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Abstract 

Luminescent lanthanide materials are of great interest not only for biomedical 

applications due to their tuneable emission wavelengths that extend from the  

ultra-violet region into the near-infrared region. These materials are known to be non-

toxic and resistant to photobleaching unlike traditional organic dyes. In this Thesis,  

the focus was laid on the synthesis of nanoscale and microscale fluoride  

containing luminescent lanthanide materials, such as (LaF₃:Ce³⁺Tb³⁺, 

TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺, and KSmF₄:Ln³⁺ (Ln = Ce, Tb, Eu), which promise unique 

optical properties, as fluoride containing lanthanide materials are recognized for their 

strong luminescence and good optical stability due to their low phonon energies. To 

harness these properties for potential bioimaging applications, this Thesis thus focused 

on developing and optimizing synthetic routes for producing monodisperse lanthanide 

doped particles that bridge the length scales from the nano- (< 10 nm) to the microscale 

(> 1 µm). Furthermore, to enhance their scope by exploiting their surface features, these 

particles were incorporated into hydrogels and were modified with polymer brushes.  

The results confirm the successful synthesis of monodisperse particles with sizes 

ranging from < 10 nm to 15 µm with intense red and green luminescence due to Eu3+ 

and Tb3+ ions. Among the particles studied, the (LaF₃:Ce³⁺Tb³⁺) nanoparticles were 

investigated in cell toxicity tests, while the MgF2 microbeads were tailor made for 

application in digital holography microscopy. The toxicity tests indicated that the NPs are 

non-toxic at concentrations below 0.0023 mg/mL in cell medium. These NPs were also 

incorporated into a biocompatible sodium alginate hydrogel matrix and the influence on 

the mechanical properties of the hydrogels was investigated. Rheological measurements 

revealed that nanoparticle inclusion significantly enhances the hydrogels’ structural 

stability, supporting their potential use in drug delivery and bioimaging. The tomography 

phase microscopy results of spherical MgF2 microparticles hinted at a very similar 

refractive index compared to human cells (1.360 ± 0.004). These particles were shown 

to provide the structural parameters required for precise calibration in digital holography, 

which enhances the accuracy and reliability of label-free live cell imaging. In addition, 

antibacterial tests with E. coli showed enhanced antibacterial activity compared to 

commercially purchased MgF2. These results suggest that lanthanide-based particles 

can be further exploited in future biomedical applications. 
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Zusammenfassung 

Lumineszierende Lanthanid-Materialien sind aufgrund ihrer einstellbaren Emissions-

wellenlängen, die von ultraviolettem Licht bis hin in den nahen Infrarotbereich 

reichen, auch für biomedizinische Anwendungen besonders interessant. Diese 

Materialien zeichnen sich durch ihre geringe Toxizität und hohe Photostabilität aus, 

was sie von traditionellen organischen Farbstoffen unterscheidet. In der 

vorliegenden Arbeit wurde der Fokus auf die Synthese von lumineszierenden 

Fluorid-haltigen Lanthanid-Verbindungen mit definierten nano- und mikroskaligen 

Dimensionen gelegt, wie beispielsweise LaF₃:Ce³⁺Tb³⁺, TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ 

und KSmF₄:Ln³⁺ (Ln = Ce, Tb, Eu). Diese Verbindungen sind bekannt für ihre starke 

Lumineszenz und hervorragende optische Stabilität, bedingt durch ihre niedrigen 

Phononenenergien. Um die vielversprechenden Eigenschaften dieser Materialien für 

Anwendungen im Bereich der Bioimaging-Technologien zukünftig nutzen zu können, 

wurde in dieser Arbeit die Entwicklung und Optimierung von Synthesemethoden zur 

Herstellung Lanthanid-dotierter Partikel mit definierter monomodaler 

Größenverteilung untersucht, und zwar mit Partikelgrößen von < 10 nm bis > 1 µm. 

Die so hergestellten Partikel wurden auch in Hydrogele integriert und mit 

Polymerbürsten modifiziert, um ihre Anwendungsbreite zu erhöhen. Die Ergebnisse 

zeigen, dass es gelungen ist, Partikel mit Größen von < 10 nm bis zu 15 µm mit 

engen monomodalen Größenverteilungen zu synthetisieren, die intensive rote und 

grüne Lumineszenz durch Eu³⁺- und Tb³⁺-Ionen aufweisen. Die (LaF₃:Ce³⁺Tb³⁺)-

Nanopartikel wurden auf ihre Zelltoxizität hin untersucht, während die MgF₂-

Mikroperlen speziell für Anwendungen in der digitalen Holographie-Mikroskopie 

entwickelt wurden. Die Toxizitätstests zeigten, dass die Nanopartikel bei 

Konzentrationen unter 0,0023 mg/mL im Zellmedium nicht toxisch sind. Weiterhin 

wurden diese Nanopartikel in eine biokompatible Natriumalginat-Hydrogelmatrix 

eingebettet, und deren Einfluss auf die mechanischen Eigenschaften der Hydrogele 

wurde untersucht. Rheologische Messungen zeigten, dass die Einbindung der 

Nanopartikel die strukturelle Stabilität der Hydrogele signifikant erhöht, was ihre 

potenzielle Verwendung in der Medikamentenfreisetzung und im Bioimaging 

unterstützt. Die Untersuchung der sphärischen MgF₂-Mikropartikel mittels 

Tomographie-Phasenmikroskopie ergab einen Brechungsindex, der dem von 

menschlichen Zellen sehr ähnlich ist (1,360 ± 0,004). Diese Partikel eignen sich 
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daher hervorragend für eine präzise Kalibrierung in der digitalen Holographie, 

wodurch die Genauigkeit und Zuverlässigkeit der markierungsfreien Echtzeit-Zell-

Bildgebung verbessert wird. Zudem zeigten antibakterielle Tests mit E. coli, dass die 

antibakterielle Aktivität im Vergleich zu kommerziell erhältlichem MgF₂ verbessert ist. 

Insgesamt lassen diese Ergebnisse darauf schließen, dass Lanthanid-basierte 

Partikel in zukünftigen biomedizinischen Anwendungen vielversprechend eingesetzt 

werden können. 
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Chapter 1 Introduction 

Lanthanides have recently reported to enable interesting applications in biomedicine 

and biotechnology.1 Some applications include e.g. bioimaging,2,3 biosensing,4 

bioprinting5 and designing smart devices.6–8 Probably the most interesting feature in 

these materials is the tuneable photoluminescence emission that can be altered by 

doping the host matrix with different lanthanide ions, energy transfer processes, or 

by modifying the host lattice matrix, enabling emission from ultraviolet, visible to the 

near infra-red region of the electromagnetic spectrum.9 Apart from doping different 

materials with lanthanides, lanthanide NPs and lanthanide complexes have been 

extensively studied due to their unique optical properties, stability, and the ability to 

fine-tune their emission spectra.1,10–14 Lately, researchers have shown that it is 

possible to dope hydrogels with luminescent nanomaterials such as lanthanide 

inorganic nanoparticles (NPs),15,16 lanthanide based organic complexes,17–21 

quantum dots,22–25 carbon nanotubes,26 carbon dots,24 fluorescent capsules27 and 

embedded thin layers luminescent sheets.28,29 Some applications of luminescent 

hydrogels reported in the literature include biosensors,4,30–35 thermosensors,36,37 

optical switches,29,38 pH sensors28,39–41 and drug delivery.42,43 In these applications, 

hydrogels serve as versatile platforms that provide a supportive, three-dimensional 

network capable of encapsulating and stabilizing the luminescent nanomaterials.15 

The role of the NPs in these hydrogels is to impart specific functionalities such as 

enhanced mechanical properties,44 increased luminescence efficiency,45 or targeted 

responsiveness to environmental stimuli,46 thereby broadening the scope of potential 

applications. 

Lanthanides as well as actinides exhibit interesting optical properties both in their 

trivalent and divalent states. This is due to the incompletely filled 4f electronic shells, 

which are shielded from crystal field splitting due to the high lying s, p and d 

orbitals.47 The luminescence properties of divalent lanthanides have been studied 

extensively due to their peculiar parity-allowed 5d-4f transitions.48–51 However, 

divalent lanthanides despite their attractive optical properties that could in principle 

enable interesting applications are highly unstable in water.48 They readily oxidize to 

the trivalent states, hence limiting their application. Therefore, many researchers 

have focused on trivalent lanthanides for hydrogel systems in biomedical 
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applications.31,39,52 Furthermore, their unique features, such as high photochemical 

stability, narrow emission bands due to the 4f-f transitions, empty 5d levels, charge 

transfer and energy transfer from neighboring ions or ligands and low toxicity make 

them outstanding.47,53,54  

The choice of lanthanide(s) needed as dopant(s) depends on the application of the 

hydrogel. Thus, to design an efficient system requires careful consideration on the 

required excitation or emission wavelength and life times. However, trivalent 

lanthanides are also known for their complicated spectra.9 Dieke and Crosswhite et 

al., published a report in 1963 showing the calculations of the energy levels for Ln3+ 

ions doped in a low-symmetry crystal, LaF3 with levels labelled by term symbols or, 

for some higher levels, capital letters. The energy level diagram provides useful 

insights for interpretation and prediction of the emission energies of the different 

trivalent lanthanides, which is important in tuning the luminescent properties. In the 

past, a lot of focus on the design and applications of trivalent lanthanides was on 

ceramics and NPs. However, there is little information that has been reported and 

understood about luminescent biopolymeric hydrogels prepared from Eu3+ or Tb3+ 

ions as crosslinkers. Thus, energy transfer,55 upconversion and downconversion56 

luminescence systems are suddenly becoming interesting for future applications of 

trivalent lanthanides doped hydrogels. 

For these applications, the choice of the host matrix is crucial. The use of fluoride is 

critical because it forms highly stable and low-phonon-energy matrices with 

lanthanides, enhancing their luminescent properties.57,58 Fluoride based lanthanide 

NPs can be prepared using ionic liquids (ILs) and room temperature ionic liquids 

(RTILs).59–63 ILs and RTILs are salts in nature below 100°C usually in liquid state or 

volatile solids at room temperature.64 They are made up of asymmetric organic 

cations and inorganic or organic anions, but in liquid state preferably consist of single 

and short-lived ion pairs.63 Furthermore, they have many advantages as choice of 

solvent for NP synthesis: negligible vapor pressure, high thermal stability and low 

melting point.65 ILs and RTILs are a good substitute for synthesis that require HF or 

other F- sources in combination with water. Thus, reducing the risks associated with 

the use or generation of HF during or after the synthesis.66–68 The resulting NPs 

usually have high crystallinity and can be dispersed in both polar and non-polar 

solvents.69 
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Attempts to use ILs as solvent and also fluoride source to develop monodisperse 

NPs and MPs are still not well established. For example, Lunstroot et al., 

successfully prepared LaF3 NPs doped with Eu3+ and Nd3+ via IL but could not 

control the particle size.70 Bartůněk et al., reported agglomerates of  LaF3 using  

two different kind of IL i.e. 1-butyl-3-methylimidazolium hexafluorophosphate 

(BMIM[PF6]) and 1-butyl-3-methylimidazolium chloride (BMIM[Cl]).71 Most 

challenging is to systematically prepare monodisperse fluoride MPs . Xu and Zhu et 

al., have reported a method to prepare different alkaline earth fluorides (MgF2, CaF2 

and SrF2) using BMIM[BF4].72 However, their results indicated polydisperse MPs with 

a wide range of size distribution and impurity below 70 % of the final product. 

In this Thesis, different fluoride NPs and MPs composed of lanthanides or doped 

with lanthanides [LaF3:Ce3+Tb3+, XYF4: Eu3+ (X=K, Rb, Cs und Y=Sm / Eu) NPs and 

MgF2: X3+ (X= Eu, Tb)] have been synthesized. The aim was to create materials with 

enhanced luminescent properties for potential applications in bioimaging and 

biosensing. LaF3 host lattice is beneficial because of the low vibrational energies 

thus reducing the possibilities of quenching excited states.73 Zhou et al., synthesized 

for the first time LaF3 NPs,74 of which Stouwdam and van Veggel et al., improved the 

synthesis to dope with luminescent material and modify the NPs surface.75 The 

resulting NPs were able to be dispersed in organic solvents, opening avenues for 

new biological applications. Liu et al., reported a simple method for preparing 

LaF3:Ce3+Tb3+ and LaF3:Tb3+ water-soluble nanoparticles that could potentially 

activate photodynamic therapy for deep cancer treatment.75–77  Zhu et al., designed a 

sonochemical method using 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMIM][BF4]) as IL to prepare highly luminescent LaF3:Tb3+ NPs with controlled 

morphologies and sizes.59 Microwave synthesis has also been previously used to 

prepare polyethyleneimine functionalized crystalline LaF3:Ce3+Tb3+ NPs with mean 

size of 12 nm.78 The preparation of XYF4 host lattice has been reported to occur in 

the CaF2- type in KTIF4, KYF4, KTbF4 and KErF4 as a bulk material.79 Hence, 

increasing interest in the photoluminescence field in using such hosts especially as a 

nanomaterial.80–84 Most common has been the application of NaGdF4 as a host 

material for doping with lanthanides due to its stability, low vibrational energy and the 

ability to mediate energy exchanges between lanthanide dopants.85 
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Motivated by the current trend in designing luminescent NPs and biopolymers with 

different functionalities, the work reported in this Thesis is also aimed at developing a 

simple strategy combining photoluminescence and NP interaction with sodium 

alginate hydrogel to create a multifunctional material that can be used in various 

potential biomedical applications such as imaging, sensing, and cell proliferation. 

Furthermore, such hydrogels are cheap and require less preparation time.86 The 

crosslinker, which is in the acetate form of Eu3+ also acts as an activator for red 

luminescence. Likewise, the NPs contribute to green luminescence and energy 

transfer from Tb3+ to Eu3+. Moreover, these combined effects enhance the gel 

strength that aids attachment and proliferation of NIH 3T3 fibroblasts. Another aim 

was the unprecedented synthesis of monodisperse (3 nm - 5 nm) and highly 

crystalline XYF4:Eu3+ (X=K, Rb, Cs und Y=Sm / Eu) NPs that can be dispersed in 

polar solvents. Furthermore, the research extends to developing functionalized 

nanoassemblies for future biomedical applications.  
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Chapter 2 Motivation and objectives 

For over two decades, nanomaterials have emerged as important ingredient for 

biomedical applications such as drug or gene delivery tools, photothermal therapy 

agents, photo sensitizers, biosensors, theranostic and antibacterial agents due to 

their unique characteristics.87,88 In addition, it has been widely reported that NPs 

could induce non-apoptotic cell death in cancer cells by inducing cytotoxicity in 

cancer cells, which triggers different forms of programmed cell death.89 This potential 

by NPs to trigger non-apoptotic cell death in cancer cells can also be explained by 

the possibility of co-administration of different cancer treatment methods. 

These developments have led to efforts recently concentrated in modification of 

known existing NPs to offer a single system with wide range of applications. For 

example, core-shell NPs (CSNPs) were designed to incorporate photophysical 

properties in nanomaterials.90 This is done by doping the core and shell with different 

dopants (possibly lanthanides or transition metals). The shell usually acts as a 

protective layer to prevent surface quenching. However, if the shell is optically active 

the absorption is improved as well as light to heat conversion is possible.91 It is 

known in the literature that PEG and SiO2 shells increase biocompatibility due to 

ease for further biofunctionalization for targeted response and in vivo experiments.92 

Most recently, the need for smart materials has motivated scientists to come up with 

multifunctional biomaterials.  

Whitesides et al., reported in a review article how smart materials like soft robotics 

will revolutionize the future of medicine.93 This is because of the countless biological 

functional soft structures that nature has to offer. Hydrogels are an example of 

interesting soft matter scaffold due to the structural similarity to extracellular matrix of 

various tissues.94 Hence, making hydrogels the best choice for mimicking biological 

structures. Hydrogel properties can be modified depending on the desired 

application (drug delivery, tissue repair, bioimaging and biosensing). In most cases, 

organic dyes have been used to prepare fluorescent hydrogels, which are needed for 

applications requiring visual tracking, imaging, or sensing within biological systems. 

However, it is also known that these dyes suffer photobleaching95 and are toxic at 

higher doses.96 Currently, reports have shown that lanthanides offer alternatives to 

functionalize hydrogels, thus making them photoluminescent.30,31,52,97,98  
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To date, there exists a challenge however to develop stable and non-toxic 

biopolymeric photoluminescent hydrogels for biomedical applications.  

The main objective of the research done and reported in this Thesis was to 

investigate the synthesis and properties of photoluminescent nanomaterials that can 

be potentially used for various biomedical applications. A particular focus was laid on 

lanthanide-doped NPs and MPs because of their unique tuneable optical properties, 

controllable particle size and size distribution. 

In Chapter 4, the focus is on the synthesis, stabilization, and optical properties of 

lanthanide-doped luminescent NPs and CSNPs. The study involves synthesizing 

LaF₃:Ce³⁺Tb³⁺ NPs, TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ NPs, and KSmF₄:Ln³⁺ (Ln = Ce, 

Tb, and Eu) NPs, optimizing synthetic methods to achieve stable photoluminescence 

and controlled particle size, and enhancing structural and luminescent  

properties by functionalizing TiO₂ nanoparticles with LaF₃:Ce³⁺Tb³⁺ to create 

TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ CSNPs. The photoluminescence of synthesized NPs is 

investigated in both dry (powder) and liquid (NP solution) states, and their potential 

applications in bioimaging and sensing evaluated by characterizing their optical 

properties. 

Building upon the foundational work in Chapter 4, Chapter 5 further focuses into the 

fabrication of hybrid sodium alginate hydrogel-lanthanide-doped luminescent NP 

materials for biomedical applications. This chapter integrates luminescent NPs into 

biocompatible hydrogels by incorporating LaF₃:Ce³⁺Tb³⁺ NPs into sodium alginate 

hydrogels crosslinked with trivalent lanthanide ions. The mechanical strength and 

optical properties of these hydrogels are enhanced for potential biomedical 

applications. Further, the biocompatibility and cytotoxicity is assessed through 

toxicity assays using various cell lines to ensure safe application in biological 

systems. The suitability of hydrogel-NP hybrids for drug delivery and bioimaging is 

also evaluated. 

Transitioning from hydrogels to solid bead structures, Chapter 6 describes the 

synthesis of spherical micrometer-sized MgF₂ beads for digital holography via the 

self-assembly of nanowhiskers. This chapter focuses on the development of 

monodisperse micrometer-sized MgF₂ beads for use as calibration standards in 

digital holography, tailored for label-free quantitative in vitro live cell imaging.  
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Various synthesis methods, including microwave heating, solvothermal, and 

hydrothermal techniques, are investigated to optimize the desired bead size and 

properties. 

Finally, Chapter 7 explores the functionalization of nanoassemblies for future 

biomedical applications, focusing on the enhancement of photoluminescent 

properties and biocompatibility. The photoluminescent properties of MgF₂ beads are 

enhanced by functionalizing them with Tb³⁺ and Eu³⁺ ions to impart distinctive green 

and red emissions, respectively. Biocompatibility and functionality are further 

improved by modifying MgF₂ beads with polymer brushes (PDEGMA-block-PAA) to 

enhance stability, responsiveness to environmental stimuli, and biocompatibility. 

Additionally, the antibacterial efficacy of MgF₂ nanowhiskers is evaluated against 

Escherichia coli to explore their potential as antibacterial agents. 
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Chapter 3 State of the art in luminescent lanthanide-

doped nano- and microparticles and hybrid materials for 

biomedical applications 

This Chapter highlights the past and recent advances in application of luminescent 

lanthanide doped NPs. Moreover, it aims to give an understanding of how lanthanide 

luminescence can be coupled to soft matter for biomedical applications. In addition 

to doping resulting in the desired optical properties, the design (size, shape etc.) of 

both NPs and MPs determine some important properties. These need to be 

understood if a desired bio-functionality is targeted. However, due to various intrinsic 

factors such as electronic structure, crystal field environment, and energy transfer 

processes, the choice of the host material is also critical in defining the 

photoluminescence of these particles. 

3.1 Luminescence of trivalent lanthanides 

The crystal structures of rare earth trihalides are known to change along the 

lanthanide series due to the so-called lanthanide contraction.99 High coordination 

numbers occur in lighter lanthanides with small ligands like fluorides. Lanthanum and 

cerium trifluorides adopt the tysonite structure with 11-fold RE3+ coordination.100 

Energy flow in lanthanides is due to transitions from excited singlet states via 

intersystem crossing to triplet states and hence to the ground state of the lanthanide 

ion. Figure 3.1 shows a simplified illustration of the relevant energy levels of different 

trivalent lanthanides.101 Eu and Tb exhibit potential strong red and green emission, 

respectively, which are thus attractive for biomedical labeling and imaging. 

Compared to currently used fluorophores, lanthanide-based emitters offer distinct 

advantages such as enhanced brightness and exceptional photostability.58 

Traditional organic dyes and fluorescent proteins often suffer from photobleaching, 

where their fluorescence diminishes upon prolonged exposure to light, and can 

exhibit lower quantum yields.102 Lanthanide complexes, however, maintain their 

luminescence over longer periods and under intense illumination, making them 

highly suitable for long-term imaging applications.103 The 4f→5d transitions in most 

trivalent lanthanides are too high in energy, especially in the UV or vacuum-UV 

region of the electromagnetic spectrum, to be applied in visible light promoted 
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photochemical reactions.104,105 For the Ce3+, the 4f→5d transition is lower than the 

other trivalent lanthanides. The emission can be tuned to shift to the visible region 

via coordination chemistry.106 Understanding these transitions, whether they involve 

allowed f-d transitions or electronic rearrangements within the 4f shell (f-f 

transitions), is crucial for optimizing the photoluminescent properties of lanthanide-

based materials. The allowed f-d transitions are more intense compared to f-f 

transitions and are generally observed in the UV/visible range.107 However, the 

electric-dipole f-f transitions are forbidden by Laporte’s selection rules.106,107 This is 

not entirely the case for the magnetic-dipole f-f transitions. Thus,  

f-f transitions are sharp and undergo long life times in the excited states, which 

makes the trivalent lanthanides containing compounds unique since they do not 

easily undergo photobleaching.103  

 

Figure 3.1: Energy level of the 4fn configuration of luminescent trivalent lanthanide ions. This Figure is 

reproduced with permission from Quoc Minh Le, Q.; Phan, T. K.; Luu, T. Q.; Nguyen, V. T.; Tran, Q. 

A.; Trinh, Q. T.; Nguyen, D. M.; Pham, N. Q.; Pham, T. V.; Hoang, T. M. Development of a fluorescent 

label tool based on lanthanide nanophosphors for viral biomedical application. Adv. Nat. Sci: Nanosci. 

Nanotechnol., 2012, 3 (035003), 1–10. Copyright 2012 IOP Publishing. 
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The aforementioned features of trivalent lanthanide luminescence allow diverse 

applications in lighting, information technology, lasers, forensics, sensors and 

biomedical applications108. In this Thesis emphasis is made on understanding the 

luminescence properties of NPs and MPs in different environments and conditions. 

In recent years, NPs and MPs have been extensively developed and utilized in 

experimental research involving cellular and bacterial systems. The next section 

provides a detailed literature review on the state-of-the-art biomedical applications of 

these particles. 

3.2 Biomedical applications of NPs doped with trivalent 

lanthanides 

The use of trivalent lanthanides in NPs has led to significant advancements in 

biomedical fields. These lanthanide-doped NPs possess unique optical,109 

magnetic,110 and redox properties,111 making them versatile for imaging,112 

diagnostics,113 and therapy.114 

Ln³⁺-doped NPs exhibit remarkable luminescent properties within the visible and 

near-infrared (NIR) regions of the electromagnetic spectrum. This luminescence 

arises from intra-configurational transitions within the 4f orbitals of the lanthanide 

ions, shielded by the 5s and 5p orbitals.115 This shielding results in sharp emission 

lines and long luminescence lifetimes, making these NPs highly suitable for 

bioimaging applications.109 For instance, Eu³⁺ and Tb³⁺ ions are known for their 

bright red and green emissions, respectively, which can be exploited in various 

imaging techniques to provide clear and distinguishable signals.116 Figure 3.2 depicts 

different luminescence mechanism that can lead to downshifting, upconversion or 

quantum cutting.117 

The high surface area to volume ratio of these NPs further enhances their 

functionality.109 By modifying the surface chemistry of Ln³⁺-doped NPs, it is possible 

to attach various targeting ligands, such as antibodies, peptides, or small molecules, 

to facilitate specific binding to biological targets.118–120 This specificity is particularly 

beneficial in applications like targeted drug delivery and precision imaging, where 

distinguishing between healthy and diseased tissues is crucial.121 
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One of the significant applications of Ln³⁺-doped NPs is their use as MRI contrast 

agents.110 The paramagnetic nature of certain Ln³⁺-doped NPs, particularly those 

doped with gadolinium (Gd³⁺), makes them excellent candidates for use as MRI 

contrast agents.110,122 Traditional gadolinium-based chelates can dissociate and 

release toxic Gd³⁺ ions, whereas Gd³⁺-doped NPs provide a safer alternative due to 

their stable crystal structure, minimizing ion leakage.123 The high concentration of 

paramagnetic ions within each NP enhances the MRI signal, offering superior 

contrast.124 Moreover, these NPs can be engineered to exhibit dual-modal imaging 

capabilities by combining MRI with optical imaging, thus providing complementary 

information and improving diagnostic accuracy.125 

Lanthanide-doped upconversion NPs (UCNPs), doped with lanthanides such as 

erbium (Er³⁺), ytterbium (Yb³⁺), and thulium (Tm³⁺), have been explored as 

biomarkers.126 UCNPs convert NIR light into visible light through a multi-photon 

process, reducing photobleaching and autofluorescence while allowing deeper tissue 

penetration, making them suitable for in vivo imaging applications.127 These 

properties make UCNPs particularly suitable for applications requiring high sensitivity 

and specificity, such as early cancer detection and real-time tracking of cellular 

processes.128 The ability to simultaneously visualize multiple targets using different 

emission wavelengths from various lanthanide ions can significantly enhance 

multiplexing capabilities in bioimaging.112 

The redox behavior of Ln³⁺ NPs, particularly cerium oxide (CeO₂) NPs, has been 

utilized for their enzyme-mimicking properties.111,129–133 CeO₂ NPs exhibit reversible 

redox cycling between Ce³⁺ and Ce⁴⁺, enabling them to mimic natural enzymes such 

as superoxide dismutase (SOD) and catalase.111 This antioxidant capability is 

beneficial for long-term treatments of diseases associated with oxidative damage, 

such as neurodegenerative and cardiovascular diseases.134–137 The ability to 

scavenge reactive oxygen species (ROS) provides protective effects against 

oxidative stress, making CeO₂ NPs promising candidates for various therapeutic 

applications.135 Additionally, the catalytic activity of these nanoparticles can be fine-

tuned by controlling their size, shape, and surface properties, allowing for the design 

of more efficient and specific enzyme mimics.136 
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DSL: Downshifting Luminescence; PTT: Photothermal therapy; PDT: Photodynamic therapy; UCL: Upconversion Luminescence; PL: Photoluminescence 

Figure 3.2: (A) Downshifting mechanism associated with Co-doped Ln-based NPs; (B) Upconversion 

mechanism associated with Ln2O3 NPs, QDs, Core–shell Ln-based NPs, Ln-doped NPs and 

multimodal Ln-based platforms, and (C) Quantum cutting mechanism associated with hybrid Ln-

based nanoparticles. Reproduced with permission from Ferro-Flores, G.; Ancira-Cortez, A.; Ocampo-

García, B.; Meléndez-Alafort, L. Molecularly Targeted Lanthanide Nanoparticles for Cancer 

Theranostic Applications. Nanomaterials, 2024, 14 (3), 1–25. Copyright 2024 MDPI. 

Ln³⁺-doped NPs with persistent luminescence properties are gaining popularity as 

bioimaging probes.138 These NPs can store photons and emit NIR light for extended 

periods after the initial excitation, allowing long-term imaging without continuous 

external illumination.138–140  Persistent luminescent NPs are advantageous for 

tracking biological processes over extended periods, such as tumor imaging and 

monitoring.141,142 For example, Wu et al. developed transactivator of transcription 

(TAT) peptide-conjugated persistent luminescent NPs for labeling adipose-derived 

stem cells and macrophages, facilitating cell tracking without selective labeling.143,144 

This innovation allows for non-invasive, long-term tracking of cell movements and 

interactions in live subjects, providing valuable insights into cellular dynamics and 

disease progression. 
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Zhao et al. introduced a background-interference-free persistent luminescent metal-

organic framework for tumor site-activated imaging, enhancing tumor detection 

sensitivity and specificity.113 This approach leverages the unique properties of 

persistent luminescent NPs to provide high-contrast images with minimal 

background noise, which is critical for accurately identifying and characterizing 

tumors. Furthermore, Zhao's team developed a long persistent luminescence 

hydrogel that integrates tumor-targeted persistent luminescent NPs with alginate 

hydrogel, enabling tumor-specific labeling and autofluorescence-free tracking of 

tumor metastasis.114 This hydrogel system offers a versatile platform for localized 

and sustained imaging of metastatic sites, potentially improving the monitoring and 

treatment of cancer metastasis.114 

The recent COVID-19 pandemic highlighted the need for rapid and sensitive 

diagnostic tools. Ln³⁺-doped NPs have been used in multiplexed nucleic acid assays 

to improve the detection rate of SARS-CoV-2, the virus responsible for COVID-19.145  

Probes doped with terbium (Tb³⁺), holmium (Ho³⁺), and europium (Eu³⁺) were 

designed to detect SARS-CoV-2’s ORF1ab gene, RdRp gene, and E gene 

respectively, providing high sensitivity detection without complex nucleic acid 

amplification procedures.145–147  This method offers a robust and reliable approach 

for early detection and monitoring of viral infections, which is crucial for effective 

disease management and control.146 The incorporation of Ln³⁺-doped NPs into 

diagnostic assays not only enhances sensitivity and specificity but also allows for the 

development of portable and user-friendly diagnostic devices, facilitating widespread 

testing and early intervention.147 

3.3 Designing and applications of nanoparticle – hydrogel hybrid 

materials 

The application of NPs in consumer products has led to the rise of regulations and 

restrictions due to concerns about their safe use. Steinhoff et al. recently published 

results showing the fate of NPs in the environment.148 To mitigate the environmental 

and health risks posed by NPs, it is essential to develop strategies that enhance their 

stability and control their release. One promising approach involves using hydrogels 

to effectively encapsulate and immobilize NPs, potentially reducing their mobility and 

impact on the environment. This method allows for innovative applications such as 
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environmental remediation and safer consumer products, while also improving 

hydrogel properties, such as increased mechanical strength and enhanced stimuli 

response. A good example between silica NPs-hydrogel composite has been 

reported already in the literature, of which the NPs were modified with polyethylene 

glycol.149,150 The resulting material had improved tissue adhesive property, 

mechanical strength and bioactivity compared to bare silica NPs. Likewise, gold NPs 

immobilized in poly N-isopropyl amide hydrogel has improved thermal response and 

mechanical strength.151  

Figure 3.3 highlights 5 different strategies for innovatively developing hydrogel-NP 

conjugates with uniform distribution. The simplest method being hydrogel formation 

in a NP suspension. Sershen et al., prepared optically responsive opto-mechanical 

NP-hydrogel composites using this approach.44 Au-NPs were added into a  

solution of monomer (95/5 molar ratio of N-isopropylacrylamide/acrylamide 

(NIPAAm/AAm) followed by addition of ammonium persulfate initiator and 

tetramethylethylenediamine accelerator. Other authors have also used similar 

approach and reported positive results in intra-ocular lens applications,152 NP 

stability and reduce aggregation153 (however, NPs may leach out of the hydrogel 

matrix at low crosslinking density)154–156, improved photocatalysis157 and tumor 

metastasis tracking.114  

In a different approach, NPs can be incorporated in a hydrogel matrix after gelation. 

