery 32 

NaYF4:Yb,Er@oleate  surfactants water dispersibility 33 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate 

poly(maleic anhydride-alt-1-

octadecene) 

photodynamic therapy, detection of 

Hg
2+

 ions in water 
35, 36 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate 
amphiphilic poly(acrylic acid) bioimaging, cell tracking 38, 39 

NaYF4:Yb,Er@oleate  amphiphilic chitosan photodynamic therapy 40 

NaYF4:Yb,Er@oleate  amphiphilic silane temperature sensing, cell imaging 41 
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3.3.3 Encapsulation with Inorganic Materials or Noble Metals Forming a Shell 

Water dispersibility was accomplished by deposition of an additional shell on top of 

hydrophobic UCNPs. Typical shell materials include oxides like SiO2 and TiO2 (to impart 

solubility and – sometimes – catalytic activity), or noble metals like gold or silver which pave 

the way to plasmonic modulation of upconverted luminescence (Figure 3.4). Table 3.2 gives 

a selection of respective materials. 

 

Figure 3.4│ Illustration of the luminescence enhancement of cubic NaYF4:Yb,Er/Tm UCNPs achieved by the 

growth of a thin Au-shell compared to the luminescence intensity of conventional hexagonal NaYF4:Yb,Er/Tm 

UCNPs. Reprinted with permission from ref 43. Copyright 2011 American Chemical Society. 

Table 3.2│ Examples for lanthanide doped NaYF4 nanoparticles encapsulated by various inorganic materials, and 

corresponding applications. 

UCNP and its native ligand Shell  Application Reference 

NaYF4:Yb,Tm, 

NaYF4:Yb,Er@oleate 
SiO2 imaging, drug delivery 44, 45 

NaYF4:Yb,Tm@oleate 

NaYF4:Yb,Er@SiO2 
TiO2 dye sensitized solar cells, photocatalysis 46, 47 

NaYF4:Yb,Tm@oleate Au plasmonic modulation of upconversion emission  43, 48 

NaYF4:Yb,Er@oleylamine Ag imaging, photothermal therapy 49 

The deposition of a silica shell on a UCNP is a useful technique to generate functionalized 

and water dispersible NPs. Both hydrophilic and hydrophobic UCNPs can be coated by using 
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either the Stöber method or the reverse microemulsion method. The latter is better suited for 

oleate or oleylamine-capped UCNPs and gives core-shell particles coated with a uniform 

layer of silica (SiO2).
50 A product having the tradename Igepal CO-520 is widely used as it 

forms adequately stable reverse microemulsions for polymerization of precursors such as 

tetraethyl orthosilicate. Ammonia is added as a catalyst. It causes the formation of silicic acid 

at a concentration above the nucleation concentration, thus warranting a steady growth of 

the silica shell as schematically shown in Scheme 3.3. The resulting silica-coated particles 

(usually referred to as UCNPs@SiO2) readily disperse in water. They have a negative zeta 

potential that depends on solvent, salinity, and surface charges, and display low 

cytotoxicity.50 The silica coating strategy suffers from the classical drawback of almost all 

coating methods of that kind in that polydispersity increases when compared to the untreated 

particles. In case of thin silica shells, it is difficult to prove whether the formation of the shell 

is complete. In addition, UCNPs@SiO2 possess poor temporal stability in aqueous solution in 

that they tend to aggregate and precipitate within a couple of hours.51,52 On the positive side, 

coatings with comparably thick layers of silica do not strongly compromise the "brightness" of 

particles  which is in contrast to coatings with small molecules or thin films (see below). If 

UCNPs@SiO2 are separated by centrifugation, they often cannot be redispersed in water 

and do no longer form a clear dispersion. This problem may be overcome by introducing a 

high density of surface charges which will reduce the tendency towards aggregation.53 It was 

shown that agarose gel electrophoresis (AGE) is well suited for the purification of silica-

coated UCNPs.54 The silica shell of a fraction of the particles was doped with a fluorescent 

dye for direct detection. The silica shell was prepared by reverse microemulsion and resulted 

in individual nanoparticles but also in aggregates that were separated and isolated. The 

preparation of an ultrathin carboxylated silica shell, in contrast, yielded non-aggregated 

UCNPs that can be directly used for protein conjugation. 

 

Scheme 3.3│ Schematic representation of the silica shell formed on oleate-capped UCNPs. The initially 

hydrophobic particles are converted to hydrophilic particles. This process is accompanied by large changes in the 

zeta-potential. 
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Functional groups can be created on the surface of the UCNPs in two ways. In one, the 

preformed UCNPs@SiO2 particles are modified with organically modified silanizing agents. In 

the other, functional organosilanes are added during the polymerization process that leads to 

the formation of the shell so that post-synthetic modification is not needed. Organosilanes 

that have been used in either method are summarized in Table 3.3. 

Table 3.3│ Examples of silane reagents used for coating or modification of UCNPs to render them water-

dispersible (and sometimes also reactive), and corresponding applications of the hydrophilic particles. 

UCNP and native ligand Silane reagent Application Ref. 

NaYF4:Yb,Er@oleate  aminopropyltrimethoxysilane targeting and imaging of tumor cells 55 

NaYF4:Yb,Er@oleate  aminopropyltriethoxysilane targeting and imaging of tumor cells 44 

NaYF4:Yb,Er@oleate  carboxyethylsilanetriol biolabeling, energy transfer 56 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate 

mesoporous silica loaded with 

doxrubicin 
imaging and drug delivery 5,57 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate  
silane-modified PEG-NHS protein conjugation 58 

NaYF4:Yb,Er@oleate  silane modified IR-783 NIR imaging and photothermal therapy 59 

NaYF4:Yb,Er@oleate 
mesoporous silica loaded with 

zinc(II) phthalocyanine 
photodynamic therapy 4 

NaYF4:Yb,Er@oleate 
silica@mesoporous silica 

loaded with ibuprofen 
imaging and drug delivery 45 

Amino-functionalized UCNPs@SiO2 may be prepared by adding aminopropyltriethoxysilane 

to the microemulsion.44 The water-dispersible UCNPs can then be conjugated to folic acid to 

enable targeting of tumor cells. Similarly, silica-coated NaYF4:Yb,Er UCNPs were coated with 

folic acid and anti-Her2 antibody to label the folate receptors and Her2 receptors of certain 

cells. Our group has reported the preparation of protein-reactive hydrophilic particles 

(Figure 3.5) by modifying the surface of UCNPs@SiO2 with a silane-modified poly(ethylene 

glycol) with a terminal N-hydroxysuccinimide group.58 The nanoparticles were then 

conjugated to proteins as verified by surface plasmon resonance spectroscopy. 
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Figure 3.5│ Surface engineering of UCNPs towards protein-reactive, multicolor upconverting labels by coating 

them with a reagent of the type silane-PEG-NHS .58 

UCNPs coated with mesoporous silica were modified with azo groups via silanization and 

then loaded with the cancer drug doxorubicin.5 The azo groups acted as motors to trigger the 

controlled release of the drug under photoexcitation at 980 nm. Mesoporous silica shells are 

characterized by a large specific surface area and a pore size that can be fine-tuned 

(Figure 3.6). 

Other UCNPs were coated with mesoporous silica and loaded with photosensitizers such as 

zinc(II) phthalocyanine that causes the formation of singlet oxygen upon NIR excitation.4 Li et 

al.60 have incorporated doxorubicin into particles coated with mesoporous silica which then 

were studied with respect to cellular uptake and cytotoxicity. Their potential for imaging of 

nasopharyngeal epidermal carcinoma cells was demonstrated.61 More recently, core-shell-

shell particles of the type β‐NaYF4:Yb,Er@SiO2@mSiO2 have been reported,45 again for use 

in imaging and drug storage and delivery. So-called yolk-shell UCNPs were obtained by 

forming a hollow mesoporous silica shell around NaLuF4:Yb,Er,Tm nanoparticles.62 Their 

large cavities were loaded with a chromophore to construct nanoprobes for cysteine, 

homocysteine, and cyanide. 
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Figure 3.6│ Transmission electron microscopy images of NaYF4:Yb,Er@silica nanoparticles (a,b) and 

mesoporous-silica-coated NaYF4:Yb,Er@silica nanoparticles (c, d). N2 adsorption/desorption isotherm (e) and 

pore-size distribution (f) of mesoporous-silica-coated NaYF4:Yb,Er@silica nanoparticles. Reprinted with 

permission from ref.4. Copyright © 2009 by John Wiley Sons, Inc. 

3.3.4 Replacement of the Native Ligand 

Ligand exchange is a versatile strategy to modify the surface of UCNPs. Two major methods 

are known. One is based on direct exchange of the first ligand by the new one; the other is 

based on two-step strategies using NOBF4 or acid treatment with HCl to strip off the oleate or 

oleylamine and subsequent attachment of a new coating. Unfortunately, practically all 

coatings with small molecules (for example via oleate replacement or the NOBF4 technique) 

for phase transfer to aqueous solvents drastically reduce the “brightness” of UCNPs. Coating 

the particles with NaYF4, in contrast, does not cause such an effect. However, a systematic 

study on the effect of small-molecule coatings on quantum yields and luminescence decay 

times has not been presented so far. 

3.3.4.1 Direct (Single Step) Replacement of the Native Ligand by a New Ligand 

In this case, the native ligand on the UCNP is (almost) completely displaced by another 

ligand that is supposed to be more polar so to confer water solubility. Ideally, it contains a 
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functional group that coordinates to the surface of the UCNP so that it can easily replace the 

native ligand. The strength of interaction is likely to increase in the order –SH, –NH2, –

COOH,–PO3H, but no comparative study covering the different binding strengths is available. 

Respective methods are fairly simple, at least in principle, but work up is tedious and more 

challenging than the chemical reaction itself. In a typical procedure, oleate-capped UCNPs 

and the new ligand are stirred for 4 h up to several days, usually at elevated temperature.63,49 

The protocols have to be optimized for each single ligand because its single ligand requires 

specific reaction conditions in terms of concentrations, stirring time, temperature, and need 

for an inert atmosphere. Furthermore, the particles tend to aggregate during ligand 

exchange.64 The group of Pérez-Prieto used hetero-bifunctional PEG with a thiol group at 

one end and an amine or carboxylic group at the other.65 In this protocol, the PEG ligands 

are used as both the capping ligand and the water-stabilizing agent. PEG moieties can 

function as polydentate ligands and bind to lanthanide ions. Representative 

reagents/cappings, and the properties and application of the resulting hydrophilic UCNPs are 

summarized in Table 3.4. Ligands usually have to be added in excess in order to displace 

the former ligand. Even organic polymers may be used in this replacement strategy as can 

be seen in Table 3.4. 

The introduction of PEG chains not only imparts hydrophilicity but also results in improved 

biocompatibility when used in imaging or cell targeting. Ultrasmall core-shell UCNPs of the 

type NaYF4:Yb,Tm@SiO2 were further modified with PEG and found to be bound by MCF-7 

tumors,66 while others were coated with similarly hydrophilic multihydroxy dendritic molecules 

to warrant water-dispersibility and hydrophilicity.67 The introduction of carboxy groups, in turn, 

allows UCNPs to be conjugated to biomolecules containing amino groups (see Figure 3.7),68 

and maleimides can be conjugated to thiols.69 

 

Figure 3.7│ Illustration of the formation of NaYF4:Yb,Er nanoparticles coated with folic acid (FA) and chitosan. 

From ref. 68 with permission of The Royal Society of Chemistry. 
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Table 3.4│ Examples for direct replacement of hydrophobic surface ligands by hydrophilic ligands, and properties 

and uses of the resulting water-dispersible products. 

UCNP and native ligand Reagent or new ligand Application Reference 

NaYF4:Yb,Er@oleate  citrate bioimaging, conjugation 70 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleylamine  
hexanedioic acid 

making particles water soluble, 

conjugation 
71 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleylamine 
PEGylated carboxylate 

making particles water soluble, 

biocompatibility 
72 

NaYF4:Yb,Er and 

NaYF4:Yb,Tm@oleate  
PEGylated phosphate  

making particles water soluble, 

biocompatibility 
73 

NaGdF4:Yb,Er@oleate  
poly(amido amine) 

(PAMAM) 

conjugation to carbohydrates and 

recognition of lectins 
74 

NaYF4:Yb,Er@oleate  poly(allyl amine) 

conjugation to zinc(II)-phthalocyanine 

as photosensitizer for photodynamic 

therapy 

64 

NaYF4:Yb,Tm@oleate mercaptopropionic acid imaging and photothermal therapy 75 

NaYF4:Yb,Er@oleylamine thioglycolic acid 
growth of Ag-shell for photothermal 

therapy 
49 

NaYF4:Yb,Tm and 

NaGdF4:Yb,Ho@oleate 
poly(acrylic acid ) 

studies on the distribution and toxicity 

of polyacrylate-coated UCNPs 
76,77 

NaYF4:Yb, Er@oleate poly(vinyl pyrrolidone) making particles water-soluble 78 

NaYF4:Yb,Er@oleate 
mono-thiolated hetero-

bifunctional PEGs 
bioimaging, conjugation 65, 79, 80 

If the oleate ligand is exchanged by 2-bromo-2-methylpropionic acid and polymerized with 

the hydrophilic polymer oligo(ethylene glycol) methacrylate, a dispersion is obtained that is 

stable in phosphate buffer.81 The UCNPs obtained were conjugated to lectins and applied to 

imaging of cancer cells. Strong interaction of UCNPs with the phosphate groups of DNA also 

has been claimed,82 but questions remain such as the lack of cross-linking between particles 

(via DNA chains) and how hybridization can occur such that one end of the oligomer remains 

bound to the UCNP. 

Modification of oleylamine-capped magnetic UCNPs via ligand exchange with a mixture of 

aminocaproic acid, oleic acid, and folic acid and simultaneous cation exchange with Gd3+ 

ions gives mixed hydrophobic surfaces.83 Positively or negatively charged layers consisting 

of small molecules or even of polymers may be deposited alternatively, a technique known 
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as layer-by-layer coating. This strategy allows for a precise control of surface charge and 

thickness of the particles. Various kinds of molecules may be placed between (or in) the 

layers to result in materials for e.g. controlled drug delivery and photodynamic therapy84 as 

shown in Figure 3.8. Dispersions of polymer-modified UCNPs generally display better 

colloidal stability in aqueous media than their small molecule-modified counterparts. 

Nonetheless, their tendency to aggregate if placed in buffers or cell culture media remains to 

be a problem.73,85 

 

Figure 3.8│ Illustration of pH-responsive smart theranostic UCNPs. Left: A schematic showing the fabrication 

process of pH-sensitive charge-reversible UCNPs with multi-layers of Ce6 loading. Right: Detachment of the 

PEGylated polymer layer from the surface of a positively charged nanoparticle surface by adjusting the pH value 

to below 6.8. Reprinted with permission from ref. 84. Copyright © 2013 by John Wiley Sons, Inc. 

3.3.4.2 Two-step Replacement of the Native Ligand Using the NOBF4 Reagent. 

The group of Murray86 have introduced a widely applicable strategy for modification of 

surfaces of nanoparticles by using the reagent nitrosyl tetrafluoroborate (NOBF4). If added to 

dispersions of nanoparticles capped with oleate or oleylamine, the ligand is stripped off and 

the BF4
¯ ions are said to take their place. Other tetrafluoroborates work much less well – or 

even not at all – so that the involvement of the NO+ cation in the process also should be 

taken into consideration. Aggregation during the exchange process is strongly reduced 

compared to other protocols, and dispersions of the resulting and quasi ligand-free particles 
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in DMF are stable for months. New ligands (such as oleylamine, tetradecylphosphonic acid, 

or poly(vinyl pyrrolidone)) can then be attached to the surface in a second step as 

schematically shown in Figure 3.9. This method is quite important because it is independent 

of the core of the particles and thus has a wide scope. It also works with iron oxide 

nanoparticles, titanium oxide nanorods, or NaYF4 nanoplates. Additional advantages include 

the direct attachment of the new ligand to the surface of the UCNPs. Linkers – like those 

needed in surface modifications with amphiphilic molecules or silica shells – are not required. 

Examples are given in Table 3.5. The so-called Meerwein salt (Et3OBF4) was also applied to 

ligand stripping of oleate-passivated nanocrystals.87 

 

Figure 3.9│ Illustration of the ligand exchange process at the surface of Fe3O4 nanocrystals modified with the 

BF4
-
 by various capping molecules. The right column shows the corresponding FTIR spectra. Reprinted with 

permission from ref. 86. Copyright 2011 American Chemical Society. 
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Table 3.5│ Typical examples for indirect replacement of oleate ligands by using the NOBF4 reagent, new ligands, 

and properties and uses of the resulting water-dispersible nanoparticles (NPs). 