Pardo-Yissar inserted Au-NPs in a PAAm gel after electro-polymerization  to study 

the solvent switchable electronic properties of hydrogel-Au-NPs composite 

material.158 Wang et al came up with a different strategy and demonstrated that is 

possible to manipulate the thermo-responsive nature of PNIPAm hydrogels by 

loading nanoparticle precursors into a gel. Thus, reactive NPs formation in a 

preformed gel. New methods are coming up using NPs as crosslinkers to form 

hydrogels. Souza et al., developed a bacteriophage molecular network by 

spontaneous assembly of phage with Au-NPs.159 The formed hydrogel was able to 

maintain the cell surface receptor binding and internalized attribute of the peptides. 

Skardal et al., utilized multivalency and thiophilicity of Au-NPs to crosslink thiolated 

hyaluronic acid commercially available in to biodegradable, cytocompatible, printable 

and extrudable hydrogels.160 
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Figure 3.3. Diagram illustrating five different strategies to develop hydrogel-NP conjugates with 

uniform distribution: 1) Preparing the hydrogel in a NP suspension, 2) physically embedding of the 

NPs into hydrogel matrix after the gelation process, 3) reactive NP formation inside a preformed gel, 

4) Using NPs as crosslinkers to form hydrogels, 5) gel formation using a combination of NPs, 

polymers, and precise gelators Reproduced with permission from Thoniyot, P.; Tan, M. J.; Karim, A. 

A.; Young, D. J.; Loh, X. J. Nanoparticle–Hydrogel Composites: Concept, Design, and Applications of 

These Promising, Multi-Functional Materials. Adv. Sci., 2015, 2 (1400010), 1–13. Copyright 2015 

Wiley-VCH. 

In another study, Zhang et al., prepared semiconductors NP-based hydrogel by self-

initiated polymerization in the presence of sunlight or visible light.161 The 

semiconductor NPs were used as inorganic initiators for the polymerization of N,N-

dimethylacrylamide. A more innovative method has also been reported using NPs, 

polymers and distinct gelator molecules. Precisely, Wu et al., incorporated silica NPs 

in to a conducting polymer hydrogel for Si-based anodes.162 The hydrogel was 

formed in situ to generate a good 3D network structure based of silica NPs coated 

with the conducting polymer. 
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The progress made in NP-hydrogel composites, particularly through the 

incorporation of lanthanide-doped NPs for stable photoluminescent properties and 

improved structural properties, offers valuable insights for the synthesis of MPs. 

Techniques used to achieve uniform distribution and stability of NPs within hydrogels 

can be adapted for the fabrication of MPs, ensuring precise control over size, 

morphology, and functional properties. MPs are particularly relevant in biomedical 

applications due to their capacity for controlled drug release at targeted sites, which 

enhances therapeutic efficacy while minimizing adverse effects.163 In summary, the 

NP-hydrogel composite provides a multifunctional and stimuli responsive properties. 

To date, only metal NP-hydrogel, metal-oxide NP-hydrogel, nonmetal NP-hydrogel 

and polymeric NP-hydrogel composite systems have been well investigated and not 

the RE fluoride NP-hydrogel counterparts.15  

Applying the advanced principles and techniques developed in NP-hydrogel 

composites offer possibilities to design multifunctional MPs tailored for various 

biomedical applications. This integrative approach broadens the scope and utility of 

these materials, enhancing their effectiveness in therapeutic and diagnostic contexts.  

3.4 Fabrication of tailored microparticles for biomedical 

applications 

Currently, there is no reported synthetic method for preparing monodispersed MgF2 

beads larger than 2 µm in diameter. The latest report by Xu et al.,72 claimed to 

prepare micro sized spherical particles with wide size distribution ranging from 200 

nm and 2 µm. Typical known synthesis routes for preparing MgF2 nanoparticles and 

micro sized beads include precipitation, ammonia route, sol-gel via hydrogen fluoride 

acid (HF) or acetate, microwave assisted ionic liquid solvothermal, ultra-sonification 

and synthesis via sea water. Precipitation can be used to prepare uniform MgF2 

particles of different morphologies by changing the pH and ionic strength, while 

avoiding complexation of interaction ions. Spherical, cubic, prismatic and platelet 

colloidal particles are formed due to diffusional growth or aggregation of individual 

single particles. It is however challenging to control the particle size for particles 

greater than 2 µm.72,164,165   
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Likewise, synthesis via ammonia from the reaction of Mg2+ and F- in aqueous 

solution is useful in achieving controlled sizes (from ~6 to max. 300 nm) and 

morphologies (from a spherical and a cubical form), which can be produced by 

means of an appropriate F: Mg ratio.164  

The sol-gel synthesis via HF requires an inert atmosphere under Ar gas and a 

Schlenk apparatus. The purification process of the particles is tedious and involves 

large amounts of alcohol as a solvent. The resultant size distribution is between 10 – 

20 nm.166 Similarly, sol-gel via acetate is not convenient for large scale synthesis. 

This is because in the first step of the reaction between magnesium and methanol 

large amounts of hydrogen is released.167 Unfortunately, redesigning the synthesis 

with commercially available magnesium ethoxide as a starting material cannot be 

considered, since this is insoluble in methanol or in ethanol.167 Hence, no 

transparent sols are available due to the deposition of a protective MgF2-layer onto 

the suspended solid Mg(OEt)2 precursor particles.167 

An alternative route with MgCl2 as educt is quite easy to perform but suffers from the 

stoichiometric formation of HCl from MgCl2 as result of the reaction with HF.167,168 

HCl is very corrosive, a practical application of such sols is not recommended. 

However, the synthesis route via ionic liquids can be used as a substitute for fluorine 

source rather than working with large volume of HF. Ultra-sonification method has 

only been reported for preparing active MgF2 biofilms.169 Hence, application in 

synthesis of particles is not possible. Lastly, synthesis using sea water from the 

Baltic Sea has been reported as a low-cost method.170 However, environmental 

challenges limit the application of the sea water for industrial synthesis. Furthermore, 

the effects of other chemical species in the sea water have not been fully understood 

and investigated on how they affect the size distribution of the particles.  

Doping MgF2 beads with activators such as trivalent lanthanides is beneficial in 

further functionalization of the beads. This has been shown by Cortelletti et al., for 

small CaF2, SrF2 particles and bulk material.171 Thus, developing photoluminescent 

MgF2 beads that emit in the visible or near infra-red region, which can be used as 

label free markers 
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Chapter 4 Synthesis, stabilization and optical 

properties of lanthanide-doped luminescent NPs 

(LaF3:Ce3+Tb3+, TiO2@SiO2@LaF3:Ce3+Tb3+ and KSmF4:Ln3+ 

(Ln = Ce, Tb and Eu)  

4.1 Introduction 

This Chapter covers the synthesis and characterization of lanthanide-doped 

luminescent nanoparticles (NPs). The overall objective was to prepare 

multifunctional NPs that luminesce in the visible range of the electromagnetic 

spectrum using trivalent lanthanides (Ln3+) as dopant. Furthermore, the NPs were 

modified for applications in cell studies. 

LaF3:Ce3+Tb3+ was chosen because doping of LaF3 with lanthanides is known74 and 

different synthetic methods were anticipated to afford stable photoluminescence in 

NPs. Thereafter, LaF3:Ce3+Tb3+ was used to functionalize TiO2 NPs. These particles 

were considered as a carrier, since they are well established NPs and known for 

their interesting photocatalytic properties, as discussed in Chapter 3 of this Thesis,172 

among others. However, since photocatalysis is detrimental for many biological and 

industrial processes,172 a core-shell synthesis strategy with a shell of SiO2 

synthesized around the TiO2 core has been used to prepare 

TiO2@SiO2@LaF3:Ce3+Tb3+ NPs. SiO2 shells supress the unwanted generation of 

reactive oxygen species (ROS), provided that they shield the underlying TiO2 

completely.173 Initially, LaF3:Ce3+Tb3+ NPs were synthesized using an autoclave 

method, exploiting stabilization using PVP and citric acid. A modified synthesis route 

was developed to create core-shell NPs of TiO2@SiO2@LaF3:Ce3+Tb3+. Additionally, 

this Chapter explores the preparation of KSmF4: Ln3+ (Ln = Ce, Tb and Eu) 

perovskite-like NPs, focusing on their modification, stabilization, and dispersion in 

aqueous media for subsequent cell studies. 

The luminescence properties of these nanoparticles were investigated in both dry 

(powder) and liquid (NP solution) states to gain comprehensive insight into their 

optical behaviour. The findings of this Chapter are used as a basis and motivation for 

further evaluation on toxicity and experiments with hydrogels and cells (see Chapter 

5). 
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4.2 Results and discussion 

4.2.1 Stepwise synthesis and powder X-Ray diffraction patterns 

In the first step of the developed protocol, the synthesis of TiO2 NPs was carried out 

by employing a controlled hydrolysis reaction of titanium tetrachloride (TiCl4). This 

reaction was facilitated by mixing two ionic liquids, namely 1-butyl-3-

methylimidazolium chloride (BMIM[Cl]) and 1-butyl-3-methylimidazolium bromide 

(BMIM[Br]), in a solution containing Milli-Q water and ethanol (see Figure 4.1). The 

utilization of microwave heating allowed for rapid and efficient synthesis under 

controlled conditions. Notably, the ionic liquids served as co-surfactants during the 

synthesis process, exerting a significant influence on the resulting crystalline phases 

of TiO2 nanoparticles, as evidenced by powder X-ray diffraction (XRD) analysis 

(Figure 4.2). Specifically, variations in the concentrations of BMIM[Cl] and BMIM[Br] 

were found to possess an impact on the relative abundance of the (001) and (101) 

crystallographic planes, thereby influencing the size and morphology of the TiO2 

nanoparticles applications. 

 

Figure 4.1: First synthesis scheme for preparing TiO2 NPs. 
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Figure 4.2 shows a XRD powder pattern of core TiO2 NPs after the first step of the 

synthesis (see Figure 4.1) and sintering at 400°C. The XRD pattern revealed 

characteristic peaks corresponding to the anatase phase of TiO2. The most intense 

peak was observed at 2θ = 25.3°, corresponding to the (101) crystallographic plane 

of the anatase phase of TiO2. Additional peaks were observed at 2θ values of 

approximately 37.8°, 48.0°, 53.9°, 55.1°, and 62.7°, corresponding to the (004), 

(200), (105), (211), and (204) crystallographic planes, respectively. The peaks 

correlate to the reference spectrum of anatase adopted from the ICSD.174 The broad 

peaks observed in the XRD pattern suggest the presence of small crystallite sizes, a 

characteristic feature of anatase TiO2 nanoparticles.  

 

Figure 4.2: Powder XRD pattern of TiO2 NPs after 1 h sintering at 400°C compared to standard 

reference (9852-ICSD).174 

However, the signal to noise ratio is limited and clear peak broadening is observed, 

which is a typical feature for smaller NPs less than 20 nm.175 According to the 

literature, peak broadening can be caused by several factors; the crystallite size, 

instrumental profile, type of instrument used for nanophase analysis, presence of 

microstrain, different types of microstrain, solid solution inhomogeneity, and 

temperature factors.176  
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In practice, the instrumental profile influences the upper limit of crystallite size that 

can be analyzed.176,177,178,179,180 Hence, the occurrence of any impurities cannot be 

estimated using the XRD powder pattern. The excess ionic liquid remaining on the 

surface of the NPs was removed by sintering at 400°C for 1 h.  

Furthermore, the successful formation of TiO2@SiO2 core-shell nanoparticles was 

achieved via the Stöber synthesis181 method (see Figure 4.3). This approach, known 

for its simplicity and versatility, offers several advantages, including precise control 

over particle size, uniformity, and the ability to incorporate additional functionalities 

through surface modification. The synthesis of SiO2-encapsulated TiO2 NPs was 

carried out in two steps. First, TiO2 nanoparticles were prepared as shown in Figure 

4.1, followed by careful purification, drying and sintering. Subsequently, the Stöber-

inspired synthesis was employed to encapsulate the TiO2 NPs with a silica shell. 

TiCl4 served as the TiO2 precursor, while TEOS was used as the SiO2 precursor. 

The reaction conditions were optimized to achieve a uniform SiO2 coating around the 

TiO2 NPs. The resulting core-shell NPs were characterized using SEM, TEM, FTIR 

spectroscopy, and XRD. The successful synthesis of TiO2@SiO2 CSNPs represent a 

pivotal advancement in the fabrication of multifunctional nanomaterials with tailored 

properties for biomedical applications. 

 

 

Figure 4.3: Second step of the synthesis scheme for preparing TiO2@SiO2 NPs sintered at 400°C for  

1 h. 
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Powder XRD analysis of the synthesized TiO₂@SiO₂ CSNPs revealed notable 

observations, namely distinct reflections corresponding to both TiO₂ and SiO₂ NPs. 

Peaks due to SiO₂ were observed because the TiO₂@SiO₂ undergoes a drying step 

after synthesis. Drying is known to enhance the crystallinity of the SiO₂ shell.182 The 

substantial thickness of the amorphous silica shell may obscure any weak diffraction 

peaks of the TiO₂ core.183 Additionally, the amorphous nature of the silica could 

attenuate X-rays, contributing to the absence of TiO₂ peaks. This absence 

underscores the complexity of CSNP characterization and suggests the need for 

further investigation using complementary techniques such as transmission electron 

microscopy (TEM) or energy-dispersive X-ray spectroscopy (EDX) for a 

comprehensive understanding of the nanoparticles' composition, structure, and 

morphology (refer to Section 4.2.3). 

The synthesis of TiO₂@SiO₂ core-shell nanoparticles was followed by the 

incorporation of a LaF₃:Tb³⁺Ce³⁺ layer using 1-butyl-3-methylimidazolium 

tetrafluoroborate (BMIM[BF₄]), as shown in Figure 4.4. Initially, TiO₂ nanoparticles 

were synthesized and then coated with SiO2 NPs shell using the Stöber method to 

form TiO₂@SiO₂ core-shell nanoparticles. Unlike conventional methods that utilize 

NaF or NH₄F as fluorine sources,184,185 BMIM[BF₄] serves a dual role as both a 

fluorine source and a solvent, simplifying the synthesis process and reducing the 

need for additional reagents. BMIM[BF₄] offers high thermal stability and tunable 

solvation behavior, allowing for precise manipulation of the reaction environment, 

resulting in improved reproducibility and uniformity of the final product.186 The 

chemical reactions I, II and III describe the formation of LaF₃:Tb³⁺Ce³⁺ layer. 

 

 

 

Tb and Ce were used as co-dopants and replaced some of the La sites in the crystal 

structure and hence the overall reaction is simplified and is given by the chemical 

reaction IV. 

La(NO3)3(aq)  + 3BMIM[BF4](aq) → LaF3(s) + 3BMIM[NO3](aq) + 3BF3(aq)                    (IV)                           

La(NO3)3(aq) + 3BMIM[BF4](aq) → LaF3(s) + 3BMIM[NO3](aq) + 3BF3(aq)                               (I)      

Tb(NO3)3(aq) + 3BMIM[BF4](aq) → TbF3(s) + 3BMIM[NO3](aq) + 3BF3(aq).                             (II)     

Ce(NO3)3(aq) + 3BMIM[BF4 ](aq) → CeF3(s) + 3BMIM[NO3](aq) + 3BF3(aq)                  (III)     
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To prepare the final shell consisting of LaF₃:Tb³⁺Ce³⁺ in the CSNPs, the use of 

correct stoichiometric amounts of the educts is necessary. This is because during 

the synthesis some appreciable amount of TiO2 and SiO2 is lost in the washing steps  

(see section 4.4.5.3). Furthermore, NPs that aggregate before addition of 

LaF3:Ce3+Tb3+ are sieved out, thus altering the final concentration of NPs. At the end 

of the synthesis grinding of the CSNPs was necessary to remove any sticking of the 

NPs due to excess ionic liquids on the surface of the NPs that dry together with the 

NPs. Hence, the washing steps were vital immediately after the synthesis and again 

after drying-grinding process.  

 

Figure 4.4: Final synthesis step scheme for preparing TiO2@SiO2@LaF3:Tb3+Ce3+ NPs. 

Table 4.1 provides an overview of the synthesis, characterization, and properties of 

various NPs investigated in this Chapter. The characterization of the NPs included 

XRD for crystal structure determination, and TEM along with STEM-EDX for particle 

size and morphology analysis. DLS was utilized for size distribution analysis of 

LaF₃:Ce³⁺Tb³⁺. 

Figure 4.5 shows the powder XRD pattern of synthesized LaF3:Ce3+Tb3+ NPs via 

BMIM[BF4] (No. 3 on Table 4.1) to investigate crystallinity and phase composition of 

the reaction product obtained. The resulting XRD pattern (Figure 4.5) revealed 

prominent diffraction peaks corresponding to the (100), (110), (111), and (200) 

crystallographic planes of the fluorite-type LaF3 lattice,187 indicative of well-defined 

crystallinity. Notably, the observed peak positions at 2θ = 28.5°, 32.7°, 47.1°, and 

56.4° closely matched reference values for LaF3,187 affirming the successful 

synthesis of the targeted material. The XRD pattern exhibited broad peaks, 
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consistent with high crystallinity and phase purity of the nanoparticles (Figure 4.5). 

However, the reflections are slightly shifted with respect to the reference LaF3 

(23972 ICSD database)187 and significantly broadened, which signifies the formation 

of nanocrystals. 

Table 4.1: Summary of NPs synthesized (including conditions and characterization methods).  

NPs Route Structure Size 

TiO2 Via BMIM[Cl] and 
BMIM[Br] 

(a) 

XRD & TEM TEM 

TiO2@SiO2 Stöber synthesis 
via TEOS181 

XRD & STEM-
EDX 

STEM 

LaF3:Ce3+Tb3+ Via EG and 
BMIM[BF4] 

(b), (c), (d) 

XRD & STEM-
EDX 

STEM & DLS 

TiO2@SiO2@LaF3:Ce3+Tb3+ Via EG and 
BMIM[BF4] 

(b), (c), (d) 

XRD & STEM-
EDX 

STEM 

KSmF4:Ln3+ (Ln = Ce, Tb and Eu) Protocol 
according to 
Wang et al.85 

XRD & TEM-EDX TEM 

(a)Microwave parameters: 10 min, 10 bar, 100°C, 100 W. 
(b)Microwave parameters: 30 min, 10 bar, 120°C, 100 W. 
(c)Room temperature and low temperature luminescence. 
(d)Toxicity tests with NIH 3T3 and PaTu 8988t cells (see Chapter 5). 

 
This XRD analysis reveals that the LaF₃:Ce³⁺Tb³⁺ nanoparticles possess a 

crystalline structure similar to that of pure LaF₃ (reference from ICSD database). The 

positions of the diffraction peaks (2θ = 28.5°, 32.7°, 47.1°, and 56.4°) match closely 

with the reference pattern, indicating that the doped nanoparticles maintain the same 

phase as the undoped LaF₃. Differences in peak width suggest some changes due 

to doping and possibly nanoparticle size effects. Overall, the pattern confirms 

successful incorporation of Ce³⁺ and Tb³⁺ into the LaF₃ lattice without significant 

impurities or secondary phases. 

In the synthesis of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs the ionic liquid BMIM[BF4] was 

used, which has the advantage of controlling the growth of the nanocrystals and also 

act as source for fluoride ions.186,188 Hence, no HF is formed as in the conventional 

method using NaF that requires excess water. 
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Figure 4.5: Powder XRD pattern of LaF3:Ce3+Tb3+ NPs compared to standard reference (23972-

ICSD).187 

Figure 4.6 shows the XRD powder pattern of the final TiO2@SiO2@LaF3:Ce3+Tb3+ 

NPs (synthesis procedure see Figure 4.4). The XRD peaks corresponding to TiO2, 

SiO2 and LaF3 are denoted in Figure 4.6 as red, blue and green asterisks, 

respectively. Again, the peaks are broad and signal to noise ratio is low. The LaF₃ 

peaks indicate the successful formation of the outer layer, while the SiO₂ peaks 

suggest partial crystallinity in the SiO₂ layer. The peaks attributed to the anatase 

phase of TiO₂ are less intense, likely due to effect of a shielding SiO2 shell. The 

presence of crystalline SiO₂ peaks, despite the expectation of amorphous SiO₂, can 

be attributed to synthesis conditions or post-synthesis effects leading to partial 

crystallization. To improve signal to noise ratio, data acquisition time is increased. 

However, this can also damage the imaging plate. For this measurement, the 

recording time for the instrument was set to 10 minutes. To gather independent 

information on the NP composition, ATR - FTIR spectroscopy was used as a 

complementary technique to confirm the composition of the CSNPs (see Figure 4.7).  
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Figure 4.6: Powder XRD pattern of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs. 

As shown in Figure 4.7 the expected peaks of anatase phase of TiO2, SiO2 and LaF3 

NPs in TiO2@SiO2@LaF3:Ce3+Tb3+ were all observed, which is in agreement with 

results reported in the literature.189,190–192 Doping of LaF3 with Ce3+ and Tb3+ did not 

lead to any changes in the FTIR spectra (compare Figure 4.7). This is in contrast to 

the XRD data (Figure 4.6), where the peaks were shifted to lower 2 values. This 

shift by 1.5° is tentatively attributed to the strain in the crystal lattice and distorted 

symmetry.177  

For the ATR - FTIR spectroscopy measurements a ZnSe crystal and a Tensor 27 

FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) was used. Two 

different TiO2 samples were taken as reference for monitoring changes after the 

addition of SiO2 and LaF3 (see Figures 4.2 and 4.3). The samples investigated 

included TiO2 NPs sintered at 400°C for 1 h, 2 h, CSNPs TiO2(400°C, 2h)@SiO2 and 

TiO2(400°C, 2h)@SiO2@LaF3:Ce3+Tb3+. The FTIR spectra of TiO₂ samples 

subjected to various treatments reveal key structural and compositional information 

in the wavenumber range from 4000 to 400 cm⁻¹. 
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Figure 4.7: ATR-FTIR spectra of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs. 

Broad absorption bands around 3400 and 3500 cm⁻¹ correspond to O-H stretching 

vibrations, indicative of surface hydroxyl groups or adsorbed water molecules.193 

Additionally, the bands between 1620 cm⁻¹ and 1640 cm⁻¹ are attributed to H-O-H 

bending modes, further supporting the presence of hydroxyl groups or adsorbed 

water on the TiO₂ surface.194  
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Table 4.2: FTIR spectroscopy band position and assignment of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs. 

Band 
Position 
(cm⁻¹) 

Assignment Description 

3400 - 3500 O-H stretching vibrations193 
(a) 

Surface OH 
groups or 

adsorbed water 
molecules 

1620 - 1640 H-O-H bending modes194 
(a) 

OH groups or 
adsorbed water 

 
800 - 400 Ti-O and Ti-O-Ti stretching vibrations195 

(a) 
Intrinsic to the 

TiO2 lattice 
structure 

 
1200 - 1000 Si-O-Si stretching vibrations196 

(b) 
Incorporation of 

SiO2 in TiO2 
matrix 

 
500 - 600 La-F stretching vibrations197 

(c) 
Incorporation of 
LaF3 in CSNPs 

 
1100 Asymmetric stretching vibrations of Si-O-Si196 

(d) 
 

Presence of SiO2 

 

800 Symmetric stretching vibrations of Si-O-Si196 
(d) 
 

Presence of SiO2 

 

950 Si-OH bending vibrations196 
(d) 

OH groups on 
SiO2 surface 

 
3400 O-H stretching vibrations193,196 

(d) 
OH groups on 
SiO2 surface 

 
(a)Sample composed of only TiO2. 
(b)Sample composed of TiO2(400°C, 2h)@SiO2.  
(c)Sample composed of TiO2(400°C, 2h) @SiO2@LaF3: Ce³⁺Tb³⁺. 
(d)Sample composed of TiO2@SiO2@LaF3:Tb³⁺Ce³⁺. 
 

The region of 800-400 cm⁻¹ is characterized by prominent bands corresponding to  

Ti-O and Ti-O-Ti stretching vibrations, intrinsic to the TiO₂ lattice structure.195 

Comparative analysis of the samples treated at 400°C for 1 h and 2 h reveals that 

the latter exhibits more well-defined bands, suggesting an enhancement in 

crystallinity or changes in particle size with extended thermal treatment 

duration.198,199 Incorporation of SiO₂ is evidenced by the additional Si-O-Si stretching 

vibrations observed in the range from 1200 to 1000 cm⁻¹, confirming the successful 

integration of silica into the TiO₂ matrix.200  
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The spectrum of TiO₂ (400°C, 2h)@SiO₂@LaF₃:Ce³⁺ Tb³⁺ displays distinct spectral 

features, particularly in the Ti-O region, highlighting modifications in the lattice 

structure due to the incorporation of LaF₃:Ce³⁺Tb³⁺.  

The FTIR spectrum of TiO₂@SiO₂@LaF₃:Tb³⁺Ce³⁺ CSNPs confirms the presence of 

both silica and lanthanum fluoride. The broad band around 3400 cm⁻¹ is attributed to 

O-H stretching vibrations from Si-OH groups, indicating the presence of hydroxyl 

groups on the silica surface.196 The strong band at 1100 cm⁻¹ corresponds to the 

asymmetric stretching vibrations of Si-O-Si bonds, while the band at 800 cm⁻¹ is due 

to symmetric stretching vibrations of Si-O-Si.196 Additionally, the band at 950 cm⁻¹ is 

assigned to Si-OH bending vibrations.196 Bands in the 500-600 cm⁻¹ region, 

corresponding to La-F stretching vibrations, confirm the successful incorporation of 

LaF₃ into the core-shell structure.197 Observed changes in band positions and 

intensities align with established literature values,193–200 affirming the structural and 

compositional modifications introduced in different sets of NPs. 

4.2.2 DLS measurements  

LaF3:Ce3+Tb3+ NPs were prepared according to the procedure highlighted in Figure 

4.4 for further estimation of the particle size distributions. In particular, DLS was 

employed to estimate the hydrodynamic diameter and related particle size 

distributions of LaF3:Ce3+Tb3+ NPs and also to monitor the stability of the dispersions 

in water. 

Figure 4.8 shows the size distribution by number of LaF3:Ce3+Tb3+ NPs dispersed 

with a concentration of 0.5 mg/mL in Milli-Q water. The NPs investigated here were 

prepared in situ using a mixture of PVP and EG in a ratio of 1:1. PVP was chosen as 

a stabilizer due to its non-toxicity,201 non-ionic.202 PVP, which is a stable polymer 

with inert physiochemical features over a wide range of pH conditions,203,204 is 

comprised of a hydrophilic side groups and a hydrophobic aliphatic backbone.205 

These characteristics renders PVP soluble in aqueous and non-aqueous solvents.206 

In the DLS analysis it was assumed that the scatterers are spherical in shape. Panel 

B in Figure 4.8 shows a broad apparent size distribution of LaF3:Ce3+Tb3+ NPs 

observed less than 5 minutes after preparation of the solution. The distribution peaks 
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at an apparent hydrodynamic diameter of 50 nm and extends to large particle sizes 

of close to 1 µm. In addition, a shoulder is observed at 300 nm. 

 

Figure 4.8: DLS size distributions of blank and LaF3:Ce3+Tb3+ NPs at different times A) blank Milli-Q 

water, B) < 5 min, C) after 1 h and D) after 2 h. 

Panel C and D show the DLS distribution by number for the different dispersions 

after certain storage times (quiescent solution stored at 25°C). The distributions shift 

markedly to smaller apparent hydrodynamic diameters, showing the originally 

observed apparent size is not stable. The greater abundance of smaller NPs over 

time may be attributed to an equilibration of the NP suspension. Initially, larger 

aggregates or clusters may dominate the size distribution due to incomplete 

dispersion. However, with time there may be a breakdown of larger aggregates into 

smaller nanoparticles. Here the surface stabilization agent PVP may contribute to 

promote a uniform dispersion and to prevent reaggregation. Consequently, individual 

nanoparticles become more prevalent. Since the particles were found by TEM 

analyses (see Figure 4.10) to be non-spherical the stated apparent values of the 

hydrodynamic diameters do not correspond to the actual NP size.207 
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In a different experiment, the effect of various PVP concentrations on LaF3:Ce3+ Tb3+ 

NPs was analyzed. 1 mL of 5 mg/mL NPs concentration were dispersed in a 

suspension composed of 4 mL Milli-Q water and 25 mmol PVP in different ratios 

(see Experimental section 4.4.3). The optimum ratio was found to be 0.5 mL : 6 mL  

(Milli-Q water : PVP). As shown in Figure 4.9, the narrow size distribution indicates 

the presence of NPs, whose apparent hydrodynamic diameter ranges between 5 and 

10 nm ± 2 nm. 

 

Figure 4.9: DLS size distribution of 5 mg/mL NPs concentration of LaF3:Ce3+Tb3+ NPs dispersed in a 

suspension of Milli-Q water and 25 mmol PVP. 

The mechanism of preventing NP aggregation by using PVP involves according to 

the literature a combination of steric, electrostatic, and hydrophilic/hydrophobic 

interactions between the polymer molecules and the NP surface.203 By adsorbing 

onto the surface and forming a protective layer, PVP has been reported to help 

maintain the stability and dispersibility of nanoparticles in solution.208 The chain 

length of PVP plays an important role in the stability of NPs and can also influence 

the particle growth.209 As a shape-controlling agent, specific crystal faces can be 

favored, while hindering others during the synthesis. Li et al., successfully prepared 

LaF3:Ln3+ up–down conversion fluorescent colloidal NCs by a microwave-assisted 

polyol method and PVP.210 The results showed that surface-tethered PVP chains 

make the NCs highly water dispersible. A similar observation was made in this 

experiment as shown in Figure 4.9.  
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4.2.3 Morphology investigations by TEM and STEM 

DLS, as used above, is a valuable technique for analyzing the size distribution and 

hydrodynamic properties of spherical NPs in solution. However, DLS alone may not 

provide sufficient information for a comprehensive understanding of NP 

characteristics. For instance, while DLS provides information about the diffusion of 

scatterers, the calculation of the hydrodynamic diameter of NPs with help of the 

Stokes – Einstein equation requires independent confirmation that they are indeed 

spherical. The Stokes-Einstein Equation 1 is given by: 

    𝐷 ൌ  
௞ಳ ்

଺గ஗ ௥೓
            (1) 

where:            

- D is the diffusion coefficient (measured in m²s–1) 

- kB is the Boltzmann constant (1.38×10−23 JK–1), 

- T is the absolute temperature (K) 

- η is the dynamic viscosity of the medium (Paꞏs) 

- rh is the hydrodynamic radius of the spherical particle (m). 

Given that the Stokes-Einstein equation assumes spherical particles, verifying the 

shape of the NPs independently is crucial. In addition, the DLS data does not offer 

any insights into the morphology, crystallinity, or surface structure of the NPs. To 

unveil these parameters and gain a more complete understanding of NP properties, 

TEM and STEM were employed in this study. TEM and STEM offer high-resolution 

imaging capabilities, allowing direct visualization of individual NPs and determination 

of their size, shape, and internal structure. By complementing DLS data with TEM 

and STEM analysis, a more comprehensive characterization of the NPs was 

achieved, facilitating a deeper understanding of their structure-property relationships 

and guiding further development for various applications. 

In this section, TEM images of individual TiO2, SiO2 and LaF3:Ce3+Tb3+ and CSNPs 

of TiO2@SiO2@LaF3:Ce3+Tb3+ are discussed. Figure 4.10 shows TEM images of 

LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP.  



 45

Both sphere- and rod-like shaped NPs are present. From the images, it can also be 

seen that the NPs are highly crystalline due to the presence of lattice fringes. The 

size of the NPs (in terms of length and width) as calculated from the TEM images are  

10 nm ± 2 nm and 30 nm ± 5nm for spheres and rod-like shaped NPs, respectively 

(see Figure 4.11). 

 

Figure 4.10: TEM images of highly crystalline LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP and 

dispersed in a suspension of Milli-Q water and 25 mmol PVP. 

 

Figure 4.11: Histogram of LaF3:Ce3+Tb3+ NP size with Gaussian fits representing the average 

diameter in nm. Refer to Figure 4.12 (raw data). 
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The different shapes are likely a consequence to the presence of both EG and PVP 

as solvents during the synthesis. Most authors have reported rod-like shapes for 

LaF3 NPs prepared in different synthesis routes.60,211–216 As alluded to above, by 

using PVP it is possible to control the growth of the NPs on a particular crystal plane 

due to the long polymer chains, e.g. by favoring the production of spheres. The TEM 

image in Figure 4.12 presents clearer lattice fringes.   

 

Figure 4.12: Enhanced pixels of 2D image of 4.10 (circled red area shows area used for lattice  

fringes analysis). 

For this analysis ImageJ was used to enhance contrast and measure distances. The 

lattice fringes were identified, marked, and the distances between them were 

measured in pixels. The average distance between the lattice fringes was 

approximately 20 pixels. To convert pixel measurements to nanometers, the scale 

bar was referenced (refer to Section 4.4.2).  

The known interplanar spacings for LaF3 are as follows: (1,0,0): 6.22 nm, (1,1,0):  

3.59 nm, (0,0,1): 7.03 nm, (1,0,1): 4.66 nm, and (1,1,1): 3.20 nm.187 Hence, the 

measured spacing of ~ 3 nm agrees with the interplanar spacing of the (1,1,1) plane, 

which is 3.20 nm, suggesting that the observed fringes correspond to the (1,1,1) 

planes of LaF3. The highlighted upper area of the image, marked with a red circle, 

indicates the region analyzed.  
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Figure 4.13 shows a TEM image of TiO2 NPs after 1 h 400°C sintering. NPs size 

range between 2 and 6 nm  1 nm. Sintering is known to increase particle size and 

rate of agglomeration.217 However, in this case individual NPs can be identified and 

their sizes estimated (see Figure 4.14). BMIM[Cl] and BMIM[Br] used during the 

synthesis creates a protection on the surface of the NPs. Thus, high surface 

energies on the NPs, which are responsible for agglomeration, are minimized. If the 

NPs are left longer than 1 h at 400°C in the oven, TiO2 NPs gradually change color 

from white to light grey and eventually dark grey. This color change is a result of the 

decomposed thin ionic liquid layer on the surface of the NPs.  

 

Figure 4.13: TEM image of TiO2 NPs after 1 h 400°C sintering (inset – selected area electron 

diffraction). 

 

 

Figure 4.14: Size distribution of the TEM image of TiO2 NP after 1 h 400°C (gaussian fit representing 

the average distance in nm). Refer to Figure 4.13 with raw data. 
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Selected area electron diffraction (SAED) pattern (Figure 4.13, inset) was examined 

to measure the radii of the diffraction rings. The interplanar spacings (d-spacings) 

corresponding to each ring were calculated using the following Equation 2: 

        𝑑 ൌ  
ఒ௅

ோ
        (2) 

where λ is the electron wavelength (0.0251 Å for a 200 kV TEM), L is the camera 

length (100 cm), and R is the radius of the diffraction ring. The measured values of R 

and the corresponding calculated d-spacings are presented in Table 4.3. These  

d-spacings were then compared with standard values for the anatase phase of TiO₂. 

Table 4.3: SAED Analysis of TiO2 NPs.  

Ring Index Measured 
Radius (mm) 

Calculated d-Spacing (Å) Reference* 

1 5.0 5.02 - 

2 7.4 3.39 3.52 (101) 

3 9.3 2.70 - 

4 10.4 2.41 2.37 (004) 

5 12.5 2.01 1.89 (200) 

*Standard d-Spacing for Anatase TiO₂ (Å) according to Horn et al.174  

The results show that the calculated d-spacings are in reasonable agreement with 

the standard d-spacings for anatase.174 Specifically, the d-spacing calculated for the 

second ring (3.39 Å) is close to the (101) plane of anatase, which has a standard  

d-spacing of 3.52 Å and the d-spacing for the fourth ring (2.41 Å) corresponds well 

with the (004) plane of anatase, with a standard d-spacing of 2.37 Å. In addition, d-

spacing for the fifth ring calculated as 2.01 Å is near the standard d-spacing for the 

(200) plane of anatase, of which is 1.89 Å.  

The obtained TiO2 NPs were redispersed in Milli-Q water and used for the synthesis 

of TiO2@SiO2 via the Stöber synthesis, as mentioned already above.181 Previous 

studies used only XRD and UV spectroscopy to support the formation TiO2@SiO2 

NPs.173,218 In contrast, many applications prefer using SiO2 as core and TiO2 as 

shell.182 This is mainly due to the ease of modification of SiO2 with TEOS chains on 

the surface of the NPs.  
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The STEM results (c.f. Figures 4.15 and 4.16) obtained from this experiment clearly 

show the formation of TiO2@SiO2 NPs. Furthermore, the presence of TEOS  

(7 – 8 nm  0.3 nm) on the surface of the SiO2 NPs can be confirmed. Panel (a) 

reveals the morphology and distribution of pure SiO2 NPs, showcasing well-defined, 

spherical particles with a uniform size distribution, as highlighted by the 200 nm 

scale bar. In contrast, panel (b) depicts the TiO2@SiO2@ NPs, illustrating a core-

shell structure with a thin TEOS layer formed on the particle's surface, as indicated 

by the measurements of 7 – 8 nm  0.3 nm. The high-resolution STEM image in 

panel (c) provides a closer examination of the TiO2@SiO2@ NPs, revealing a more 

complex and less uniform structure compared to the pure SiO2 NPs, with a scale bar 

of 100 nm. The subsequent elemental mapping panels offer insight into the 

compositional distribution within the NPs. Panel (d) displays the silicon (Si) mapping, 

where Si is represented in blue, indicating its presence throughout the nanoparticles. 

Panel (e) shows the titanium (Ti) mapping in red, highlighting the distribution of Ti 

within the NPs. Finally, panel (f) integrates the Si and Ti mappings, providing a 

comprehensive view of the core-shell structure, with Si in blue and Ti in red, 

confirming the spatial distribution of these elements within the NPs.  

To investigate the purity of the NPs, EDX and elemental mapping in the STEM mode 

were done. No impurities other than the expected contamination peaks of C and Cu 

were observed. The C peak originates mainly from the carbon film on the TEM grid 

and slightly from the TEOS on the surface of the NPs.207,219,220 The small Cu-K 

peak occurs also due to the TEM grid, which is coated with copper.207,219,220 
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Figure 4.15: STEM images of TiO2@SiO2 NPs a) Pure SiO2 NPs b) TiO2@SiO2@TEOS NPs, c) TiO2 

NPs embedded in the center of SiO2 NPs; d-f) elemental mapping d-Si, e-Ti and f-Si&Ti. 

 

Figure 4.16: STEM-EDX data of TiO2@SiO2 NPs on a carbon-coated (Cu) TEM grid. 
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Table 4.4: STEM-EDX peak positions and energy in keV of TiO2@SiO2 CSNPs.  

Energy (keV)*  Element Signal Type 

0.277 C Kα 

0.525 O Kα 

0.93 Cu Lα 

1.74 Si Kα 

4.51 Ti Kα 

4.931 Ti Kβ 

8.047 Si Kβ 

*Results energy (keV) compared to JEOL database220 

Figure 4.17 shows a STEM image of TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs, which 

provide evidence of CSNPs formation. LaF3:Ce3+Tb3+ was apparently formed 

randomly on the surface of the SiO2 in a raspberry-like structure, as shown in Figure 

4.17. EDX analysis of the NPs cluster, as shown in Figure 4.18, provides detailed 

insights into the elemental composition and distribution. Panels (a) to (h) illustrate 

the spatial distribution of various elements within the cluster.  

Panel (a) presents the high-angle annular dark-field (HAADF) image, offering an 

overview of the NP morphology. Panels (b), (c), and (d) display the EDX maps for 

Silicon (Si), Oxygen (O), and Titanium (Ti), respectively. The Si signal is observed to 

be weaker at the center of the cluster, while the Ti signal is stronger in these regions, 

suggesting a non-uniform SiO2 shell, potentially with variations in thickness or 

composition. 

Panels (e), (f), and (g) show the distribution of Tb3+, Ce3+ and La3+. The co-

localization of Tb, Ce, and La signals, particularly at the periphery of the NP cluster, 

indicates the formation of LaF3:Ce3+Tb3+ patches on the surface of the SiO2 shell. 

This is further validated by the composite map in panel (h), which combines Si, Ti, 

and La signals, highlighting the distinct regions where these elements overlap.  

The STEM-EDX spectrum, as shown in Figure 4.18, does not exhibit any signals for 

any impurities other than Cu and C peaks, which originate from the TEM grid made 

of copper and a thin carbon film. All the energies (keV) represented agree with the 

standard energies reported in the literature.221  
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Figure 4.17: STEM images of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs a) CSNPs as prepared, b) Si signal, c) 

O signal, d) Ti signal, e) Tb signal, f) Ce signal and g) La signal, h) superimposed Si, Ti and La 

signals. 

 

Figure 4.18: STEM-EDX of TiO2@SiO2@LaF3:Ce3+Tb3+ NPs on a carbon-coated (Cu) TEM grid. 
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Table 4.5: STEM-EDX peak positions and energy in keV of TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs.  

Peak Energy (keV)* 

Si-L 0.099 

C 0.277 

Ti-L 0.452 

O 0.525 

La-M 0.640 

La-M 0.910 

Cu-L 0.930 

La-M 1.250 

Si-K 1.739 

Ti-K 4.508 

La-L 4.651 

La-L 4.634 

Ti-K 4.933 

Cu-K 8.040 

Cu-K 8.904 

La-K 33.442 

La-K 37.797 

*Results energy (keV) compared to JEOL database220 

4.2.4 KSmF4:Ln3+ (Ln = Ce, Tb, Eu) NPs 

KSmF4:Ce3+Tb3+ and KSmF4:Eu3+ NPs were successfully prepared using a modified 

method derived from Wang et al.85 This synthesis involves a high-temperature 

decomposition method, in which precursors are dissolved in oleic acid and  

1-octadecene, followed by heating to 300°C under an inert atmosphere to form 

monodisperse NPs. The resulting NPs were highly crystalline with uniform sizes of 

less than 5 nm, as evidenced by TEM imaging. Figure 4.19 shows the TEM image of 

KSmF4:Ce3+Tb3+ NPs, which appear to be monodispersed with a narrow size 

distribution of 5 nm    2 nm. 



 54

 

Figure 4.19: TEM image (left) and size distribution (right) of KSmF4:Ce3+Tb3+ NPs. 

Figure 4.20 displays the TEM image of KSmF4:Eu3+ NPs. Similar to Figure 4.19, the 

NPs are uniformly distributed with sizes of 5 nm    2 nm. Figure 4.21 provides the 

TEM-EDX spectra (left) and SAED pattern (right) of KSmF4:Ce3+Tb3+ NPs. The EDX 

spectra reveal characteristic peaks at approximately 1 keV, 4-5 keV, and 6-7 keV, 

corresponding to Samarium (Sm) Lα, Cerium (Ce) Lα and Lβ, and Terbium (Tb) Lα 

and Lβ emissions, respectively. Additionally, a peak around 0.5 keV is attributed to 

Fluorine (F) Kα emission. The SAED pattern displayed in Figure 4.21 (right) shows a 

series of concentric rings, indicative of a polycrystalline structure. Each ring 

corresponds to a specific set of crystallographic planes, which can be indexed to 

determine the crystal structure of the KSmF4:Ce3+Tb3+ NPs. 

The innermost ring corresponds to the (001) plane, followed by the (100) plane, the 

(101) plane, the (110) plane, the (200) plane, the (210) plane, the (211) plane, and 

finally the outermost ring corresponds to the (220) plane.222,223 The sharpness and 

clarity of these rings suggest high crystallinity, confirming the successful synthesis of 

the NPs. The indexing of these rings to specific planes aligns well with the expected 

crystallographic planes of the KSmF4 structure, further validating the high-quality 

crystalline nature of the synthesized NPs. 
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Figure 4.20: TEM image (left) and size distribution (right) KSmF4:Eu3+ NPs. 

 

Figure 4.21: TEM-EDX spectra (left) and selected area electron diffraction data (right) of 

KSmF4:Ce3+Tb3+ NPs. 

To enhance the stability and applicability of these NPs in aqueous environments, a 

ligand exchange process was employed. According to principles outlined by Branca 

et al., the hydrophobic oleate ligands were replaced with cyclodextrin, a hydrophilic 

ligand.224 This ligand exchange enabled the NPs to be dispersed in Milli-Q water, 

improving their stability and potential for luminescent applications. However, no 

emission was observed from the prepared KSmF4:Ce3+Tb3+ and KSmF4:Eu3+ NPs 

(Figure 4.22). This lack of emission could be attributed to the presence of Sm3+, 

which can act as a quenching center.106 Non-radiative energy transfer from Ce3+, 

Tb3+, and Eu3+ to Sm3+ ions can significantly reduce luminescence.107  
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The overlapping energy levels between Sm3+ and the dopant ions facilitate non-

radiative transitions, further quenching the emission. High concentrations of Sm can 

also lead to concentration quenching, where cross-relaxation processes between Sm 

ions and the dopants increase the probability of non-radiative decay.106 Additionally, 

structural distortions caused by the incorporation of Sm ions into the KSmF4 lattice 

might affect the local environment of Ce3+, Tb3+, and Eu3+, promoting non-radiative 

decay pathways.  

 

Figure 4.22: Emission spectra of KSmF4:Ce3+Tb3+ and KSmF4:Eu3+ NPs excited at 250 nm and 350 

nm, respectively. 

These findings contrast with previous studies, such as those by You et al., which 

required prolonged synthesis times and high-temperature annealing to achieve NP 

formation, often without clear evidence of crystallinity.225 The current methodology 

not only reduces synthesis time and temperature, but also results in NPs that are 

stable in aqueous solutions post-ligand exchange with cyclodextrin, overcoming 

stability issues observed in earlier methods. The improved synthesis technique, 

yielding highly crystalline and monodisperse KSmF4:Ce3+Tb3+, and KSmF4:Eu3+ NPs, 

demonstrates significant potential for multifunctional applications.  
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4.2.5 Photoluminescence spectra 

The spectral data presented in Figure 4.23 show the absolute intensity of emissions 

in cps (counts per second) across different wavenumbers and corresponding 

wavelengths. These data were acquired from a sample of LaF₃:Ce³⁺Tb³⁺, 

incorporating PVP as a stabilizing agent (refer to Figure 4.9), under varying thermal 

conditions (25°C, 35°C, 45°C, 55°C, and 65°C). The motivation for conducting 

temperature-dependent measurements is to understand the thermal stability of the 

luminescent properties and investigate energy transfer dynamics. The spectra reveal 

distinct peaks predominantly those of the 5D₄ → 7F6-3 transitions of Tb³⁺, marked by 

the green dotted line. 

 

Figure 4.23: Temperature dependent emission spectra of LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of 

PVP and EG and dispersed in Milli-Q water measured after storage time of 10 minutes at 250 nm  

(40000 cm-1) excitation wavelength. 
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Notably, the consistent emission peaks between 17000 cm⁻¹ and 23000 cm⁻¹ are 

attributed to the characteristic f-f transitions of Tb³⁺. The results indicate a 

temperature-dependent variation in emission intensity, where an increase in 

temperature from 25°C to 55°C generally leads to a decrease in emission intensity. A 

further increase to 65°C causes a drastic drop in emission intensity. This behaviour 

suggests that at higher temperatures, the PVP-stabilized NPs lose their steric 

stabilization in solution. This results in agglomeration of particles, thus consequently 

reduced emission intensity in the spectra. The additional set of peaks, around  

24000 cm⁻¹ represents the 4f-5d transitions of Ce³⁺. These results are in agreement 

to other literature values.59,60,226–229  

Table 4.6: Emission bands of LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of PVP and EG and dispersed 

in Milli-Q water (storage time 10 min) measured at 250 nm (40000 cm-1) excitation wavelength. 

Peak Position (cm⁻¹) Peak Position (nm) *Transition (a) & (b) 

17000 588 5D₄ → 7F₆ of Tb³⁺ 

(a) 

18000 556 5D₄ → 7F₅ of Tb³⁺ 

(a) 

20000 500 5D₄ → 7F₄ of Tb³⁺ 

(a) 

22000 455 5D₄ → 7F₃ of Tb³⁺ 

(a) 

24000 417 4f-5d transitions of Ce³⁺ 

(b) 

*Transitions compared to references from: (a) Carnall et al., J. Chem. Phys., 1989230 & (b) Dorenbos, 
J. Phys. Condens. Matter., 2003107 

Figure 4.24 shows normalized emission spectra of LaF₃:Ce³⁺Tb³⁺ NPs stabilized with 

citrate, for excitation at 250 nm as well as 350 nm. The spectrum obtained with an 

excitation wavelength of 250 nm (solid green line) shows prominent peaks around 

18000 cm⁻¹ (~555 nm), 20000 cm⁻¹ (~500 nm), and 22000 cm⁻¹ (~455 nm), with 

smaller peaks near 24000 cm⁻¹ (~417 nm). The high overall intensity indicates that 

excitation at 250 nm effectively induces strong luminescence from the Tb³⁺ ions in 

the NPs.  
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These peaks correspond to characteristic electronic transitions of Tb³⁺ ions, 

particularly the 5D₄ → 7FJ transitions, with the strong peak around 555 nm linked to 

the 5D₄ → 7F₅ transition. Similar results have been observed in other studies, where 

the 5D₄ → 7F₅ transition at 545-555 nm is a dominant emission band in Tb³⁺-doped 

materials.231 

 

Figure 4.24: Emission spectra of LaF3:Ce3+Tb3+ NPs stabilized with citrate and dispersed in Milli-Q 

water measured at 250 nm (40000 cm-1) and 350 nm (31430 cm-1) excitation wavelengths. 

In contrast, the spectrum obtained with an excitation wavelength of 350 nm (dashed 

green line) shows similar peaks, but with significantly lower intensity, indicating that 

350 nm is less effective in exciting the Tb³⁺ ions. The peaks correspond to the same 

electronic transitions, but the reduced efficiency suggests that 350 nm is not the 

optimal excitation wavelength for maximizing emission from these ions. This 

observation aligns with findings from the literature, where the excitation of Ce³⁺ at 

shorter wavelengths (around 250 nm) has been shown to result in more efficient 

energy transfer to Tb³⁺ ions, leading to stronger emission compared to longer 

wavelengths.232 
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The comparative analysis reveals that 250 nm excitation is far more efficient due to 

better matching with the absorption bands of the Ce³⁺ ions, facilitating effective 

energy transfer to the Tb³⁺ ions. This difference in intensity underscores an efficient 

energy transfer mechanism from Ce³⁺ to Tb³⁺ at 250 nm, leading to strong emission, 

whereas at 350 nm, the energy transfer is less efficient, resulting in weaker 

emission. 

Figure 4.25 shows photoluminescence spectra of LaF₃:Ce³⁺Tb³⁺, excited at 250 nm 

and 344 nm, recorded at temperatures of 10 K and 300 K. These spectra offer 

significant insights into the material's luminescent behavior. The spectra at 10 K 

were measured to reduce thermal quenching effects, to resolve fine spectral features 

(especially the region around 400 nm), and to understand energy transfer 

mechanisms. This approach provides a comprehensive understanding of the intrinsic 

luminescent properties.  

 

Figure 4.25: 10K and 300K emission spectra measured at excitation wavelengths 250 nm  

(40000 cm-1) and 344 nm (29070 cm-1), respectively, for dried LaF3:Ce3+Tb3+ NPs. The inset shows 

the 10 K and 300 K excitation spectra at emission wavelength 542 nm (18,450 cm-1). 
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The spectra reveal several prominent peaks, notably around 16200 cm⁻¹ (617 nm), 

18940 cm⁻¹ (528 nm), 21000 cm⁻¹ (476 nm), and 24000 cm⁻¹ (417 nm). These peaks 

correspond to the well-known transitions 5D3 → 7F₅, 5D₄ → 7F4,5D₄ → 7F₅, and  
5D₄ → 7F6, respectively.228 The intensity of these transitions is appreciably higher at 

10 K compared to 300 K, and excitation at 250 nm yields the most significant 

intensities. This trend is indicative of reduced vibrational effects in the different 

excited states.107  

Observed spectral features agree with the literature, affirming the positions and 

characteristics of the Tb³⁺ transitions within the LaF₃ matrix.213,233 Additionally, the 

variation in luminescence intensity with excitation wavelength underscores the 

absorption properties and energy transfer dynamics of Ce³⁺ and Tb³⁺ ions. Higher 

energy excitation at 250 nm populates higher energy levels more effectively, 

facilitating energy transfer and resulting in improved luminescence.107 

 

Figure 4.26: 10K and 300K emission spectra measured at excitation wavelengths 252 nm  

(39680 cm-1) and 344 nm (29070 cm-1), respectively, for dried CSNPs TiO2@SiO2@LaF3:Ce3+Tb3+. 
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Comparatively, similar studies on LaF₃:Ce³⁺Tb³⁺ NPs have reported analogous peak 

positions and transitions, yet variations in intensities and temperature dependence 

are noted. For instance, Liu et al.,76 observed similar higher intensity at lower 

temperatures. Furthermore, Chen et al.,234 documented similar excitation wavelength 

dependence also with slightly shifted peak positions, likely due to differences in 

crystal field environments and nanoparticle size effects.235 

Figure 4.26 shows 10 K and 300 K emission spectra of TiO2@SiO2@LaF3:Ce3+Tb3+ 

CSNPs measured at 252 nm and 344 nm excitation wavelengths. The excitation 

spectra (see Figure 2.27) were measured at 542 nm emission wavelength. 

Compared to the sample with only LaF3: Ce3+Tb3+ NPs, the excitation band at 344 

nm is more intense and broader in both 10 K and 300 K. This is possible because 

part of the UV excitation energy required is absorbed by the TiO2 and SiO2 in the 

NPs.236 However, these effects do not entirely quench the emission of the Tb3+. Both 

crystalline TiO2 and SiO2 NPs are known to quench the photoluminescence of 

lanthanides especially TiO2 NPs in anatase and rutile phases.237,238 This is because 

SiO2 readily absorb UV light thus reducing the excitation intensity, whereas, TiO2 

especially anatase is known to have many oxygen vacancies that eventually lowers 

the site symmetry.237 Low site symmetry favors self-trapped excitons, which 

eventually quench the photoluminescence.239–241 

 

Figure 4.27: 10K and 300K excitation spectra measured at emission wavelength 542 nm (18450 cm-1) 

for dried CSNPs TiO2@SiO2@LaF3:Ce3+Tb3+. 
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4.3 Conclusion 

This Chapter reported on the synthesis, stabilization, and optical properties of 

lanthanide-doped luminescent NPs and CSNPs, specifically LaF₃:Ce³⁺Tb³⁺, 

TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺, and KSmF₄Ln³⁺ (Ln = Ce, Tb and Eu). The primary 

objectives were to synthesize multifunctional NPs exhibiting stable 

photoluminescence for potential applications in bioimaging and sensing 

technologies. 

The synthesis of TiO₂ NPs was achieved via controlled hydrolysis of TiCl₄ using the 

ionic liquids BMIM[Cl] and BMIM[Br], demonstrating a rapid and efficient method 

facilitated by microwave heating. The resulting TiO₂ NPs predominantly exhibited the 

anatase phase, confirmed through XRD analysis, with post-synthesis sintering at 

400°C to remove excess ionic liquids without altering NP size significantly. This 

method underscores a novel approach to synthesizing TiO₂ NPs with controlled size 

and morphology, suitable for subsequent functionalization. Utilizing the Stöber 

synthesis method, TiO₂ NPs were successfully encapsulated within a uniform silica 

shell, forming TiO₂@SiO₂ CSNPs. Characterization via SEM, TEM, STEM, FTIR 

spectroscopy and XRD revealed the amorphous nature of the SiO₂ shell, which 

masked the TiO₂ peaks. This encapsulation strategy offers moiety for suitable 

biological applications. 

Employing BMIM[BF₄] as a fluorine source and solvent, TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ 

core-shell NPs were synthesized, resulting in a shell of  LaF₃:Ce³⁺Tb³⁺ NPs. XRD 

and FTIR spectroscopy analyses confirmed the formation and structural integrity of 

these multilayered NPs. This method presents simplified synthesis route for creating 

complex core-shell structures, reducing the need for multiple reagents and synthesis 

steps. 

KSmF₄Ln³⁺ (Ln = Ce, Tb and Eu) NPs were synthesized using a modified known 

protocol. Ligand exchange with cyclodextrin improved their dispersion in aqueous 

environments, though luminescence was quenched by Sm³⁺ acting as a quenching 

center. This experiment highlights a novel synthesis and post-synthesis modification 

approach that enhances NP stability in aqueous environments, crucial for potential 

biomedical applications. Thus far there were no reports on NP synthesis of this 

nature and only bulk materials are known. 
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Temperature-dependent photoluminescence studies of LaF₃:Ce³⁺Tb³⁺ NPs revealed 

stable emission characteristics, with efficient energy transfer from Ce³⁺ to Tb³⁺ at an 

excitation wavelength of 250 nm. Despite partial quenching by the TiO₂ and SiO₂ 

layers, TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ CSNPs exhibited notable photoluminescence. 

Identification of optimal excitation wavelengths that maximize luminescence is crucial 

for designing effective bioimaging agents and constitutes a novel finding in this 

study. This is the first time photoluminescence of TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ 

CSNPs is reported. 

In summary, this research successfully synthesized and characterized various 

lanthanide-doped luminescent NPs, each with unique properties and potential 

applications. The novel synthesis methods and comprehensive characterization 

techniques employed here provide a foundation for further explorations in 

nanoparticle-based luminescent materials. These findings highlight the potential of 

such NPs for bioimaging and sensing applications. The results presented in this 

Chapter also lay a solid foundation for future research aimed at optimizing these NPs 

for specific biomedical applications, considering their optical properties and 

biocompatibility in detail. 
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4.4 Materials and methods 

BMIM[Cl] (99%), BMIM[Br] (99%) and BMIM[BF4] (99%) were purchased from io-li-

tech, Heilbron Germany. TiCl4 metal basis (99.99%), La(NO3)3•6H2O (99.999%), 

TbNO3)3•6H2O (99.999%), CeCl3•7H2O (99.999%), from Alfa Aesar, Germany. 

EuCl3•xH2O (99.99%) Reacton Germany. Eu(NO3)3•xH2O (99.9%), ChemPur 

Germany, Lanthanum (III), Terbium (III), Cerium (III), Samarium (III) and Europium 

(III) acetates (99.999%) Alfa Aesar Germany. TEOS (99+%), NH4F (96%), NH4OH 

(50% v/v aq. Solution), KOH pellets (85%), Trisodium citrate dihydrate (99%), NaF 

(99%), ethylene glycol (99+%), ethanol denatured (90%), ethanol anhydrous (99+%), 

methanol (99.8%), cyclohexane (99+%), alpha-cyclodextrin (97%), 

Polyvinylpyrrolidone, M.W. 10,000 Alfa Aesar Germany. TraceCERT®, 1 g/L La, Tb & 

Ce in nitric acid (nominal concentration), Sigma Aldrich Germany. SiO2 nanopowder 

10-20 nm particle size, 99.5% trace metals basis from Sigma Aldrich Germany. 

H2SO4 (95–97%) purchased from Riedel de Haën. Milli-Q water (resistivity of 18.2 

MΩ cm), from a Millipore Direct Q8 system, (Millipore Advantage A10 system, 

Schwalbach, Germany) with a Millimark Express 40 as filter (Merck, Germany). 

4.4.1 XRD sample preparation 

Before the measurement was done, the crystals had to be ground as fine powder. 

This was done in order to obtain spherical particles, which enhances the random 

orientation of the crystals. Silicon grease was spread on a thin polyethylene foil 

clipped on the sample holder for fixation of the powder sample. SiO2 was used as 

calibration standard for the measurement. The calibration standard was placed on 

the first slide, and then followed by the other samples (c.f. figure 4.35). After sample 

application, the top was covered with a thin plastic foil to prevent sample mixing. 

 

Figure 4.35: XRD sample holder with three-sample application slides. 

SiO2 Calibration standard

Sample 1

Sample 2
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The separator is then mounted on to the clamp in the instrument adjacent to the 

camera, which contains an imaging plate (IP) for recording the measurement. The 

measurement is run for 10 minutes. Measurements were performed using STOE-

Stadi powder diffractometer, (Karlsruhe) with Cu Kα radiation (λ = 1.54 Å). The read-

out process of the IP was achieved using a Typhoon FLA 7000 instrument with a 650 

nm laser, 25 m pixel size, grid mode, Photomultiplier tube (PMT) 1000 and a 

reading time of 4 minutes. Samples were identified using STOE Win XPOW 

software48 and further processing was performed with origin v. 9.0.63. The resulting 

diffraction patterns were compared to crystallographic information files (cif) from the 

inorganic crystal structure database (ICSD) database, Karlsruhe.242  

4.4.2 DLS, TEM and STEM sample preparation 

The stability of the NPs in dispersion was investigated in a Nanosizer ZS, Malvern 

Instruments using polystyrene cuvettes from Sarstedt AG & Co. KG, Germany. All 

samples prepared for DLS, TEM and STEM were filtered using 

polytetrafluoroethylene (PTFE) 0.45 µm filter (from Thermo Fischer Scientific, 

Germany) to remove any dust particles accumulated in the air. The glass tubes and 

glass petri dishes used for storage were rinsed with ethanol and filtered Milli-Q water 

several times before usage. A series of dilution steps (1:10, 1:25, 1:50, 1:100 and 

1:250) of the NP solution was made. Before pipetting, samples were sonicated for 10 

minutes and mixed thoroughly using a 1000 µL Eppendorf pipette. For TEM and 

STEM samples, 50 µL solution was pipetted and dropped on a carbon-coated copper 

grid (Plano, 200 mesh), dried overnight in a desiccator (0.1 mbar, Ar atmosphere). 