UCNP and native ligand New surface capping Properties  and applications Reference 

NaYF4:Nd,Yb,Er and 

NaYF4:Nd,Yb,Tm@oleate 
poly(acrylic acid) 

results in water-soluble NPs; method for 

tuning the excitation wavelength 
88 

NaYF4:Yb,Er@oleate poly(acrylic acid) 
multiphoton microscopy with low-power 

continuous wave light sources 
89 

NaGdF4:Nd,Yb,Er@oleate poly(acrylic acid) 
in vivo bioimaging with minimized heating 

effect 
90 

NaYF4:Yb,Tm@oleate poly(vinyl pyrrolidone) 

photo-induced release of 

biomacromolecules from hydrogels 

loaded with upconversion NPs 

91 

3.3.4.3 Two-step Replacement of Native Ligands via Strong Acids  

A strategy developed by Capobianco et al.92 involves treatment of hydrophobic UCNPs with 

hydrochloric acid that can strip the native ligands off the surface to generate ligand-free and 

water-dispersible particles. These can then be coated with new ligands as demonstrated by 

the attachment of heparin93 as schematically shown in Figure 3.10. The strategy was 

transferred to other ligands (see Table 3.6) and represents a quick and easy way to make 

UCNPs water dispersible. However, further studies on the stability and aggregation tendency 

of the uncoated particles may be needed. 

 

Figure 3.10│ Illustration of the procedure for preparing UCNPs coated with heparin and basic fibroblast growth 

factor (bFGF). Reproduced from ref. 93 with permission of The Royal Society of Chemistry. 
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Table 3.6│ Examples for indirect replacement of native ligands by first stripping off the ligand with hydrochloric 

acid and then adding the new capping ligand, and properties and applications of the resulting water-dispersible 

particles. 

UCNP and native ligand New surface capping Properties and applications Reference 

NaYF4:Yb,Tm@oleate 
azobenzene-modified 

mesoporous silica 
drug delivery 5 

NaYF4:Yb,Er,Tm@oleate polyallylamine 

conjugation to PEGylated graphene oxide 

for combined imaging and photothermal 

and photodynamic cancer therapy 

94 

NaYF4:Yb,Er@oleate lysine 

conjugation to AuNPs for fluorescence 

resonance energy transfer assay to 

detect Cr(III) Ions 

95 

NaYF4:Yb,Tm,Gd@oleate HS-PEG-NH2 

bimodal magnetic resonance and 

fluorescence imaging of intracranial 

glioblastoma 

96 

NaYF4:Yb,Er@oleate citrate 

conjugation to streptavidin for 

fluorescence hybridization assay on 

paper 

97 

3.4 Conclusions 

In short and somewhat simplified terms one can make the following statements: Ligand 

modification (mainly by oxidation) gives low yields, is time consuming, and the particles tend 

to aggregate. It is the least often applied method. The formation of an additional layer on the 

surface of an UCNP using amphiphilic reagents gives particles of good stability in water 

solution, enables a large variety of head groups to be deposited, but requires expensive 

reagents and increases the thickness of the outer layer and thus the distance of the 

functional group to the particle core. Coatings with SiO2, TiO2, silver or gold result in water-

stable particles that have low cytotoxicity but those coated with SiO2 or TiO2 tend to 

aggregate during work-up, and the size of the particle is enlarged. Two-step methods based 

on complete ligand exchange (using HCl or NOBF4) are simple, affordable, and the new 

ligands are directly attached to the surface without substantially enlarging the particle size. 

While aggregation can occur after stripping off the oleate, the method results in particles of 

superior quality and homogeneity but of limited stability in buffer solution.  

In terms of biocompatibility, there is no systematic study available so far that would allow 

comparisons to be made. We note that the term biocompatibility is often used in a wrong 

way. It shall be reminded that biocompatibility is defined by IUPAC as the "ability to be in 
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contact with a living(!) system without producing an adverse effect." This definition applies to 

adverse effects on both the NP and the living system. Biocompatibility and potential toxicity 

of NPs usually are being tested via (commercial) test kit using normal rat kidney cells. 

Biocompatibility is not an issue when studying blood or urine samples. UCNPs coated with 

PEG or phospholipids generally are likely to possess excellent biocompatibility, while 

chemical coatings such as silica are adequate but not excellent in this respect. Even 

surfaces are preferred over uneven surfaces, and surface defects (that may cause the 

release of lanthanide ions compromise biocompatibility and/or cause an immunoresponse) 

are disadvantageous even though the trivalent ions released by conventional UCNPs are 

less toxic that those released by Cd-based quantum dots. No studies are available on the 

biocompatibility of the less often used UCNPs based on heavy metal ions, though.  

In terms of cytotoxicity, it appears that UCNPs are less toxic than other particles, but, as was 

stated by Gu et al.,98 data from in-vivo cytotoxicity studies may not reflect chronic toxicity. 

Few data are available on dose-effect relationships, and less data on quantitative 

correlations between their toxicological properties and their nano-characteristics including 

size, surface chemistry, surface charge, shape and morphology. While not a compromising 

current uses in imaging of cells and tissue, the lack of systematic fundamental research on 

the toxicity of UCNPs may obstruct medical applications at present. 

In terms of applications, the following comments may be useful. If UCNPs are intended for 

use in (cellular) imaging, coatings with SiO2 and the like result in particles of good stability in 

culture media. UCNPs for use in bioconjugation may be better coated with amphiphilic 

molecules where a variety of functional head groups is available, or with gold that can be 

further modified, for example via gold-thiol interactions. FRET studies are best performed 

with UCNPs modified by ligand exchange (using NOBF4 as a reagent, for example) because 

this results in a small, constant and well controllable distance between the core and any 

fluorophore on the surface. UCNPs for use in electrophoresis, in turn, can be well modified 

by using amphiphilic polymers which warrant long-term stability because ligand detachment 

hardly occurs.  

Current challenges include a better control of particle size and homogeneity, more 

reproducible methods for surface loading and/or modification, the search for synthetic 

methods yielding higher yields of UCNPs, the need for materials displaying higher quantum 

yields in water solution (ideally without tedious surface modification), improved methods for 

work-up (including the suppression of aggregation), new methods for surface 

characterization, and the design of more affordable reagents for surface modifications. 

Unfortunately, much synthetic research in the area is of the trial-and-error kind due to the 
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lack of understanding of the mechanisms causing the above limitations. Better control of the 

reproducibility of particle size and composition requires experimental skill, chemicals of high 

purity, non-leaching labware (glass!), and the careful exclusion of oxygen. Surface loading 

can be tested best via thermogravimetric analysis (TGA) which presently is the method of 

choice, but requires 10 to 15 mg of particles. Interestingly, inductively coupled plasma mass 

spectrometry – which is a powerful technique – is not often applied, possibly because of 

costs. The fight against aggregation is never-ending. No single good method can be 

recommended as its tendency strongly depends on the kind of surface and its charge. A 

simple rule of thumb tells that particles with negatively charged surfaces tend to aggregate in 

presence of divalent ions, while positively charged do (less) so in presence of bivalent 

anions. One also notes the lack of a fast method for the determination of the degree of 

aggregation and sedimentation. Despite these challenges, UCNPs are considered to 

represent very promising new materials as evidenced by the almost exponential increase in 

the number of articles covering the subject.  
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4 PARTICLE-SIZE DEPENDENT FÖRSTER RESONANCE 

ENERGY TRANSFER FROM UPCONVERSION 

NANOPARTICLES TO ORGANIC DYES 

4.1 Abstract 

The potential of upconversion nanoparticles (UCNPs) as donors in Förster resonance energy 

transfer (FRET) applications has been vividly debated, ranging from directly bound acceptor 

dyes to core-shell designs and steady-state and time-resolved detection schemes. In order to 

identify the ideal particle architecture for FRET-based applications, we performed a 

systematic spectroscopic study of the influence of UCNP size on FRET efficiencies with the 

fluorescent dyes rose bengal and sulforhodamine B acting as acceptors for the green 

upconversion emission. Eight high-quality Yb,Er-doped UCNPs with precisely controlled 

sizes between 10 nm and 43 nm were prepared using a high temperature synthesis. All 

particles were functionalized with the organic dyes by a two-step ligand exchange procedure, 

thereby minimizing donor-acceptor distances. Time-resolved studies on the donor 

luminescence allowed for the elimination of dependencies on excitation power and particle 

concentration and for the discrimination between FRET and inner filter effects. The FRET 

efficiency increased from almost 0% to a maximum of 60% when reducing the particle 

diameter from 43 nm to 21 nm, which was attributed to an increasing fraction of the total 

amount of Er3+ donors inside the UCNPs being within Förster distance of the respective 

FRET pair. Further reduction of the particle diameter did not benefit the energy transfer, 

demonstrating the contribution of opposing effects, e.g. an increasing competition of non-

radiative surface deactivation at larger surface-to-volume ratios. Thus, for small UCNPs with 

diameters below 17 nm, the growth of a thin inactive, protective shell led to a substantial 

increase in the FRET efficiency of up to 60%, contrary to the behavior of larger UCNPs. Such 

dye-UCNP architectures can also provide an elegant way to shift the UCNP emission color, 

since the fluorescence intensity of the organic dyes excited by FRET was comparable to that 

of the upconversion emission of smaller particles (d ≤ 21 nm). 
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Scheme 4.1│ Schematic representation of upconversion luminescence lifetime changes induced by FRET 

between UCNPs and organic dyes. The reduction of the lifetime and the resulting FRET efficiencies are 

dependent on the nanoparticle size with an optimum at diameters around 20 – 25 nm. 
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4.2 Introduction 

Luminescence-based techniques are powerful tools in biological sensing and imaging due to 

their versatility and high sensitivity.1–3 Methods based on Förster resonance energy transfer 

(FRET), that is also referred to as luminescence resonance energy transfer (LRET) in 

lanthanide-based systems, have been thoroughly investigated especially for bioanalytical 

applications.4,5 This energy transfer process involves the non-radiative energy transfer 

between two chromophores, with the electronically excited emissive donor chromophore 

transferring its energy to an absorbing emissive or non-emissive acceptor chromophore 

through non-radiative dipole–dipole coupling. As the efficiency of FRET is inversely 

proportional to the sixth power of the distance (r) between donor and acceptor, making this 

process extremely sensitive to small changes in distance, it has become known as a 

"nanoscopic ruler"(Equation 1):6 

      
 

  
 
  

 
 
 
  (1) 

with τD representing the donor lifetime and R0 denoting the Förster distance of the donor-

acceptor pair. Typically, FRET occurs only at distances below 10 nm. Consequently, it has 

been established for the observation of bioaffinity reactions such as DNA hybridization and 

receptor interactions7,8 and the design of certain types of optical probes like molecular 

beacons or cleavable probes.9 Common FRET systems consisting of two fluorescent organic 

0dyes often suffer from photobleaching, high background fluorescence in biological matrices, 

spectral crosstalk, and short fluorescence lifetimes in the lower ns range. In order to 

circumvent at least some of these drawbacks, luminescent nanomaterials have been 

increasingly used.10-12 Particularly the potential of lanthanide-doped upconversion 

nanoparticles (UCNPs),13 a promising class of emitters as donors in FRET applications, has 

been vividly debated.14 Near infrared (NIR) excitation of UCNPs by sequential absorption of 

two or more photons leads to multiple emission bands in the ultraviolet, visible, and NIR 

characterized by large anti-Stokes shifts.15 Together with long luminescence lifetimes in the 

s range, outstanding photostability and chemical inertness these class of luminophores 

enable high penetration depth in biological tissue while generating basically zero background 

fluorescence and thus high signal-to-noise ratios.16 Moreover, in contrast to quantum dots 

they do not blink.17 One of the most efficient materials for photon upconversion is NaYF4 

doped with the rare earth ion Yb3+ as sensitizer in combination with either Er3+ or Tm3+ as 

emissive activators.18 Substantial progress has been made regarding an improved synthesis 

of monodisperse, size controlled and colloidally stable UCNPs with optimized upconversion 

characteristics.19-21 Within the last years, an increasing number of sensing schemes for 
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DNA,22,23 small biomolecules,24 temperature,25 and metal ions,26 or applications for 

photodynamic therapy with simultaneous imaging27 have been described using UCNP-based 

FRET systems. The majority of these applications rely on the ratiometric readout of the 

emission intensity of the donor UCNPs, utilizing the intensity of the UCNP emission band that 

is not involved in FRET, as reference signal.28,29 Time-resolved detection schemes have 

been rarely used for UCNPs even though FRET is accompanied by a reduction of the donor 

luminescence lifetime and, additionally, by a prolongation of the acceptor emission in the 

case of donors with long lifetimes, such as lanthanide emitters.31-33 Time-resolved 

measurements are, however, particularly attractive as unlike the emission intensity, the 

lifetime is mostly unaffected by several critical parameters, i.e. the luminophore 

concentration, which can be challenging to determine especially in the case of nanoparticles. 

Moreover, in the case of UCNPs with their nonlinear excitation properties, lifetime 

measurements are much less sensitive to fluctuations in the excitation power density as 

intensity measurements.34 Despite its obvious (bio)analytical potential, FRET in UCNP 

systems is still poorly explored35–37 and can differ significantly from FRET in pairs of 

molecular emitters or in quantum dot-dye pairs. It has to be kept in mind that a UCNP 

consists of a large number of individual emitters like Er3+ ions in different environments. The 

surface of the UCNPs is capable of binding multiple FRET acceptors at varying distances to 

the different donor lanthanide ions. This yields a situation substantially different from the 1:1 

stoichiometry in pairs of organic emitters.38 It also differs from the situation found in 

semiconductor nanocrystal-dye FRET systems, as here, each nanoscale donor presents a 

single emitter.39 The fact that the upconversion process relies on intra-particle energy 

transfer cascades between the different emitting lanthanide ions, competing with non-

radiative deactivation pathways, distinguishes UCNP-based FRET systems from many other 

multichromophoric donor-acceptor systems, e.g. conventional dye-doped polymer particles.40 

Assuming that the lanthanide donor ions are equally distributed within the volume of the 

UCNP, this implies that particles with diameters > 15 nm contain a large fraction of donor 

ions in the UCNP center beyond the effective Förster distance of roughly 5 nm that cannot 

take part in an efficient FRET process. As a consequence, the particle size is expected to 

significantly influence the FRET efficiency,41,42 yet such effects have not been explored 

systematically until now. Aiming at the rational design of efficient FRET sensors based on 

UCNPs, this encouraged us to assess the efficiency of FRET from Yb,Er-doped UCNPs with 

sizes between 10 and 43 nm to the organic dyes rose bengal and sulforhodamine B, acting 

as model FRET acceptors for the green emission of Er3+. Energy transfer efficiencies were 

studied by steady state and time resolved fluorometry. 
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4.3 Results and Discussion 

4.3.1 Synthesis of Hydrophobic UCNPs with Controlled Sizes 

In order to study the influence of the particle diameter on the FRET efficiency, Yb,Er-doped 

NaYF4 UCNPs with eight different mean diameters ranging from 10 nm to 43 nm were 

prepared. A molar doping ratio of 20% Yb and 2% Er, for sensitizer and activator ions, 

respectively, was chosen according to the reported composition of the most common 

upconversion (UC) system so far. Higher amounts of both sensitizer and activator can 

facilitate the concentration quenching, leading to a decrease of the UC emission.13 All 

UCNPs were characterized by transmission electron microscopy (TEM), inductively coupled 

plasma optical emission spectrometry), and X-ray diffraction (XRD). As shown in Figure 4.1, 

all UCNPs were monodisperse with a coefficient of variation < 5% and of hexagonal crystal 

structure. Smaller diameters led to a broadening and a slight shift of the reflexes observed by 

XRD. While the broadening is the result of the decreasing particle size, the shift can be 

explained by a change in crystal lattice. The increasing amounts of Gd3+ in the smaller 

UCNPs induced the transition of the hexagonal NaYF4 crystal lattice to a hexagonal NaGdF4 

crystal lattice (e.g., particles with a diameter of 10 nm contain 48% Y3+- and 30% Gd3+-

ions).43 Colloidal stability was proven by DLS measurements in cyclohexane. In all cases the 

UCNPs did not show signs of aggregation, even when dispersed at concentrations of up to 

35 mg·mL-1. 