After drying, the samples must be covered and sealed with Parafilm to prevent any 

contamination. Caution must be taken when handling the TEM grid with tweezers. 

The tweezers must be washed with Milli-Q water after each sample handling. TEM 

grid is handled only from the edges. All samples were investigated and images with 

appreciable number of NPs selected for analysis. The morphology and size of the 

NPs was analyzed using a FEI Talos F200X electron microscope (Thermo Fisher 

Scientific, Waltham) that is equipped with a Super-X EDX detector, at an 

acceleration voltage of 200 kV and HAADF detector for STEM images. Colors for 

atomic mapping were chosen arbitrarily based on the HAADF detector response for 

individual experiment. Hence, each STEM measurement resulted to a different color 

signal for each atom.  
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To determine the size distribution of NPs from TEM images, ImageJ software is 

used. The scale bar, is read from the software in pixels and recalculated to nm. The 

calculated distance in nm was determined by multiplying the measured distance in 

pixels by the ratio of the scale bar length in nanometers to the scale bar length in 

pixels. Using the formula: distance in nm = (distance in pixels / scale bar length in 

pixels) * scale bar length in nanometers, the distance between the lattice fringes is 

thus estimated in nm. Images recorded have not been edited or painted using any 

software and are reported as captured by the instrument.  

4.4.3 Stabilization of NPs with citric acid and PVP 

To stabilize LaF3:Ce3+Tb3+ NPs with citric acid, 3.0000 g  0.0002g of trisodium 

citrate dihydrate was dissolved 35 mL Milli-Q water. The solution was neutralized by 

stepwise addition of NH4OH, until pH 6 was attained. The pH was controlled using 

Whatman® indicator papers from Millipore Sigma. For this experiment NaF (0.2660 

g) was used instead of BMIM[BF4]. 3 mL Milli-Q water was added to the NaF and 

stirred until all the powder dissolved. The other lanthanide salts were dissolved in 3 

mL methanol and transferred to the solution containing NaF and stirred for 2 h. 

LaF3:Ce3+ Tb3+ NPs eventually precipitated, when excess ethanol was added to the 

mixture. The mixture was transferred into a polypropylene (PP) 50 mL centrifuge 

tube from VWRTM and centrifuged (Fischer Scientific AccuSpin Instrument) @ 5000 

rpm for 5 minutes to separate NPs from the solution. The solvent was decanted and 

5 mL of anhydrous ethanol added. The centrifugation was repeated 5 times with 

ethanol and Milli-Q water, alternatingly. The second and third samples are also 

redispersed in ethanol and prepared for particle size distribution experiment (DLS 

and STEM analysis), luminescence measurements and cell studies. For stabilization 

experiment with PVP needed for synthesizing TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs, 

ethylene glycol (EG) initially used in procedure 4.4.5.3 was substituted and 

progressively decreased from 20 mL to 0 mL, while the PVP volume was 

correspondingly increased from 0 mL to 20 mL. The experimental conditions began 

with 20 mL of EG and 0 mL of PVP, followed by incremental reductions of 2 mL in 

EG, accompanied by equivalent increments in PVP. This gradient continued until the 

final condition of 0 mL EG and 20 mL PVP was achieved. 
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4.4.4 Photoluminescence measurements 

The luminescence spectra of the NPs were measured as dry powder (fluorolog 3-22 

Jobin Yvon fluorescence spectrometer) and as dispersion (Varian Cary 100 Bio 

Spectrophotometer with baseline correction) in Milli-Q water. The instrument is fitted 

with a 450W and 150W xenon lamp. The former was used for emission, excitation 

and quantum yield measurements, while the latter was used for lifetime 

measurements. Recording and evaluation of the luminescence spectra was done 

with FluorEssence v.3.5,243 embedded in an OriginPro © v. 8.0.244 A He-cryostat 

(Janis, Wilmington) with a regulation unit for temperature control (Lake Shore) for 

measurements at 10K and temperature dependent measurements between 10K and 

300K. For both excitation and emission spectra, correction of the signal is required. 

In the emission spectra, the signal was corrected with respect to the sensitivity of the 

photomultiplier tube. For the excitation spectra, the correction was done with respect 

to a reference detector, which is a Si- diode to correct for the lamp spectrum. Before 

the emission and excitation measurements were performed, a synchronous 

measurement was undertaken to determine the approximate maximum positions of 

the emission and excitation wavelength. A fixed offset was chosen, while the 

emission and excitation wavelengths were varied. During emission measurements, 

the excitation wavelength was kept fixed, while the emission wavelength was varied 

over an energy range lower than the excitation energy. 

4.4.5 Synthesis procedure 

4.4.5.1 TiO2 NPs via ionic liquids 

TiO2 cores were prepared by adding equal amounts of BMIM[Cl] and BMIM[Br] 

(0.5000 g), followed by stirring in 50 mL microwave glass vessel. 700 µL of 

anhydrous ethanol and 300 µL of Milli Q were added to the ionic liquid mixture 

followed by mild stirring to avoid splashing of the contents. 500 µL of TiCl4 were 

carefully added while stirring and a clear yellow solution was formed. Stirring was 

done until all the white and yellow flakes were completely dissolved. TiCl4 was 

handled only in the fume hood due to its corrosive nature. The solution is left to cool 

down to approximately 25°C before transferring to the CEM microwave. The reaction 

was left to run for 10 minutes at 10 bar, 100°C, 100 W. The glass vessel was 

removed only after the temperature in the microwave dropped below 30°C.  
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Transfer the contents in to a 50 mL centrifuge tube followed by centrifuging @ 5000 

rpm for 5 minutes to separate the NPs from the solution. Decant the solvent and add 

1 mL of anhydrous ethanol.  Thereafter, centrifuge 6 times with ethanol and Milli-Q 

water alternately. The whole experiment was repeated 3 times. One portion of the 

sample is dried at 60°C in an oven overnight and prepare for XRD. The excess ionic 

liquid remaining on the surface of the NPs was removed by sintering at 400°C for 1 

h. The second sample is redispersed in 1 mL ethanol for second step of preparing 

TiO2@SiO2 CSNPs. The third sample is also redispersed in ethanol and prepared for 

particle size distribution experiment (DLS and TEM analysis). 

4.4.5.2 TiO2@SiO2CSNPs 

The freshly prepared TiO2 NPs were added to 3.0 mL NH4OH, 28.8 mL H2O and 26.5 

mL ethanol in a beaker. In the normal Stöber synthesis 27.5 mL ethanol is used.181 

In a separate beaker 1.5 mL TEOS was added to 30 mL ethanol and stirred for 5 

minutes. The beaker containing NPs was added to the second beaker dropwise 

while stirring. The mixture was sonicated for 10 minutes and left to stir for 2 h. 

Followed by centrifuging 6 times with ethanol and Milli-Q water alternately @5000 

rpm for 5 minutes. The whole experiment was repeated 3 times. One portion of the 

sample is dried at 60°C in an oven overnight and prepared for XRD.  

The second sample is redispersed in 1 mL ethanol for third step of preparing 

TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs. The third sample is also redispersed in ethanol 

and prepared for particle size distribution experiment (DLS and STEM analysis). 

4.4.5.3 TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs 

LaF3:Ce3+Tb3+ NPs were prepared according to a known literature protocols but 

modified for further investigations.226,228 500 µL Milli-Q water was added to a mixture 

of La(NO3)3•6H2O (0.4179 g), TbNO3)3•6H2O (0.1019 g) and CeCl3•7H2O (0.0559 g). 

To the solution 20 mL ethylene glycol was added and stirred for about 10 minutes to 

form a homogenous mixture. 10 mL BIMIM[BF4] was dropwise added to the mixture 

while stirring for 10 minutes. Even after adding BMIM[BF4], the resulting pH of the 

solution remains between 6.5 and 7.0. Hence, there was no indication for the 

presence of HF. The final solution was sonicated for another 30 minutes to initiate 

the formation of crystal nucleus. Thereafter, the contents were transferred to a 50 mL 

microwave glass vessel and inserted in the microwave. The reaction is set to start 
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under high stirring at 120°C, 100 W and for 30 minutes. High stirring is necessary 

due to efficiently homogenize ethylene glycol and BMIM[BF4] respectively. The glass 

vessel is removed only after the temperature in the microwave has dropped below 

30°C. Contents are transferred into a 50 mL centrifuge tube and centrifuged @ 5000 

rpm for 5 minutes to separate the NPs from the solution. The solvent was decanted 

and 5 mL of anhydrous ethanol added. Followed by centrifuging 6 times with ethanol 

and Milli-Q water alternately @5000 rpm for 5 minutes. The whole experiment was 

repeated 3 times. One portion of the sample is dried at 75°C for 3 h and prepared for 

XRD. The second sample is redispersed in 1 mL ethanol and sonicated for 1 h with a 

mixture of TiO2@SiO2 CSNPs, 3 mL Milli-Q water and 2 mL ethanol. After 1 h the 

mixture is transferred in to a 50 mL centrifuge tube and centrifuged @ 5000 rpm for 5 

minutes to separate the CSNPs from the solution. Solvent is again decanted and 5 

mL of anhydrous ethanol added to it. Followed by centrifuging 6 times with ethanol 

and Milli-Q water alternately @5000 rpm for 5 minutes. The second and third 

samples are also redispersed in ethanol and prepared for particle size distribution 

experiment (DLS and STEM analysis), luminescence measurements and cell 

studies. 

4.4.5.4 XYF4:Ln3+ (X = K, Rb, Cs, Y = Sm / Eu, Ln = Ce, Tb, Eu) NPs 

The XYF4:Ln3+ (X = K, Rb, Cs, Y = Sm / Eu, Ln = Ce, Tb, Eu) NPs were prepared 

according to the protocol for preparing NaGdF4 by Wang et al.85 A further ligand 

exchange experiment has also been done using cyclodextrin and was adopted as 

reported in the literature. 224 
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Chapter 5 Fabrication of hybrid sodium alginate 

hydrogel – lanthanide doped luminescent NP materials for 

biomedical applications 

5.1 Introduction 

The application of NPs in consumer products have led to the rise of regulations and 

restrictions due its safe use. Steinhoff et al., recently published results showing the 

fate of NPs in the environment.148 To overcome challenges associated with 

environmental and health risks, strategies must be developed on how to incorporate 

NPs in safe matrix, such as hydrogels. NP incorporation can also lead to improved 

hydrogel properties like mechanical strength and stimuli response in biological 

applications. A good example for hybrid hydrogel - NP materials realized with a silica 

NPs-hydrogel composite has been reported already in the literature: Here silica NPs 

were modified with polyethylene glycol.149,150 The resulting material had improved 

tissue adhesive property, mechanical strength and bioactivity compared to bare silica 

NPs. Likewise, gold NPs immobilized in poly(N-isopropyl amide) hydrogels possess 

improved thermal response and mechanical strength of the hydrogels.151  

Integration of hydrogels with NPs has shown significant potential for enhancing 

material properties and expanding application possibilities.245 This Chapter explores 

the potential toxicity of lanthanide doped luminescent NPs prepared in the Chapter 4 

and tailoring the NPs for potential biomedical applications. The NPs are embedded 

in a sodium alginate hydrogel, which is crosslinked with trivalent lanthanide ions. The 

primary focus is laid on investigating the optical and mechanical properties of these 

hybrid materials in both dry and swollen states, aiming to interrogate their suitability 

for future biomedical applications, such as drug delivery and bioimaging. 

Sodium alginate hydrogel, renowned for its biocompatibility and gel-forming 

capabilities,246–250 was crosslinked using Eu³⁺ ions. Concurrently, luminescent NPs, 

specifically LaF3:Ce³⁺Tb³⁺, were synthesized (refer to section 4.2.1 in Chapter 4) and 

incorporated into the hydrogel matrix (see Figure 5.1). This dual modification was 

designed to leverage the unique optical properties of lanthanides, alongside the 

mechanical enhancements provided by the NPs, thus, creating a hybrid material with 

superior characteristics. 
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For the first time, this study focused into the mechanical properties and luminescent 

behavior of sodium alginate hydrogel–NP hybrid, assessing their performance 

through a series of experiments. The influence of NP concentration on the hydrogel's 

mechanical strength was systematically analyzed using rheological measurements. 

Additionally, the potential of this hybrid material for bioimaging was evaluated using 

NIH 3T3 cells, aiming to replace traditional organic dyes with luminescent Eu³⁺ ions 

as emitters. 

 

Figure 5.1: Preparation of sodium alginate hydrogel–LaF3:Ce3+Tb3+ NPs hybrid material (illustration 

created in BioRender app).  
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5.2 Results and discussion 

5.2.1 Toxicity studies of LaF3:Ce3+Tb3+ NPs and TiO2@SiO2@LaF3:Ce3+Tb3+ 

CSNPs 

For potential applications in biological systems, the luminescent materials should be 

non-toxic. Hence, a comprehensive suite of assays was employed using NIH 3T3 

fibroblasts and PaTu 8988t cells to study the biocompatibility and cytotoxic potential 

of LaF3:Ce3+Tb3+ NPs and TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs. Over a period of  

48 h, time-lapse microscopy facilitated the real-time monitoring of dynamic cellular 

processes and morphological alterations induced by the NPs. Concurrently, viability 

assays, specifically the live-dead staining and the MTT assay, were conducted using 

different NP concentrations to assess immediate cytotoxic effects and metabolic 

activity, respectively. The concentrations tested spanned from 0.0001 mg/mL to  

0.005 mg/mL. This range was selected to encompass a spectrum of potential cellular 

responses, enabling to pinpoint the concentration at which the nanoparticles 

exhibited optimal functionality with minimal cytotoxicity.  

Figures 5.2, 5.3, and 5.4 illustrate the impact of LaF3:Ce3+Tb3+ NPs and 

TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs on cell viability, as measured by absorbance in 

the MTT assay,251 across varying cell densities for NIH 3T3 and PaTu 8988t cells. 

Each figure is detailed to analyze how different concentrations of NPs influence 

cellular metabolic activity, reflecting cytotoxicity through absorbance changes. 

Figure 5.2 presents the effect of LaF3:Ce3+Tb3+ NP concentrations on NIH 3T3 cells. 

Panel A shows results for a cell density of 25,000 cells. At the lowest NP 

concentration, the absorbance is approximately 0.6, suggesting a high level of 

metabolic activity. However, as the NP concentration increases, absorbance 

decreases to around 0.5 at the highest concentration tested. This indicates a 

moderate cytotoxic effect, as higher NP concentrations slightly reduce the metabolic 

activity of the cells. 

In Panel B, for a cell density of 50,000 cells, the absorbance values are more stable, 

fluctuating narrowly around 0.5. This suggests that at this cell density, the cells 

maintain their metabolic activity despite the varying NP concentrations. This stability 

implies a certain resilience of the cells to the NPs at this concentration range.  
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Figure 5.2: Effect of LaF3:Ce3+Tb3+ NPs concentrations on absorbance of formazan formed in the 

MTT assay across different NIH 3T3 cell densities A) 25,000, B) 50,000, C) 75,000, D) 100,000, E) 

125,000 and F) all cell densities with a linear fit to determine slope. 

Panel C depicts the results for 75,000 cells, where absorbance remains relatively 

consistent at approximately 0.5, with only slight fluctuations. This indicates minimal 

impact on cell viability, reinforcing the observation that NIH 3T3 cells at this density 

are not significantly affected by the NP concentrations tested. Panel D, with 100,000 

cells, presents an interesting trend where absorbance slightly increases from about 

0.5 to 0.6 with increasing NP concentrations. This unexpected rise is due to errors 
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associated with cell counting. Hence, the possibility of higher cell densities than 

100,000 cells cannot be ruled out.  

In Panel E, for 125,000 cells, absorbance values remain steady around 0.5, with 

minimal variation across NP concentrations. This stability indicates robust metabolic 

activity at the highest cell density, demonstrating that NIH 3T3 cells maintain their 

viability and functionality even in the presence of higher NP concentrations. 

Panel F consolidates the absorbance data across all tested cell densities. The 

steeper decrease in absorbance observed for lower cell concentrations suggests a 

heightened sensitivity or increased toxicity of the cells to the NPs. This observation 

indicates that cells in lower concentrations are apparently more adversely affected 

by the presence of NPs, potentially due to a lack of buffering capacity that is present 

in higher cell concentrations.252 Conversely, higher cell concentrations may exhibit a 

buffering effect, thereby mitigating the impact of NPs on absorbance 

measurements.252,253 Such a buffering effect implies a form of protective mechanism 

that lessens the overall toxic impact of the nanoparticles. 

Figure 5.3 shows the impact of LaF3:Ce3+Tb3+ NP on PaTu 8988t cells across 

different densities. Panel A, for 25,000 cells, displays a noticeable decrease in 

absorbance from approximately 0.7 at the lowest NP concentration to around 0.4 at 

the highest concentration. This significant drop indicates a pronounced cytotoxic 

effect, with higher NP concentrations substantially reducing the metabolic activity of 

the cells. 

Panel B, representing 50,000 cells, shows a similar trend, with absorbance 

decreasing from about 0.7 to 0.4 as NP concentration increases. The results suggest 

that even at this higher cell density, the higher concentrations of NPs adversely 

affect cell viability and metabolic activity. For 75,000 cells, as depicted in Panel C, 

the absorbance decreases steadily from approximately 0.6 to 0.3 with increasing NP 

concentrations. This consistent decline reinforces the observation that higher NP 

concentrations are detrimental to cell health across varying densities of PaTu 8988t 

cells. Panel D, for 100,000 cells, shows absorbance decreasing from about 0.5 to 0.3 

with increasing NP concentrations. This further supports the cytotoxic effect of NPs 

at higher concentrations, indicating a significant reduction in metabolic activity. 
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In Panel E, with 125,000 cells, absorbance values decrease from around 0.45 to 0.3 

with increasing NP concentrations. Despite the highest cell density, the negative 

impact of NPs on cell viability remains evident, showcasing a similar trend across all 

densities. 

      

Figure 5.3: Effect of LaF3:Ce3+Tb3+ NPs concentrations on absorbance of formazan during MTT assay 

across different PaTu 8988t cell densities A) 25,000, B) 50,000, C) 75,000, D) 100,000, E) 125,000 

and F) all cell densities with a linear fit to determine slope. 
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Panel F provides a comprehensive comparison of absorbance across all cell 

densities at each NP concentration. The data indicate that, irrespective of the cell 

density, increasing NP concentrations consistently lead to a decrease in absorbance, 

highlighting a dose-dependent cytotoxic effect. 

Comparing Figures 5.2 and 5.3, it is evident that PaTu 8988t cells exhibit a higher 

sensitivity to LaF3:Ce3+Tb3+ NPs than NIH 3T3 cells. The extent of the decrease in 

absorbance is more pronounced in PaTu 8988t cells, suggesting that they are more 

susceptible to the cytotoxic effects of these NPs. While NIH 3T3 cells show 

moderate decreases or stability in absorbance, PaTu 8988t cells consistently exhibit 

substantial reductions, indicating a significant impact on their viability. Additionally, 

the effect of the conditions varies with the cell density. At lower cell numbers, the 

observed effects are different compared to those at higher cell numbers. This 

suggests that cell density plays a crucial role in the response of both NIH 3T3 and 

PaTu 8988t cells to the conditions being tested. 

Figure 5.4 illustrates the impact of TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs 

concentrations on absorbance in NIH 3T3 cells. Panel A shows that for 25,000 cells, 

absorbance decreases from approximately 0.5 at the lowest concentration to about 

0.4 at the highest concentration, indicating a clear cytotoxic effect of CSNPs at 

higher concentrations. 

Panel B, for 50,000 cells, shows a decrease in absorbance from about 0.45 to 0.3 

with increasing CSNP concentrations. This trend suggests that higher CSNP 

concentrations negatively impact cell viability and metabolic activity. For 75,000 

cells, depicted in Panel C, absorbance decreases from around 0.4 to 0.25 with 

increasing CSNP concentrations. This consistent decline indicates a significant 

cytotoxic effect of the CSNPs at higher concentrations. Panel D, for 100,000 cells, 

shows absorbance decreasing from about 0.35 to 0.2 with increasing CSNP 

concentrations. This further supports the observation of a substantial reduction in 

metabolic activity due to the cytotoxic effects of the CSNPs. In Panel E, with 125,000 

cells, absorbance values decrease from approximately 0.35 to 0.15 with increasing 

CSNP concentrations. Despite the higher cell density, the adverse impact of CSNPs 

on cell viability remains evident, indicating strong cytotoxicity. Panel F consolidates 

the absorbance data across all cell densities, demonstrating a consistent decrease in 
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absorbance with increasing CSNP concentrations across all tested densities. This 

highlights a clear dose-dependent cytotoxic effect of the CSNPs on NIH 3T3 cells. 

 

 

Figure 5.4: Effect of TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs concentrations on absorbance of formazan 

during MTT assay across different NIH 3T3 cell densities A) 25000, B) 50000, C) 75000, D) 100000,  

E) 125000 and F) all cell densities with a linear fit to determine slope. 

Comparing Figures 5.2 and 5.4 reveals distinct differences and similarities in the 

response of NIH 3T3 cells to different nanoparticle types. Both figures investigate the 

effect of NP concentrations on NIH 3T3 cells using the MTT assay, but with different 
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nanoparticles: LaF3:Ce3+Tb3+ NPs in Figure 5.2 and TiO2@SiO2@LaF3:Ce3+Tb3+ 

CSNPs in Figure 5.4. 

In Figure 5.2, LaF3:Ce3+Tb3+ NPs show relatively stable absorbance values with only 

moderate cytotoxicity. The cells exhibit resilience, particularly at higher densities, 

with minimal impact on metabolic activity across the tested NP concentrations. 

However, in Figure 5.4, TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs induce a more 

pronounced decrease in absorbance, indicating stronger cytotoxicity. The consistent 

decline in absorbance across all cell densities suggests that the core-shell structure 

of the CSNPs enhances their cytotoxic effect compared to LaF3:Ce3+Tb3+ NPs. 

Higher cell densities in both figures generally correlate with higher absorbance 

values, indicating greater metabolic activity. However, the decrease in absorbance 

with increasing NP concentrations is more pronounced in Figure 5.4, suggesting that 

the TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs are more effective at reducing cell viability 

and metabolic activity. The results indicate that NIH 3T3 cells are more sensitive to 

the CSNPs, possibly due to the core-shell structure enhancing the cytotoxic 

potential. 

Low cell concentrations are particularly susceptible to cytotoxic effects when 

exposed to NPs, as the limited number of cells can be overwhelmed by the high 

surface reactivity and potential toxicity of NPs.253 This heightened vulnerability arises 

from the reduced collective defensive mechanisms within sparse cell populations, 

often leading to pronounced cytotoxic responses that may not accurately represent 

the biological system's resilience. Moreover, statistical variability increases 

significantly at low cell densities, where minor fluctuations in cell numbers can 

disproportionately affect assay results, thus diminishing reproducibility and obscuring 

true NP-induced cytotoxicity.252 Additionally, the metabolic conversion of MTT to 

formazan, a fundamental aspect of the assay, can be insufficient at low cell 

numbers, resulting in sub-detectable formazan levels and potential false negatives 

regarding NP toxicity.251 

Conversely, high cell concentrations introduce a distinct set of challenges, 

particularly when NPs are involved. The phenomenon of metabolic saturation 

becomes prominent at elevated cell densities, where the high metabolic activity can 
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rapidly convert MTT to formazan, often exceeding the assay's linear detection range 

and leading to inaccurate cell viability measurements. 252,253 

This effect is compounded by the limited diffusion of both MTT and formazan in 

densely packed cell environments, exacerbated by the presence of NPs that may 

further restrict molecular movement. Such conditions result in heterogeneous 

formazan distribution and uneven colorimetric signals.254 Additionally, the turbidity 

associated with high cell densities, intensified by the particulate nature of NPs, 

interferes with absorbance readings due to significant light scattering, thereby 

distorting spectrophotometric data.251 

Figure 5.5 illustrates the calculated slopes versus NPs concentration (mg/mL), with 

the aim of further understanding how LaF3:Ce3+Tb3+ NPs and 

TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs concentration relate to different cell densities 

and types. First, a linear fit is done on each plot of individual cell density’s 

absorbance versus NP concentration. The evaluation, conducted using the 

absorbance of formazan during the MTT assay, highlights the differential cytotoxic 

effects and optimal NPs concentrations for NIH 3T3 fibroblast cells and PaTu 8988t 

cells. 

For NIH 3T3 cells (see Figure 5.5-A), the slopes indicate that LaF3:Ce3+Tb3+ NPs 

caused a gradual decrease in cell viability with increasing concentration, particularly 

notable at higher cell densities (100,000 and 125,000 cells). Conversely, PaTu 8988t 

cells (see Figure 5.5-B) exhibit a more pronounced reduction in slope across all cell 

densities, signifying a higher sensitivity to LaF3:Ce3+Tb3+ NPs. This sensitivity 

suggests that lower concentrations below 0.001 mg/mL of these NPs could be 

effective for applications involving PaTu 8988t cells, while NIH 3T3 cells might 

tolerate higher concentrations. 

When comparing the effects of LaF3:Ce3+Tb3+ NPs with TiO2@SiO2@LaF3:Ce3+Tb3+ 

CSNPs NIH 3T3 cells (refer to Figure 5.5-C), it is observed that the slopes for 

CSNPs decrease more uniformly across different cell densities. This uniformity 

indicates a consistent cytotoxic response, unlike the significant slope decrease 

observed with LaF3:Ce3+Tb3+ NPs, especially at higher concentrations and cell 

densities.  
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The analysis of slopes revealed that the NPs concentration varies depending on the 

cell type and NP composition. PaTu 8988t cells require lower NPs concentrations 

(below 0.001 mg/mL) to achieve the desired cytotoxic effect, whereas NIH 3T3 cells 

show relative effects up to 0.023 mg/mL.  

 

 

 

Figure 5.5: Calculated slopes versus NPs concentration of; A) effect of LaF3:Ce3+Tb3+ NPs 

concentrations on absorbance of formazan during MTT assay across different NIH 3T3 cell densities 

(25,000 | 50,000 | 75,000 | 100,000 | 125,000 cells); B) effect of LaF3:Ce3+Tb3+ NPs concentrations on 

absorbance of formazan during MTT assay across different PaTu 8988t cell densities ( 25,000 | 

50,000 | 75,000 | 100,000 | 125,000 cells); C) effect of TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs 

concentrations on absorbance of formazan during MTT assay across different NIH 3T3 cell densities 

(25,000 | 50,000 | 75,000 | 100,000 | 125,000 cells). 
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This comparative analysis highlights the higher cytotoxicity of 

TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs compared to LaF3:Ce3+Tb3+ NPs towards NIH 

3T3 cells. The steeper declines in both cell viability and absorbance indicate an 

impact on cellular health and metabolic activity at higher NP concentrations. These 

findings suggest the importance of considering NP composition in toxicity 

assessments. While TiO2@SiO2@LaF3:Ce3+Tb3+ CSNPs may offer specific 

functional advantages, their increased cytotoxicity necessitates careful evaluation 

when considering their use in biomedical applications.  

0.0023 mg/mL was selected as a relative concentration for the time-lapse 

experiment using NIH 3T3 cells with LaF3:Ce3+Tb3+ NPs because at this 

concentration absorbance declines drastically to lower values (see Figure 5.6). The 

NIH 3T3 cell line, known for its robust growth and predictable responses, provides a 

consistent model for such evaluations. Given that higher NP concentrations typically 

exhibit increased cytotoxic effects, a moderate concentration that is 0.0023 mg/mL 

minimizes potential cytotoxicity while still allowing for effective observation of NP 

interactions over time. The time-lapse images show the NIH 3T3 fibroblasts at 

various incubation times with LaF3:Ce3+Tb3+ NPs at this concentration. 

At the 5-minute mark NIH 3T3 cells are not attached on the TCPS surface. NPs are 

dispersed in the cell medium and no changes in the cell morphology can be 

observed. After 12 h, cells with elongated filopodia are attached on the TCPS 

surface. Furthermore, cells begin to proliferate. After 24 h, cells increase in number 

and begin to occupy the entire TCPS surface. A distinct cell nucleus can be 

observed in each individual cell structure. Cells further increase in number even after 

48 h indicating positive cellular response. At this stage, no cell anomalies can be 

noted under the light microscope. This observation suggests that the concentration 

of NPs in the cell medium do not directly interfere with cell growth. Also, there is no 

indication of cytotoxicity due to cellular uptake of NPs at this concentration.  

To critically test the promising results from MTT assays and time-lapse experiments, 

live/dead staining was conducted to provide an additional layer of validation and 

deeper insights into the effects of nanoparticles on cell viability and morphology.  
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The MTT assay primarily measures cell metabolic activity, which correlates with cell 

viability, but does not directly distinguish between live and dead cells, while time-

lapse imaging offers dynamic visual information, but may not precisely quantify cell 

death. Live/dead staining uses specific dyes to directly label living cells with a green-

fluorescent dye (fluorescein diacetate) and dead cells with a red-fluorescent 

(propidium iodide) dye, offering a clear and immediate distinction between viable and 

non-viable cells.  

 

Figure 5.6: Time-Lapse Microscopy of NIH 3T3 Fibroblasts interacting with 0.0023 mg/mL 

LaF3:Ce3+Tb3+ NPs (25 nm  5 nm) in cell medium over different incubation periods: (A) 5 min, (B) 12 

h, (C) 24 h, and (D) 48 h, respectively. 

This technique serves as a confirmatory method to validate the findings from the 

MTT assays and time-lapse imaging, ensuring that the observed metabolic activity 

and morphological changes correlate accurately with the actual viability status of the 

cells, thus increasing the robustness and reliability of the experimental results.  
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Furthermore, live/dead staining offers additional information about subtle cytotoxic 

effects that might not significantly alter metabolic activity detected by MTT assays or 

observable changes in time-lapse imaging.251,255  

This sensitivity is particularly useful in identifying low levels of cytotoxicity that could 

have long-term implications for cell health. Integrating live/dead staining with MTT 

assays and time-lapse imaging provides a comprehensive cytotoxicity profile, 

covering metabolic activity, dynamic cellular behavior, and direct viability 

assessment. However, floating dead cells flushed with PBS during the washing step 

in sample preparation for fluorescence imaging cannot be accounted for. 

Figure 5.7 shows results from a live/dead staining cytotoxicity experiment with 

LaF3:Ce3+Tb3+ NPs (25 nm  5 nm) at a concentration of 0.0023 mg/mL on NIH 3T3 

fibroblasts. The experiment compared two different cell densities: 400,000 cells and 

200,000 cells, both with and without NP treatment. In the control group of 400,000 

cells without NPs, robust green fluorescence indicated a high viability rate with 

minimal cell death, confirming the healthy state of the cells. Similarly, in the 400,000 

cells treated with NPs, the cells continued to exhibit substantial green fluorescence, 

suggesting that the NPs did not exert severe cytotoxic effects at this concentration. 

The minimal presence of red fluorescence in this group further supported the 

conclusion that cell death was not significantly increased as observed in Figure 5.5. 

For the lower cell density of 200,000 cells without NPs, the cells displayed green 

fluorescence, indicating high viability similar to the higher density control. The 

sample containing 400,000 cells exhibited a faint red fluorescence in the absence of 

NPs, indicating minimal cell death. Nevertheless, this observation lacks the statistical 

robustness required for a conclusive evaluation of cell viability, potentially stemming 

from artifacts introduced during the fluorescence measurement process. When 

treated with NPs, the 200,000 cells still showed predominant green fluorescence, 

indicating high cell viability. As with the higher cell density, there was no significant 

increase in red fluorescence, suggesting that the NPs did not induce notable 

cytotoxicity at this concentration. 

The live/dead staining results corroborate findings from time-lapse experiments, 

confirming that LaF3:Ce3+Tb3+ NPs at a concentration of 0.0023 mg/mL exhibit 

minimal cytotoxicity towards NIH 3T3 fibroblasts. 
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However, MTT data (see Figure 5.2) suggest that there is a certain percentage of 

cells that 10 - 15 % of cells die after 48 h. It is worth noting that the cell concentration 

maximum in MTT was 125000 cells compared to live/dead staining and time-lapse 

experiment was at 200000 and 400000 cells after 24 and 48 h respectively. Hence, 

the noted cell death in MTT cannot directly be accounted for in live/dead staining or 

time-lapse experiments.  

 

Figure 5.7: Live-dead staining cytotoxicity experiment with NIH 3T3 fibroblasts incubated for  

48 h in cell medium. The left image shows an experiment done after 48 h with 400,000 cells (either 

with or without NPs) and the right image shows an experiment done after 24 h with 200000 cells 

(either with or without NPs). 0.0023 mg/mL LaF3:Ce3+Tb3+ NPs dispersed in cell medium (25 nm  5 

nm) was used for the experiments with NPs. 

5.2.2 Investigation of the interaction of NPs with NIH 3T3 cells using ICP-OES 

To investigate the interaction of nanoparticles (NPs) with cells, i.e., to clarify whether 

or not NPs were taken up or adhered to cells, ICP-OES was used for the final 

analysis of the cell medium, cells, and NPs. A simplified sample preparation method 

was developed for the elements Cerium (Ce), Lanthanum (La), and Terbium (Tb) in 

organic matrices.  
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The digestion of all organic components of the mixture followed the procedure 

described in the Experimental Section. The cell medium was collected after the 

experiment to determine the concentration of Ce, La, and Tb, and was digested to 

ensure complete dissolution of any NPs. The cells were separated from the medium 

and digested to remove all organic matter and release incorporated NPs, while the 

NPs themselves were isolated and digested similarly. Calibration curves for the 

standards used in the experiment displayed excellent linear regression with a 

precision (R²) of 0.999, as shown in Figure 5.8. Manganese (Mn) with an emission 

line at 257.611 nm was used as the internal standard, with the Mn ratio plotted 

against concentration in parts per billion (ppb) providing insights into the accuracy of 

pipetting during the experiment (refer to Figure 5.9). The internal standard effectively 

monitored the signal-to-background ratio, maintaining it within accepted limits (> 3% 

of overall intensity).256 A straight line in the Mn ratio plot indicates high accuracy, 

leading to correct calibration with the standards. This approach ensures the reliability 

of the ICP-OES analysis, confirming the precision and accuracy of the 

measurements for Ce, La, and Tb in the samples. 

 

Figure 5.8: ICP-OES Calibration curves of Ce 418.660 nm, Ce 448.691 nm, La 333.749 nm, La 

408.672 nm, Tb 350.917 nm and Tb 350.920 nm measured in 2 % HNO3 solution. 
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Figure 5.9: ICP-OES internal standard Mn 257.611 nm ratio plotted against concentration in ppb  

(gL-1) 2 % HNO3 solution. 

The recorded average of each Mn intensity signal was 18584.7, of which the highest 

and lowest values were capped at 1.03594 and 0.97311 respectively. From Table 

5.1, Ce concentrations for both emission lines (418.660 nm and 448.691 nm) were 

found to be below the LOD. The results indicate a deep surge of concentration of the 

analytes after MTT assay with high errors. However, this was expected due to the 

complexity of the experiment especially during digestion and dilution processes. The 

difference in concentration is due to the loss of analytes in the mentioned processes. 

Hence, the reported results are relative and cannot be used in singularity to justify 

NPs interaction with cells. Despite, the ambiguity in the experiment, detection of La 

and Tb rare earth elements in LaF3:1%Ce3+3% Tb3+ are recorded even in high 

organic matrices. Almost no chemical interference of La and Tb signals was noted. 
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Table: 5.1 Determination of elemental composition (Ce, Tb & La) of the NPs before and after toxicity 

via ICP-OES. 

Emission line 

Concentration 
of analyte in 

the NPs 
solution (µg/L) 

before MTT 

Concentration 
of analyte in 

the NPs 
solution (µg/L) 

after MTT 

LOD (µg/L) LOQ (µg/L) 

Ce 418.660 119 4.0 8.06 24.51 

Ce 448.691 118 5.8 3.18 9.65 

La 333.749 699 3.6 0.01 0.03 

La 408.672 676 2.9 0.54 1.46 

Tb 350.917 198 4.2 2.0 6.09 

Tb 350.920 198 4.3 2.01 6.13 

 

The experiment highlights the need for more refined sample preparation techniques 

to minimize analyte loss and improve detection accuracy, especially for Ce. The 

stability of the Mn internal standard underscores its importance in correcting signal 

fluctuations and ensuring measurement accuracy. The varying LOD and LOQ values 

emphasize the necessity of optimizing detection methods for each element, and the 

successful detection of La and Tb suggests that the methods are well-suited for 

analyzing these elements. Future studies should focus on improving sample 

preparation, exploring alternative analytical techniques, expanding elemental 

analysis, and conducting long-term studies to better understand NP interactions with 

cells. 

5.2.3 Toxicity studies of sodium alginate hydrogel–lanthanide doped 

luminescent NPs hybrid materials 

NIH 3T3 cells were cultured to investigate effects of Na-Alginate NPs on cell 

proliferation and adhesion. Initially, NIH 3T3 cells were seeded on TCPS without any 

hydrogel–NP matrix to serve as a control for MTT assay (see Figure 5.10). To 

prepare the experimental samples, all chemicals and glassware were sterilized using 

steam in the autoclave. A 0.2 M solution of Eu3+ (europium acetate) was employed 

as a cross-linker, with the pH adjusted to 7 using a buffer solution.  
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The hydrogel was cleaned by soaking it in Milli-Q water for five minutes, followed by 

incubation at 37°C in CO2 atmosphere cell culture incubator to evaporate any toxic 

vapors due residual acetic acid, a step that was repeated six times or more until the 

hydrogel exhibited a clear pink color, indicating color of the cell medium. NIH 3T3 

cells were subsequently injected into the hydrogel and incubated with fresh medium, 

which was replaced every 12 h without washing the hydrogel. 

 

Figure 5.10: Live dead staining assay of (left) control and (right) with Na-Alginate sample containing 

12.8 µg/L NPs. 

The control image, depicting NIH 3T3 cells without Na-Alginate-NP treatment, shows 

an even distribution and consistent cell density. In contrast, the image of the treated 

cells, incubated with Na-Alginate-NPs at a concentration of 12.8 µg/L, reveals a 

significantly higher cell density and a more clustered distribution pattern. This 

observation suggests that the presence of Na-Alginate-NPs may enhance both cell 

proliferation and adhesion properties. The treated cells’ increased density from 

125,000 to 160,000 cells and clustering indicate that the Na-Alginate-NPs provide a 

supportive microenvironment that promotes cellular activities more effectively than 

the control conditions. Green fluorescence is indicative of viable cells, whereas red 

fluorescence, which is not prominently observed here, would denote non-viable cells. 

The predominance of green fluorescence in both panels suggests a high viability of 

NIH 3T3 cells under the tested conditions. These findings give insight to the potential 

of Na-Alginate-NPs in tissue engineering and regenerative medicine applications, 

where enhanced cell growth and adhesion are critical for successful outcomes. 
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Several studies have explored before the impact of alginate-based materials on cell 

proliferation and adhesion. For instance, a study by Mohandas et al. demonstrated 

that alginate hydrogels loaded with zinc oxide NPs (ZnO) significantly improved 

fibroblast proliferation and collagen deposition in wound healing applications.257 This 

study reported that the incorporation of ZnO NPs enhanced the mechanical 

properties of the hydrogel and supported higher rates of cell proliferation compared 

to untreated controls. Similarly, Zhang et al. found that alginate-based dressings 

containing ZnO NPs were biocompatible with NIH 3T3 fibroblasts and showed 

improved wound healing rates, indicating the potential for enhanced cell proliferation 

and adhesion.258 In another study, Harper et al. observed that the presence of 

sodium ions in alginate hydrogels affected the viscosity and gelation properties, 

which in turn influenced cell attachment and proliferation.259 Their findings suggested 

that the ionic environment and molecular weight of the alginate played significant 

roles in the hydrogel's effectiveness as a cellular scaffold. 

5.2.4 Mechanical properties of sodium alginate hydrogel–LaF3:Ce3+Tb3+ NPs 

hybrid material 

In this study, a series of experiments were conducted to investigate the mechanical 

properties and applications of sodium alginate hydrogels crosslinked with Eu3+ ions. 

The hydrogels were prepared by mixing 5% sodium alginate solution with a 0.2 M 

Eu3+ solution, forming a robust gel (see Figure 5.1). To optimize gel quality, various 

formulations were tested by altering the amount of crosslinker, while keeping the 

alginate concentration constant. For rheological analysis, samples were prepared 

with a constant alginate and Eu3+ concentration, while varying the concentration of 

NPs and balancing the total concentration with Milli-Q water. The NPs, at a 

concentration of 0.0462 g/L, were introduced into the hydrogel matrix in varying 

amounts, ensuring thorough dispersion to investigate their impact on the mechanical 

properties of the gels. The swelling behavior of the hydrogels was evaluated 

gravimetrically, measuring the equilibrium swelling percentage. Additionally, the 

hydrogels were tested for biocompatibility by incorporating NIH 3T3 cells, ensuring a 

pH-adjusted environment and repeated soaking steps to remove any residual toxic 

vapors.  
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In this experiment, the mechanical properties of LaF3:Ce3+Tb3+ NPs are not 

determined in isolation, but as a hybrid composite together with sodium alginate 

hydrogel. To obtain meaningful results, it was necessary to prepare uniform sizes of 

the hydrogel-NP matrix. Figure 5.11 shows the FESEM microstructure of sodium 

alginate hydrogel without (left) and with (right) NPs after 48 h freeze drying. The 

sample containing 500 L solution of NPs (12.8 µg/L) was chosen for freeze drying 

due to the midpoint volume of NPs. 100 L (2.6 µg/L) or 1000 L (25.6 µg/L) solution 

of NPs are two extremes that may not give a good representation of the samples 

especially after the several washing steps. The left image depicts the hydrogel 

without NPs, characterized by a distinct porosity and fiber network. The pores 

appear uniformly distributed with a specific average size, and the fibers are densely 

packed, forming a connected network. In contrast, the right image shows the 

hydrogel with  

500 µL of NP solution, revealing noticeable structural modifications. The presence of 

NPs seems to affect the porosity, as evidenced by changes in pore size and 

distribution.  

 

Figure 5.11: FESEM images of sodium alginate hydrogel without (left) and with 500 µL solution of 

NPs (12.8 µg/L) (right) NPs. 

Quantitative analysis of the fiber thickness (see Figure 5.12) reveals significant 

differences between the two samples. Without NPs, the average fiber thickness is 

approximately 98 nm with a standard deviation of 18 nm. In the presence of NPs, the 

average fiber thickness increases to about 151 nm with a standard deviation of 29 

nm. Thicker fibers are known to enhance the structural reinforcement of the 

hydrogel.250 
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Figure 5.12: Histograms of fiber thickness from FESEM images of sodium alginate hydrogel without 

(left) and with 500 µL solution of NPs (12.8 µg/L) (right) NPs. 

In general, the inclusion of NPs at this concentration significantly modifies the 

structural properties of the sodium alginate hydrogel. The reduction in pore size and 

increase in fiber thickness suggest that NPs may enhance the mechanical stability 

and functionality of the hydrogel, likely contributing to its improved performance in 

potential applications. Das et al., reported similar microstructures, but of a 

functionalized alginate (Alg)-based terpolymeric semi-interpenetrating (semi-IPN) 

hydrogel, synthesized via free radical polymerization.250 It was not possible to 

visualize the NPs using the same magnification for the hydrogel microstructure 

investigation. For this reason, other methods have been used to confirm the effects 

of NPs in the hydrogel matrix. 

Figure 5.13 shows results of rheological measurements done on sodium alginate 

hydrogel–LaF3:Ce3+Tb3+ NPs hybrid material. From the rheology experiment, it was 

possible to confirm the existence of a hydrogel structure due to the phase shift below 

45°.260 The viscoelasticity was proven from the frequency and amplitude sweep 

measurements. Notably, the increase in NPs concentration is directly proportional 

shear stress in Pa (c.f. Figure 5.13). Adibnia and Hill et al., showed that silica NPs 

increase the mechanical strength of hydrogels if embedded in hydrogels.261 Hence, 

one may conclude increased mechanical strength of the resulting hydrogel-NP 

hybrid material. Low concentrations of NPs result in a less rigid hydrogel network, 

which increases the swelling properties. Tunability of the mechanical strength via 

NPs can thus be an insight for possible biomedical applications such as drug release 

or targeted cell apoptosis studies. 
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This is the first time, mechanical properties of fluoride NPs doped with lanthanides 

and lanthanide crosslinked hydrogels have been reported. Sershen et al., used a 

similar method of hydrogel formation in a gold (Au) nanoparticle suspension.44 The 

Au NPs were immersed in N-isopropylacrylamide/acrylamide (NIPAAm/AAm) 

monomers and crosslinked with initiator ammonium persulfate (APS) and accelerator 

tetramethylethylenediamine (TMEDA). Other studies have used this method as a 

strategy to stabilize silica NPs.153 Liu et al., proved that it is possible to prepare 

photo-modulable thermos-responsive hydrogels using titania nanosheets as 

photocatalytic crosslinkers immersed in bisfunctional monomer N,N'-

methylenebisacrylamide (MBAAm).157  

 

Figure 5.13: Influence of NPs 0 L (0 µg/L), 100 L (2.6 µg/L), 500 L (12.8 µg/L), 1000 L (25.6 

µg/L) in the rheological properties of sodium alginate hydrogel crosslinked with Eu3+. 

From Figure 5.13, Panel A, corresponding to 0 µL NPs (0 µg/L), shows a decrease in 

both the storage modulus (G') and loss modulus (G'') with increasing shear stress, 

indicating a reduction in the hydrogel's elastic properties under stress. Panel B, with 

100 µL NPs (2.6 µg/L), demonstrates that G' remains relatively stable across the 

range of shear stress, suggesting a more robust elastic structure at this NP 

concentration. Similarly, G'' exhibits stability, with a slight decline at higher shear 

stress levels. 
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In Panel C, representing 500 µL NPs (12.8 µg/L), both G' and G'' show minor 

decreases as shear stress increases, yet they maintain higher values compared to 

lower NP concentrations, indicating enhanced elastic and viscous properties. Panel 

D, at 1000 µL NPs (25.6 µg/L), reveals that G' remains stable with a slight increase 

at higher shear stress values, indicating strong elastic behavior. G'' also maintains 

elevated levels, emphasizing significant improvements in both elastic and viscous 

properties. 

The influence of shear stress is evident across all panels, with higher shear stress 

generally causing a decrease in both G' and G''. However, this effect is less 

pronounced at higher NP concentrations, indicating that the presence of NPs 

enhances the hydrogel's structural stability and resistance to deformation. The data 

suggest that increasing NP concentration not only improves the hydrogel's 

rheological properties but also its ability to withstand shear stress, maintaining a 

predominantly elastic behavior (G' > G'') across all concentrations. Grosskopf et al., 

observed similar results when a fixed polymer concentration and different NP 

concentration was used.262 In higher NP content, there was an observed increase in 

the G″ overshoot during yielding. This indicates that substantial deformation energy 

is dissipated due to the de-caging of nanoparticles during the yielding process.263–265  

Figure 5.14 illustrates that the hydrogel with 1000 µL NPs (25.6 µg/L) reaches its 

maximum swelling capacity relatively quickly and maintains a stable swelling ratio 

after about 35 minutes. This indicates good stability and water absorption 

characteristics at this NP concentration. Panel D in the rheological analysis revealed 

that with 1000 µL NPs (25.6 µg/L), both the storage modulus (G') and loss modulus 

(G'') remained stable across increasing shear stress, indicating a robust elastic 

structure and enhanced rheological properties. Similarly, the swelling ratio plot 

showed that the hydrogel's swelling ratio increased rapidly in the first 25 minutes, 

reaching a plateau around 35 minutes, where it maintained a constant swelling ratio 

of approximately 7.0 x 10%.  

This consistency suggests that the hydrogel, with the addition of 1000 µL NPs  

(25.6 µg/L), achieved a stable maximum swelling capacity. The correlation between 

the two datasets highlights that the increased NP concentration not only improves 
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the hydrogel's elasticity and viscosity but also ensures its structural integrity and 

stability during water absorption.  

Consequently, the incorporation of 1000 µL NPs (25.6 µg/L) significantly enhances 

the hydrogel's ability to withstand mechanical stress and maintain its functional 

properties over time. 

 

Figure 5.14: A graph of swelling ratio versus time, t (min). 

5.2.5 NP release and luminescence properties 

In Figure 5.15, luminescence data of LaF3:Ce3+Tb3+ NPs embedded in sodium 

alginate hydrogel is shown. The red emission detected when excited at 250 nm 

indicates an energy transfer from Tb3+ in the NPs to Eu3+ used as crosslinker in the 

hydrogel. Co-doping of the NPs with Ce3+ was to enhance the green emission due to 

Tb3+. The Ce3+ excitation energy lies between 200 nm and 375 nm, which originates 

from allowed 4f5d transitions. Emission due to the NPs alone is observed at 553 

nm, when excited at 250 nm. Thus, resulting green emission at 553 nm originates 

from an energy transfer from higher 5d states in Ce3+ that populate lower 5d states 

of Tb3+ between 420 nm and 450 nm. Hence, using 250 nm as excitation energy for 
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the hydrogel-NPs hybrid system not only leads to the emission of Tb3+ but most of 

the energy in the lower 5d states is transferred to Eu3+. Furthermore, stark f-f 

transitions in Eu3+ are also induced leading to the orange color and not the deep red 

emission typical for Eu3+. At lower excitation energy (350 nm), almost all electrons in 

lower excited states of Ce3+ and those in higher ground states of Tb3+ that have 

overlapping energies are promoted to the excited 5d states in Tb3+. Hence, only 

green emission is detected leaving almost no electrons that cross over to Eu3+ 

excited states. 

 

Figure 5.15: Photograph of sodium alginate–LaF3:Ce3+Tb3+ NPs hybrid material suspended in Milli-Q 

water and illuminated using a UV lamp A) excited @ 250 nm B) @ 350 nm. 

Figure 5.16 shows the measured emission spectra of the Eu3+-sodium alginate 

hydrogel - LaF3:Ce3+Tb3+ NPs hybrid system. The emission detected at 478 nm is 

attributed to the organic components in sodium alginate in original state. Depending 

on the pigmentation or impurities of the alginate derivative, the emission can range 

between 400 nm and 500 nm.246 From the spectra, emission band of Tb3+ @ 553 nm 

is much lower than Eu3+ @ 617 nm due to two main reasons. First, the energy 

transfer from Tb3+ to Eu3+ and secondly due to high concentration of Eu3+ ions in the 

hydrogel matrix compared to Tb3+ ions in the NPs.  
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Figure 5.16: Emission spectra of LaF3:Ce3+Tb3+ NPs embedded in sodium alginate hydrogel 

crosslinked with 0.2M Eu3+ measured at 378 nm excitation wavelength. 

Time dependent emission spectra were monitored for 20 h at 37°C, which is 

approximately the time and temperature used for cell studies with NIH 3T3 cells. 

Notably, the intensity of major emission peaks (alginate, Tb3+ and Eu3+) decrease 

over time. Moreover, green emission due Tb3+ is almost diminished after 15 h (c.f. 

Figure 5.17). At this time, detecting green emission requires; large optical slits and 

high voltage during measurement, hence low signal to noise ratio. In contrast, red 

emission due to Eu3+ remains appreciable and is detected even after 15 h.  

Between the first 7 h, NPs are slowly released from the hydrogel matrix. The 

hydrogel begins to swell in water and bound NPs detach. In fact, the intense Eu3+ 

peak at 617 nm shows an increase in emission intensity, meaning that the 

concentration of NPs decreases from the hydrogel and aggregate at the bottom of 

the cuvette cell. Thus, the red emission is not compromised. After 7 h, the emission 

due to sodium alginate hydrogel begins to shrink because small pieces of the 

hydrogel fragmented over time. However, after 12 h this emission and corresponding 

emission due to Eu3+ decrease over time but at similar rates. The emission due Tb3+ 

drastically diminishes.  
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Nevertheless, it does not mean that no green emission is detected but rather the 

NPs are not any longer suspended in the hydrogel and solution but form aggregates 

at the bottom of cuvette cell. Further detection of NP aggregates will require filtering 

solution, drying and measuring luminescence in dry state or redispersed in a 

colloidal solution. 

 

Figure 5.17: Peak area analysis of selected energetic bands from the emission spectra of 

LaF3:Ce3+Tb3+ NPs and Eu3+ crosslinked sodium alginate hydrogel. 

5.2.6 Bioimaging using sodium alginate hydrogel–LaF3:Ce3+Tb3+ NPs 

The Na-Alginate–LaF3:Ce3+Tb3+ NP hybrid system was used for bioimaging 

experiment with NIH 3T3 fibroblast cells cultured on TCPS substrates. The cells 

were incubated for 24 h to allow for adhesion and proliferation. Figure 5.18 shows 

NIH 3T3 cells attached on TCPS without the hydrogel-NP matrix, displaying typical 

cell growth and attachment with visible cell structures such as the nucleus and 

filopodia. The calculated cell density in this image was approximately 1.05×105 cells 

per cm². However, hydrogel samples without embedded NPs degraded after 12 h, 

preventing cells from attaching to the hydrogel surface. The TCPS surface was 

hindered by hydrogel remnants floating and segregating at the interface between the 

TCPS and cell medium, interfering with cell metabolism and leading to cell death. In 

contrast, samples containing 12.8 µg/L NPs solution showed that cells could 
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proliferate and attach, as illustrated in Figure 5.18. NIH 3T3 cells are known to 

adhere in normal condition after 6 h.266 

 

Figure 5.18: Light microscopy image of NIH 3T3 cells attached on TCPS without hydrogel-NP matrix 

taken after 24 h incubation. 

Most cells grew inside the hydrogel with adhesion occurring between 9 and 10 h, 

although sometimes delayed up to 12 h due to direct injection into the hydrogel 

matrix. Some cells migrate to the top surface of the hydrogel. After 24 h, cell medium 

was replaced, prompting further cell migration outward through the hydrogel network 

in search of nutrients. Encapsulated cells within the hydrogel matrix (see Figure 

5.19) exhibited more elongated shapes compared to those outside, likely due to 

active internal processes such as cytoskeletal rearrangement and variations in local 

adhesive forces and cell density.267 This phenomenon of delayed cell adhesion has 

also been observed with ZnO NPs in 3D cell culture with NIH 3T3 cells by Sambale 

et al.268 Cell encapsulation was maintained for up to 48 h before the hydrogel matrix 

began to fragment. This study marks the first instance of NIH 3T3 cells being 

encapsulated in a Eu3+ ionically crosslinked Na-Alginate–LaF3:Ce3+Tb3+ NP hybrid 

system. The delayed adhesion and subsequent migration patterns observed indicate 

potential applications in tissue engineering and regenerative medicine, where 

controlled cell growth and migration are crucial.  
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Figure 5.19: (Left) Top side image of hydrogel-NP matrix taken after 24 h incubation with NIH 3T3 

cells as seen under light microscopy. (Right) Image shows a cross-section cut along the horizontal 

axis parallel to the TCPS surface of the hydrogel-NP matrix taken after 24 h incubation with NIH 3T3 

cells.  

To investigate bioimaging via FLIM, first an experiment was designed to mimic NIH 

3T3 cell encapsulation in a hydrogel hybrid system. Dye-labeled (with Nile red) and 

unlabeled polystyrene (PS) cubes were used instead of NIH 3T3 cells, (prepared 

according to procedure in 5.4.5). Eu3+ ions are replaced with Ca2+ as crosslinker in 

preparing Na-Alginate hydrogel. 

In the first experiment (A), dyed PS cubes were incorporated in to a hydrogel matrix 

that is not dye-labeled and investigated via FLIM (see Figure 5.20 panel A). Dye-

labeled PS cubes were clearly detected with no emission interference from the 

undyed hydrogel. Contrary to the first experiment, in the second experiment (B), 

undyed PS cubes were embedded in a dye-labeled hydrogel (5-aminofluorescein 

dye). Dark cubic-shaped “voids” were detected, and a strong signal from the 5-

aminofluorescein dye in the hydrogel was observed (see Figure 5.20 panel B). The 

signal-to-noise ratio was low at the cube edges due to varying orientations.269 
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Figure 5.20: FLIM measurement of (A) Nile Red stained 5 μm PS cubes incorporated in Ca2+ 

crosslinked sodium alginate hydrogel; (B) unstained 5 μm PS cubes incorporated in Ca2+ crosslinked 

sodium alginate hydrogel stained with 5-aminofluorescein. 

The observations suggest that Na-Alginate hydrogel may be a candidate for 

bioimaging of encapsulated cells. These observations are supported by previous 

study on alginate based bioinks for 3D printing.270   

In this regard, an attempt to use live NIH 3T3 cells was made, but for this purpose 

with NP–Na-Alginate hydrogel crosslinked with Eu3+ ions. NIH 3T3 cells were 

incubated with NP–Na-Alginate hydrogel in cell medium for 24 h. Thereafter, the 

cells were washed in PBS and soaked in PBS for investigation under fluorescence 

light microscope. Initially, no fluorescent emission due to Eu3+ was detected. The 

excitation spectra of Eu3+ typically span between 250 nm and 420 nm depending on 

the site symmetry and crystal field splitting.107 However, the organic components in 

the matrix also exhibit photoluminescence in the visible range, necessitating high 

energy between 250 nm and 350 nm to induce red emission. This was challenging to 

probe since the available optical fluorescence microscope was limited to excitation 

wavelengths above 420 nm, precluding proper excitation of Eu3+. 

To address this limitation, live-dead staining was conducted following standard 

protocols using propidium iodide (PI) and fluorescein diacetate (FDA) (see Appendix 

IV).  
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Figure 5.21 shows a fluorescence light microscope image of the hydrogel-NP hybrid 

system. In this staining assay, green and red spots typically indicate live and dead 

cells, respectively. The image predominantly shows green spots and a uniform red 

background. Some green shadowed spots are visible beneath the red uniform color, 

indicating cells encapsulated within the hydrogel matrix at a shorter distance from 

the outer surface. Cells deeper in the matrix were obscured by the intense red color. 

The red background is not an unambiguous indicator of dead cells, as the hydrogel 

itself absorbed the PI dye. Potential energy transfer from the lowest energetic states 

of PI dye to Eu3+ might have enhanced the red emission from Eu3+, although this 

phenomenon was not explored in this thesis. Carneiro Neto et al., reported 

theoretical calculations proving the existence of an intramolecular energy transfer for 

both singlet-triplet intersystem crossing and ligand-to-metal (and vice versa) between 

a multitude of ligand and Eu3+ energetic states.271 

 

Figure 5.21: Live-dead staining and imaging of NIH 3T3 cells using a fluorescence microscope. 
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5.3 Conclusion 

This Chapter focused on the analysis of potential toxicity of the NPs synthesized in 

Chapter 4. Furthermore, it was investigated how to prepare a biocompatible NP–

Hydrogel hybrid system that can be potentially used bioimaging. The hybrid system 

was developed by first mixing NPs solution with Eu3+ solution (used as crosslinking 

agent) before mixing with Na-Alginate solution. This was followed by investigation of 

mechanical and optical properties. 

Initially, toxicity assays using NIH 3T3 fibroblasts and PaTu 8988t cells 

demonstrated a dose-dependent decrease in cell viability for LaF₃:Ce³⁺Tb³⁺ NPs. At 

a concentration of 0.0023 mg/mL, abrupt and significant changes in absorbance 

were detected, indicating this concentration as a critical threshold for investigating 

cytotoxicity. TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺ CSNPs exhibited higher cytotoxicity due to 

their incoherent structure, which disintegrates over time and forms large aggregates 

in the cell medium. These aggregates hinder cell attachment as they cover a large 

area of the TCPS, and the particle dissolution increases the turbidity of the cell 

medium, interfering with MTT and formazan absorption. PaTu 8988t cells, compared 

to NIH 3T3 cells, are generally more sensitive to certain NPs. Consequently, 

live/dead staining was performed only using the NIH 3T3 cell line. MTT, live/dead 

staining, and ICP-OES analyses further validated minimal cytotoxicity at the 0.0023 

mg/mL concentration, confirming efficient cellular interaction without significant 

adverse effects. This toxicity assessment provided an understanding of NP 

biocompatibility, emphasizing the importance of selecting appropriate concentrations 

for safe application in biological systems. 

The synthesis process of hydrogel–NP hybrid systems involved the formation of 

sodium alginate hydrogels crosslinked with Eu³⁺ ions, coupled with the incorporation 

of LaF₃:Ce³⁺Tb³⁺ luminescent NPs. The hydrogel–NP hybrid systems were 

systematically analyzed to understand the impact of NP concentration on mechanical 

properties (see Figure 5.12) and luminescent behavior (see Figure 5.15). 

Rheological measurements revealed that the inclusion of NPs significantly enhances 

the mechanical strength of the hydrogels.  
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Overall, the presence of NPs increases the hydrogel's structural stability and 

resistance to deformation, with higher NP concentrations improving rheological 

properties and maintaining predominantly elastic behavior (G' > G''). 

FSEM was used to observe the microstructural changes in the hydrogel matrix. The 

presence of NPs resulted in a notable increase in fiber thickness and a decrease in 

pore size, indicating enhanced structural reinforcement.  

The luminescent properties of the hybrid materials were also investigated. From the 

results energy transfer from Tb³⁺ in the NPs to Eu³⁺ in the hydrogel matrix, leading to 

distinctive emission spectra. Green emission from Tb³⁺ and red emission from Eu³⁺ 

were both detected, with the intensity of these emissions varying over time. This 

behavior suggests the potential for these materials to be used in bioimaging 

applications where specific wavelength emissions are required. 

Biocompatibility studies using NIH 3T3 cells confirmed that the sodium alginate 

hydrogel-NP hybrids support cell proliferation and adhesion. Na-Alginate–NP hybrid 

system with cells exhibited higher density and better adhesion compared to the 

control, indicating that the hydrogel-NP environment promotes cellular activities 

effectively. 
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5.4 Materials and methods 

EuCl3•xH2O (99.99%) Reacton Germany. Eu(NO3)3•xH2O (99.9%), ChemPur 

Europium (III) acetate (99.999%) Alfa Aesar Germany. Ethanol denatured (90%), 

ethanol anhydrous (99+%), Alginic acid sodium salt, low viscosity, CaCl2 (93%), Alfa 

Aesar Germany. 5-Aminofluorescein (isomer I) (95%), nile red (98%), TCI Germany. 