 

Figure 4.1│ (A) Transmission electron micrographs of monodisperse, hexagonal-phase, oleate-capped 

NaYF4 (20% Yb, 2% Er) nanocrystals of eight different sizes with increasing additional concentrations of Gd
3+

 ions 

with decreasing size. The scale bars are 60 nm. (B) XRD patterns of NaYF4 (20% Yb, 2% Er, 0-30% Gd) 

nanoparticles with decreasing size from 43 nm to 10 nm (top to bottom) and the corresponding standard patterns 

of hexagonal phase NaYF4 (blue, ICDD PDF #16-0334) and NaGdF4 (red, ICDD PDF #27-0699). 
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Table 4.1│ Overview of mean particle diameters obtained by transmission electron microscopy, real lanthanide 

contents determined by inductively coupled plasma optical emission spectroscopy, and qualitative comparison of 

the dye loading of NaYF4:Yb,Er(,Gd)@dye UCNPs. The real lanthanide contents are very close, but not exactly 

identical, to the theoretical contents, i.e. the stoichiometric amount of the lanthanide chlorides applied in the 

synthesis. The resulting dye loading was much higher in the case of sulforhodamine B compared to the amount of 

rose bengal present on the particle surface. 

diameter 

[nm] 

lanthanide content [%] dye molecules per particle 

Yb Er Gd rose bengal sulforhodamine B 

10.1 ± 0.4 19.34 ± 0.09 1.64 ± 0.08 30.5 ± 0.6 10 64 

13.6 ± 0.5 19.4 ± 0.1 1.76 ± 0.07 19.9 ± 0.2 27 57 

17.4 ± 0.4 19.1 ± 0.1 1.86 ± 0.03 15.3 ± 0.1 39 173 

21.1 ± 1.0 20.13 ± 0.06 1.90 ± 0.02 - 70 497 

26.4 ± 0.7 19.58 ± 0.05 1.88 ± 0.03 - 5 118 

30.6 ± 1.1 20.0 ± 0.2 1.85 ± 0.02 - 24 261 

34.1 ± 1.2 18.85 ± 0.05 1.92 ± 0.03 - 471 615 

42.8 ± 1.7 17.14 ± 0.09 1.77 ± 0.02 - 267 3888 

4.3.2 Design of the FRET UCNP-Platform 

Ligand replacement represents the most versatile approach for the surface modification of 

nanomaterials. Here, a two-step ligand exchange protocol assisted by NOBF4 was used in 

order to prevent nanoparticle aggregation during the exchange process. The overall process 

is depicted in Figure 4.2. The BF4
--stabilized UCNPs were easily dispersible in polar organic 

solvents such as DMF and DMSO, without any noticeable agglomeration for at least one 

month. The absorption bands of the two model organic dyes RB and SRB show a strong 

spectral overlap with the green emission of the Yb,Er-doped UCNPs (for chemical structures 

of the dyes see insets in Figure 4.3). These dyes were attached to the surface of the UCNPs, 

utilizing their carboxyl or sulfonyl groups, thereby replacing BF4
-.44 The resulting dye-coated 

UCNPs were readily dispersible in DMF, forming clear, colored dispersions. The colloidal 

stability including the absence of particle aggregates was confirmed by DLS measurements 

(Figure 4.4 D). Additional to versatility, simplicity, and reproducibility (Figure 4.4 A-C) of the 

ligand exchange, this modification procedure enabled direct attachment of the dyes to the 

UCNP surface.45 The minimized distance between donors and acceptors is expected to 

enhance the rate of the energy transfer according to Equation 1. 
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Figure 4.2│ Schematic representation of the two-step ligand exchange process assisted by NOBF4. First, the 

oleate was removed from the particle surface upon the addition of NOBF4 and the particles were electrostatically 

stabilized by weakly coordinating BF4
-
-ions, leading to the transfer of the particles from the hydrophobic solvent 

cyclohexane (C6H12) into more hydrophilic DMF. In the second step the particles were coated with the fluorescent 

dyes. The attachment of the dyes caused the formation of strongly pink colored particle dispersions in DMF and 

the impression of red emitting UCNPs. The photographs display the phase transfer process from cyclohexane 

(top phase) into DMF (bottom phase) and the change in the optical properties of the particle dispersion after 

subsequent attachment of the dyes. The UCNPs were excited with a handheld 980 nm CW laser module. 

 

Figure 4.3│ Normalized emission spectrum (green) of NaYF4 (20% Yb, 2% Er) UCNPs (λex = 980 nm) and 

normalized absorption spectra (black) of the free dyes (solid black line) (A) rose bengal and (B) sulforhodamine B 

and of the same two dyes after attachment to UCNPs (dotted line). The hatched sections represent the spectral 

overlap necessary for the occurrence of FRET in the two respective donor-acceptor systems. Almost no change 

in shape was observed for the absorption band of both dyes before and after binding to the particle surface. All 

spectra were recorded in DMF. 

The absorption behavior of the organic dyes did not change when attached to the 

nanoparticles, as revealed by the close match of the absorption spectra of the free dyes and 

the UCNP-bound fluorophores even at very high optical densities (Figure 4.3). Accordingly, 

dimerization of the dyes known to induce fluorescence self-quenching can be excluded.46 
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Figure 4.4│ Luminescence spectra of NaYF4 (20%Yb, 2%Er) (d = 31 nm) UCNPs capped with (A) rose bengal 

and (B) sulforhodamine B upon 980 nm CW laser excitation and (C) respective absorption measurements in 

DMF. The spectra show the results of three independent modification procedures of dye-capped UCNPs 

performed under the same conditions during both modification and measurement. The particle concentrations as 

well as the amount of dye on the particle surface were highly reproducible as shown by the similar emission 

intensities of the UCNPs of the three different batches and absorption behavior of the immobilized dyes. 

(D) Intensity weighted dynamic light scattering measurements in backscatter mode of NaYF4 (20%Yb, 2%Er) 

UCNPs capped with oleate (black) dispersed in cyclohexane and capped with BF4
-
 (green) and sulforhodamine B 

(SRB, blue) dispersed in DMF. The diameter of the particles determined by transmission electron microscopy was 

31 nm. The solvodynamic diameter did not change significantly during the surface modification process. The 

single peaks revealed that the dispersions were colloidally stable and no aggregation occurred. 

The emission properties of the UCNPs changed significantly due to an efficient transfer of 

the green luminescence to the dyes RB and SRB, exemplarily displayed in the photograph in 

Figure 4.2. The now red colored emission upon excitation at 980 nm, originates from a 

combination of the red UC emission of Er3+ and the red dye fluorescence. Interestingly, for 

particles with diameters up to 21 nm, the fluorescence of the dyes triggered by NIR excitation 

of the UCNPs equaled the original green emission of the BF4
--stabilized particles 

(Figure 4.5). This underlines that FRET can be also utilized to tune the emission color of 

UCNPs, here shifted to longer wavelengths.18,47,48 The reduction of the green UC emission 

band and the intensity of the dye emission, however, did not allow for a quantitative 

evaluation of the corresponding FRET efficiencies. These two parameters are strongly 
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dependent on the total amount of dye molecules bound to the UCNPs present in the 

dispersion. For example, even for the largest particles, where only a low FRET efficiency was 

observed, the green emission of the UCNPs completely disappeared. Consequently, we 

used lifetime measurements of the luminescence of the UCNPs instead for the determination 

of FRET efficiencies. 

 

Figure 4.5│ Luminescence spectra of BF4
-
- stabilized NaYF4 (20%Yb, 2%Er, x%Gd) UCNPs and the same 

particles capped with (B) rose bengal and (C) sulforhodamine B upon 980 nm CW laser excitation. The particles 

with mean diameters of 17 nm, 14 nm, and 10 nm contained 15%, 20%, and 30% Gd3+, respectively. The spectra 

were normalized on the red emission band at 660 nm. All measurements were performed in DMF. The emission 

of the two dyes triggered by the energy transfer is clearly visible when exciting the UCNPs. 

4.3.3 Size-dependent FRET Efficiency 

For the determination of the FRET efficiencies of the various dye-capped UCNPs, the 

changes in the lifetime of the green emission band at 540 nm were measured before and 

after dye attachment. From these lifetime measurements, the resulting FRET efficiencies E 

were calculated according to Equation 2. 

    
   

  
  (2) 

Here, τDA and τD represent the lifetime of the donor in the presence and absence of the 

acceptor, respectively. As shown in Figure 4.6, the lifetime of the green emission of BF4
--

modified particles is dependent on the surface area of the UCNPs due to the strong influence 

of surface deactivation on overall luminescence lifetimes. A linear dependence on the 

surface area of the nanoparticles was observed in the absence of the acceptor dyes. Smaller 

sizes led to an increase of the surface-to-volume ratio of the UCNPs by a factor of r1·r2
-1 

(r1 > r2) and hence, to a more pronounced surface quenching as revealed by the respective 

reduction in the overall luminescence lifetime of the UC emission. This is illustrated best by 

plotting the lifetime data against the UCNP surface area. A similar relationship was observed 

for the two different dye-capped systems. Exemplary decay curves of the green 
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upconversion emission of the nanoparticles before and after the attachment of the dyes are 

shown in Figure 4.7. This underlines that we clearly observe FRET and not inner filter-related 

effects. 

 

Figure 4.6│ Comparison of (A) the lifetimes of differently sized NaYF4 (20% Yb, 2% Er, 0-30% Gd) nanoparticles 

(λex = 980 nm, λem = 540 nm) capped with BF4
-
, RB and SRB dispersed in DMF and (B) the resulting FRET 

efficiencies calculated according to equation 2. The maximum lifetime change in presence of the FRET acceptors 

and thus the highest FRET efficiency was observed in UCNPs with a mean diameter around 21 nm (n = 3, 

monoexponential fit of the decay curve). 

Interestingly, the dye-induced reduction of the lifetime of the green UC emission was always 

more pronounced in the case of SRB than RB. This is attributed to the better spectral overlap 

between the UCNP emission and absorption of SRB. The overlap integral J for the pair 

UCNP-SRB (2.7·1015 nm4 M-1 cm-1) is 35% higher than for that UCNP-RB 

(2.0·1015 nm4 M-1 cm-1). According to absorption measurements of the dye-coated particle 

dispersions, a higher surface loading was achieved in the case of SRB for all particle 

diameters. This is tentatively ascribed to a stronger binding affinity to the UCNP surface of 

SRB bearing a sulfonate group compared to RB equipped with a single carboxylate group 

(Figure 4.3 and). A similar trend was found for ligands with phosphonate functionalities 

compared to carboxylated ones.49 For the 21 nm sized particles, the lifetimes of both particle-

dye systems match closely. The maximum FRET efficiencies of both dyes do not necessarily 

need to occur at the same particle size, but rather fall within a certain size range around 21 

nm due to a difference in dye loading of RB and SRB.  
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Figure 4.7│ Cut and normalized decay data of UCNPs before and after attachment of the dyes rose bengal (RB) 

and sulforhodamine B (SRB). The mean diameters of the particles shown were (A) 14 nm, (B) 21 nm, (C) 26 nm, 

and (D) 34 nm. Particles dispersed in DMF were excited at 980 nm and the luminescence decay of the green 

upconversion emission around 540 nm was recorded. Depending on the particle diameter, a reduction of the 

upconversion luminescence lifetime was observed upon binding of the FRET acceptor dyes. 

According to Equation 2, the same trend was determined for the corresponding FRET 

efficiencies. The higher the difference between the lifetime in the absence and presence of 

the acceptor, the higher is the FRET efficiency. Maximum FRET efficiencies of about 60% 

were obtained at a particle diameter of 21 nm for both UCNP@dye systems. Assuming close 

dye packing on the particle surface, the donor lanthanide ions are always present in excess. 

At a size of 21 nm the donor/acceptor ratio for approximately spherical UCNPs is 23. The 

smallest particles with a diameter of 10 nm still contain eleven times the amount of donors 

compared to the number of surface bound dye acceptor molecules. Consequently, a 1:1 ratio 

between donor and acceptor for a higher FRET efficiency cannot be achieved in the case of 

approximately spherical particles. Here, the surface-to-volume ratio is always > 1. Small 

diameters below 20 nm led to FRET efficiencies in the range of only 10 - 30%. This is 

ascribed to the stronger influence of surface deactivation and quenching caused by solvent 

molecules and crystal defects, counterbalancing FRET to the organic dyes. 
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As the increasing surface quenching leads to a decreasing quantum yield (QY)50 of the 

donor, the Förster distance R0 is accordingly shortened, consequently lowering the number 

of lanthanide donor ions within the radius for effective FRET (Equation 3). 

  
  

                

          
  (3) 

In Equation 3, κ
2 represents the dipole orientation factor, n is the refractive index of the 

medium, NA is Avogadro's number, QD is the quantum yield of the donor, and J is the spectral 

overlap integral of the FRET pair. Typical mean R0 values for the FRET pair combinations 

UCNP/RB and UCNP/SRB were estimated to around 3 - 5 nm (Figure 4.8). 

 

Figure 4.8│ Calculated FRET efficiencies dependent on the distance between donor (Er
3+

) and acceptor (dye) for 

(A) rose bengal and (B) sulforhodamine B. Typical Föster distances (FRET efficiency = 0.5) for these systems are 

in the range of 3 -5 nm. The Förster distance (R0) and consequently the FRET efficiencies are strongly influenced 

by the quantum yield (QY) of the donor particles. A higher QY leads to a longer R0. 

A possible influence of the additional Gd3+-content in these small UCNPs was also 

investigated. The FRET efficiency of particles of the same size with and without Gd3+ was 

compared. This comparison revealed that the luminescence decay behavior in the presence 

of the FRET acceptors was almost identical in both cases, resulting in FRET efficiencies of 

about 60%, independent of the Gd3+-content (Figure 4.9).43 

The three highest FRET efficiencies were obtained for both dyes at particle diameters of 

21 nm, 26 nm, and 31 nm, respectively. The optical properties of these three systems were 

therefore further investigated, with respect to the luminescence properties of the FRET 

acceptor (Figure 4.10). 
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Figure 4.9│ (A) Transmission electron micrograph (scale bar: 60 nm) and corresponding size distribution of 

oleate-capped NaYF4 (20% Yb, 2% Er, 10% Gd) UCNPs. (B) Comparison of the lifetime changes of 

NaYF4 (20% Yb, 2% Er) and NaYF4 (20% Yb, 2% Er, 10% Gd) nanocrystals with mean diameters of 

21.1 ± 1.0 nm and 21.9 ± 0.6 nm, respectively, before and after ligand exchange with rose bengal (RB) and 

sulforhodamine B (SRB). In both cases the reduction of the lifetime was very similar, resulting in a FRET 

efficiency of about 60%. Small concentrations of Gd
3+

 that are used for the control of the crystal size of the 

UCNPs do not negatively affect the energy transfer. All measurements were performed in DMF. 

The lifetimes of SRB and RB were reported as < 2 ns.51 When bound to the surface of the 

UCNPs, the fluorescence lifetimes of both dyes increased to the same values as exhibited by 

the green emission of the UCNPs excited at 980 nm. This extreme extension of the lifetimes 

to over 100 µs, i.e. almost to the lifetime of the corresponding FRET donor, gives further 

evidence for the occurrence of FRET from the UCNPs to the surface-bound dye molecules. 

 

Figure 4.10│ (A) Decay behavior of the fluorescence emission of the FRET acceptor RB at 600 nm and 

(B) emission spectra normalized on the red upconversion emission around 660 nm of the three 

NaYF4 (20% Yb, 2% Er)@RB systems yielding the highest FRET efficiencies (21 nm, 26 nm, and 31 nm) upon 

CW laser excitation at 980 nm. 
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Studies were also performed with an intensity-based evaluation of the FRET process in order 

to compare this more common approach to the results obtained from lifetime studies 

(Figure 4.10 B and Figure 4.5 B and C). The emission of RB around 580 nm can be excited 

by ET from UCNPs. Because of the small Stokes shift favoring reabsorption,52 the 

fluorescence maximum of the dye depends on dye loading, which affects also the size of the 

ET-induced reduction of the green UC emission band . Due to this combination of effects, the 

decrease of the intensity of the UCNP emission at 540 nm cannot be directly correlated to 

either ET efficiency or inner-filter effect. Consequently, the ratio IDA/ID necessary for the 

calculation of E could not be determined reliably and led to unrealistically high values of E, 

approximating 100%. 

 

Figure 4.11│ (Row A) Transmission electron micrographs and corresponding size distributions of (left) β-

NaYF4(20%Yb,2%Er,20%Gd) core-only and (right) β-NaYF4(20%Yb,2%Er,20%Gd)@NaYF4 core-shell UCNPs. 