NIH 3T3 cell lines were obtained from Dr. Jürgen Schnekenburger (Biomedical 

Technology Center of the Medical Faculty Münster, Germany). Milli-Q water 

(resistivity of 18.2 MΩ cm), from a Millipore Direct Q8 system, (Millipore Advantage 

A10 system, Schwalbach, Germany) with a Millimark Express 40 as filter (Merck, 

Germany). Phosphate-buffered saline (PBS) solution with a pH of 7.4 purchased 

from Sigma Aldrich was autoclaved before use. Freshly prepared LaF3: Ce3+ Tb3+ 

NPs and PS cubes. The PS cubes were prepared according procedure from Song 

and Schönherr et al.269 
5.4.1 Preparation of sodium alginate hydrogel 

5% of sodium alginate solution was prepared in Milli Q water. 500 µL of this solution 

was mixed with 300 µL of 0.2 M Eu3+ solution to form a gel. The quality of the gel can 

be optimized by changing the amount of crosslinker and keeping the amount of 

alginate constant or vice versa (see Figure 5.22). 

 

Figure 5.22: Images of freshly prepared sodium alginate hydrogel crosslinked with Eu3+. 
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5.4.2 Preparation of samples for rheology measurements 

The samples for rheology were prepared as shown in Table 5.2 Alginate and Eu3+ 

solutions are kept constant and only the volume of NPs is varied. Milli Q water is 

topped up on each varied amounts of NPs to create a balanced ration of water to 

alginate solution. 

Table 5.2 Rheology samples (preparation and concentration of different materials). 

Sample 
No.* 

NPs (0.0462 g/L) 
volume (µL) 

Milli Q 
volume (µL) 

Total 
volume (µL) 

Final NPs 
concentration in gel 

matrix (µg/L) 
1 0 1000 1800 0.0 
2 50 800 1800 1.3 
3 100 600 1800 2.6 
4 200 400 1800 5.1 
5 400 200 1800 10.2 
6 500 500 1800 12.8 
7 600 100 1800 15.4 
8 800 50 1800 20.5 
9 1000 0 1800 25.6 

*500 µL of 5 % Alginate and 300 µL 0.2 M Eu3+ volume added to all samples. 

5.4.3 Preparation of samples for rheology measurements 

The swelling ratio of the hydrogel was done gravimetrically. After preparing the 

hydrogel, a section was cut and freeze dried for 96 h. The dried sample was dipped 

in to a buffer solution at 37°C for 1 h. After every 5 minutes the wet hydrogel was 

removed the buffer solution and excess liquid on the surface of the hydrogel wiped 

with a cleantech tissue that leaves no fibers. The wet hydrogel is weighed until an 

equilibrium is attained. The percentage of swelling was calculated as shown in 

Equation 3: 

                         𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 % ൌ
ௐೢ ೐೟ିௐ೏ೝ೤

ௐ೏ೝ೤
 ൈ  100 %        (3) 

Wwet and Wdry denote the weight of the wet and dried hydrogel, respectively. 

5.4.4 Preparation of samples for cell studies 

NIH 3T3 mouse fibroblasts were obtained from Dr. Jürgen Schnekenburger at the 

Biomedical Technology Center of the Medical Faculty in Münster, Germany. The 

statistical analysis of the cell counts was conducted using a one-sided ANOVA test. 

Cell culture was done according to protocol developed and modified by Lilge et al.272 
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All chemicals and glass ware were sterilized in the autoclave before use. 1 mL of  

0.2 M europium acetate was used as cross linker and pH adjusted to 7 using buffer 

solution (pH 10.00 at 20°C). The hydrogel is first soaked in 3 mL milli Q water for  

5 minutes and incubated at 37°C to evaporate any toxic vapors. This step is 

repeated at least 6 times or more with cell medium in the hydrogel has a clear pink 

color resembling the cell medium. The NIH 3T3 cells are then injected in to the 

hydrogel and incubated with fresh medium. After every 12 h the cell medium has to 

be changed but no washing of the hydrogel is necessary.  

5.4.5 Preparation and imaging of 5 µm PS cubes 

PS microcubes with 5 µm edge length were prepared using titanium-coated silicon or 

glass substrates according to a standard protocol from Song et al., and Steuber et 

al.273 The substrates, cut to 2 cm x 2 cm, were cleaned by sequential rinsing with 

Milli-Q water, ethanol, and chloroform (for glass substrates), followed by a final 

ethanol wash and nitrogen drying. PS was dissolved in toluene (6 wt%), with Nile 

Red dye (1.57 mM) added for dye-doped microcubes. Drops of this solution were 

spin-coated onto the substrates using a spin coater (30 s, 1200 rpm). The substrates 

were then vacuum-dried overnight at 140°C or in a desiccator for four days. The PS 

microcube structure was created using nanoimprint lithography with a PDMS stamp 

and the Eitre 3 nanoimprinter (Obducat, Sweden). Fluorescence microscopy was 

performed using time-resolved confocal microscopy with an IX 71 inverted 

microscope (Olympus, Hamburg, Germany), employing a pulsed diode laser (LDHD-

C-485, PicoQuant, Berlin, Germany) at 482 nm. Fluorescence emission was 

collected with a 60x water immersion objective (UPlanSApo 60x / 1.20 N.A., 

Olympus) and detected by a single-electron avalanche photodiode (PD1CTC, Micro 

Photon Devices, Bolzano, Italy) after passing through a dichroic mirror (z500dcxr, 

Chroma, Bellows Falls, USA) and an emission filter (HQ510lp, Chroma) and a 50 µm 

pinhole. Data acquisition and analysis were conducted using SymPhoTime software 

and Matlab R2020b. Images were typically 80 µm x 80 µm, with the xy-plane defined 

orthogonal to the substrate or water-air interface. Time-correlated single-photon 

counting (TCSPC) was used for fluorescence measurements. Lifetimes of Nile Red 

were determined by fitting a multi-exponential function to the intensity spectrum, 

fixing one lifetime at 0.05 ns to remove residuals. Integration times were set at 1.6 ns 

and 32 ns, with fit quality assessed by residuals analysis. 
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5.4.6 ICP-OES sample preparation and experimental procedure 

The concentration of the NPs before and after toxicity studies was determined using 

ICP-OES (ARCOS, SPECTRO Analytical Instruments GmbH, Kleve, Germany) fitted 

with a “Smart Analyzer Vision” software, version 6.01.0951. The standard curves of 

Ce, La and Tb emission lines were determined using OriginPro 2015.244 Internal 

standard (Mn 257.611 nm) was used to successfully monitor the signal to 

background ratio, which was within accepted limits > 3% of the overall intensity. The 

parameters for the measurement were as follows; End-on Position (EOP / axial 

view), 1200 W plasma power, 13 L/min cool gas flow, 0.8 L/min Auxiliary gas flow, 

0.9 L/min Nebulizer gas flow, gas: Argon (5.0), 2 mL/min Sample flow rate. ICP 

calibration standards were prepared by diluting the ICP stock solutions (La, Tb, and 

Ce) with Milli-Q water to the desired concentration with 2 % HNO3. The samples with 

cell medium were digested with 2% HNO3 before measurement. The concentration 

of samples prepared for analysis were as follows; 0 (blank), 10 µg/L, 50 µg/L, 100 

µg/L, 200 µg/L, 500 µg/L and 1 mg/L.  
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Chapter 6 Synthesis of spherical micrometer-sized 

MgF2 beads for digital holography via self-assembly of 

nanowhiskers 

6.1 Introduction 

Despite the fact that fluorescence labelling is an established approach to enable 

localization studies in fluorescence microscopy and benefits from high signals for 

many fluorophore-labelled antibodies,274 certain challenges in live cell imaging 

cannot be avoided.275–277 Among others, long term in vitro studies are hampered by 

photo bleaching.278 To address this issue, some advanced photostable dyes and 

emitters like green fluorescent protein (GFP) for improved long term experiments 

have been newly developed .279 However, such protein-based types of dyes require 

extra genetic engineering before use.280,281  

Alternatively, label-free methods are increasingly recognized for their potential in 

biological and medical imaging due to their ability to circumvent the limitations 

associated with fluorescent or chemical labels, such as time-consuming preparation, 

potential toxicity, and sample alteration.282 These imaging modalities may also 

enable the acquisition of qualitatively different data and hence new insight. These 

methods encompass a range of techniques, including phase-contrast microscopy, 

differential interference contrast microscopy, quantitative phase imaging (QPI), and 

notably, digital holography.283–286 
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Digital holography employs a coherent light source, typically a laser, which is 

bifurcated into a reference beam and an object beam.287,288 The object beam is 

directed at the sample and the light scattered by the sample interferes with the 

reference beam. The resulting interference pattern, or hologram, is captured with a 

digital sensor, such as a charge coupled device (CCD) or complementary metal 

oxide semiconductor (CMOS) camera. Subsequently, the recorded hologram 

undergoes computational processing through algorithms designed to reconstruct the 

phase and amplitude information of the light field. This process results in a three-

dimensional image of the sample, elucidating its structure and other inherent 

properties without necessitating labels.287 

The applications of digital holography are diverse, with a significant impact on 

biological imaging.288 The technique enables real-time visualization and study of live 

cells, allowing for detailed observation of cell morphology, motility, and dynamic 

processes without the need for staining.282 This capability is particularly 

advantageous for monitoring cell cultures, tracking cell growth, and detecting 

morphological changes in response to various conditions or treatments.285 

Additionally, digital holography facilitates quantitative phase imaging, which 

measures the optical thickness of cells, thereby providing critical data on cell mass, 

volume, and refractive index.289 This technique is instrumental in investigating cell-

cycle dynamics, identifying cellular abnormalities, and aiding in the diagnosis of 

diseases.289,290 Furthermore, digital holography proves effective in evaluating cell 

viability and health, detecting pathological changes, and understanding cellular 

responses to various stimuli.284 In essence, digital holography offers a non-invasive, 

high-resolution imaging modality that delivers both qualitative and quantitative 

insights, solidifying its role as an invaluable tool in biological and medical 

research.274 

In digital holography and other label-free imaging techniques, the need for calibration 

is paramount to ensure accuracy and reliability of the measurements.282 Calibration 

is essential to correct for any systematic errors and to achieve precise quantitative 

analysis of the samples. Proper calibration allows for the accurate reconstruction of 

the phase and amplitude information of the light field, which is critical for obtaining 

high-quality 3D images and quantitative data.287 
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The required properties of a calibration specimen include homogeneity, stability, and 

a well-defined refractive index. The refractive index of the calibration specimen 

should closely match that of the biological cells being studied to ensure that the 

imaging system is accurately tuned for the target samples.291 For example, human 

cells typically possess a refractive index in the range of 1.37 to 1.40.292 Therefore, a 

calibration specimen with a refractive index within this range would be ideal.  

Among the different materials that could be potentially interesting for this purpose, 

MgF₂ stands out. MgF₂ is known to possess a refractive index similar to that of 

human cells, approximately 1.38 at wavelengths of 540 - 720 nm.293 This similarity 

makes MgF₂ an excellent candidate for use as a calibration standard in digital 

holography, ensuring that the imaging system is properly calibrated to accurately 

reflect the properties of human cells.294 As calibration standard a well-defined size 

and shape are also indispensable. However, there are no reports in literature on how 

to synthesize monodisperse MgF2 bead of cell-like dimensions, i.e., diameters of 5 

µm and beyond. Hence, the main objective of the work reported in this Chapter was 

to develop an approach that enables one to synthesize monodisperse spherical 

MgF2 beads with diameters between 5 and 15 µm that can be used for label-free 

quantitative in vitro live cell imaging with digital holographic microscopy. 
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6.2 Results and discussion 

6.2.1 Synthesis via microwave heating 

The synthesis of nano- and micro-sized MgF₂ materials via microwave heating was 

explored to understand how the different parameters, including source of Mg, dwell 

times, and synthesis conditions, affect the final product shape and size (distribution). 

Initially, magnesium acetate tetrahydrate (Mg(CH₃COO)₂•4H₂O) and magnesium 

nitrate hexahydrate (Mg(NO₃)₂•6H₂O) were utilized as starting materials. Specifically, 

0.5000 g of Mg(CH₃COO)₂•4H₂O was dissolved in 2.0 mL of Milli-Q water. 

Subsequently, 3.0 mL of the ionic liquid BMIM[BF₄] was introduced into the solution, 

which was then stirred to form a homogeneous mixture. The reaction mixture was 

subjected to microwave heating at 100°C and 100 bar, with dwell times ranging from 

5 to 30 minutes and a power setting of 200 watts. Post-reaction, the product 

underwent washing and drying before characterization using TEM, STEM-EDX, and 

FESEM.  

Additionally, alternative syntheses using Mg(NO₃)₂•6H₂O (0.3840 g) were conducted 

to investigate the effects of different sources of Mg on the final properties. Key 

variables, including dwell time, temperature, solvent, and source of Mg, were 

systematically varied to identify adequate strategies for preparing uniform spherical 

micro-sized MgF2 particles. 

Figure 6.1 summarizes the synthesis strategy for preparing nano- and micro-sized 

MgF₂ materials. The microwave heating method proved to be efficient, requiring less 

time and yielding a variety of nanosized structures, such as nanowhiskers, spherical 

NPs, and combinations of both in a single structure. Notably, the formation of 

nanowhiskers appeared to be important for the subsequent self-assembly process 

that led to the creation of spherical NPs. TEM images (see Figure 6.2) showed 

nanowhiskers with lengths ranging between 50 nm and 200 nm with average size of 

120 nm ± 20 nm. 
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Figure 6.1: Summary of synthesis strategy for preparing MgF2 nano- and micro-sized particles. 

Microwave heating significantly reduced the reaction time and resulted in the 

formation of various nanosized structures, including nanowhiskers, spherical NPs, 

and hybrid structures combining both morphologies. The TEM images showed 

elongated structures consistent with nanowhiskers. 

 

Figure 6.2: TEM image of MgF2 nanowhiskers prepared in the microwave at 100°C and 5 minutes 

dwell time. 
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Increasing the dwell time in the microwave reaction chamber, while maintaining a 

power of 200 W, a temperature of 100°C, and a maximum pressure of 100 bar, 

influenced the growth of the nanowhiskers. After 10 minutes, the whiskers thickened 

at the center and merged to form NPs with sizes ranging from 80 nm to  

100 nm ± 20 nm, as shown in Figure 6.3. These observations align with the findings 

of Bao et al., who reported similar structures of MgF₂ via solvothermal synthesis. 

However, Bao's synthesis required HF as the fluoride source and longer aging times 

(7 days) before the material could be applied directly. In contrast, the synthesis 

reported in this Thesis required only 24 h and used BMIM[BF₄] instead of HF as 

source for fluoride. 

One may speculate that the observation of clustering of NPs into a sludge with 

BMIM[BF₄] and this formation begin with heating BMIM[BF₄] above its melting 

temperature (71°C). This heating presumably leads to the dissociation of [BF₄]⁻ 

anions, which are subsequently replaced by water molecules in the solution. The 

hydrogen bond formation between water molecules and [BMIM]⁺ lowers the thermal 

conductivity and the viscosity of BMIM[BF₄]. Consequently, the formed nanowhiskers 

are attracted together into a paste, where the growth into spheres is initiated (see 

Figure 6.4). 

 

Figure 6.3: FESEM image of MgF2 nanowhiskers and NPs prepared in the microwave at 100°C and 

10 minutes dwell time. 



 115

 

Figure 6.4: FESEM images of MgF2 nanowhiskers and NPs prepared in the microwave at 100°C and 

30 minutes dwell time. The red circles show deformed particles. 

At 30 minutes dwell time, the NPs grew to a larger size, becoming polydisperse with 

diameters between 100 nm and 800 nm. Growth was apparently restricted and 

further heating resulted in deformed particles, some with depressions and others 

burst as indicated by the red-marked regions in Figure 6.4. 

To obtain micro-sized beads larger than 5 µm, the temperature and dwell time were 

increased to 200°C and 2 h, respectively. The TEM observations of the reaction 

product show a bimodal distribution of spherical particles (1.2 µm ± 0.2 µm and  

0.3 µm ± 0.1 µm), as shown in Figure 6.5. Further increasing the dwell time, while 

keeping other parameters constant resulted in smaller particles (0.74 µm ± 0.1 µm), 

with the outer surface of the particles forming platelets instead of needle-like 

structures (see Figure 6.6). Smaller particles (0.3 µm ± 0.05 µm) apparently merged 

to form larger particles, likely due to the transformation of needle-like structures into 

spherical particles and the formation of hollow structures.  

Sintering the particles at higher temperatures (500°C) further increased the particle 

sizes to 1.6 µm ± 0.2 µm and the particle surface become smoother. At such 

elevated temperatures neighboring particles merged and formed larger particles, as 

depicted in Figures 6.6 and 6.7. 
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Figure 6.5: FESEM images of MgF2 microparticles prepared in the microwave at 200°C and 2 h dwell 

time. Inset shows beads size distribution. 

 

Figure 6.6: FESEM images of MgF2 microparticles prepared in the microwave at 200°C and 5 h dwell 

time. Inset shows beads size distribution. 
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Figure 6.7: FESEM images of MgF2 microparticles prepared in the microwave at 200°C and 5 h dwell 

time, followed by sintering at 500°C for 2 h.  Inset shows beads size distribution. 

The microwave synthesis method proved efficient for the synthesis of defined MgF2 

structures. The formation of nanowhiskers as a precursor to spherical NPs 

demonstrated a significant reduction in reaction time compared to traditional 

methods, highlighting the advantages of microwave-assisted synthesis. The 

microscopy observations show particle formation that is consistent with nucleation 

and growth mechanisms described in the literature.295 For instance, Xu et al. 

reported on the use of microwave-assisted synthesis for alkaline earth metal 

fluorides, which demonstrated the effectiveness of microwave heating in achieving 

rapid and efficient synthesis.72 Furthermore, Cai et al. explored the molecular 

characteristics of BMIM[BF₄] and water mixtures, providing insights into the role of 

ionic liquids in particle synthesis.296 These comparisons underscore the advantages 

of microwave-assisted methods in reducing synthesis time and achieving desired 

morphologies with greater control and efficiency. 
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6.2.2 Solvothermal Synthesis 

The solvothermal synthesis of MgF₂ micro-sized beads was undertaken to explore 

the effects of different solvents and synthesis conditions on particle growth and 

morphology. The objective was to prepare spherical micro-sized MgF₂ beads using 

various solvents and understand their impact on the resulting particle size and 

structure. Initially, Mg(NO₃)₂•6H₂O was used as the starting material. Different 

solvents, including Milli-Q water, ethanol, oleic acid, and octadecene, were employed 

to investigate their influence on the synthesis process. 

In the initial experiment, 0.3840 g of Mg(NO₃)₂•6H₂O was dissolved in 10.0 mL of 

Milli-Q water, followed by sonication to ensure complete dissolution. The solution 

was then transferred to a reflux setup and heated to 180°C for 2 h. The resulting 

product was washed with ethanol and dried before characterization using FESEM. 

Figure 6.8 shows the FESEM image of the prepared MgF₂, revealing a fragmented 

and cracked morphology, with individual grains exhibiting relatively smooth surfaces 

interspersed with irregularities. 

Despite sonication, the MgF₂ particles exhibited a pronounced tendency to 

agglomerate immediately after the synthesis, highlighting the challenges in achieving 

stable dispersions when Milli-Q water is used as the solvent (see Figure 6.9).  

 

Figure 6.8: FESEM image of MgF2 prepared at 180°C for 2 h within atmospheric pressure via 

solvothermal synthesis without ethanol (contents scratched from the glass flask surface). 
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Figure 6.9: FESEM image of MgF2 prepared at 180°C for 2 h within atmospheric pressure via 

solvothermal synthesis after 10 minutes of sonication.  

These findings suggest that pure Milli-Q water is not an ideal medium for 

synthesizing isolated MgF₂ particles. To address the agglomeration issue, a mixture 

of Milli-Q water and ethanol in a 1:1 ratio was employed. This modification 

significantly influenced the morphology of the resulting MgF₂ particles. After 2 h of 

heating at 180°C, micro-sized beads with sizes of 2.6 µm ± 0.1 µm were formed (see 

Figure 6.10). In some instances, the beads were observed to coalesce leading to 

oriented attachment (see Figure 6.11). 

Coalescence and oriented attachment are known phenomenon in nucleation and 

growth of particles.295 They may be similar but differ in the orientation of the crystal 

planes along the grain boundary. Coalescence has in fact no preference for 

attachment.297 However, in oriented attachment the common crystallographic 

arrangement occurs that is patterned to the crystal planes.298 Hence, particles rotate 

while in contact to each other until there is match between the crystal orientation.299 

This is mainly due to Coulombic attraction.295 In this case, the particles are not only 

coalescing, but orient with time and form cubic structures that appear to be sliced in 

to halves (c.f. figure 6.11 – inset).300,301 
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Figure 6.10: FESEM image of MgF2 beads prepared via solvothermal synthesis at 180°C in a mixture 

of ethanol and water (1:1) for 2 h within atmospheric pressure conditions – the orange inset image 

shows coalescence and red shows beads size distribution. 

 

Figure 6.11: FESEM image of MgF2 beads prepared via solvothermal synthesis at 180°C in a mixture 

of ethanol and water (1:1) for 2 h within atmospheric pressure conditions – the inset image shows 

oriented attachment. 
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Next, the use of oleic acid as a solvent was investigated. The resulting MgF₂ beads 

exhibited a coral stony-like structure, with sizes of approximately 0.5 µm ± 0.1 µm  

(see Figure 6.12). Despite the unique morphology, the beads were prone to 

agglomeration, suggesting that oleic acid does not form a protective layer around the 

bead surface to reduce agglomeration.  

 

Figure 6.12: FESEM image of MgF2 beads prepared via solvothermal synthesis using oleic acid as a 

solvent at 180°C for 2 h under atmospheric pressure conditions. Inset shows beads size distribution. 

Similarly, the use of octadecene as a solvent resulted in beads with a more defined 

and uniform structural features compared to those prepared with oleic acid, with 

sizes of approximately 1.5 µm ± 0.1 µm (see Figure 6.13). The beads synthesized 

using octadecene exhibited a higher surface area, making them suitable for potential 

core-shell synthesis. However, both oleic acid and octadecene did not lead to the 

formation of larger beads compared to the ethanol and water mixture. 

To further explore the potential of core-shell synthesis, octadecene and Milli-Q water 

were used in combination. This approach resulted in a linear increase in particle size 

with each added layer of MgF₂, as shown in Figure 6.14. Attempts to add a sixth 

layer were unsuccessful, as re-addition of the starting material during synthesis 

triggered new nucleation sites rather than growth on the formed core-shell beads. 
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Figure 6.13: FESEM image of MgF2 beads prepared via solvothermal synthesis using octadecene as 

a solvent at 180°C for 2 h within atmospheric pressure conditions. The inset image in orange shows a 

close-up of the beads surface and red Inset shows beads size distribution. 

The choice of solvent significantly affects the size and morphology of MgF₂ particles. 

The mixture of ethanol and water proved effective in promoting the formation of 

micro-sized beads through coalescence and oriented attachment. The use of oleic 

acid and octadecene yielded unique structures but showed differences in 

agglomeration behavior. The core-shell strategy using octadecene and water  

was effective for controlled particle size increase however only limited to  

2.6 µm ± 0.1 µm. 

 

Figure 6.14: Plot of particle size (nm) versus synthesis step of MgF2@MgF2@MgF2@MgF2@MgF2 CS 

beads via solvothermal synthesis using octadecene and Milli Q water. 
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The results of the present study align with those reported in the literature. Wang et 

al. highlighted the effectiveness of using solvents like oleic acid for controlled particle 

growth.85 Similarly, Niederberger and Cölfen discussed the importance of oriented 

attachment in particle growth.298 The insights provided by Thanh et al. into nucleation 

and growth mechanisms in nanoparticle synthesis resonate with the observations of 

coalescence and oriented attachment in this study.295  

In addition to the aforementioned studies, the work by Niederberger and Pinna also 

demonstrates the importance of selecting appropriate solvents in solvothermal 

synthesis to control particle size and morphology.302 Their research emphasizes how 

different solvent environments can lead to varying growth rates and nucleation 

behaviors, corroborating the findings of the current study. The study by Wang et al. 

on the synthesis of MgF₂ nanoparticles using a similar solvothermal method with 

different solvents further supports the conclusion that solvent choice critically 

influences the structural properties of the resulting particles.303 Wang et al. observed 

that using alcohol-based solvents led to the formation of well-defined spherical 

particles, which is consistent with the formation of micro-sized beads in the present 

work when using a mixture of ethanol and water. 

Moreover, the core-shell synthesis approach demonstrated in this study aligns with 

the work of Liu et al., who reported on the incremental growth of core-shell structures 

by successive layer deposition.304 Their findings underscore the feasibility and 

effectiveness of using solvothermal methods to achieve precise control over particle 

size and morphology through stepwise addition of reactants. 

6.2.3 Hydrothermal Autoclave Synthesis 

The hydrothermal synthesis of spherical micro-sized MgF₂ beads was conducted to 

explore the effects of prolonged heating and high temperatures on particle size and 

morphology. The primary objective was to produce monodispersed MgF₂ beads of 5 

micrometer size and to understand how varying dwell times and temperatures 

influence the structural properties of the resulting particles. Mg(NO₃)₂•6H₂O was 

used as the starting material, and the synthesis was carried out in an autoclave to 

facilitate high-pressure and high-temperature conditions. 
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Initially, Mg(NO₃)₂•6H₂O was dissolved in a mixture of Milli-Q water and BMIM[BF₄] 

and stirred vigorously to ensure complete dissolution. The solution was then 

transferred to a Teflon-lined autoclave, which was heated to 200°C for varying dwell 

times, ranging from 8 h to 7 days. After the reaction, the products were washed with 

ethanol and dried before characterization using FESEM. 

The initial experiment with an 8-h dwell time resulted in compact, monodispersed 

beads with sizes of approximately 1.20 µm ± 0.02 µm. The FESEM image (see 

Figure 6.15) shows that the beads were composed of platelets, indicating that the 

dwell time was sufficient to achieve significant particle growth while maintaining a 

uniform morphology. 

Extending the dwell time to 7 days resulted in a noticeable decrease in bead size, 

with the formation of petal-like structures and some melted formations observed (see 

Figure 6.16). This observation suggests that prolonged heating at 200°C leads to the 

disintegration of the platelets from larger particles, with detached pieces rearranging 

to form individual particles resembling petals. Additionally, some particles exhibited 

melted structures, indicating that continuous heating influenced the internal pressure 

and structural integrity of the particles. 

 

Figure 6.15: FESEM image of MgF2 beads prepared via hydrothermal synthesis in an autoclave at 

200°C and for 8 h. Inset – beads size distribution. 
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Figure 6.16: FESEM image of MgF2 beads prepared via hydrothermal synthesis in an autoclave at 

200°C for 7 days. Inset – beads size distribution. 

To improve the synthesis, the amount of Milli-Q water was reduced to half and a 

dwell time of 4 days was selected. The initial quality of BMIM[BF₄] is crucial, as it is 

hygroscopic. To minimize the impact of water uptake, pipetting was conducted in an 

inert dry atmosphere. The heating steps, both at the onset and during the reaction, 

were also critical. The formation of the first nuclei, influenced by temperature and 

concentration, determines the growth and morphology of each bead.295 Figures 6.17 

and 6.18 display FESEM images of 5 µm MgF2 beads successfully synthesized 

under the optimized conditions described above. Similarly, as seen in Figure 6.11, 

coalescence, oriented attachment, and intraparticle growth are also evident (refer to 

Figure 6.18). 
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Figure 6.17: FESEM image of 5 µm MgF2 beads prepared in an autoclave at 200°C and for 4 days. 

Inset – beads size distribution. The green circle shows the bead size and surface area in µm and µm2 

respectively.  

 

Figure 6.18: FESEM image of 5 µm MgF2 beads prepared in an autoclave at 200°C and for 4 days. 

Image showing coalescence and orientated attachment of 3 MgF2 beads. 
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Further experiments were conducted to investigate the effects of temperatures 

exceeding 200°C. The melting point of MgF₂ is approximately 1255°C, so the beads 

from the 8-h synthesis were sintered at 1200°C in an inert atmosphere for 6 h to 

trigger the formation of larger beads. This process yielded microporous beads 

ranging from 15 µm to 25 µm in size (see Figure 6.19-A). The resulting beads were 

not purely composed of MgF₂, as X-ray diffraction (XRD) analysis indicated the 

formation of oxyfluorides upon exposure to air (see Figure 6.19-B). The measured 

diffraction pattern, represented by the green line, exhibits prominent peaks at 2θ 

values around 25°, 45°, and 53°, indicating the presence of well-defined crystalline 

phases. Comparison with calculated patterns for MgF₂ (ICSD-759777 and ICSD-

422263),305,306 CaF₂ (ICSD-1130),307 and MgO (ICSD-9863)308 reveals some peaks 

that are associated to both calculated patterns of MgF₂ and MgO. MgF2 can exist in 

either the orthorhombic or monoclinic crystal system, contingent on the degree of 

distortion from its tetragonal crystal structure.309,310 At elevated temperatures 

exceeding 600°C, significant alterations in symmetry occur, inducing distortions 

along various planes within the crystal lattice.311,312  

Consequently, MgF2 undergoes comparative analysis with four distinct crystal 

systems to ascertain its crystalline phase. CaF2, with its well-characterized cubic 

fluorite structure,307 and MgO, which adopts a rock-salt structure,308 serve as crucial 

reference points. These comparisons provide insights into the potential structural 

transformations and distortions that MgF2 may undergo at high temperatures. The 

distinct thermal properties and responses to high temperatures of CaF2 and MgO 

offer a valuable perspective on the stability and phase transitions of MgF2.313 

Furthermore, the differences in ionic sizes and coordination environments—Mg²⁺ in 

MgF2, Ca²⁺ in CaF2, and Mg²⁺ in MgO—shed light on how ionic radii and 

coordination preferences influence crystal structure and phase stability under varying 

conditions.314 This alignment, particularly with the peaks at 2θ values corresponding 

to 38°, 45°, 63°, 77° and 80° confirms that MgF₂ is not the predominant crystalline 

phase in the sintered sample. 

The hydrothermal synthesis method demonstrated that both dwell time and 

temperature significantly impact the size and morphology of MgF₂ particles. Shorter 

dwell times at 200°C resulted in uniform, monodispersed beads, while prolonged 

heating led to structural disintegration and the formation of petal-like particles.  
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Figure 6.19: A) FESEM image of MgF2 beads (refer to sample in Figure 6.17) sintered at 1200°C for 6 

h. B) XRD of MgF2 compared to other standards obtained from ICSD (red line represents MgF2 

orthorhombic crystal system, orange line corresponds to MgF2 monoclinic crystal system, blue line 

represents CaF2 crystal system and black line MgO). 

High-temperature sintering induced substantial particle growth and the formation of 

microporous structures, albeit with the inclusion of oxyfluorides especially at 1200°C. 