(Rows B,C) Transmission electron micrographs and corresponding size distributions of (left) β-

NaYF4(20%Yb,2%Er) core-only and (right) β-NaYF4(20%Yb,2%Er)@NaYF4 core-shell nanoparticles with two 

different shell thicknesses. All scale bars are 60 nm. Monodisperse particles were obtained after the shell growth 

in all cases. 
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4.3.4 Influence of Luminescence Enhancement on FRET Efficiency 

According to Equation 3, the QY of the donor directly affects the FRET efficiency and the 

Förster distance of a FRET pair (Figure S9). Hence, the FRET efficiency can be improved by 

increasing the QY of the donor. One popular way to enhance the QY of UCNPs is the growth 

of a shell, only a few nm thick, consisting of NaYF4.
53,54 This inactive shell reduces non-

radiative deactivation of the excitation energy caused by surface quenching by ligand and/or 

solvent molecules.55 Different shell thicknesses around UCNPs of various sizes were 

prepared (Figure 4.11). 

As shown in Figure 4.12, the presence of an inactive shell greatly influenced the resulting 

FRET efficiencies. For particles < 17 nm, a thin shell with a thickness of less than 1 nm led to 

an increase of the FRET efficiency up to 40%. This underlines the strong influence of surface 

deactivation processes on the luminescence of UCNPs with extremely small diameters. For 

larger UCNPs, e.g., the most efficient ones with a size of 21 nm, such a thin shell did not 

result in a higher FRET efficiency. A thicker shell of 4 nm led already to a strong decrease of 

the FRET efficiency to only 20% for both dyes (Figure 4.13). Interestingly, the inactive shell 

caused an even lower FRET efficiency than that of core-only particles with a similar overall 

size (around 35% for a diameter of ≈ 31 nm, Figure 4.6). This can be attributed to the 

reduction of the amount of donor ions within the Förster distance by the shell to roughly 40% 

compared to about 60% in the absence of the shell.  

 

Figure 4.12│ FRET efficiencies of organic dye-capped NaYF4 (20% Yb, 2% Er) UCNPs dispersed in DMF with 

and without an additional inactive shell consisting of NaYF4 with a thickness of below 1 nm. Core particles with 

diameters of 14 and 21 nm were used for the shell growth, respectively. (n = 3) 
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The growth of an inactive shell is also a straightforward way of altering the donor-to-acceptor 

ratio as the increase in particle size by the shell enables the binding of a higher number of 

acceptor dye molecules relatively to the number of donor ions in the particle core which 

remained unchanged. For example, by growing a shell of 4 nm thickness on UCNPs with a 

diameter of 21 nm, the maximum donor/acceptor ratio decreases in case of full surface 

coverage from 23 to 13. Nevertheless, the FRET efficiency did not increase despite higher 

amounts of acceptors. These findings demonstrate that the distance between donor and 

acceptor remains an extremely critical parameter for FRET systems involving UCNPs. 

 

Figure 4.13│ (A) Normalized decay data of BF4
-
-capped NaYF4 (20% Yb, 2% Er) UCNPs dispersed in DMF with 

a mean diameter of 21 nm and corresponding NaYF4 (20% Yb, 2% Er)@NaYF4 core-shell particles with shell 

thicknesses of 0.4 and 4 nm. The inert shell causes an elongation of the upconversion lifetime at 540 nm caused 

by the reduction of surface deactivation effects. (B) FRET efficiencies of dye-capped NaYF4 (20% Yb, 2% Er) 

UCNPs (dcore = 21 nm) dispersed in DMF with and without an additional shell consisting of NaYF4 with 

thicknesses of 0.4 nm and 4 nm. (n = 3) 

4.4 Conclusions 

In conclusion, systematic studies of the influence of the size of UCNPs on the FRET 

efficiency to surface-bound acceptor dyes revealed an optimum particle size for efficient 

FRET. The observed selective shortening of the luminescence lifetime of the green UC 

luminescence clearly demonstrates the occurrence of FRET. Particles with a mean diameter 

in the range of 20 - 25 nm showed the highest FRET efficiency of 50 - 60% according to 

time-resolved fluorescence measurements. Both larger and smaller UCNPs led to lower 

energy transfer efficiencies. Based on our findings, it is expected that the sensitivity of 

UCNP-based FRET platforms can be significantly enhanced by adjusting the particle 

diameter. For classical NaYF4 (20% Yb3+, 2% Er3+) nanoparticles, a diameter of about 21 nm 
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increases the dynamic range by a factor of three compared to both smaller (15 nm) and 

larger (32 nm) particles. This principle can be adapted to improve the performance of UCNP-

FRET systems for (bio)sensing and imaging applications as well as theranostics. Moreover, 

FRET to fluorescent dyes can be utilized to shift the luminescence emission of the UCNPs. 

This can be used to explore new sensing and imaging applications that require specific 

emission wavelengths due to interfering substances while still making use of the advantages 

of NIR excitation. Our findings are also of considerable interest for applications in cancer 

treatment using FRET from UCNPs to photosensitizers in close vicinity for photodynamic 

therapy. In the near future, we will extend these studies to FRET systems consisting of 

UCNP bearing stimuli-responsive and analyte-sensitive acceptor dyes and their applications 

in different sensor schemes. 

4.5 Materials and Methods 

4.5.1 Chemicals 

Lanthanide chloride hexahydrates (> 99.9%) were purchased from Sigma Aldrich and 

Treibacher Industrie AG. Oleic acid and 1-octadecene (both technical grade, 90%) 

were obtained from Alfa Aesar. Ammonium fluoride, sodium hydroxide, both of 

analytical grade, nitrosyl tetrafluoroborate (95%), sulforhodamine B (SRB, 75%), and 

rose bengal (RB, 95%) were purchased from Sigma Aldrich. All other chemicals were 

of analytical grade and obtained from Sigma Aldrich, Merck or Acros. All chemicals 

were used as received without further purification. 

4.5.2 Characterization Methods. 

Transmission electron microscopy was carried out with a 120 kV Philips CM12 

microscope. The images were evaluated using the software ImageJ. Dynamic light 

scattering measurements were performed at 20 °C with a Malvern Zatasizer Nano-ZS. 

Inductively coupled plasma optical emission spectroscopy for the determination of the 

real doping ratios of rare-earth ions in the UCNPs was done with a Spectro Flame-

EOP. X-ray diffraction patterns were collected on a Huber Guinier G670 diffractometer 

with a Kα-Cu source (λ = 1.54060 Å). Absorption spectra of the dyes were obtained 

with a Varian Cary 50 spectrophotometer. Luminescence spectra of UCNPs were 

recorded with a Perkin-Elmer LS 50 luminescence spectrometer equipped with an 

external continuous wave (CW) 980 nm laser module (200 mW). All spectra were 
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recorded at room temperature. The setup for the lifetime measurements consisted of a 

980 nm CW laser module (200 mW) from Picotronic and an optical chopper (MC2000 

with two slot chopper blade MC1F2) from Thorlabs. The signal was amplified using a 

photomultiplier tube and analyzed by a digital storage oscilloscope (DSO 8204) from 

Voltcraft. Optical bandpass filters (FF01-535/150-25 and FF01-665/150-25) from 

Semrock were used for measuring luminescence decays of the different emission 

bands. Control measurements were carried out with a commercial Edinburgh 

Instruments spectrofluorometer FSP-920 equipped with an electrically pulsed 1 W 

978 nm laser diode and a red extended PMT (R2658P) from Hamamatsu. 

4.5.3 Determination of the Spectral Overlap Integral J 

The spectral overlap integrals of the two FRET pairs UCNP-RB and UCNP-SRB were 

calculated using the software FluorTools a│e. The wavelength range between 500 nm 

and 600 nm was evaluated. For rose bengal and sulforhodamine B maximum 

absorption coefficients of 120,000 L·mol-1·cm-1 and 100,000 L·mol-1·cm-1, respectively, 

were determined and applied for the calculations. 

4.5.4 Synthesis of Hexagonal NaYF4 (20% Yb, 2% Er, 0-30% Gd) 

The synthesis of hexagonal phase, oleate-capped UCNPs with sizes up to 35 nm was 

carried out starting from rare earth trichlorides in the high boiling solvents 1-octadecene and 

oleic acid as reported previously.45 The rare earth trichlorides with the corresponding molar 

doping ratios were dissolved in methanol and transferred into a three necked round bottom 

flask under nitrogen flow. A mixture of 6 mL oleic acid and 15 mL 1-octadecene per 1 mmol 

of chlorides was added to the solution. The suspension was heated to 160 °C and vacuum 

was applied for 30 min to form a clear solution. The solution was cooled down to room 

temperature and 0.148 g (4.0 mmol) NH4F and 0.1 g (2.5 mmol) NaOH dissolved in methanol 

were added per 1 mmol of chlorides. The suspension was kept at 120 °C for 30 min and then 

heated to reflux (approx. 325 °C). The progress of the reaction was monitored with a 980 nm 

CW laser module. 10 min from the time on, when upconversion luminescence could be 

observed for the first time, the reaction mixture was cooled down to room temperature. The 

particles were precipitated by the addition of excess ethanol and collected by centrifugation 

at 1,000 g for 5 min. The precipitate was washed twice with chloroform/ethanol and 3 times 

with cyclohexane/acetone by repeated re-dispersion-precipitation-centrifugation cycles. 
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Finally, the particles were dispersed in cyclohexane, centrifuged at 1,000 g for 3 min to 

remove aggregates, and the supernatant was collected and stored at 4 °C. 

4.5.5 Synthesis of Cubic NaYF4 (20% Yb, 2% Er) and NaYF4 

The procedure was identical to the synthesis of hexagonal NaYF4 until the heating step to 

reflux. Here, the reaction mixture was heated to 240 °C for 40 min without excitation control 

instead and afterwards cooled down to room temperature. The purification process was the 

same as described above. 

4.5.6 Synthesis of Core-Shell NaYF4:Yb,Er@NaYF4:Yb,Er and 

NaYF4:Yb,Er@NaYF4 

Core-shell particles were synthesized using an approach based on seed mediated shell 

growth.56 Cubic NaYF4 nanoparticles (shell material) and hexagonal UCNPs (cores) 

dispersed in cyclohexane were separately suspended in a mixture of 5 mL oleic acid and 

5 mL 1-octadecene per 1 mmol NaYF4. Vacuum was applied at 100 °C for 30 min to remove 

the cyclohexane. Afterwards, the cubic particles were kept at 120 °C under N2 flow. The 

hexagonal particles were heated to reflux (325 °C) under mild N2 flow. Small volumes (3 mL 

at most) of cubic particles were injected into the boiling reaction mixture every 10 min to 

prevent a temperature drop below 300 °C and the formation of new seeds. The mixture was 

cooled down to room temperature 10 min after the last injection. The purification process was 

the same as described above. 

4.5.7 Surface Modification with Rose Bengal and Sulforhodamine B. 

The oleate on the surface of the UCNPs was replaced by fluorescent dyes in a 

modified two-step ligand exchange process assisted by nitrosyl tetrafluoroborate.57 

First, the oleate-capped UCNPs were dispersed in a two-phase system consisting of 

equal volumes of cyclohexane and N,N-dimethylformamide (DMF). In order to remove 

the oleate, NOBF4 (1 mg per 1 mg UCNPs) was added and the dispersion was stirred 

vigorously for 10 min at 30 °C. The cyclohexane phase containing the oleic acid was 

discarded and excess chloroform was added to the turbid DMF phase to precipitate 

the ligand-free, BF4
- stabilized UCNPs. The dispersion was centrifuged at 1,000 g for 

5 min. The jellylike precipitate was washed twice with chloroform. Finally, the BF4
--

stabilized particles were dispersed in DMF. In a second step, the surface of the ligand-

free UCNPs was covered with the fluorescent dyes. For this purpose, a dispersion of 
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20 mg UCNPs in 1 mL DMF was added to a solution containing excess dye (1 mg) in 

1 mL DMF and stirred for 15 min at room temperature. Afterwards, the particles were 

separated from the solution by centrifugation (21,000 g, 45 min) and washed with 

DMF until the supernatant was colorless. The colored precipitate was finally dispersed 

in 2 mL DMF and stored in the dark. 

4.5.8 Determination of Dye Loading on UCNPs 

The number of dye molecules per particle was obtained from a combination of absorbance 

and luminescence spectroscopy. First, the UCNP concentration of the dye-capped particle 

dispersion was determined by comparing the emission intensity of the red upconversion 

emission around 660 nm before and after the attachment of the dyes. The dye concentration 

was calculated from absorbance measurements of the dye capped particles using absorption 

coefficients of 120,000 L·mol-1·cm-1 and 100,000 L·mol-1·cm-1 for rose bengal and 

sulforhodamine B, respectively. 
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5 SURFACE ENGINEERING OF UPCONVERSION 

NANOPARTICLES FOR TIME-RESOLVED ANALYSIS OF 

ATP-RESPONSIVE ENERGY TRANSFER 

5.1 Abstract 

Upconversion nanoparticles (UCNPs) display exceptional material and luminescence 

properties for biological applications. They function as donors for energy transfer processes 

creating prolonged anti-Stokes shifted visible luminescence upon near-infrared excitation. 

We designed an UCNP probe for lifetime-based Förster resonance energy transfer (FRET) in 

order to address challenges observed with the common intensity-based approaches which 

suffer from strong light scattering in biological tissue and depend on the stability of the 

excitation source. Core-shell UCNPs of 25 nm diameter were synthesized, enabling 

enhanced upconversion emission intensity in an aqueous environment. Detailed 

investigations of different surface modifications for colloidal stability in physiological buffered 

media and efficient FRET capability revealed poly(acrylic acid) as best intermediate layer for 

further functionalization with receptor molecules. An adenosine triphosphate (ATP)-

responsive aptamer was coupled to the particles. An analyte-induced structural change of 

the aptamer to a G-quadruplex enabled the intercalation of the dye propidium iodide (PI). In 

contrast to unbound PI, the close proximity of the dye to the particle surface induced FRET, 

which was monitored by lifetime measurements of the upconversion luminescence. A 

maximum FRET efficiency of 22% was achieved for physiologically relevant concentrations 

of ATP between 100 μM and 1.0 mM. Furthermore, the aptamer-modified particles are taken 

up by normal rat kidney cells (NRK) and do not show any cytotoxic effects even at high 

particle concentrations up to 300 μg·mL-1. The principle of lifetime-based upconversion 

detection represents a powerful alternative or add-on to common ratiometric approaches and 

can be readily adapted to other analytes that can be recognized by structure switching 

receptors. 
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Scheme 5.1│ Schematic representation of the detection principle of ATP. The presence of ATP causes a 

structure change of the ATP-responsive aptamer attached to poly(acrylic acid)-capped UCNPs. Intercalation of 

the dye propidium iodide induces FRET between the UCNPs and the dye. 
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5.2 Introduction 

Förster resonance energy transfer (FRET) is a powerful luminescent tool in life sciences, as 

it enables the opportunity to study and monitor molecular interactions, e.g. DNA 

hybridization, receptor signaling, and changes of the molecular environment with high spatial 

resolution.1-5 Due to its strong dependence on the distance between donor and acceptor, 

which has to be below 10 nm, FRET is often referred to as a “molecular ruler”.6 It is based on 

energy transfer by non-radiative dipol-dipol interactions between an energy donor and 

acceptor molecule, both of which are usually fluorescent dyes that exhibit a spectral overlap 

of donor emission and acceptor absorption.7 However, fluorescent proteins and dyes applied 

in such assays often suffer from photobleaching, light scattering of both excitation and 

luminescence emission, and strong background fluorescence. These factors profoundly 

influence ratiometric FRET approaches, but can be circumvented by taking advantage of the 

luminescence lifetime. The donor lifetime is significantly shortened if FRET occurs. In 

contrast to the intensity, the luminescence lifetime is not influenced by light scattering, 

fluctuations of the excitation source, or deviations of the fluorophore concentration. It is either 

used directly as a measure for FRET efficiency or applied for time-gated detection.8 The 

lifetime of organic dyes is usually very short (< 10 ns), which requires ultra-short pulsed 

excitation sources and high precision optical components for its acquisition. Much longer 

decay times (> 100 µs) allowing for simpler instrumentation are found in upconversion 

nanoparticles (UCNPs).9 These particles display several exceptional properties for biological 

applications.10,11 UCNPs convert near infrared light (NIR, 980 or 808 nm) into visible (and 

even ultraviolet) luminescence by the sequential absorption of at least two photons.12,13 The 

NIR excitation reduces excitation scattering and photo-damage in biological tissue and 

eliminates any background fluorescence, resulting in increased signal-to-noise 

ratios.14Applications in drug delivery,15 photodynamic and photothermal therapy,16,17 and 

most importantly upconversion luminescence energy transfer based imaging of and sensing 

in biological samples have been explored.18-20 Despite its potential, the application of UCNPs 

is obstructed by the still not fully investigated cascades of energy transfer processes of 

UCNPs and limited colloidal stabilization of the UCNPs in physiological media. In our 

previous work we systematically studied the effect of particle size21 and surface loading22 

with the acceptor molecules on FRET efficiencies using UCNPs as energy donors. Based on 

these results we now put focus on surface modification techniques and designed an 

aptamer-functionalized upconversion probe, which is essentially non-toxic after uptake by 

mammalian cells and can be used for lifetime-based detection of the central metabolite 

adenosine triphosphate (ATP). Nucleotides are present at relatively constant levels inside 

viable cells in order to be able to accomplish various tasks.23 Based on its vital role for 
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energy production and storage in living cells, it can be used as an indicator for cell viability or 

cell damage. Thus, the sensing of ATP levels is extremely useful for metabolic studies in cell 

biology as well as clinical diagnostics,24 which is why ATP has been the target of choice for 

UCNP-based sensors previously.25-28 Those sensing schemes rely on the upconversion 

emission intensity and suffer from low reliability as well as from difficult calibration methods. 