The findings from the synthesis of MgF2 beads prepared in an autoclave at 200°C, 

for 4 days (refer to Figures 6.18 and 6.19) align with existing literature on 

hydrothermal synthesis and particle growth mechanisms. Duncanson and Stevenson 

reported on the thermal properties and transformations of MgF₂, highlighting the role 

of temperature in inducing structural changes.315 Zhao et al. provided insights into 

pressure-induced superheating, which can explain the melting and rearrangement of 

particles observed in the present study during prolonged heating.316 The 

observations of petal-like structures and the formation of oxyfluorides are consistent 

with the work of Peng et al., who discussed shape control and growth mechanisms in 

nanocrystals under high-temperature conditions.300 

When comparing the three synthesis methods—microwave, solvothermal, and 

hydrothermal—several key differences and advantages become apparent. Each 

method offered distinct pathways and conditions for achieving the objective of 

preparing MgF₂ beads, specifically targeting the formation of beads approximately  

5 µm in size. Microwave synthesis (see Section 6.2.1) offered a significantly reduced 

reaction time and enabled the formation of various nanosized structures, including 

nanowhiskers and spherical NPs.  
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This method’s efficiency in producing nanoscale structures in a short period is 

notable, especially when aiming for rapid synthesis and uniform particle sizes. 

However, the microwave method primarily yielded smaller nanoparticles and did not 

achieve the target bead size of 5 µm. The synthesis parameters did not favor the 

growth of larger particles despite the accelerated reaction kinetics. 

The solvothermal synthesis (Section 6.2.2) provided greater versatility in 

manipulating particle size and morphology through the choice of solvent and 

synthesis conditions. The use of different solvents such as ethanol, oleic acid, and 

octadecene demonstrated the method's ability to produce a range of particle 

structures, from micro-sized beads to coral stony-like formations. The solvothermal 

approach also facilitated the development of core-shell structures, which were 

achieved by sequentially adding layers in a controlled manner. While this method 

produced larger particles compared to the microwave synthesis, it still fell short of 

consistently achieving the target 5 µm bead size.  

The hydrothermal synthesis (Section 6.2.3) proved to be the most successful method 

for achieving the target bead size of 5 µm. The ability to control the dwell time and 

temperature in a high-pressure autoclave allowed for the precise manipulation of 

particle growth. Shorter dwell times at 200°C resulted in uniform, monodispersed 

beads, while prolonged heating led to significant structural transformations, including 

the formation of petal-like particles structures. High-temperature sintering further 

promoted particle growth, resulting in microporous beads ranging from 15 to 25 µm 

but with oxyfluoride impurities. 

6.2.4 Structure elucidation of MgF2 beads via STEM-EDX and FIB  

Figure 6.20 presents a STEM-EDX analysis of MgF₂ beads, revealing a composition 

of 32.1 atom-% Mg and 64.2 atom-% F, thereby maintaining the stoichiometric ratio 

of 1:2. The remaining minor fraction of other elements, comprising 3.7 atom-%, is 

attributed to carbon and copper originating from the TEM grid utilized during the 

analysis and silicon from the semi-conductor detector. The F-Kα (0.677 keV) signal 

is more intense than the signal of Mg-Kα (1.253 keV). However, the C-Kα (0.277 

keV) signal due to the carbon film from the TEM grid is not clearly visible, because it 

is almost overlapping with F-Kα signal. Cu-Kα (8.040 keV) and Cu-Kβ (8.904 keV) 

are detected due to the Cu on the TEM grid.  
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The signal at 1.74 keV is attributed to Si-Kα, which emanates from the detector 

made of Si-crystal. No other impurities were detected indicating high purity (above 

99 %) formation of MgF2 beads. 

Conversion from atom-% to mass-% in EDX analysis is elucidated by considering the 

atomic weights of Mg (24.305 u) and F (18.998 u).220 The mass-% is derived through 

calculation of total mass contribution for each element, followed by normalization 

against the total mass contribution of all detected elements.219 This approach 

ensures a precise representation of the material composition, as EDX quantification 

is inherently dependent on the mass of the constituent elements, which directly 

influences the emitted X-ray intensity and energy.  

Atomic mapping was done to confirm results as obtained by EDX. The spatial 

distribution of the detected Mg and F signals correlates well with the shape of MgF2 

beads. Furthermore, the detected energies in keV agree with the known literature 

values.317  

 

Figure 6.20: STEM – EDX analysis of 5 µm MgF2 beads prepared in an autoclave at 200°C and for 4 

days. Inset – atomic mapping using HAADF detector – scale bar represents 2 µm (green – Mg signal, 

red – F signal and grey – MgF2 beads). 
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In the STEM images (green and red) some dark black spots in the central part of the 

beads are seen that seem to extend outwards. These dark spots are an indication of 

a hollow structure. Therefore, an experiment was done using focused ion beam (FIB) 

to investigate whether the beads are hollow in nature. With FIB part of the material is 

removed using a focused Ga ion beam, followed by SEM analysis. Figure 6.21 

shows a FIB analysis of MgF2 beads at different cross-section and stages (A to F) 

during detection. Hollow structures that possess different diameters are observed. 

Image F shows a close-up of a single bead that has presumably undergone 

coalescence / oriented attachment and intraparticle growth. From the cross-section it 

is also possible to observe how cylindrical structures detected in 6.18 merge or grow 

together. Hence, the facets of each individual cylindrical structure align 

corresponding to a neighbouring structure (oriented attachment). The beads are 

seen as an assembly of cylindrical structures that likely grew from the center. 

 

Figure 6.21: FIB analysis of 5 µm MgF2 beads prepared in an autoclave at 200°C and for 4 days. The 

arrows indicate the direction of slicing the beads. The scale bar represents 2 µm.  

Characterization of optical and morphological particle properties were performed 

utilizing commercial tomographic phase microscopy (TPM) and a custom built digital 

holographic microscopy (DHM) system facilitating multi-modal bright field and 

quantitative phase imaging (QPI). TPM as well as bright field and DHM QPI were 

conducted at Biomedical Technology Center (BMTZ), University of Münster, 

Germany by Álvaro Barroso and Kai Eder.  
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Figure 6.22 shows tomographic phase microscopy images of MgF2 beads, illustrating 

a TPM refractive index measurement as well as the 3D particle morphology retrieved 

from TPM refractive index tomograms. Evaluation of DHM QPI images recorded with 

a 20x microscope objective (NA=0.4) (Refer to Figure 7.40 in the appendix) 

performed as described with details in [ref: Steike et al. 2022] (n=5),318 indicates a 

refractive index of 1.351 ± 0.005 and a bead diameter of 4.8 ± 0.2 μm. 

 

Figure 6.22: Tomographic phase microscopy of MgF2 beads prepared in an autoclave at 200°C and 

for 4 days. Displayed are cross-section planes through a representative measured refractive index 

(RI) tomogram and a rendered 3D representation of the retrieved RI tomogram. The images of the 

XY, YZ, and XZ planes highlight the microparticle's dimensions and morphology. The measurement 

data on the right panel include the volume (42.4 μm³), surface area (74.1 μm²), projected area (15.3 

μm²) and the mean refractive index (1.364).  

Corelative TPM measurements on n=5 other particles as illustrated in Figure 6.22 

yielded a slightly higher refractive index of 1.360 ± 0.004 and a diameter of 

approximately 5.0 ± 0.2 μm. The results from these label free quantitative imaging 

techniques underscores the robustness of the methodology in characterizing the 

physicochemical properties of MgF2 beads, thereby advancing the understanding of 

their potential applications in various high-temperature and optical environments. 

Notably, the measured refractive index of MgF2 beads is comparable to that of 

mammalian cells, which typically ranges from 1.34 to 1.40.318–320 This similarity 

suggests potential biomedical applications for MgF2 beads, as their optical properties 

align well with those of biological tissues,321 making them suitable for use in imaging 

and diagnostic tools that rely on light interaction with biological structures.  
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6.3 Conclusion 

In summary, this Chapter elucidated the synthesis and characterization of 

micrometer-sized MgF₂ beads tailored for use in digital holography for label-free, 

quantitative in vitro live cell imaging. The exploration spanned three distinct 

synthesis methods—microwave heating, solvothermal, and hydrothermal—each 

optimized to achieve beads with the desired size and structural properties. 

The synthesis via microwave heating demonstrated efficiency in producing 

nanoscale structures, including nanowhiskers and spherical nanoparticles. However, 

while the reaction time was significantly reduced, the microwave approach primarily 

yielded smaller nanoparticles rather than the target 5 µm beads. On the other hand, 

the solvothermal synthesis method offered greater control over particle size and 

morphology through the strategic selection of solvents. The formation of core-shell 

structures further underscored its versatility, although it fell short of consistently 

producing 5 µm beads. The ethanol and water mixture were notably effective, 

promoting the formation of micro-sized beads through coalescence and oriented 

attachment. 

Hydrothermal autoclave synthesis proved most effective, successfully yielding 

monodispersed MgF₂ beads of the target size. By precisely controlling temperature 

and dwell time within a high-pressure autoclave, uniform bead growth was facilitated. 

High-temperature sintering promoted particle enlargement but resulted in oxyfluoride 

impurities. Structural analysis via STEM-EDX and FIB confirmed the high purity of 

the MgF₂ beads, with atomic mapping and cross-sectional imaging revealing the 

presence of hollow structures and oriented attachment, critical for understanding the 

growth mechanisms. 

Detailed protocols for the preparation of MgF₂ nanowhiskers, nanoparticles, and 5 

µm beads are provided, ensuring reproducibility and clarity for future research. 

Overall, the findings from this chapter advance our understanding of the synthesis 

parameters essential for tailoring MgF₂ beads for digital holography applications. The 

insights gained lay a robust foundation for further refinement of synthesis 

techniques, ultimately enhancing the application of these beads in biological and 

medical imaging. 
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6.4 Materials and methods 

BMIM[BF4] (99%) purchased from io-li-tech, Heilbronn Germany. NaH2PO4•2H2O 

(99.9%), Mg(NO3)2•6H2O (99.97%),  Mg(CH3COO)2•4H2O (99.99%) from Alfa Aesar, 

Schwerte Germany. Oleic aicd (99%), octadecene (90%), ethanol denatured (90%), 

ethanol anhydrous (99+%), Alfa Aesar, Schwerte Germany. Milli-Q water (resistivity 

of 18.2 MΩ cm), from a Millipore Direct Q8 system, (Millipore Advantage A10 

system, Schwalbach, Germany) with a Millimark Express 40 as filter (Merck, 

Darmstadt Germany). 

6.4.1 Preparation of MgF2 nanowhiskers and NPs 

In a separate experiment Mg(NO3)2•6H2O was used instead of Mg(CH3COO)2•4H2O 

to investigate the effect of a different Mg source. 

 

Figure 6.23: Synthesis steps for preparing MgF2 nanowhiskers. 
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6.4.2 Synthesis of 5 µm MgF2 beads 

In a typical experiment to synthesize 5 µm MgF2 beads, the following procedure was 

meticulously followed: Initially, 0.2340 g of NaH2PO4•2H2O (A) and 0.3840 g of 

Mg(NO3)2•6H2O (B) were accurately weighed separately in plastic or glass weighing 

boats, ensuring precise measurements as they significantly influence the size 

distribution of the resultant particles. From this point, all handling was conducted with 

gloves to maintain sample purity. Subsequently, 8.750 mL of Milli-Q water (D) was 

carefully pipetted into the Teflon liner (E) of the autoclave-hydrothermal reactor (from 

Hubei Hongshuang E-Commerce Co., Ltd China). Prior to use, D was filtered using a 

0.2 µm filter (Merck, Darmstadt Germany) to remove any impurities, and the Teflon 

liner was pre-cleaned with filtered D to ensure it was dust-free. Following this, 1 mL 

of D was taken from E and added to the weighing boat containing A. The contents 

were gently stirred to partially dissolve A, which was then transferred into E. This 

process was repeated, ensuring all material from the weighing boat was thoroughly 

washed and transferred. A pre-cleaned magnetic stirrer was then added to E, 

covered, and stirred for 5 minutes at ambient conditions. The procedure was 

repeated for B, using the same D solution in E. B typically required an additional 2 to 

3 minutes to dissolve completely, forming a clear solution. It is critical to avoid 

heating the solution during this stage to prevent premature nucleation of MgO, which 

could adversely affect the synthesis of MgF2. Next, 6 mL of C was added to the 

resultant solution, which was stirred for 15 to 20 minutes at ambient conditions until a 

uniform cloudy solution formed, free from any visible particles. Heating the solution 

was avoided to prevent spontaneous nucleation and the formation of polydisperse 

particles. The Teflon liner (E) was then assembled with the autoclave reactor vessel 

(F), ensuring a complete seal. The assembled reactor was placed in an oven 

(Heraeus model VT5042 EK with nominal temperature capability of up to 250ºC, 

from Apeldoorn Netherlands) pre-set to 200°C and left undisturbed for 4 days.  

Post-reaction, the oven was turned off and allowed to cool to room temperature. The 

reaction mixture was immediately transferred to a centrifuge tube and centrifuged  

@ 6000 rpm for 5 minutes. The supernatant was decanted, and the precipitate  

was washed three times with ethanol and twice with water to remove any residual 

impurities. The particles were then dispersed in 1000 µL of Milli-Q water and stored 

in a dry environment. For obtaining a dry powder form, the wet solid was transferred 
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to a glass petri dish and dried in an oven at 60°C for 1 h. To examine the particle 

size and morphology, 20 µL of the particle suspension was mixed with 580 µL of 

Milli-Q water. A 10 µL drop of the resultant diluted suspension was placed on a SEM 

or TEM sample holder and left to dry overnight in a desiccator. This method ensured 

the reproducible synthesis of uniform 5 µm MgF2 beads, suitable for subsequent 

morphological analysis and application. 

6.4.3 FIB milling of MgF2 beads 

MgF2 beads were shaped using FIB milling with a FEI Helios Nanolab 600, as 

illustrated in Figure 4.21. The diameter of the top face is controlled by the position of 

the FIB cut. To ensure a flat tip and prevent edge rounding from the Ga ion beam 

tail, the milling was executed at 30 kV with the smallest possible aperture to keep 

cutting times practical. Based on the wire tip diameter, the apertures chosen usually 

produced a beam current ranging from 0.92 to 2.8 nA. The experiment was done 

with support of Dr. Steven Schellert from Micro- and Nanoanalytics Facility (MNaF) 

of University of Siegen. 

6.4.3 FESEM measurement of MgF2 beads 

Before conducting the FESEM analysis, the samples were sputtered with gold for  

20 seconds to create a conductive surface, resulting in a gold layer approximately  

3.0 ± 0.5 nm thick. The FESEM measurement was carried out using a Zeiss Ultra 

55cv (FESEM, Zeiss, Oberkochen, Germany), equipped with an Inlens secondary 

electron detector. The measurements were performed at an operating voltage of 10 

kV. 

6.4.4 STEM measurement of MgF2 beads 

MgF2 dispersions were pipetted (10 μL volume, concentration of 100 μgL–1) onto a 

carbon-coated copper grid (Plano, 200 mesh) and left to dry overnight in a desiccator 

under a 0.1 mbar argon atmosphere. Physicochemical analyses of the MgF2 samples 

were conducted with a FEI Talos F200X electron microscope (Thermo Fisher 

Scientific, Waltham) operating at 200 kV. The microscope featured a Super-X EDX 

detector, and a high-angle annular dark field (HAADF) detector was employed to 

enhance NP contrast in STEM mode.  
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Colors for atomic mapping were chosen arbitrarily based on the HAADF detector 

response for individual experiment. Hence, each STEM measurement resulted to a 

different color signal for each atom. 

6.4.5 Quantitative phase imaging of MgF2 beads with digital holographic 

microscopy 

An inverted Nikon Ts2R microscope equipped with an attached DHM module and an 

automated microscope stage, based on concepts described previously,274 was 

applied for bright-field imaging and quantitative phase imaging (QPI) of MgF2 beads. 

The coherent light source for the recording of digital holograms was a fiber coupled 

solid state laser (Cobolt 06-DPL, λ=532 nm, Cobolt AB, Solna, Sweden). Digital off-

axis holograms of the specimens were recorded with a complementary metal-oxide-

semiconductor (CMOS) sensor (UI-3260CP-M-GL, IDS Imaging Development 

Systems GmbH, Obersulm, Germany) using a 20x objective lens (Nikon Plan 

20x/0.4, Nikon, Japan). For each measurement, one bright-field image of the 

particles and 15 holograms were captured while the object illumination wave was 

modulated by an electrically focus tunable lens (ETL).322 The reconstruction of 

quantitative phase images from digitally captured holograms was performed 

numerically as described with details before.323 Quantitative phase images were 

reconstructed from the holograms as described above and subsequently averaged 

for reduction of coherence-induced image disturbances.322 The resulting averaged 

quantitative phase images contain information about the phase shift delay induced 

by the monitored MgF2 beads: 

∆𝜑୮ ൌ  ଶగ
ఒ

 𝑑୮൫𝑛୮ െ 𝑛୫ୣୢ୧୳୫൯     (4) 

In Equation 4 np represents the integral refractive index of the MgF2 beads, nmedium is 

the refractive index of the buffer medium and dp is the particle thickness. Particle 

refractive indices and diameters were determined from averaged DHM QPI images 

as described with details in.318 
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6.4.6 Tomographic phase microscopy analysis of MgF2 beads 

The 3D refractive index distribution of the MgF2 beads was obtained utilizing 

tomographic phase microscopy (TPM).324 In TPM, different projections of the sample 

are recorded to achieve a plane selective refractive index (RI) reconstruction. 

Therefore, individual holographic images from the sample are acquired with laser 

light under different illumination angles. In this study TPM was performed using a 

commercial off-axis Mach–Zehnder interferometer-based instrument (HT-2H, 

Tomocube Inc., Daejeon, Republic of Korea). The laser light (λ=532 nm) that passed 

the sample was transmitted to the hologram recording device via a 60x objective 

lens (NA=0.8). TPM measurements were performed at room temperature as 

described before.320 To achieved plane selective RI maps as well as to determine 

the refractive index, diameter, volume, surface area and the projected area of the 

analysed MgF2 beads a commercial software was applied (TomoStudio 2.7.43, 

Tomocube, Inc., Daejeon, Republic of Korea). 
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Chapter 7 Functionalized nanoassemblies for future 

biomedical applications 

7.1 Introduction 

The field of nanotechnology has driven remarkable advancements in biomedical 

applications, particularly through the development of functionalized 

nanoassemblies.325–328 These materials offer unique opportunities in diagnostics, 

drug delivery, and therapeutic interventions due to their customizable properties and 

multifunctional capabilities.329–331 In this Chapter, the focus is laid on the 

functionalization of MgF₂ beads, initially synthesized and characterized in Chapter 6, 

to further enhance their photoluminescent properties and extend their biomedical 

applicability. The motivation behind doping MgF₂ beads with trivalent lanthanides 

such as Tb³⁺ and Eu³⁺ lies in their ability to impart distinctive and tunable 

photoluminescent properties, which are crucial for advanced imaging and sensing 

applications.103 Additionally, coating these beads with polymer brushes, specifically 

poly(diethylene glycol methyl ether methacrylate)-block-poly(acrylic acid) (PDEGMA-

block-PAA), aims to improve their biocompatibility,332 stability,333 and responsiveness 

to environmental stimuli,334 thus enhancing their overall functionality in biomedical 

contexts. 

MgF₂ beads doped with Tb³⁺ and Eu³⁺ ions exhibit distinctive photoluminescent 

properties, when subjected to UV illumination.107 The unique electronic 

configurations of trivalent lanthanides like Tb³⁺ and Eu³⁺ contribute to their 

remarkable luminescent properties (see Chapter 3). For instance, Tb³⁺ ions are 

known for their green luminescence,232 while Eu³⁺ ions emit red light.171 This 

versatility allows for the design of materials with specific emission characteristics 

tailored to various applications. Relevant literature highlights the significance of 

lanthanide-doped fluorides in biomedical applications.171,233 For example, MgF₂ 

doped with Tb³⁺ has been studied for its potential in bioimaging due to its strong 

green luminescence under UV excitation.335 Similarly, Eu³⁺-doped MgF₂ has been 

investigated for its red luminescence, which can be utilized in multiplexed imaging 

techniques where different emission colors are required.61 Beyond MgF₂, similar 

crystal structures such as calcium fluoride (CaF₂) and strontium fluoride (SrF₂) have 
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also been explored.171 CaF₂ doped with lanthanides like Tb³⁺ and Eu³⁺ has shown 

promising results as luminescent biomarkers.336,337 SrF₂, when doped with 

lanthanides, exhibits strong luminescence and has been utilized in various optical 

applications.171,233 

To further extend the functionality of MgF₂ beads, this Chapter explores their 

modification with polymer brushes. Specifically, the functionalization with PDEGMA-

block-PAA brushes synthesized via Activators Regenerated by Electron Transfer 

Atom Transfer Radical Polymerization (ARGET-ATRP) is investigated. This 

synthesis involves a three-step process: the initial formation of a layer of MUBiB, 

followed by the polymerization of DEGMA to yield polymer PDEGMA brushes, and 

culminating in the polymerization of a terminal block of PAA. This precise 

polymerization technique ensures a controlled brush architecture,338 thereby 

enhancing the stability and functionality of MgF₂ beads. 

Coating particles with PDEGMA-block-PAA polymer brushes offers several distinct 

advantages.339 PDEGMA is known for its temperature-responsive behavior, which 

can be exploited for controlled drug release.334,340 This property allows the polymer 

to undergo a reversible phase transition in response to temperature changes, 

making it highly suitable for applications, where drug release can be triggered by 

localized heating. On the other hand, PAA provides pH-responsive characteristics, 

enabling the polymer to swell or collapse depending on the pH of the surrounding 

environment.341 This dual responsiveness to both temperature and pH renders the 

PDEGMA-block-PAA system highly versatile for various biomedical applications, 

including targeted drug delivery, where the polymer can release therapeutic agents 

in response to specific physiological conditions.334,339 

Polymer brushes have been used to functionalize NPs for targeted drug delivery, 

enhancing the particles' stability and dispersibility in biological fluids.332,333 In one 

study, poly(N-isopropylacrylamide) (PNIPAM) brushes were grafted onto gold 

nanoparticles to create a temperature-responsive drug delivery system.342,343 This 

system exhibited controlled release of drugs at specific temperatures, demonstrating 

the potential of polymer brushes in creating smart drug delivery systems. Similarly, 

poly(ethylene glycol) (PEG) brushes have been widely used to functionalize various 

NPs, improving their biocompatibility and circulation time in the bloodstream.344  



 141

PEGylation, the process of attaching PEG chains to particles, effectively reduces 

protein adsorption and immune recognition, enhancing the efficacy of nanoparticle-

based therapies.345 Moreover, literature underscores that such polymer brushes 

significantly enhance biocompatibility and mitigate nonspecific protein adsorption, 

making them ideal for biomedical device coatings.334,339,341,343,346 The biocompatible 

nature of these coatings reduces the likelihood of adverse immune responses, while 

their resistance to protein adsorption minimizes fouling and enhances the 

functionality of the coated devices. Additionally, the protective polymer layer can 

improve the stability and dispersibility of the MgF₂ beads in biological environments, 

further extending their practical applications.333 

To comprehensively analyze the growth and stability of these polymer brushes on 

MgF₂ beads, an array of characterization techniques was employed. Field Emission 

Scanning Electron Microscopy (FESEM), Scanning Transmission Electron 

Microscopy with Energy Dispersive X-ray Spectroscopy (STEM-EDX), 

Thermogravimetric Analysis (TGA), and X-ray Photoelectron Spectroscopy (XPS) 

were utilized to provide detailed insights into the structural and chemical attributes of 

the polymer-functionalized MgF₂ beads. These analyses ensure the robustness and 

reliability of the modified beads for future biomedical applications. 

Furthermore, the antibacterial efficacy of MgF₂ nanowhiskers (ranging between 50 

nm and 200 nm ± 20 nm) was evaluated against Escherichia coli Mach 1 T1R. This 

study aims to benchmark the antibacterial performance of the modified MgF₂ beads 

against commercially available MgF₂, thereby underscoring their potential as 

antibacterial agents in biomedical contexts.347  
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7.2 Results and discussion 

7.2.1 Luminescent micro-sized beads by doping of MgF2 with Eu3+ and Tb3+ 

MgF2:Eu3+ and MgF2:Tb3+ beads were prepared using a 0.13 M solution of 

Mg(NO3)2•6H2O and NaH2PO4•2H2O in 8.750 mL of Milli-Q water. The stoichiometry 

was adjusted by adding 10% of Eu(NO3)3•2H2O or Tb(NO3)3•2H2O to the mixture, 

followed by the careful addition of HCl to dissolve any precipitated phosphate salt. 

The resulting pH was readjusted to 6.5 or 7 using a pH 10 buffer solution. This 

precursor solution underwent a hydrothermal process at 200°C for 4 days in a sealed 

autoclave. Post-reaction, the mixture was cooled to room temperature, centrifuged 

@ 6000 rpm for 5 minutes, and subjected to sequential washes with ethanol and 

water to remove residual reactants. 

Figure 7.1 shows FESEM images of MgF2:10%Eu3+ and MgF2:10%Tb3+ beads  

(5.0 µm ± 0.3 µm) and photos of the beads as dry powder illuminated under UV light. 

The red and green emission is due to the Eu3+ and Tb3+ dopants, respectively.  

 

Figure 7.1: A) FESEM image of MgF2:10%Eu3+; B) Photograph of dry powder of MgF2:10%Eu3+ as 

seen under UV illumination with exc = 250 nm; C) FESEM image of MgF2: 10% Tb3+; D) Photograph 

of dry powder of MgF2: 10% Tb3+as seen under UV illumination with exc = 350 nm. 
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Figure 7.2 shows an emission spectrum of MgF2:10%Tb3+ measured at 350 nm  

(28570 cm-1) excitation wavelength. A strong emission peak at 544 nm (18380 cm-1) 

is detected, which is attributed to Tb3+ emission. Tb3+ ions partially substitute Mg2+ 

sites in MgF2.107,335 However, Mg2+ is smaller than Tb3+, which causes charge 

imbalance and lattice distortion due to multiple site occupation.348  

At a lower excitation wavelength of 350 nm, strong emission at 488 nm,  

544 nm, 584 nm and 620 nm are detected, which correspond to 
5D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4 and 5D4 → 7F3 transitions of Tb3+.107 For related 

compounds (CaF2 and SrF2), Tb3+ emission has been reported by co-doping with 

Ce3+ to excite Tb3+ at higher energy (250 nm).233  

However, detected excitation spectra (see Figure 7.3) show a strong broad band 

between 250 nm – 270 nm and weak bands between 300 nm – 400 nm. The bands 

correspond to low spin (LS) and high spin states (HS), respectively.349 The magnetic 

dipole transition i.e., 5D4 → 7F5 that possesses ΔJ = ±1, is the strongest transition. 

Thus from the literature corresponding transitions have been reported for SrF2,233 but 

not MgF2:10%Tb3+. 

 

Figure 7.2: Emission spectrum of MgF2:10%Tb3+ for exc = 350 nm. 
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Figure 7.3: Excitation spectrum of MgF2:10%Tb3+ for exc = 544 nm. Inset shows a close-up spectrum 

between 32000 cm-1 and 22500 cm-1. 

Figure 7.4 shows the emission and excitation spectra of MgF2:10%Eu3+ beads. The 

excitation spectra were measured at different emission wavelengths to understand 

the occurrence of red luminescence. The most visible emission bands (262 nm and  

389 nm) are taken to probe the emission of Eu3+. A charge transfer band (300 nm – 

350 nm) was detected.107 Ju et al., reported similar results but for BaFCl 

nanocrystals.350 Their study indicated that distortion occurred due to Eu3+ occupying 

a Ba2+ site with a coordination number of 6. This substitution likely caused a change 

in the local environment and lattice parameters, which is consistent with the 

observed distortion of Mg2+ site.350 The emission spectra detected at an excitation 

wavelength of 389 nm exhibits strong f-f transitions with bright red emission typically 

known for Eu3+.171 
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When MgF2:10%Eu3+ sample was excited with 262 nm, a broad emission was 

observed between 15300 cm⁻¹ and 21500 cm⁻¹ (see Figure 7.5). The broad 

emission observed in the MgF₂:10%Eu³⁺ spectrum, is indicative of multiple 

overlapping electronic transitions and significant phonon interactions.9,351 The 4f6 

electronic configuration of Eu³⁺ ions permits numerous transitions, which overlap and 

result in broad emission bands.236 Phonon coupling within the solid MgF₂ matrix 

further broadens the spectrum as electronic states interact with lattice vibrations.352 

 

Figure 7.4: Emission (A) and excitation (B) spectra of MgF2:10%Eu3+. Excitation spectra measured at 

597 nm, 615 nm and 720 nm. 
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The local environment around Eu³⁺ ions, influenced by crystal field effects, varies, 

particularly when Eu³⁺ occupies sites with differing symmetries or distortions.107 This 

inhomogeneous broadening arises from Eu³⁺ ions occupying diverse lattice sites, 

each with slightly different local environments.351 At higher doping concentrations, 

such as 10% Eu³⁺, interactions between Eu³⁺ ions, including cross-relaxation 

processes, contribute to the broadening of the emission spectrum.107  

In contrast, excitation at 389 nm leads to a sharp emission peak at approximately 

16260 cm⁻¹ (615 nm). This is an indication of electronic transitions, typically also 

associated with f-f transitions of Eu³⁺.9 Excitation at 262 nm apparently populates 

higher energy states and triggers charge transfer bands. Hence, broad emission due 

to multiple relaxation pathways is observed. Excitation at 389 nm populates specific 

energy levels within the Eu³⁺ ions, resulting in sharp emission bands with minimal 

phonon interaction.353 

 

Figure 7.5: Emission spectra of MgF2:10%Eu3+ excited at 262 nm and 389 nm. 
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7.2.2 Stabilization of MgF2 beads with PDEGMA and PAA polymer brushes  

This section details the preparation and characterization of MgF2 beads coated with 

PDEGMA and PDEGMA-b-PAA polymer brushes using ARGET-ATRP. The use of 

PDEGMA and PAA in the preparation of polymer brushes on MgF2 beads takes 

advantage of their hydrophilicity, responsiveness to environmental stimuli 

(temperature and pH), and functional versatility.339,340 Initially, a layer of ω-

mercaptoundecyl bromoisobutyrate (MUBiB) was formed on the MgF2 beads (see 

Figure 7.6). This was followed by the synthesis of PDEGMA brushes, using the 

bromoisobutyrate moiety as initiator for the polymerization of di(ethylene glycol) 

methyl ether methacrylate (DEGMA). Prior to the reaction, the DEGMA monomer 

was purified by removing the stabilizer using Al2O3 column chromatography. The 

purified DEGMA was then mixed with a copper-based catalyst, a ligand (e.g., 

PMDETA), and a suitable solvent (mixture of Milli-Q water and methanol) under 

argon atmosphere. This reaction mixture was added to the MUBiB-coated beads that 

were dispersed in the mixture of Milli-Q water and methanol. Then, polymerization 

was carried out to form PDEGMA brushes on the beads. Subsequently, the 

PDEGMA brushes were extended using AA to obtain PDEGMA-PAA block 

copolymer brushes.  

The resulting polymer-decorated beads were characterized with STEM-EDX to 

visualize structural properties, TGA to determine the amount of polymer grafted onto 

the beads, and XPS for detailed surface composition analysis. TGA provided insights 

into the organic content and grafting density of the polymer layer, while XPS 

confirmed the presence and chemical state of the elements on the surface, verifying 

the successful attachment of the initiator and subsequent polymer layers. 