Here we describe a detection scheme based on a structure switching ATP-selective aptamer. 

The nucleotide stabilizes the G-quadruplex structure of the aptamer. Recognizing the 

formation of this G-quadruplex structure is provided by specific intercalating dyes, e.g. crystal 

violet and propidium iodide (PI).29 In contrast to unbound dye molecules, the short distance 

between dye and the particle surface induced FRET, which can be monitored by lifetime 

measurements of the upconversion luminescence. The general detection principle is 

depicted in Scheme 5.2. 

 

Scheme 5.2│ Principle of the design of the ATP sensitive UCNP-based FRET probe. Oleate-capped core-shell 

UCNPs are prepared by a seed-mediated growth of cubic NaYF4 particles on hexagonal NaYF4:Yb,Er core 

particles and functionalized with poly(acrylic acid) (PAA) by ligand exchange. The carboxyl moieties enable 

covalent coupling of the ATP-responsive aptamer to the surface of the UCNPs. In presence of ATP the aptamer 

switches its structure into a G-quadruplex form, which is recognized by the intercalating dye propidium iodide (PI). 

If the dye is confined within the secondary aptamer structure, FRET can occur between UCNPs and PI, reducing 

the luminescence lifetime of the green upconversion emission. 
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5.3 Results and Discussion 

5.3.1 Design, Synthesis and Characterization of UCNPs 

Synthesis of the core-only particles provided UCNPs with a diameter of (23.8 ± 1.0) nm 

(obtained from TEM analysis of 289 particles) with narrow particle-size distribution and pure 

hexagonal crystal phase (Figure 1). Core-only UCNPs with mean diameters between 20 and 

25 nm had been identified as the optimum size range for the application as energy donors in 

upconversion FRET processes.21 However, these previous studies were performed in the 

organic solvent DMF due to limited colloidal stability of UCNPs with direct dye-modification in 

aqueous solutions. Besides its impact on colloidal stability, the aqueous environment 

increases surface quenching caused by O-H vibrations and surface defects.30-33 This can be 

reduced by protecting the UCNP surface through an inert shell consisting of the non-doped 

host material.34 By formation of an inert shell the particle diameter increased to 

(25.2 ± 0.7) nm (determined from TEM analysis of 2486 particles, see Figure 5.1). A 

comparison of the decay times of the green emission upon 980 nm excitation of BF4
-

-stabilized particles in DMF revealed that a thin shell with an average thickness of about 

1.5 nm prolonged the lifetime from (126 ± 2) μs (core-only particles) to (183 ± 3) μs (core-

shell particles). Even if the very thin shell may not be completely homogeneous, this is a 

clear evidence that the inert shell minimizes the deactivation processes caused by surface 

defects. During shell growth, monodispersity with a coefficient of variation < 5% and the 

hexagonal crystal structure of the particles were retained (Figure 5.1). The composition of the 

core-only and the core-shell particles as well as the particle concentrations were verified by 

inductively coupled plasma optical emission spectroscopy (Table 5.1). Small polydispersity 

indices (PdI < 0.20) obtained from dynamic light scattering (DLS) measurements also 

indicated colloidal stability of the UCNP dispersions. 

Table 5.1│ Overview of real lanthanide contents determined by inductively coupled plasma optical emission 

spectroscopy and theoretical composition of NaYF4:Yb,Er core-only and core-shell UCNPs. The shell growth 

causes an increase in the overall Y
3+

 concentration, since the shell material did not contain Yb
3+

 and Er
3+

. 

theoretical composition 
real lanthanide content [%] 

Y3+ Yb3+ Er3+ 

NaYF4(20%Yb,2%Er) 78.3 ± 0.5 19.92 ± 0.15 1.81 ± 0.06 

NaYF4(20%Yb,2%Er)@NaYF4 82.5 ± 0.4 15.86 ± 0.11 1.64 ± 0.05 
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For FRET-based applications it is mandatory to keep the shell thickness low, since non-

radiative energy-transfer is strongly distance dependent. Energy transfer in water was 

studied by luminescence lifetime measurements of Yb,Er-doped core-only and core-shell 

UCNPs modified with the acceptor dye rose bengal. The FRET efficiency E was calculated 

from the upconversion lifetime data in presence (τDA) and absence (τD) of the FRET acceptor 

according to Equation 1. 

    
   

  
  (1) 

In contrast to studies performed in organic solvents,21 an increase of the FRET efficiency was 

observed in case of the core-shell particles dispersed in water, reaching about 37%. For 

comparison, the highest FRET efficiency in water observed for core-only UCNPs@rose 

bengal (diameter (26.4 ± 0.7) nm) was approximately 18%. Thus, core-shell particles of the 

architecture NaYF4:Yb,Er@NaYF4 were selected for the development of a FRET-based 

probe for the detection of ATP. 

 

Figure 5.1│ (A,B) Transmission electron micrographs (scale bar: 60 nm) and (C) corresponding size distribution 

of oleate-capped (A) NaYF4(20%Yb,2%Er) core-only and (B) NaYF4(20%Yb,2%Er)@NaYF4 core-shell UCNPs. 

The difference between core and shell cannot be visualized by TEM, since the two very similar materials display 

the same contrast in the images. (D) Intensity-weighted dynamic light scattering measurements of these core and 

core-shell UCNPs dispersed in cyclohexane at a concentration of about 5 mg·mL
-1

. (E) X-ray diffraction patterns 

of (1) core-only and (2) core-shell UCNPs. The blue lines show the standard reference pattern (ICDD PDF #16-

0334) of hexagonal phase NaYF4. 
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5.3.2 Surface Modification and Attachment of the ATP Aptamer 

Different surface modifications differ regarding protection of the UCNPs against water 

quenching, which results in distinct optical characteristics depending on the type of surface 

modification technique.35 Two main surface modification strategies were tested for the 

transfer of the hydrophobic UCNPs from organic solvents into water: (a) the oleate is 

replaced by a new ligand (ligand exchange) and (b) an additional coating is placed on top of 

the oleate ligand (coating method). It is known that the ligand exchange method is 

accompanied by better accessibility of water to the particle surface which significantly 

decreases the efficiency of the upconversion emission for higher energy bands. The intensity 

of the green-to-red emission intensity gets minimized by a factor of three35,36 Ligand 

exchange with posphonoglycine (PG) or poly(acrylic acid) (PAA), and coating with the 

amphiphilic polymer poly(isobutylene-alt-maleic anhydride) (PIBMAD) modified with dodecyl 

amine side chains were compared regarding colloidal stability. PG is coordinated by 

phosphonates to the particle surface and therefore known for enhanced stability in media 

containing phosphate groups.36 The respective lifetimes of the green upconversion 

luminescence of all particle modifications are summarized in Table 5.2. Amphiphilic coating 

with PIBMAD resulted in the longest upconversion lifetimes. The hydrophobic bilayer formed 

around the UCNPs prevents water molecules approaching the particle surface and effectively 

reduces surface quenching. The two surface modifications obtained by ligand exchange 

resulted in shorter lifetimes and are quite similar to each other due to their hydrophilicity. In 

case of PAA and PIBMAD the lifetimes slightly increased by the coupling of the ATP-

responsive aptamer. 

Table 5.2│ Comparison of the lifetime of the green upconversion luminescence at 540 nm depending on the type 

of surface ligand used for the functionalization of NaYF4(20%Yb,2%Er)@NaYF4 core-shell UCNPs. The lifetimes 

were measured in HEPES buffer (10 mM, pH = 7.0). 

surface 

ligand 

τ540nm [μs] 

ligand ligand + aptamer 

PG 143 ± 5 141 ± 3 

PAA 143 ± 3 152 ± 5 

PIBMAD 215 ± 1 239 ± 3 

All three ligands contain carboxyl groups necessary for electrostatic stabilization of the 

particles at physiological pH in various buffer systems (MES, HEPES, Tris) and for covalent 

coupling to the amine modified aptamer. A fast two-step ligand exchange process assisted 
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by NOBF4 was chosen for the modification with PG and PAA. In the first step the 

hydrophobic ligand oleate was removed from the particle surface and the UCNPs were 

stabilized in hydrophilic organic solvents by weakly coordinating BF4
--ions. This electrostatic 

stabilization reduced aggregation during the ligand exchange process to a minimum. The 

addition of excess amounts of PG or PAA to the BF4
--stabilized particles for the secondary 

ligand exchange led to the formation of water dispersible particles exhibiting monodispersity 

and colloidal stability (zeta-potential < -35 mV) in HEPES (10 mM, pH = 7.0). Coating of the 

oleate surface with the amphiphilic polymer PIBMAD was more time-consuming, but also 

showed colloidal stability in HEPES buffer (zeta-potential < -30 mV). Ligand exchange by the 

polymer PAA provided the smallest increase in diameter from all three ligands in favor of 

efficient energy transfer. Surface modification with PAA and PG resulted in hydrodynamic 

diameters of (32 ± 5) nm and (34 ± 6) nm, respectively, providing a smaller donor-acceptor 

distance in FRET systems compared to PIBMAD-coated UCNPs with an average diameter 

(57 ± 10) nm (Figure 5.2 A). The low PdIs of < 0.16 for all surface modifications obtained 

from DLS experiments revealed that there is no agglomeration of particles during the 

subsequent functionalization with the aptamer via EDC/NHS coupling (Figure 5.2 B). For the 

final particles with aptamer functionalization, the PIBMAD coating revealed the largest 

hydrodynamic diameter of (142 ± 25) nm, which was twice the diameter of particles with PAA 

surface modification ((74 ± 15) nm). 

 

Figure 5.2│ Intensity-weighted dynamic light scattering measurements of NaYF4(20%Yb,2%Er)@NaYF4 UCNPs 

dispersed in HEPES buffer (10 mM, pH = 7.0) at a concentration of 3 mg·mL
-1

. The particles were modified with 

the hydrophilic surface ligands N,N-bis(phosphonomethyl)glycine (PG, black), poly(acrylic acid) (PAA, red) and 

polymer poly(isobutylene-alt-maleic anhydride) modified with dodecyl amine side chains (PIBMAD, blue). The 

hydrodynamic diameter was determined (A) before and (B) after attachment of the ATP-responsive aptamer to 

the various surfaces. 
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Based on these investigations we chose ligand exchange with PAA followed by coupling of 

the amine modified aptamer for the design of the ATP-responsive UCNPs as the best 

compromise between reduced surface quenching and increased distance. Despite the 

weaker suppression of surface quenching by water molecules, only the small hydrodynamic 

diameter provides small enough donor-acceptor distances that are inevitable for efficient 

FRET. More than 7% FRET efficiency were not achieved using the amphiphilic coating with 

PIBMAD. 

The EDC/NHS coupling efficiency of the oligonucleotide to the carboxyl groups of the PAA 

on the UCNP surface was determined as using an additional TAMRA tag on the aptamer. 

The unbound oligonucleotide was collected during centrifugation steps and the absorbance 

of the solution was measured (Figure 5.3). From this data, the coupling efficiency was 

calculated to 55% by considering the dilution of the unbound aptamer during the repeated 

centrifugation. The colored oligonucleotide allowed for a simple optical tracking of the 

coupling process, since it led to pink precipitates after the centrifugation steps, which showed 

the covalent attachment of the aptamer to the nanoparticle surface. 

 

Figure 5.3│ Absorbance spectra of the TAMRA-label coupled to the aptamer. Efficiency of the EDC/NHS 

coupling between PAA-modified UCNPs and TAMRA-labeled aptamer-NH3 was determined by measuring the 

TAMRA absorbance in the supernatant after centrifugation as a measure for unbound TAMRA.  

5.3.3 Cytotoxicity Studies and Cellular Uptake 

Prerequisite for the application of the upconversion nanoprobe in vitro and in vivo is a 

sufficiently low and tolerable cytotoxicity. In contrast to bare UCNPs, coated analogues, 

especially with negatively charged surface ligands, have been associated with low 

cytotoxicity.37,38 A PrestoBlue® assay was performed to study the impact of aptamer-modified 

UCNPs on cell viability (Figure 5.4 A). Incubation of the cells with aptamer-modified UCNPs 
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for 4 h had no measurable toxic effect on the cells. No difference in the viability of the treated 

cells and the untreated cells was found up to a concentration of 300 μg·mL-1 modified 

UCNPs. After a prolonged exposure for 24 h, cell viability slightly decreased at particle 

concentrations above 50 μg·mL-1 but was still at 80% viability for the highest concentration of 

300 μg·mL-1 under study relative to untreated cells. Concentrations beyond 300 μg·mL-1 are 

typically not required for sensing applications in particular as UCNPs may accumulate inside 

the cytoplasm with time after sedimentation and binding to the cell surface. The uptake of the 

modified UCNPs into the cells was investigated by CLSM. Due to the lack of a suitable light 

source to induce upconversion, the emission of the TAMRA-tagged aptamer bound to the 

UCNPs was observed by direct excitation with a 543 nm laser. After an incubation time of 

24 h, particle aggregates were found to be inside the cells but not inside the nuclei 

(Figure 5.4 B). Aggregation may be due to entrapment in endocytotic vesicles as a result of 

membrane-mediated uptake or by particle agglomeration when they are exposed to the very 

special chemical environment of the cytoplasm. 

 

Figure 5.4│ (A) Cytotoxicity assay of NRK cells incubated with varying concentrations (0 - 300 µg·mL
-1

) of 

NaYF4(20%Yb,2%Er)@NaYF4@PAA UCNPs functionalized with the ATP-responsive aptamer. Cell viability was 

determined by a PrestoBlue
®
-assay after the cells were exposed to the particles for 4 h or 24 h. Results are given 

as mean  standard deviation recorded from five wells of a single assay plate. (B) Confocal laser scanning 

micrograph of NRK cells after incubation for 24 h with 100 μg·mL
-1

 UCNPs modified with the TAMRA-tagged 

aptamer. The excitation wavelength was 545 nm. The emission was collected through a 650 nm longpass 

emission filter. 

The brightness of the TAMRA-tag on the ATP aptamer was sufficient to image particle 

concentrations below 100 μg·mL-1. The minimum particle concentration required for 

microscopic imaging is supposedly significantly lower, when an NIR laser is used as light 
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source to directly excite the UCNPs instead of the immobilized dye. NIR excitation almost 

completely suppresses background fluorescence and minimizes scattering of the excitation 

light within the tissue, which leads to improved sensitivity at lower particle concentrations. 

5.3.4 Sensing Properties of Aptamer-modified UCNPs 

Propidium iodide (PI) shows a shift of its absorption maximum from 490 nm to 535 nm upon 

binding to the G-quadruplex form of the aptamer, which matches the green upconversion 

emission around 540 nm. The maximum absorption coefficient of PI was determined as 

5,600 L·mol-1·cm-1 from the corresponding spectrum (Figure 5.5). 

 

Figure 5.5│ Normalized absorption spectra of aqueous solutions of PI (c = 50 µM) and TAMRA (c = 25 µM). The 

maximum extinction coefficients were calculated to εmax(PI) = 5600 L·mol
-1

·cm
-1

 and 

εmax(TAMRA) = 31000 L·mol
-1

·cm
-1

 from the absorption spectra and Lambert-Beer’s Law. 

In comparison to the free dye, aptamer-intercalated PI more than doubles the overlap 

integral between the PI absorption and the green upconversion emission (from 

2.11·1014 nm4·M-1 to 4.51·1014 nm4·M-1). In the case of the surface-bound aptamer, a spectral 

shift of only 20 nm was determined, which results in an integral overlap of 

3.74·1014 nm4·M-1·cm-1, which is still 1.5 times the overlap in comparison to the free PI 

(Figure 5.6 A). Thus, the influence of reabsorption effects of the particle emission and 

unspecific binding of the dye to the oligonucleotide in absence of the analyte ATP is 

minimized due to the pronounced spectral shift after binding to the G-quadruplex structure. 

Furthermore, as the aptamer is oriented on the UCNP surface so that the G-quadruplex is 

formed in close proximity, efficient FRET sensing is feasible when ATP is present. 
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Figure 5.6│ (A) Absorption measurements of the G-quadruplex intercalating dye propidium iodide (PI) in 

presence and absence of ATP, and the ATP aptamer either bound to the surface of UCNPs or free in solution. All 

measurements were performed in HEPES buffer (10 mM, pH = 7.0). The addition of ATP causes a shift of the 

absorbance from 490 nm to 535 nm in case of the free aptamer and to 510 nm in case of the surface bound 

aptamer. The green line shows the emission spectrum of Yb,Er-doped UCNPs. (B) Luminescence emission 

spectra of aptamer-modified NaYF4(20%Yb,2%Er)@NaYF4 UCNPs in presence of different ATP concentrations 

(0.2 – 2.0 mM). The particles were dispersed in HEPES buffer (10 mM, pH = 7.0) and excited with a 200 mW 

laser module at 980 nm. The spectra were normalized on the red upconversion emission at 654 nm. 

For the quantitative detection of ATP intensity-based methods were not considered. While 

increasing concentrations of ATP reduce the peak intensity of the green emission as 

expected, also scattering effects (best seen at 610 nm) become obvious, which makes 

detection of ATP in physiological relevant concentrations difficult (Figure 5.6 B). Therefore, 

lifetime studies were performed. The green emission at 540 nm of the core-shell UCNPs 

modified with the ATP aptamer possesses a lifetime of about 150 μs. With no ATP present, 

the lifetime of the UCNPs (3 mg·mL-1) did not reveal a change upon the addition of the dye PI 

(10 μg·mL-1). After the stepwise addition of 3.0 mM ATP, a clear decrease to 120 μs was 

obtained (Figure 5.7). The exponential fits of the upconversion decay data are depicted in 

Figure 5.8 A. A saturation effect was observed for ATP concentrations > 0.80 mM, beyond 

which no further change in luminescence lifetime occurred. The strong decrease of the 

upconversion decay time by up to 30 μs confirmed the existence of a FRET process between 

the UCNPs and the PI. The decay data yield a maximum FRET efficiency E of 22% between 

the UCNPs and PI in the presence of 1.0 mM ATP (Figure 5.8 B). A linear relationship of the 

experimental lifetime changes and, consequently, the FRET efficiency in dependence on the 

ATP concentration was observed up to 0.80 mM ATP. The limit of detection (LOD) was 

calculated to 0.10 mM (3 S/N). The dynamic range covers the lower physiologically relevant 

concentration range of ATP in mammalian cells (0.4 – 10 mM). 
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Figure 5.7│ Mean green upconversion lifetime at 540 nm of NaYF4(20%Yb,2%Er)@NaYF4@PAA@ATP-aptamer 

core-shell UCNPs dependent on the concentration of ATP (0.0-3.0 mM) present in the dispersion. The particles 

were dispersed in HEPES buffer (10 mM, pH = 7.0) at a concentration of 3 mg·mL
-1

 containing 10 µg·mL
-1

 PI. 

 

Figure 5.8│ (A) Normalized exponential fits of the decay data (upconversion emission at 540 nm) of 

NaYF4(20%Yb,2%Er)@NaYF4@PAA@ATP-aptamer core-shell UCNPs in presence varying concentrations of the 

nucleotide ATP. The particles were dispersed in HEPES buffer (10 mM, pH = 7.0) in presence of 5 mg·mL
-1

 

propidium iodide (PI). (B) FRET efficiency of the UCNP-PI-ATP system calculated from the mean upconversion 

lifetimes (at 540 nm) before and after the addition of ATP. The inset displays a photograph of a dispersion of 

aptamer-modified UCNPs in presence of the dye PI (left) before and (right) after addition of ATP. The color 

changes from orange to pink. 

The maximum energy transfer efficiency E of 22% was found to be less than the one 

obtained from similar UCNPs directly modified with rose bengal (37%). We assume that the 

difference is due to (a) increased distance between donor and acceptor due to the additional 

coating with PAA and the size of the aptamer itself, and (b) lower surface loading and a 

smaller molar absorption coefficient ε of PI (5,600 L·mol-1·cm-1, Figure S4) compared to the 
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dye rose bengal (120,000 L·mol-1·cm-1). In the future, alterations to the detection set-up 

(CLSM or fluorometers with powerful 980 nm laser sources) will easily improve the LOD, 

dynamic range and sensitivity of the in vitro and in vivo assay, but are currently not yet 

commercially available. Furthermore, increasing the amount of receptor molecules on the 

surface of the UCNPs and using dyes with higher molar absorption coefficients 

(> 100,000 L·mol-1·cm-1) and higher selectivity to the aptamer’s G-quadruplex structure may 

lead to improved sensitivity and overall efficiency of the ATP detection. 

5.3.5 Selectivity of the ATP Nanoprobe 

Despite the innate selectivity of aptamers in general optimized during the SELEX process, 

potential crossreactivities when working in a complex biological environment have to be 

considered. The selectivity of the molecular recognition of the ATP nanoprobe was tested 

against the nucleotide analogs of the analyte ATP. The addition of 1.0 mM ATP yielded a 

FRET efficiency of approximately 20% and was already in the saturated region. In contrast to 

ATP itself, the presence of its analogs CTP, GTP and UTP at the same concentration did not 

significantly change the lifetime of the UCNPs. The normalized raw decay data are 

summarized in Figure 5.9. 

 

Figure 5.9│ Normalized raw decay data of NaYF4 (20%Yb, 2%Er)@NaYF4@PAA@ATP-aptamer core-shell 

UCNPs dispersed in HEPES buffer (10 mM, pH = 7.0) containing PI in presence and absence of 1.0 mM CTP, 

GTP, UTP or ATP. A noticeable change of the green upconversion luminescence lifetime only occurred in case of 

the nucleotide ATP. 

We conclude that the aptamer was able to recognize and distinguish ATP from its analogues 

even after immobilization on the surface of the UCNPs. The strong response to ATP in 

comparison to its analogues is not only indicated by the change of the lifetime itself, but also 
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by time-gated analysis of decay data (Figure 5.10). The area under the decay curve for a 

pre-defined time window (here: 0.025 - 0.10 ms) mirrors the decay behavior, since a shorter 

lifetime equals a smaller area under the fit curve. This method is especially useful for 

measurements with weak luminescence intensities, which create stronger background noise 

e.g. due to high photomultiplier voltages, and small expected lifetime changes. The response 

of the luminescence lifetimes of the nanoprobe in presence of ATP was found to be five 

times as strong than any of the nucleotide analogues. Additionally, the average concentration 

in which CTP, GTP and UTP are present in mammalian cells is less than 1/5 (or even 1/8 if 

only looking at human cells) of the average concentration of ATP itself, i.e. much lower than 

the tested amount.23 This circumstance further diminishes the influence of ATP analogues on 

ATP sensing. 

 

Figure 5.10│ (A) Monoexponential fits of the normalized decay data measured at 540 nm of 

NaYF4 (20%Yb, 2%Er)@NaYF4@PAA@ATP-aptamer core-shell UCNPs (β = 3 mg·mL
-1

) dispersed in HEPES 

buffer (10 mM, pH = 7.0) containing 10 µg·mL
-1

 PI in presence and absence of 1.0 mM CTP, GTP, UTP or ATP. A 

clear change of the green upconversion luminescence lifetime only occurred in case of the nucleotide ATP. (B) 

Plot of the differential area under the normalized decay curve integrated between 0.025 and 0.10 ms of aptamer-

capped UCNPs dispersed in HEPES buffer (10 mM, pH = 7.0) containing PI in absence of any nucleotides and in 

presence of 1.0 mM CTP, GTP, UTP and ATP. 

5.4 Conclusions 

In conclusion, we developed and studied the performance of surface-engineered 

upconversion nanoparticles for efficient lifetime-based resonance energy transfer. Several 

types of surface modifications for UCNPs were tested regarding colloidal stability in aqueous 

dispersions, donor-acceptor distance, and influence on surface quenching. Coating with 

poly(acrylic acid) represented the best compromise between these opposing effects and 
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provides additional functionalities to couple structure switching bioreceptors to the particles. 

This concept was applied to the detection of ATP. The selective formation of a G-quadruplex 

structure of an oligonucleotide bound to the particles was monitored by the change of the 

green upconversion lifetime due to the intercalation of the acceptor-dye propidium iodide 

(PI). ATP concentrations between 0.1 mM and 1.0 mM were determined with a maximum 

FRET efficiency of around 22%. Low cytotoxicity and efficient uptake into cells, combined 

with advantages of low background and scattering due to NIR excitation in the biological 

window of the UCNPs showed the potential for applications in cellular imaging and sensing. 

The concept can be easily transferred to other receptors such as molecular beacons or 

enzymes. The described method for particle surface modification enables even targeting of 

the subcellular organelles, by additional functionalization with additional receptors. 

5.5 Materials and Methods 

5.5.1 Chemicals 

Lanthanide chloride hexahydrates (> 99.9%) were obtained from Sigma Aldrich and 

Treibacher Industrie AG. Oleic acid and 1-octadecene (both technical grade, 90%) were 

purchased from Alfa Aesar. Ammonium fluoride, sodium hydroxide (both analytical grade), 

nitrosyl tetrafluoroborate (95%), rose bengal (95%), N,N-bis(phosphonomethyl)glycine 

(PG, 98%), poly(acrylic acid) sodium salt (PAA, Mw ≈ 2,100), N-(3-Dimethylaminopropyl)-

N-ethylcarbodiimide (EDC, 98%), N-hydroxysuccinimide (NHS, 98%), propidium iodide 

(PI, 94%) and the nucleotides ATP, CTP, GTP and UTP (99%) were obtained from Sigma 

Aldrich. Eurofins prepared the two ATP aptamers with the following sequence: 

(a) 5'-CCT GGG GGA GTA TTG CGG AGG AAG G-3'-C3NH3 

(b) TAMRA-5'-CCT GGG GGA GTA TTG CGG AGG AAG G-3'-C6NH3. 

All other chemicals were of analytical grade and purchased from Sigma Aldrich, Merck or 

Acros. All chemicals were used as received without further purification. Double distilled water 

was used for the preparation of all aqueous solutions. 

5.5.2 Characterization Methods 

Transmission electron microscopy was performed on a Philips CM12 microscope operating 

at 120 kV. The micrographs were analyzed with the software ImageJ. Dynamic light 

scattering and zeta-potential measurements were carried out on a 

Malvern Zetasizer Nano ZS at 20 °C and a particle concentration of 2 - 3 mg·mL-1. The zeta-
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potential was measured in 10 mM NaCl with disposable folded capillary zeta cuvettes. 

Inductively coupled plasma optical emission spectroscopy for the determination of the doping 

ratios of rare-earth ions in the UCNPs was done with a Spectro Flame-EOP. X-ray diffraction 

patterns were obtained on a STOE STADI P diffractometer (Kα1-Cu source, λ = 1.54060 Å). 

Absorption spectra of the dyes were collected on a Varian Cary 50 spectrophotometer. 

Luminescence spectra of UCNPs were recorded at room temperature with an 

Aminco-Bowman Series 2 luminescence spectrometer equipped with an external continuous 

wave (CW) 980 nm laser module (200 mW) from Picotronic. The setup for the lifetime 

measurements consisted of a 980 nm CW laser module (200 mW) from Picotronic and an 

optical chopper (MC2000 with two slot chopper blade MC1F2) from Thorlabs. The signal was 

amplified using a photomultiplier tube (PreSens) and analyzed by a digital storage 

oscilloscope (DSO 8204) from Voltcraft. Optical bandpass filters (FF01-535/150-25 and 

FF01-665/150-25) from Semrock were used for measuring luminescence decays of the 

green and red upconversion emission bands, respectively. 

5.5.3 Synthesis of Hexagonal NaYF4 (20% Yb, 2% Er) UCNPs 

The synthesis of hexagonal phase, oleate-capped UCNPs was carried out starting from rare 

earth trichlorides in the high boiling solvents 1-octadecene and oleic acid as reported 

previously.35,39 The rare earth trichloride hexahydrates with the corresponding molar doping 

ratios were dissolved in methanol and transferred into a three necked round bottom flask 

under nitrogen flow. A mixture of 8 mL oleic acid and 15 mL 1-octadecene per 1 mmol of 

lanthanide salts was added to the solution. The suspension was heated to 160 °C and 

vacuum was applied for 30 min to form a clear solution. The solution was cooled down to 

room temperature and 0.148 g (4.0 mmol) NH4F and 0.1 g (2.5 mmol) NaOH dissolved in 

methanol were added per 1 mmol of lanthanide salts. The suspension was kept at 120 °C for 

30 min and was then heated to reflux (approx. 325 °C). The progress of the reaction was 

monitored with a 980 nm CW laser module. 10 min after the first observation of upconversion 

luminescence, the reaction mixture was cooled down to room temperature. The particles 

were precipitated by addition of an excess of ethanol and collected by centrifugation at 

1,000 g for 5 min. The precipitate was washed twice with chloroform/ethanol and 3 times with 

cyclohexane/acetone by repeated re-dispersion-precipitation-centrifugation cycles. Finally, 

the particles were dispersed in cyclohexane, centrifuged at 1,000 g for 3 min to remove 

aggregates, and the supernatant was collected and stored at 4 °C. 
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5.5.4 Synthesis of Cubic NaYF4 nanoparticles 

Synthesis of cubic NaYF4 was identical to the synthesis of hexagonal NaYF4 until the latter 

were heated to reflux. Here, the reaction mixture was heated to 240 °C for 40 min without 

excitation control and afterwards cooled down to room temperature. The purification process 

was the same as described above. 

5.5.5 Synthesis of Core-Shell NaYF4:Yb,Er@NaYF4 UCNPs 

Core-shell particles were synthesized using an approach based on seed mediated shell 

growth.40 Cubic NaYF4 nanoparticles (shell material) and hexagonal UCNPs (cores) 

dispersed in cyclohexane were separately suspended in a mixture of 5 mL oleic acid and 

5 mL 1-octadecene per 1 mmol NaYF4. Vacuum was applied at 100 °C for 30 min to remove 

the cyclohexane. Afterwards, the cubic particles were kept at 120 °C under N2 flow. The 

hexagonal particles were heated to reflux (325 °C) under mild N2 flow. Small volumes (3 mL 

at most) of cubic particles were injected into the boiling reaction mixture of hexagonal 

particles every 10 min to prevent a temperature drop below 300 °C and the formation of new 

seeds. The mixture was quickly cooled down to room temperature 10 min after the last 

injection. The purification process was the same as described above. 

5.5.6 Surface Modification with Rose Bengal, Poly(acrylic acid) and 

Phosphonoglycine 

The oleate-capped UCNPs were transferred into aqueous dispersions using a two-step 

ligand exchange process assisted by nitrosyl tetrafluoroborate.41 In order to remove the 

oleate, 1 mg NOBF4 per 1 mg UCNPs was added to a two-phase system consisting of equal 

volumes of UCNPs dispersed in cyclohexane and N,N-dimethylformamide (DMF). The 

mixture was stirred vigorously for 10 min at 30 °C. The upper cyclohexane phase containing 

the oleic acid stripped off from the particles was discarded. The ligand-free, BF4
--stabilized 

UCNPs were precipitated from the turbid DMF phase by the addition of excess chloroform 

and centrifuged (1,000 g, 5 min). The transparent, jellylike precipitate was washed with 

chloroform and finally the BF4
--stabilized particles were dispersed in DMF. For the surface 

functionalization with rose bengal (RB), poly(acrylic acid) (PAA) or phosphonoglycine (PG), a 

dispersion of BF4
--stabilized UCNPs (30 mg) in DMF (2 mL) was slowly added to a solution of 

RB, PAA or PG (30 mg) in water (2 mL) and stirred for 20 min at room temperature. 

Afterwards, the particles were collected from the solution by centrifugation (21,000 g, 45 min) 
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and washed three times with water to remove the excess surface ligand. Finally, the 

precipitate was dispersed in water (6 mL) and stored in the refrigerator. 

5.5.7 Surface modification with Amphiphilic Polymer 

A solution of poly(isobutylene maleic anhydride) with dodecylamine side chains42 (PIBMAD) 

in CHCl3 (570 μL, cmonomer = 0.5 M) was mixed with oleate-capped UCNPs (30 mg) also 

dispersed in CHCl3 and stirred for 1.5 h. The solvent was evaporated and the residue was 

dispersed in NaOH (6 mL, 0.17 M) by sonication for 30 min. For purification, the particles 

were centrifuged (21,000 g, 60 min) and redispersed in water. This purification step was 

repeated twice. Finally, the precipitate was dispersed in water (6 mL) and stored in the 

refrigerator. 

5.5.8 Surface Functionalization with ATP Aptamer 

The receptor oligonucleotide was bound to hydrophilic PAA-, PG-, or PIBMAD-modified 

UCNPs via EDC/NHS coupling chemistry. First, hydrophilic UCNPs (5 mg) were dispersed in 

MES buffer (2 mL, 5 mM, pH = 6.0) and the carboxyl groups on the particle surface were 

activated by the addition of a freshly prepared solution containing an 80-fold excess of EDC 

and NHS regarding the amount of oligonucleotide. After slow stirring for 90 min the activated 

particles were transferred into HEPES buffer (10 mM, pH = 7.4) and a solution (200 μL, also 

HEPES buffer) containing amine modified oligonucleotide (40 nmol) was added. This mixture 

was stirred for another 90 min and the carboxyl groups were deactivated by addition of an 

excess of Tris buffer (5 mM, pH = 7.4). The aptamer-modified particles were collected by 

centrifugation (12,000 g, 30 min) and washed three times with HEPES buffer (10 mM, 

pH = 7.0). Approximately 55% of the total amount of aptamer applied in the surface 

modification reaction were coupled to the UCNPs (Figure S1). 

5.5.9 Cytotoxicity Assay 

For the viability assay normal rat kidney cells (NRK) were seeded into a 96-well microplate 

using Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g·L-1) glucose culture medium (Sigma 

Aldrich) supplemented with 5% (v/v) fetal calf serum (FCS), 2 mM L-glutamine, and 

100 μg·mL-1 penicillin/streptomycin. Cells were allowed to grow to confluence at 37 °C in a 

5% CO2 atmosphere for 7 days prior to the experiment. The culture medium was exchanged 

once after 6 days and right before the start of the experiment it was replaced by Leibovitz’ 

L-15 culture medium (L-15, Thermo Fisher) containing 5% FCS. The aptamer-modified 



Surface Engineering of Upconversion Nanoparticles for Time-Resolved Analysis of  

94  ATP-Responsive Energy Transfer  

UCNPs were added to the wells in 100 μL cell culture medium at concentrations between 

5 μg·mL-1 and 300 μg·mL-1 diluted from a stock solution containing 3 mg·mL-1 particles 

(determined by ICP-OES) dispersed in water. Control experiments were performed under the 

same conditions without UCNPs. After incubation for 4 h or 24 h, respectively, at 37 °C the 

total cell culture medium was replaced by 100 μL PrestoBlue® reagent (Thermo Fisher 

Scientific, 1:10 dilution in PBS++ and 1 g·L-1 glucose). The cells were incubated at 37 °C for 

1 h (37 °C, 0% CO2) and the fluorescence emission of the PrestoBlue® reagent was 

measured with a GENios microplate reader from Tecan at 600 nm upon excitation at 532 nm. 

5.5.10 Fluorescence Microscopy 

Normal rat kidney cells were grown in DMEM as described above at 37 °C in a 5% CO2 

atmosphere for about 48 h before microscopic studies were conducted. The aptamer-

modified UCNPs were added at a concentration of 100 μg·mL-1 in L-15 medium and the cells 

were incubated with the particles for 24 h at 37 °C in a 0% CO2 atmosphere. The cells were 

washed with PBS++ and imaged using an upright Nikon Eclipse 90i confocal laser scanning 

microscope (CLSM) with a C1 scanning unit. Excitation is provided by a 543.5 nm laser 

(< 5 mW) laser from Melles Griot® for the excitation. The emission was collected through a 

650 nm longpass filter. CLSM imaging of the particle-loaded cells was performed using a 

water immersion objective (60x magnification / numerical aperture = 1.0) from Nikon was 

used with Pinhole L and RGB detector gain of 125. For imaging, the sample was covered 

with PBS++ buffer and the objective was dipped into the solution 

5.5.11 Determination of the Spectral Overlap Integral J 

The software FluorTools a│e was used to calculate the spectral overlap integrals of the 

FRET pair UCNP-propidium iodide in presence and absence of ATP. The wavelength range 

between 450 nm and 600 nm was evaluated. For propidium iodide an absorption coefficient 

of 5600 L·mol-1·cm-1 was used for the calculations. 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

Comprehensive understanding of efficient probe design for FRET-based detection is a 

prerequisite for expanding the possibilities of UCNPs in future theranostic applications. Most 

publications demonstrating the great potential of upconversion nanoparticles in bioanalytical 

applications are based on proof of concept studies. The first papers on chemical sensing 

were already published in 20011 and upconversion energy transfer has been investigated 

since 2005,2 but up to now no sensing application based on upconversion is at the market. 

Besides limited instrumentation for the characterization of the material one of the main 

reasons is that the particle architecture has not yet been sufficiently taken into account. The 

required knowledge on reproducible synthesis methods, yielding monodisperse UCNPs with 

pure hexagonal crystal structure, controlled crystal size, and defined core-shell architectures, 

and on the methods necessary for the complete characterization of composition and optical 

properties of the particles has been gained only during the last years. These techniques now 

enable a much more detailed understanding of UCNP systems and facilitate the 

development of refined UCNP-based luminescent probes. The insights gained from this 

thesis clearly demonstrate that size, composition and surface modification all profoundly 

influence the efficiency of FRET-based sensor systems. Full comprehension of the complex 

interplay between particle size, surface functionalization, colloidal stability and cytotoxicity is 

necessary for advanced sensor development. Neglecting these aspects can weaken the 

sensor performance and may increase its dependence on external factors. In contrast to 

intensity-based methods the FRET efficiencies determined by the investigation of the 

upconversion lifetime were independent on excitation power density of the laser, UCNP 

concentration and overall concentration of the dye not bound to the UCNPs. Additionally, the 

lifetime of the upconversion luminescence is longer than 100 µs. Such long decay times can 

be detected with much less expensive equipment than the nanosecond lifetimes of organic 

dyes. A simple optical chopper is sufficient to intermit the CW laser excitation.3 This feature 

makes UCNPs even more suited for lifetime-based FRET applications, and the particles 

represent an important alternative to conventional organic fluorescent dyes used for the 

study of energy transfer processes. 

6.1 Particle Architectures for FRET-based Applications 

A paradigm in upconversion science is to design particles as small as possible, which is 

especially important for in vivo applications were the clearance of particles from the body 

plays a crucial role. However, smaller particles also lead to a lower upconversion quantum 
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yield (QY), i.e. lower luminescence intensity and shorter lifetime. In this thesis, a similar 

effect was observed for UCNPs acting as FRET donors modified with organic acceptor dyes, 

with the difference, that the FRET efficiency is not proportional to the particle size and that 

there is an optimum particle diameter for highest FRET efficiency. Particles smaller than 

20 nm possess such a large surface-to-volume ratio that surface deactivation and quenching, 

which also mostly occur at the surface of the UCNPs, strongly compete with the energy 

transfer process. But in this case bigger does not mean better. The size of the UCNPs 

should not exceed 25 nm if they are intended to be used as FRET donors. In particles 

20 - 25 nm in diameter, which represented the optimum, most donor ions within the particle 

can interact with the FRET acceptor on the particle surface and the most efficient energy 

transfer can be established. All these relations were only observed evaluating the 

luminescence decay time of the UCNPs and were not visible in the corresponding emission 

spectra. 

The study of core-shell UCNPs gave an even more detailed picture of FRET processes on 

the particle surface. The passivation of the UCNP surface with an inert shell effectively 

reduced surface quenching and increased the upconversion emission. Higher luminescence 

intensity enabled faster determination of the decay times with lower uncertainty, but the 

presence of the inert shell also caused an increased distance between donor ions inside the 

UCNPs and surface bound acceptor dyes. The use of very thin shells represented the best 

compromise between those two opposing effects. For small UCNPs the suppression of 

surface quenching outweighed the negative effect of the increased donor-acceptor distance 

and significantly higher FRET efficiencies were observed compared to the respective core-

only UCNPs. This effect was even more pronounced in the solvent water, which strongly 

quenches the UCNP luminescence. It was demonstrated that not only the presence of an 

inert shell, but also the type of surface modification used for the preparation of water 

dispersible UCNPs profoundly influences their optical properties. Additional coatings with 

amphiphilic molecules enabled better protection against water quenching compared to ligand 

exchange with hydrophilic ligands due to the presence of a hydrophobic layer around the 

particle. Despite the enhanced luminescence of the hydrophilic UCNPs coated with the 

amphiphilic polymer, the increased donor-acceptor distance turned out to be the parameter 

which influenced the FRET efficiency the most. Ligand exchange with polymers, such as 

poly(acrylic acid), was identified as the best compromise between strong upconversion 

emission, minimized donor-acceptor distance, colloidal stability and biocompatibility. 

However, a detailed study is necessary to determine the optimum shell thickness and 

surface modification for differently sized UCNPs in aqueous dispersions. One may even have 

to go one further step back and rethink the doping ratios of sensitizer and activator ions. 
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Since the doping concentrations were optimized for the corresponding bulk material, they 

may not represent the most efficient system for Yb/Er and Yb/Tm upconversion on the 

nanometer scale. We are currently investigating the effect of varying activator contents in 

Yb/Er-doped core-only and core-shell UCNPs of the same size in hydrophobic and 

hydrophilic solvents in cooperation with the Federal Institute for Materials Research and 

Testing in Berlin. 

In this thesis, it was also demonstrated that different acceptor dyes lead to different FRET 

efficiencies. This was ascribed to individual overlap integrals and surface loading density 

depending on the structure of the dye. The effect of variations in dye loading of the UCNPs 

on luminescence intensity and lifetime were investigated in cooperation with Yves Mély’s 

group from the University of Strasbourg.4 The study revealed higher FRET efficiencies with 

increasing amounts of immobilized organic dye molecules. It was also shown that the two 

upconversion emissions in Yb/Er-doped UCNPs (green and red) are not independent from 

each other, i.e. the complementary emission may not be suitable as reference signal in 

ratiometric measurements. If all these factors are kept in mind for the design of upconversion 

nanoprobes intended for the use in biosensing and -imaging the performance of FRET-based 

applications can be enhanced. 

6.2 Future Directions 

Efficient energy transfer may also be beneficial for upconversion mediated photodynamic 

therapy (PDT). The immobilization of photosensitizers that are able to be triggered by the 

emission of the UCNPs and the generation of singlet oxygen have been investigated by 

several groups.5-8 In contrast to UV light the NIR excitation reduces photo-damage of healthy 

tissue and allows for specific treatment of the targeted cells by the local production of 

reactive oxygen species. Usually, the excitation of the photosensitizers relies mainly on the 

absorption of the upconversion emission rather than FRET. However, the proficiency of the 

PDT depends on the energy transfer efficiency from the particle to the photosensitizer dyes. 

Instead of just making use of dye absorption to trigger the singlet oxygen production an 

additional efficient non-radiative FRET for excitation of the photosensitizers should be useful 

for effective PDT. The rational design of UCNP donors with diameters in the range of 

20 - 25 nm and thin inert shells in combination with a careful choice of the surface 

modification strategy for the close attachment of suitable photosensitizers offers the 

possibility to develop more powerful FRET based PDT systems. 
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The comprehensive understanding of the energy transfer behavior is not only of importance 

for systems where the UCNP acts as the energy donor, but also the other way around. Dye 

sensitization by antenna ligands and the intended enhancement of material absorption and 

upconversion emission have also been investigated in recent years.9,10 Such systems are of 

particular interest for the use of UCNPs in photovoltaic energy conversion and bio-

applications with reduced excitation power or different excitation wavelengths. An increased 

material absorption in the NIR region can promote the efficiency of solar collectors, which 

currently show only weak absorption properties in the infrared light range.11,12 However, the 

energy absorbed by antenna ligands needs to be effectively transformed into visible emission 

by energy transfer to the UCNPs to be able to significantly enhance the overall efficiency of 

solar cells. Particle size, type of dye, surface modification, and amount of dye loading are 

likely to influence the energy transfer in this direction as well and must be studied carefully 

and considered for the development of UCNP-based absorption materials designed for 

energy conversion in solar collectors. Similar statements can be made for the application of 

dye sensitized UCNPs in biosensors. The absorption of the antenna dye and the subsequent 

energy transfer need to be efficient enough to create bright upconversion luminescence upon 

lower excitation power and/or alternative wavelengths. The latter is especially important if the 

heating effect induced by the NIR laser excitation needs to be avoided.13,14 The optimization 

of the energy transfer from the antenna dye to the UCNP acceptors facilitates the design of 

dye sensitized upconversion probes for biosensing and –imaging. One concern in all these 

systems, however, is the photostability of the dye itself. Though the stability is higher if the 

dye is indirectly excited via energy transfer from the nanoparticles compared to dye 

sensitization, it is always less than that of the UCNPs. Any bleaching effects need to be 

reduced to a minimum by selecting dyes that show comparably high photostability. For 

bioanalytical applications, this issue is most significant in case of continuous online 

measurements, which run for several hours and thus exceed the stability limits of many 

organic dyes, even upon excitation with low energy NIR radiation. 

During the FRET studies, it was shown that the fluorescence emission of the acceptor dye 

immobilized on the UCNP surface was triggered via energy transfer. At particle diameters 

≤ 20 nm the dye emission was almost as strong as the original upconversion emission of the 

emission band affected by the FRET. This occurrence can be utilized to shift the fixed 

emission bands of the UCNPs to different wavelengths. The respective upconversion 

emission can be almost completely suppressed and a new luminescence at a longer 

wavelength depending on the fluorescent dye chosen as FRET acceptor can be created. 

This may help the application of UCNPs as fluorescent labels and receptors for bioimaging. 

The shift of the emission wavelength enables the detection and distribution mapping of 
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multiple analytes with NIR excitation since an overlap of the various luminescent signals in 

one imaging channel can be prevented. 

The luminescence intensity of UCNPs is not the only exceptional tool for imaging purposes, 

but also the upconversion decay data. Fluorescence lifetime imaging microscopy (FLIM) is 

an established method in biological imaging especially for tissue that induces strong light 

scattering, which impedes ratiometric intensity measurements.15,16 The excitation wavelength 

of UCNPs in the NIR region enables even further reduction of scattering effects and 

background luminescence, similar to two-photon excitation techniques used for microscopy.17 

However, unlike these two-photon absorption processes the excitation of UCNPs does not 

require ultrashort pulsed femtosecond lasers. FRET also plays an important role for FLIM. 

The change of the donor lifetime depending on the environment of the luminescent probe, 

e.g. due to protein or membrane interactions, can be visualized by the so called FLIM-

FRET.18,19 Combining the advantages of the optical and chemical properties of UCNPs with a 

lifetime-based readout may promote the application of UCNPs as long-lived FRET donors for 

FLIM-FRET.20 With the optimized particle architecture and surface chemistry the lifetime 

changes of the upconversion emission and the resulting sensitivity to variations of the 

particle environment can be maximized. The modification of the UCNP surface with selective 

receptors and suitable acceptor dyes enables specific targeting of the region and analyte of 

interest. 

The development of the adenosine triphosphate (ATP) responsive upconversion nanoprobe 

described in this work showed the potential of such a detection method. The surface 

modification of the UCNPs with structure switching bioreceptors was optimized to obtain 

biocompatible particles capable of selectively recognizing ATP concentrations between 

0.1 -1.0 mM. Such a principle can be extended to multianalyte detection by making use of 

various receptor molecules and the different luminescence wavelengths characteristic for 

each activator ion in combination with organic dyes that individually overlap with each of the 

single upconversion emission bands in the blue, green, red, and NIR region. Receptors, such 

as oligonucleotides, have to be immobilized on the particle surface to ensure the close 

proximity of the luminescent probe (the UCNPs) and the targeted analyte molecule. The 

covalent attachment may negatively influence colloidal stability, cytotoxicity and the 

recognition ability and selectivity of the receptor, which is often not considered for new 

sensor designs. During the investigation of the UCNP based ATP detection shown in this 

work a simple optical method was used to verify the functionality of the aptamer after 

coupling to the particle surface. Upon binding to the aptamer in presence of the analyte ATP 

the FRET acceptor dye exhibited a spectral shift in its absorption maximum towards a longer 
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wavelength. This shift was smaller in case of the UCNP bound aptamer compared to the free 

aptamer, but still clearly visible. It seems that the recognition capability and binding strength 

towards ATP of the bound aptamer was reduced but still strong enough to differentiate 

between ATP and its analogues. The loss of binding efficiency compared to the free 

aptamers is a common occurrence in immobilized aptamers and restricts tapping the full 

potential of sensing mechanisms based on surface-bound receptors.21 These negative 

effects are usually suppressed by the use of long linker molecules, which is not an option for 

FRET applications. Alternatively, careful choice of the surface chemistry and particle 

dimensions may minimize the influence of the immobilization. Steric hindrance and 

electrostatic attraction/repulsion have to be controlled in order to reduce unwanted 

interactions between UCNP surface (or any other nanomaterial) and the receptor molecule 

as much as possible. This way an environment closest to that of the free receptor can be 

created and increased recognition capabilities and structural flexibility of the nanoprobe can 

be obtained. These considerations are necessary for the design of efficient and reliable 

upconversion FRET probes. 

6.3 Remaining Challenges 

Public attention is often directed towards environmental and health issues that may arise by 

an excessive use of nanoparticles rather than beneficial future perspectives and potential 

applications of the materials. One general concern regarding all kinds of nanomaterials is the 

still relatively poor understanding of short- and long-term cytotoxic effects. The presence of 

heavy metal ions, e.g. within quantum dots, or the production of reactive oxygen species limit 

the application of many nanomaterials in vitro and in vivo.22,23 Several studies ascribe 

generally low toxicity to UCNPs.24 The results obtained from the cytotoxicity studies 

performed during this thesis support these claims. Incubation of normal rat kidney cells with 

various concentrations of UCNPs (up to 300 µg·mL-1) for 24 h did not lead to significant toxic 

effects and the cell viability was almost identical to the untreated control group. The uptake of 

the UCNPs into the cells was verified by confocal laser scanning microscopy. One has to 

keep in mind that both uptake and cytotoxicity are dependent of the type of surface coating of 

the nanoparticles, which has to be considered for the choice of surface chemistry.25 

However, long-term toxic effects caused by leaching or accumulation within certain parts of 

the cell/body still need to be studied in more detail.26 

A few other issues stand in the way of UCNPs and their widespread application in 

bioanalysis despite the obvious potential for sensing and imaging. One is the local absorption 

maximum of water at the excitation wavelength of 980 nm with an absorption coefficient of 
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0.48 cm-1.27 The absorption reduces the effective laser power that reaches the UCNPs 

dispersed in an aqueous environment and simultaneously heats up the water during 

excitation, which can cause local heat damage to the surrounding tissue. While the 

diminished excitation power does not influence the upconversion luminescence lifetime, in 

addition to strong water quenching effects it does lead to much lower upconversion 

luminescence intensities compared to UCNPs dispersed in organic solvents. This is 

particularly problematic in cases where the particle concentration is very low, i.e. for basically 

all intracellular sensing and imaging methods. The suppression of non-radiative surface 

deactivation by passivation with inert shells consisting of the non-doped host material is often 

not enough to generate strong upconversion luminescence in very small UCNPs dispersed in 

an aqueous system. By the incorporation of an alternative sensitization pathway the 

excitation wavelength of the UCNPs can be shifted to a different wavelength where water 

shows weaker absorption. This can be achieved by additional doping with Nd3+ ions, which 

absorb light at a wavelength around 808 nm.28 The energy can then be transferred to Yb3+ 

ions that act as the energy bridge for the subsequent energy transfer to the activator ions. 

The upconversion efficiency of such tandem sensitized systems can even reach levels equal 

to the traditional Yb/Er and Yb/Tm doping. This can be achieved if Nd3+ is separated from the 

activator ions by core-shell architectures in order to prevent non-radiative energy back 

transfer between the two, which would otherwise reduce the desired radiative deactivation of 

the excited activator ions. 29, At 800 nm water absorption is much weaker (molar absorption 

coefficient of 0.02 cm–1) than at 980 nm, i.e. the shift of the excitation wavelength avoids loss 

of excitation power and problematic sample heating upon extended laser excitation.30 A 

similar effect can be created by the use of antenna dyes on the particle surface that absorb 

light at a shorter wavelength, usually also around 808 nm, and transfer the energy to the 

UCNPs.31 In contrast to the Nd3+ sensitized system the generally weak photostabilty of the 

antenna dyes and limited surface functionality of the dye sensitized UCNPs remain concerns 

to be solved for future applications as luminescent probes.  

One problem that comes with working on UCNPs is the lack of commercially available 

instruments that meet the requirements for upconversion processes. Light sources available 

for standard fluorimeters do not cover the NIR regime or do not provide enough excitation 

power to induce sufficient upconversion emission in case of expensive broadband tunable 

lasers. These instruments need to be modified with external laser diodes (808 nm or 980 nm) 

or even entirely custom-built devices have to be used, although customizability of the devices 

from many major companies has improved over the last years. Custom-built instruments 

create another problem. Information about the instrument specifications is rarely reported, 

which is particularly critical with respect to the applied laser power density. Since 
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upconversion is a non-linear optical process the quantum yield and the emission intensity 

ratios of the upconversion emission bands heavily depend on the excitation power density.32 

This fact is a significant drawback in case of intensity-based (ratiometric) applications. The 

excitation power has to be known and kept stable to prevent a false interpretation of possibly 

changing emission ratios. It also prevents reliable comparability of results obtained by 

different research groups and/or on different devices. The use of the upconversion lifetime 

instead of the emission intensity circumvents some of these issues. The decay time is not 

dependent on the excitation power density (at least for power densities below 500 W·cm-2), 

i.e. small fluctuations of the excitation source do not affect the measured lifetime.33 

Nevertheless, no characterization standards for UCNPs exist to date, which would allow for a 

quantitative comparison between results obtained by different research groups. Such a 

standardized characterization protocol of UCNPs needs to be established in the near future 

in order to be able to define “upconversion efficiency” and compare and evaluate results of 

different researchers based on established definitions. But despite these persisting 

challenges the outstanding versatile potential of UCNPs easily encourages researchers 

around the world to make great strides paving the way for the exploration of new possibilities. 

UCNPs have a bright future ahead. 
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7 SUMMARY 

This thesis describes the preparation, surface modification, and application of lanthanide 

doped upconversion luminescent nanoparticles (UCNPs) in bioanalytical sensing and 

imaging based on time-resolved Förster resonance energy transfer processes (FRET). 

Chapter 1 provides an overview of optical properties of lanthanides and highlights 

outstanding aspects of luminescence phenomena occurring in trivalent lanthanide ions with 

respect to chemical sensing. Down- and upconversion luminescence are defined and UCNPs 

are introduced and characterized as a unique class of nanomaterials that show exceptional 

potential for bioanalytical applications. FRET processes using UCNPs as energy donors are 

introduced and current issues that limit the more widespread implementation of ratiometric 

measurements with UCNPs in bioanalytical applications are addressed. In Chapter 2 the aim 

of the work is presented as the investigation of FRET between UCNP donors and organic 

dye acceptors based on lifetime changes of the upconversion luminescence, with respect to 

a detailed characterization of the effect of interplay between particle architecture and surface 

modification on the FRET efficiency. The comprehensive understanding of energy transfer 

processes is needed to design an efficient FRET nanoprobe applicable in biosensing and –

imaging. 

 

Challenges regarding the choice of the type of surface modification to transfer hydrophobic 

nanoparticles into hydrophilic ones are described in Chapter 3. Amphiphilic coatings, 

encapsulation with inorganic materials, and ligand replacement are introduced as commonly 

used techniques to fabricate UCNPs that display colloidal stability in buffers and biological 

media. Advantages and disadvantages of the different methods are critically discussed and 

suggestions and examples for the application of each single technique depending on and 

tailored towards the desired individual applications are given. 

 

Chapter 4 presents a study of the effect of nanocrystal size on the time-resolved FRET 

efficiency from UCNPs acting as energy donors to organic dyes as acceptors. Ligand 

exchange was selected for the attachment of the two acceptor dyes rose bengal and 

sulforhodamine B to the UCNP surface, which enables the shortest possible donor-acceptor 

distance and high, reproducible dye loading. UCNPs with diameters in the range of 

20 - 25 nm were identified as the ones that yield the highest FRET efficiencies based on 

lifetime measurements of the upconversion luminescence. Lower FRET efficiencies at both 

smaller and larger UCNP sizes were ascribed to an increasing competition of surface 

quenching and lower amounts of FRET donors within Förster distance to the acceptor dye on 
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the particle surface, respectively. Comparison with conventional ratiometric intensity 

measurements illustrates the independence of the lifetime based approach on inner-filter-

effects, particle concentration and excitation power. 

 

The information gained from these FRET studies was the basis for the design of the 

upconversion FRET nanoprobe for the metabolite adenosine triphosphate (ATP), which is 

described in Chapter 5. Different surface modification strategies of core-shell UCNPs were 

investigated for the subsequent attachment of a structure switching ATP-responsive 

aptamer. Ligand exchange with poly(acrylic acid) represented the best compromise between 

colloidal stability, reduced surface quenching and increased distance to the FRET acceptor 

propidium iodide (PI). In presence of ATP the aptamer formed a G-quadruplex, which was 

recognized by the dye PI. The spectral shift of the absorption spectrum of PI bound to the G-

quadruplex led to minimized background absorption and influence of unspecific binding. 

Successful FRET to the bound PI in close proximity to the UCNPs was shown by the 

reduction of the lifetime of the UCNP emission for ATP concentrations between 0.2 and 

1.0 mM. The nanoprobe was selective for ATP and showed no cytotoxic effects. 

 

Eventually, Chapter 6 provides a concise discussion of the main results and insights gained 

within this thesis with respect to ideal particle design and surface functionalization for 

upconversion luminescent energy transfer processes in bioanalytical applications. Future 

perspectives as well as remaining challenges in the field are critically addressed. 
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8 ZUSAMMENFASSUNG 

Die vorliegende Dissertation beschreibt die Synthese, Oberflächenmodifizierung und 

Anwendung von Nanopartikeln mit der Fähigkeit zur Generierung aufwärtskonvertierender 

Lumineszenz (englisch: upconversion luminescent nanoparticles, UCNPs) im Bereich der 

Bioanalytik und des Imaging. Schwerpunkt ist dabei die Untersuchung geeigneter Techniken 

zur Oberflächenmodifizierung für die Entwicklung einer Nanosonde basierend auf dem 

Prinzip des Förster-Resonanzenergietransfers (FRET). Kapitel 1 gibt einen generellen 

Überblick über die optischen Eigenschaften von Lanthanoiden. Einzigartige Aspekte der in 

dreiwertigen Lanthanoidionen auftretenden Lumineszenz werden besonders im Hinblick auf 

(bio-)chemische Sensorik herausgestellt. Das herausragende Potential der UCNPs für den 

Einsatz als Labels und Rezeptoren in der Bioanalytik und für bildgebende Verfahren wird 

erläutert. UCNPs werden als Energie-Donoren in FRET-Prozessen vorgestellt und aktuelle 

Probleme und Herausforderungen, die bei intensitätsbasierten Messmethoden in der 

Bioanalytik auftreten können, beschrieben. In Kapitel 2 werden die detaillierte Untersuchung 

von FRET-Prozessen zwischen UCNPs und organischen Farbstoffen sowie die Entwicklung 

eines auf FRET basierenden Biosensors werden als Ziele dieser Arbeit vorgestellt. Der 

Schwerpunkt wird dabei auf Lebensdauermessungen der Donorlumineszenz (= Lumineszenz 

der UCNPs) als verlässliche Alternative oder Ergänzung zu herkömmlichen ratiometrischen 

Methoden gelegt. Das Verständnis der Energietransfer-Prozesse insbesondere an der 

Partikeloberfläche stellt die Voraussetzung für das Design leistungsstarker UCNP-Sonden in 

der Bioanalytik dar. 

 

Kapitel 3 beschreibt die Vielfalt an Möglichkeiten, aber auch die Herausforderungen, denen 

man gegenübersteht, wenn es um die Oberflächenmodifizierung und -funktionalisierung der 

UCNPs für bioanalytische Anwendungen geht. Verschiedene Techniken zur 

Oberflächenmodifizierung, z.B. Umhüllung mit amphiphilen Molekülen und Liganden-

austausch, werden erläutert, die die Herstellung kolloidal stabiler Dispersionen der 

ursprünglich hydrophoben UCNPs in wässrigen, gepufferten und biologischen Systemen 

ermöglichen. Vor- und Nachteile der einzelnen Methoden werden kritisch diskutiert, sowie 

Vorschläge und Beispiele für deren Anwendung bezogen auf individuelle Anforderungen je 

nach Einsatzgebiet vorgestellt. 

 

Der Einfluss der Partikelgröße von UCNPs auf die Effizienz des Energietransfers zu 

organischen Akzeptor-Farbstoffen wird in Kapitel 4 untersucht. Die beiden Farbstoffe Rose 

Bengal und Sulforhodamin B wurden dazu per Ligandenaustausch auf der Partikeloberfläche 
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immobilisiert, um den Donor-Akzeptor Abstand möglichst gering zu halten und eine hohe und 

reproduzierbare Farbstoffbeladung zu gewährleisten. Die daraus resultierenden FRET-

Effizienzen wurden auf Grundlage der Lebensdaueränderungen der UCNP-Donoren 

bestimmt. Partikel mit Durchmessern zwischen 20 - 25 nm wiesen die stärksten Änderungen 

ihrer Abklingzeit auf und lieferten die höchste FRET-Effizienz von allen untersuchten UCNPs. 

Sowohl größere, als auch kleinere Partikeldurchmesser ergaben eine geringere FRET-

Effizienz. Als Gründe dafür wurden bei großen UCNPs der kleinere Anteil von Donor-Ionen 

innerhalb des Förster-Radius und bei kleinen UCNPs der verhältnismäßig stärkere Einfluss 

von Quenching an der Partikeloberfläche genannt. Im Gegensatz zu intensitätsbasierten 

Methoden blieben die Lebenszeitmessungen unabhängig von reinen Absorptionsprozessen, 

der verwendeten Partikelkonzentration und der Anregungsleistung. 

 

In Kapitel 5 wurde auf Grundlage der in den vorherigen Kapiteln gewonnenen Erkenntnisse 

eine UCNP-basierte Detektionsmethode für Adenosintriphosphat (ATP) entwickelt. 

Verschiedene Techniken zur Oberflächenmodifizierung von Kern-Schale UCNPs wurden 

untersucht, um die Anbindung eines Aptamers zu gewährleisten, das selektiv ATP binden 

kann. Ligandenaustausch mit Polyacrylsäure stellte sich hierbei als bester Kompromiss 

zwischen verminderter Oberflächendeaktivierung, vergrößertem Abstand zum 

Akzeptorfarbstoff, und kolloidaler Stabilität heraus. In Gegenwart von ATP nimmt das 

Aptamer eine G-Quadruplex Struktur an, die vom Akzeptor Propidiumiodid (PI) spezifisch 

erkannt wurde. Damit ging eine deutliche Verschiebung des Absorptionsmaximums von PI in 

Richtung einer besseren Überlappung mit der UCNP Emission einher. Diese Verschiebung 

wurde dazu genutzt, den Einfluss von Hintergrundabsorption und unspezifischer Binding zu 

minimieren und die Funktionalität des Aptamers nach der Immobilisierung an den UCNPs zu 

überprüfen. Eine deutliche Verkürzung der Lebensdauer der UCNP-Emission und damit das 

Auftreten von FRET konnte in Anwesenheit verschiedener ATP-Konzentrationen beobachtet 

werden. Als wichtige Voraussetzung für zukünftige Anwendungen in der Bioanalytik zeigte 

die UCNP-Nanosonde nur sehr geringe Zytotoxizität.  

 

Kapitel 6 erörtert in einer abschließenden Diskussion die wichtigsten Ergebnisse und 

Einblicke, die in der Arbeit hinsichtlich der Funktion von UCNPs als FRET-Donoren 

gewonnen wurden. Es wird ein Ausblick gegeben, der Perspektiven und potentielle 

Anwendungen der UCNPs, aber auch bleibende Herausforderungen kritisch beleuchtet. 
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