Detailed STEM-EDX analyses were done after each step i.e., MgF2 beads, 

MgF2@MUBiB, MgF2@PDEGMA and MgF2@PDEGMA-b- PAA. Figure 7.7 shows 

the STEM-EDX data of MgF2@PDEGMA beads. Due to the hollow spherical 

structures of MgF2 beads, MUBiB penetrates the cavities within the beads. Thus, the 

layer formation not only take place at the beads outer surface, but also likely also 

inside the particles.  
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Figure 7.6: Synthesis of PDEGMA-b-PAA polymer brushes via ARGET-ATRP on MgF2 beads. 

The bright field STEM image (top left) clearly reveals the spherical morphology of the 

MgF2 beads, indicating successful synthesis. In the C elemental map (top center), 

the green distribution signifies the presence of the PDEGMA polymer coating. This 

uniform carbon signal suggests an effective and consistent coating of PDEGMA on 

the surface of the MgF2 beads, indicative of a successful polymerization process. 

The Mg elemental map (top right), shown in magenta, highlights the core MgF2 

structure, confirming that the integrity of the MgF2 beads was maintained throughout 

the synthesis steps. The overlay of F and Mg in the combined elemental map 

(bottom left) further supports this observation, with orange and magenta signals 

demonstrating a homogeneous distribution of MgF2 within the beads. 

The distinct F map (bottom center) reveals a consistent F signal across the beads, 

supporting the structural evidence and uniform composition of MgF2 even after 

surface modifications. Moreover, the presence of Br in the elemental map (bottom 

right), represented by the blue distribution, indicates the successful incorporation of 

the MUBiB molecule into the MgF2 beads. This is substantiated by the S map 

(bottom middle), where the yellow signal further validates the effective 

functionalization of the beads with MUBiB. 
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Collectively, these elemental mapping provide compelling evidence of the successful 

functionalization of MgF2 beads with MUBiB, followed by the polymerization of 

PDEGMA. The uniform distribution of C, Br, and S signals across the beads affirms 

that the functionalization and polymerization processes occurred not only on the 

surface but also within the internal cavities of the MgF2 beads. During the first 

minutes (≤ 5 minutes) of measurement, the beads appeared darkened, when 

observed in STEM. An intense carbon signal was detected in each bead. However, 

after long measurement time (20 minutes) the electron beam degrades part of the 

carbon and a ring is observed in the center of each bead.  

 

Figure 7.7: STEM – EDX visualization of MgF2@PDEGMA beads done at 200 kV measured within 20 

minutes. 

Figure 7.8 shows STEM-EDX of MgF2 not coated with PDEGMA-b-PAA polymer 

brushes. In comparison to Figure 7.7, rings due to long irradiation time are barely 

noted. The F-Kα (0.677 keV) signal is more intense than the signal of Mg-Kα (1.253 

keV).  However, the C-Kα (0.277 keV) signal due to the carbon film from the TEM 

grid is not clearly visible, because it is almost overlapping with F-Kα signal. Cu-Kα 

(8.040 keV) and Cu-Kβ (8.904 keV) are detected due to the Cu on the TEM grid. The 

signal at 1.74 keV is attributed to Si-Kα, which emanates from the detector made of 

Si-crystal. 
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It was challenging to distinguish between MgF2@MUBiB, MgF2@PDEGMA and 

MgF2@PDEGMA-b-PAA due to the chemical similarity high signals of carbon. 

Furthermore, the contrast in the C intensity on the beads and in the background is 

detected at the same energy (0.277 keV) and also cannot be differentiated via 

STEM-EDX. 

 

 

Figure 7.8: STEM – EDX analysis of 5 µm MgF2 beads prepared in an autoclave at 200°C and for 4 

days. Inset – atomic mapping using HAADF detector – scale bar represents 2 µm (green – Mg signal, 

red – F signal and grey – MgF2 beads). Measurement time 5 minutes. 

To further investigate how much polymer was attached to the MgF2 beads, TGA was 

done in nitrogen atmosphere. TGA measurements were conducted by Alexander 

Kleimann from PC I group and data analysis done by the author of this Thesis. The 

TGA plot of neat MgF2 beads shows only a very slight mass change at temperatures 

above 1000 K. Hence the beads are stable over the entire temperature range  

(c.f. Appendix XII–Figure 9.49). However, the TGA results of MgF2@MUBiB  

(c.f. Appendix XII– Figure 9.50), show a slight decrease of sample mass over a 

larger temperature range (around 450 K to 750 K).  
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The weight is quite stable for a while but from 900 K, the weight decreases gradually. 

While the weight loss above 900 K was also noted in bare MgF2, the initial weight 

loss from 450 K to 750 K can be speculated to originate from MUBiB or PDEGMA-b-

PAA.  

The TGA experiments did not provide adequate information for determining the 

extent of polymer attachment to the MgF2 beads, as the weight loss observed was 

inconclusive in differentiating between the polymer and the MgF2. Consequently, 

XPS was employed to gain more precise insights into the surface composition of the 

samples. XPS measurements were conducted by Kawaljit Kaur from MNaF facility 

and data analysis done by the author of this Thesis. 

The XPS analysis depicted in Figure 7.9 provides a comprehensive characterization 

of the MgF2@PDEGMA-b-PAA beads at each stage of polymerization, offering 

insights into both theoretical and experimental compositions. The survey spectra 

(refer to Figures 7.9A-C) reveal distinct peaks corresponding to Mg 2s, C 1s, and F 

1s, indicative of successful polymerization steps.  

Specifically, the initial survey spectrum of MgF2@MUBiB (see Figure 7.9A) confirms 

the foundational MUBiB layer's coverage. The observed peaks at Mg 2s, C 1s, and F 

1s are consistent with theoretical expectations, indicating successful formation of the 

base polymer layer.354 

The survey spectrum for MgF2@PDEGMA (see Figure 7.9B) resembles that of 

MgF2@MUBiB, with additional changes in peak intensities and positions. This 

suggests the successful grafting of the PDEGMA layer onto the MgF2@MUBiB 

beads. The presence of distinct Mg 2s, C 1s, and F 1s peaks, along with changes in 

their intensities, indicates an increased thickness and coverage of the polymer 

brush. For MgF2@PDEGMA-b-PAA (see Figure 7.9C), the survey spectrum shows 

further shifts and changes in peak intensities compared to the previous stages. 

These variations suggest the successful addition of the PAA layer, further increasing 

the polymer brush's thickness.  

The high-resolution C 1s spectra (refer to Figures 7.9D-F) provide detailed insights 

into the chemical environment changes throughout the polymerization process. For 

MgF2@MUBiB (see Figure 7.9D), the high-resolution C 1s spectrum reveals peaks 

attributed to carbon in C–C/H (285.0 eV), C–O (288.0 eV), and O–C=O (291.2 
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eV).346 Comparing these signals with the literature shows that the measured signals 

are shifted to higher binding energies compared to reported values (C–O: 287.3 eV,  

O–C=O: 289.3 eV).346,355 

 

 

Figure 7.9: XPS analysis showing survey (A-C) and high-resolution (D-F) C1s spectra after each 

polymerization step to form MgF2@PDEGMA-b-PAA beads. 

For MgF2@PDEGMA (see Figure 7.9E), the high-resolution C 1s spectrum shows 

significant differences compared to MgF2@MUBiB. The spectrum was deconvoluted 
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into signals for C–C/H (285.0 eV) and O–C=O (290.0 eV). Additionally, C–O carbons 

at 287.3 eV, emanating from the glycol functionalities in PDEGMA, were detected. 

These observations align well with theoretical expectations and literature values, 

confirming the successful grafting of the PDEGMA layer.334,339,346  

The high-resolution C 1s spectrum for MgF2@PDEGMA-b-PAA (see Figure 7.9F) 

was deconvoluted into signals for C–C/H (285.0 eV) and C–O (287.3 eV).  

In conclusion, the XPS analysis provides both qualitative and quantitative 

confirmation of the theoretical compositions, closely matching the experimental data 

at each polymerization stage. This systematic approach ensures a thorough 

understanding of the polymerization process. 

7.2.3 Antibacterial studies of magnesium fluoride nanowhiskers with 

Escherichia coli  

In this experiment, MgF2 nanowhiskers were selected for investigation with E. coli 

Mach 1 T1R due to their high surface-to-volume ratio compared to larger MgF2 

beads, which are composed of assembled nanowhiskers. The bacterial activity was 

compared to locally purchased MgF2 from Alfa Aeser, Germany. E. coli Mach 1 T1R 

are fast growing strains and are visible within 8 h of incubation. To culture E. coli 

Mach 1 T1R, a single colony was inoculated into fresh LB medium and incubated for 

16 h at 37°C with shaking at 200 rpm. The optical density (OD) of the bacterial 

suspension was subsequently measured and adjusted to 0.5 by diluting 1 mL of 

bacterial suspension with PBS. The acceptable range for OD was between 0.2 and 

0.8.356 If the recorded OD was less than 0.2, the bacteria were allowed to grow for a 

few more hours. Conversely, if the OD exceeded 0.8, the overnight culture solution 

was diluted to bring it within the acceptable range. The optical density was monitored 

after 5 and 10 h for both samples (microwave and Alfa Aesar). According to the 

obtained results (c.f. figure 7.10), microwave sample has a delayed growth 

compared to the purchased bulk sample. The colony-forming units (CFUs) per mL 

were determined by placing 50 μL of the diluted suspension on LB agar and 

incubating for 24 h. Additionally, a 10-6 dilution was prepared, with 10 μL aliquots 

placed in a 96-well plate containing LB medium, followed by incubation and 

measurement over a 16-h period.  
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Figure 7.11 shows the growth curves of E. coli Mach 1 T1R with different 

concentrations of MgF2 samples. The growth curves are monitored and compared to 

a standard sample without added MgF2. Furthermore, to rule out any interference 

due to contamination of MgF2 samples; pure LB medium, LB & microwave and LB & 

Alfa Aesar samples were also simultaneously investigated. In Figure 7.11 panel A, 

no growth of bacteria was observed in the samples of MgF2 dispersed in only LB 

medium. In addition, the blank (LB medium) also shows no growth of bacteria. These 

observations suggest medium no contamination in the LB medium.  The growth 

curves of E. coli Mach 1 T1R, depicted in Figure 7.11, elucidate the significant impact 

of MgF₂ on bacterial proliferation. Panel A provides a comparative analysis of E. coli 

growth in LB media alone and in the presence of MgF₂ sourced from Alfa Aesar and 

microwave synthesis at a concentration of 3.1 mg/mL. 

 

Figure 7.10: Plot of OD measured at 600 nm versus concentration of MgF2 (mgmL-1). 
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The results demonstrate that E. coli exhibits no growth in LB media alone, while the 

addition of MgF₂ markedly enhances bacterial proliferation, with Alfa Aesar MgF₂ 

showing superior efficacy compared to its microwave-synthesized counterpart. The 

anomalously increase in OD values for blank (LB only) observed in the first 2 h in the 

first panel of Figure 7.11, where no growth is anticipated, can be attributed to 

instrumental errors, such as baseline calibration issues or spectrophotometer drift.357  

Furthermore, the presence of MgF₂ itself may also play a role, as incomplete 

dissolution can lead to precipitate formation or colloids that scatter light, thus 

increasing OD values.358,359 Chemical interactions between MgF₂ and LB media 

components might form colored complexes or other species with absorbance at  

600 nm, falsely elevating OD measurements. Background absorbance from LB 

media or MgF₂ solutions might also contribute to the observed discrepancies.357 

Further analysis in Panel B, examining a higher concentration of 6.2 mg/mL, reveals 

robust growth with both sources of MgF₂, though the Alfa Aesar variant again slightly 

outperforms. This trend persists in Panel C, where at a concentration of 9.4 mg/mL, 

E. coli demonstrates significantly better growth with Alfa Aesar MgF₂ than with the 

microwave-synthesized form, highlighting a clearer distinction at this level. Lastly, 

Panel D explores the effects at 15.6 mg/mL, showing substantial growth 

enhancement with both sources, but with Alfa Aesar MgF₂ maintaining a slight edge. 

These findings suggest growth is slowest in the sample prepared via microwave. In 

fact, growth in Alfa Aesar sample is delayed compared to the standard sample 

(without MgF2) and is attributed to its bulky nature that also hinders absorbance and 

not necessarily attributed to antibacterial activity. The sample with 9.4 mg/mL of 

MgF2 nanowhiskers had more delayed growth effects.  

Hence, 9.4 mg/mL concentration of MgF2 nanowhiskers sample depicts the best 

concentration for antibacterial activity among the four tested concentrations. As for 

the Alfa Aesar samples, an increase in concentration shows no influence or 

appreciable changes. Even if the starting bacteria solution is further diluted to 10-5, 

Alfa Aesar sample does not hinder growth of E. coli Mach 1 T1R (c.f. Appendix XI–

Figures 9.47 and 9.48). Lellouche et al., made similar observations with MgF2 

aggregated NPs.347 
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In contrast to previous bacterial studies of MgF2,347,360 the results in this work prove 

that MgF2 prepared via microwave (nanowhiskers) without HF have antibacterial 

activity. Furthermore, the reported literature results were investigated in biofilms.  

In contrast, this work focusses on understanding the effect of the MgF2 on the growth 

and CFU of E. coli Mach 1 T1R. Figure 7.12 shows that the colony forming units (mL) 

is hindered by increase in concentration of MgF2 nanowhiskers. If CFU values are 

plotted against concentration, a good fit for the decay curve (adj R2 = 0.94553) is 

obtained (c.f Appendix X–Figure 9.41).  

 

 

Figure 7.11: Growth curves of E. coli Mach 1 T1R for different concentration of microwave and Alfa 

Aesar MgF2 (mgmL-1) incubated up to 16 h. (A) Growth in LB media alone and with 3.1 mg/mL MgF₂ 

from Alfa Aesar and microwave synthesis, showing the significant enhancement of bacterial growth 

with MgF₂ addition. (B) Growth with 6.2 mg/mL MgF₂, illustrating a slight advantage of Alfa Aesar 

MgF₂ over microwave synthesized MgF₂. (C) Growth with 9.4 mg/mL MgF₂, highlighting the clearer 

distinction in growth enhancement by Alfa Aesar MgF₂. (D) Growth with 15.6 mg/mL MgF₂, 

demonstrating substantial growth with both sources, with a slight edge for Alfa Aesar MgF₂. 
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Figure 7.12: Influence of microwave and Alfa Aesar MgF2 (mgmL-1) samples on CFU (mL). 
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7.3 Conclusion 

In this Chapter, the functionalization of MgF₂ beads was investigated to enhance 

their potential for future biomedical applications. Initially, MgF₂ beads were doped 

with Eu³⁺ and Tb³⁺ ions to obtain photoluminescent beads. The doped beads 

exhibited strong green and red emissions under UV illumination, corresponding to 

the emission Tb³⁺ and Eu³⁺ ions, respectively.  

Subsequently, to improve the colloidal stability that is against agglomeration in 

aqueous media and functionality in terms of surface modification of MgF₂ beads, 

they were modified with polymer brushes. Brush synthesis was successfully 

synthesized using ARGET-ATRP, beginning with the formation of a self-assembled 

monolayer (SAM) of MUBiB on the substrate (MgF2). This SAM facilitated the 

controlled polymerization of PDEGMA brushes, utilizing the ARGET-ATRP technique 

for precise growth regulation and resulting in densely packed PDEGMA brushes. 

Following this, PAA was grafted onto the PDEGMA brushes, creating a mixed brush 

architecture. The MgF2 coated PDEGMA-b-PAA beads characterization via FESEM, 

STEM-EDX, TGA, and XPS confirmed successful modification. STEM-EDX analysis 

indicated the presence polymer brushes both on the surface and within the beads' 

hollow structures. XPS analyses provided further validation through surface 

chemistry insights, respectively. 

The antibacterial efficacy of MgF₂ nanowhiskers that constitute the beads was 

assessed against E. coli Mach 1 T1R, demonstrating slight activity compared to 

commercially available MgF₂. Synthesized via microwave, the nanowhiskers 

displayed antibacterial properties attributed to their higher surface area to volume 

ratio, facilitating enhanced interaction with bacterial cells and resulting in physical 

disruption and growth inhibition. At a concentration of 9.4 mg/mL, MgF₂ 

nanowhiskers showed antibacterial activity, significantly reducing bacterial growth 

and colony-forming units.  
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7.4 Materials and methods 

BMIM[BF4] (99%) purchased from io-li-tech, Heilbron Germany. TbNO3)3•6H2O 

(99.999%), CeCl3•7H2O (99.999%), NaH2PO4•2H2O (99.9%), Mg(NO3)2•6H2O 

(99.97%), MgF2 (99%) from Alfa Aesar, Germany. EuCl3•xH2O (99.99%) Reacton 

Germany. Eu(NO3)3•xH2O (99.9%), ChemPur Germany. Ethanol denatured (90%), 

ethanol anhydrous (99+%), Alfa Aesar Germany. ≥99.9% Di(ethylene glycol) methyl 

ether methacrylate, Merck KGaA, Darmstadt, Germany. Aluminum oxide (90 neutral, 

Activity 1), MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany. L-ascorbic acid 

(99%), Merck KGaA, Darmstadt, Germany. ≥99.9% Copper(II) chloride  

dihydrate (pure), AppliChem GmbH, Darmstadt, Germany. ≥99.9% Methanol, 

Thermo Fisher GmbH, Kandel, Germany. 99.9% 2,2’-bipyridyl,N,N,N’,N’’,N’’- 

pentamethyldiethylenetriamine from Sigma Aldrich, 99.9% sodium acrylate from 

Merck KGaA, Darmstadt, Germany. Dulbecco’s phosphate saline buffer (PBS) (10×, 

without Mg2+ and Ca2+) from Lonza Switzerland.NIH 3T3 cell lines were obtained 

from Dr. Jürgen Schnekenburger (Biomedical Technology Center of the Medical 

Faculty Münster, Germany). E. coli W (ATCC9637) derivative Mach1 (T1 Phage-

resistant, chemical competent, purchased from Invitrogen from Prof. Toby Jenkins 

(Department of Chemistry University of Bath, UK). Milli-Q water (resistivity of 18.2 

MΩ cm), from a Millipore Direct Q8 system, (Millipore Advantage A10 system, 

Schwalbach, Germany) with a Millimark Express 40 as filter (Merck, Germany). 

 

7.4.1 Preparation of MgF2:10%Tb3+ and MgF2:10%Eu3+ beads 

To dope with Eu3+ / Tb3+, after preparation of 0.13M of Mg(NO3)2•6H2O and 

NaH2PO4•2 H2O in 8.750 mL of Milli-Q water (refer to procedure outlined in 6.4.1), 

adjust the stoichiometry of Mg(NO3)2•6 H2O using Eu(NO3)3•2 H2O or 

Tb(NO3)3•2H2O, by adding 10 % of Eu3+ / Tb3+. Add few drops of HCl dropwise until 

the precipitated phosphate salt is dissolved. Readjust the pH to 6.5 or 7 by adding 

few drops of buffer pH 10. The other remaining steps are done as outlined in 6.4.1. 
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7.4.2 Preparation of MgF2 beads coated with PDEGMA and PAA polymer 

brushes via ARGET-ATRP 

A layer of ω-mercaptoundecyl bromoisobutyrate was attached to the surface as 

an anchor before polymer brushes were grafted. A (MUBiB, 10 mM, 2 ml) stock 

solution was diluted with pure ethanol (18 ml) to get the MUBiB (1 mM) solution 

that was used for the monolayer assembly. To generate the layer on the MgF2 

beads the prepared MUBiB (1 mM, 4 ml) was mixed with the solution of the 

beads (4 ml). This mixture was slowly stirred overnight. After stirring, the mixture 

was centrifuged (5 min, 5000 rpm) and the sediment dispersed in Milli-Q water (1 

ml). 

7.4.2.1 Synthesis of PDEGMA brushes 

The stabilizer in di(ethylene glycol) methyl ether methacrylate (DEGMA) was 

removed by passing the monomer solution through a column of Al2O3. A solution 

of L-ascorbic acid (0.4M) was prepared by solving L-ascorbic acid  

(177.3 mg) in Milli-Q water (2.517 ml). A solution of CuBr (0.04 M) was prepared 

by dissolving CuBr dihydrate (37.5 mg) in Milli-Q water (5.499 ml). 25 mg of 2,2’-

bipyridyl was added to a mixture of Milli-Q water (9.6 ml) and methanol (10.0 ml). 

The mixture is flushed with argon and stirred for 15 minutes. To the mixture, 

DEGMA monomer (3.5 ml) and a CuBr (0.2 ml, 0.04M) solution were added and 

stirred for 10 minutes under constant argon flow. A solution of ascorbic acid (0.2 

ml, 0.4 M) was finally added to the mixture followed by stirring (5 min).  

The mixture was transferred into a reaction chamber containing the beads coated 

with MUBiB monolayer. The polymerization was performed for 1 h,  

constantly flushed with an argon stream. To stop polymerization, the mixture was 

centrifuged three times (5 min, 5000 rpm) interchangeably with Milli-Q water. The 

resulting polymerized beads are further redispersed in 1 mL Milli-Q water. 

7.4.2.2 Synthesis of PDEGMA, PAA block copolymer brushes 

PMDETA (N,N,N’,N’’,N’’-pentamethyldiethylenetriamine, 0.35 ml) was introduced 

to a mixture of Milli-Q water (11.25 ml) and methanol (3.75 ml). The mixture was 

stirred (10 min) and flushed with argon. Followed by addition of sodium acrylate 

(NaA, 2.15 g). The mixture was stirred (20 min) under argon atmosphere.  

To increase the solubility of NaA the temperature was slightly increased with a warm 
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water bath (~40°C). Copper(I) bromide (0.15 g) was added and the mixture 

stirred for 2 min under an argon atmosphere. The mixture was transferred to a 

reaction chamber containing the particles already functionalized with MUBiB and 

PDEGMA and the polymerization was performed overnight. To stop 

polymerization, the mixture was centrifuged three times (5 min, 5000 rpm) 

interchangeably with ethanol and Milli-Q water mixture (70% EtOH). The resulting 

polymerized beads are further redispersed in 1 mL Milli-Q water. 

7.4.2.3 TGA Measurements 

Thermogravimetric analysis was done by analyzer Q500 v6.7 (TA Instruments, 

New Castle, DE, USA), purged with nitrogen gas at 40 mL/min. The dried beads 

were placed in a platinum pan and the temperature was ramped from 50°C up at 

a rate of 20°C/min to a maximum temperature of 800°C. 

7.4.2.4 XPS Measurements 

The beads were spin coated on a gold substrate 2 times for 30 sec, at 1200 rpm. 

Resulting samples were placed in a petri dish and left overnight to dry at room 

temperature. XPS was done with a photoelectron/ESCA spectrometer (SSX-100 

S-probe, Surface Science Instruments, Mountain View, CA, USA) with 200 W of 

Al Kα X-ray radiation. Survey spectra were recorded from 0 to 1200 eV with a 

resolution of 1 eV. The carbon high-resolution scans were conducted with a pass 

energy of 20 eV and 0.1 eV resolution. XPS spectra was analysed using the 

Casa XPS processing software (version 2.3.16 PR 1.6). 

7.4.3 In-vitro bacteria study 

Figure 5.4a shows a pictorial experimental procedure for the in-vitro bacteria study. 

One colony of E. coli MACH 1 T1R was looped from LB agar plate and mixed with 

fresh sterilized LB medium in a 15 mL falcon tube. The falcon tube was placed in in a 

shaking incubator for 16 h at 37°C and 200 rpm. After 16 h, the OD of the bacterial 

suspension was determined using a UV spectrophotometer (Helios Epsilon, Thermo 

Scientific) by measuring absorbance of the suspension at 600 nm. The measured 

OD is adjusted to read absorbance 0.5 by diluting with fresh medium (c.f. figure 

5.4.2a).  
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50 μL of each diluted suspension was placed on freshly prepared LB agar plate and 

incubated for 24 h at 37°C for the determination of the colony-forming unit (CFU) in 

the bacterial suspension. In a separate experiment, 10 µL of the 10-6 dilution factor 

bacterial suspension was pipetted in a 96 well plate and topped up with 90 µL LB 

medium. The 96 well plate was put in a plate reader and measurement run for 16 h 

at 37°C. Resulting bacteria suspension were removed and further diluted as done in 

the previous process. 40 μL from each suspension was placed on a LB agar plate 

and CFU calculated after 24 h incubation at 37°C. The whole experiment was 

repeated with 10 μL of different concentration (3.1 mg/mL, 6.2 mg/mL, 9.4 mg/mL 

and  

15.6 mg/mL) of MgF2 prepared via microwave and readily purchased sample from 

Alfa Aesar. 6 wells in the 96 well plate was used for each sample and the experiment 

done 6 times totaling 36 measured points for each sample. 

 

Figure 7.13: Schematic of bacteria experiment using E. coli MACH 1 T1R cells (created in BioRender 

app).  
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Chapter 8 Conclusion and Outlook 

This Thesis has explored the synthesis and potential biomedical applications of 

photoluminescent nanomaterials. The research covers multiple aspects of 

nanomaterial development, starting with various synthetic methods utilizing room 

temperature ionic liquids. It further examines modifications in size and morphology, 

surface functionalization with hydrogels and polymer brushes, and evaluations of 

toxicity and photoluminescence characteristics. 

In the first part of the Thesis, the synthesis and characterization of multifunctional 

lanthanide-doped luminescent NPs and CSNPs, such as LaF₃:Ce³⁺Tb³⁺, 

TiO₂@SiO₂@LaF₃:Ce³⁺Tb³⁺, and KSmF₄:Ln³⁺ (Ln = Ce, Tb, and Eu) was achieved. 

The research then advanced to the development of hybrid sodium alginate hydrogel-

lanthanide doped luminescent NP systems. Integrating LaF₃:Ce³⁺Tb³⁺ NPs into 

sodium alginate hydrogels crosslinked with Eu³⁺ ions resulted in materials with 

enhanced mechanical strength and luminescent properties. 

 

Figure 8: Schematic of NPs and MPs preparation, modification and possible future applications in 

biomedicine (created in BioRender app). 
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Further, this Thesis investigated the synthesis of spherical micrometer-sized MgF₂ 

beads for digital holography. Through various synthetic methods, including 

microwave heating, solvothermal, and hydrothermal techniques, the hydrothermal 

autoclave synthesis route was found to be most effective, yielding monodispersed 

MgF₂ beads of the desired size (5 µm  0.2 µm) and purity (> 99 %). These beads 

are well-suited for label-free quantitative in vitro live cell imaging. 

The final part of the Thesis was focused on functionalizing these MgF₂ beads to 

enhance their potential biomedical applications. Doping the beads with Eu³⁺ and Tb³⁺ 

ions imparted strong photoluminescent properties, while surface modification with 

polymer brushes improved their colloidal stability and biocompatibility. The 

antibacterial efficacy of MgF₂ nanowhiskers against E. coli was also assessed, with 

results suggesting moderate antibacterial activity. 

The results reported in this Thesis hint at promising avenues for future research. The 

optical properties of lanthanide-doped NPs and their integration into complex 

bioimaging and sensing platforms hold significant potential for enhancing diagnostic 

tools. Further studies should explore selected in vivo applications and the 

development of targeted imaging agents. Hydrogel-based therapeutics, particularly 

the biocompatible hydrogel-NP hybrid systems developed in this Thesis, provide 

valuable insights into how the photoluminescence of NPs can be modulated by the 

hydrogel's characteristics. The energy transfer from NP to the lanthanide crosslinker 

or vice versa offers a foundational understanding of how luminescence efficiency is 

regulated during hydrogel degradation. This should be further exploited using known 

drugs to investigate bioimaging at targeted drug delivery sections in cells and 

tissues. Future research should investigate the controlled release mechanisms of 

these hydrogels and their efficacy in delivering therapeutic agents in vivo. 

In addition, basic DHM experiments with MgF₂ beads offer future perspectives to 

further develop label-free standards. DHM holds potential for high-throughput drug 

screening and toxicity testing, eliminating the need for labels or dyes, which 

simplifies and accelerates biomedical research. Its applications in studying disease 

mechanisms, cellular responses to treatments, and real-time monitoring of cellular 

interactions are expanding.  
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Furthermore, the integration of DHM into clinical diagnostics promises non-invasive, 

real-time monitoring of patient-derived cells, potentially revolutionizing diagnostic 

approaches and patient care. 

The antibacterial properties of MgF₂ nanowhiskers should also be further 

investigated. Future studies should explore the mechanisms of action, optimize 

concentrations for maximum efficacy, test these materials against a broader range of 

bacterial strains and also investigate whether the different shapes of MgF₂ beads 

play a role in antibacterial activity. 

In conclusion, the research conducted in this Thesis provides a foundation for 

developing refined multifunctional photoluminescent nanomaterials. The insights 

gained and methodologies developed offer valuable guidance for future work, 

thereby contributing in the long run to advancements in nanomaterials and ultimately 

medical diagnostics and therapeutics. 
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Appendix 

I TEM and STEM images of TiO2@SiO2 and LaF3:Ce3+Tb3+ NPs. 

 

Figure 9.1: STEM images of TiO2@SiO2 NPs prepared via Stöber synthesis. 
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Figure 9.2: TEM images of highly crystalline LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP and 

dispersed in a suspension of Milli-Q water and 25 mmol PVP. 
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Figure 9.3: TEM images of highly crystalline LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP and 

dispersed in a suspension of Milli-Q water and 25 mmol PVP. 
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Figure 9.4: TEM images of highly crystalline LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP and 

dispersed in a suspension of Milli-Q water and 25 mmol PVP. 
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Figure 9.5: TEM images of highly crystalline LaF3:Ce3+Tb3+ NPs prepared in 1:1 ratio of EG:PVP and 

dispersed in a suspension of Milli-Q water and 25 mmol PVP. 
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II Rheology plots of Eu3+ cross linked Na-alginate hydrogel–

LaF3:Ce3+Tb3+ NPs hybrid system.  

 

Figure 9.6: Frequency dependence of strain at 100 Pa shear stress for various volumes of NP 

solutions. 
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Figure 9.7: Frequency dependence of strain at 100 Pa shear stress for 0 µL volume (0 µg/L) of NP 

solution. 
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Figure 9.8: Frequency dependence of strain at 100 Pa shear stress for 50 µL volume (1.3 µg/L) of NP 

solution. 
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Figure 9.9: Frequency dependence of strain at 100 Pa shear stress for 100 µL volume (2.6 µg/L) of 

NP solution. 
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Figure 9.10: Frequency dependence of strain at 100 Pa shear stress for 200 µL volume (5.1 µg/L) of 

NP solution. 
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Figure 9.11: Frequency dependence of strain at 100 Pa shear stress for 400 µL volume  

(10.2 µg/L) of NP solution. 
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Figure 9.12: Frequency dependence of strain at 100 Pa shear stress for 600 µL volume  

(15.4 µg/L) of NP solution. 
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Figure 9.13: Frequency dependence of strain at 100 Pa shear stress for 800 µL volume  

(20.5 µg/L) of NP solution. 
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Figure 9.14: Frequency dependence of strain at 100 Pa shear stress for 1000 µL volume  

(25.6 µg/L) of NP solution. 
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Figure 9.15: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 0 µL NP 

solution (0 µg/L) under shear stress, illustrating viscoelastic behavior across a range of frequencies. 
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Figure 9.16: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 50 µL NP 

solution (1.3 µg/L) under shear stress, illustrating viscoelastic behavior across a range of frequencies. 
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Figure 9.17: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 100 µL NP 

solution (2.6 µg/L) under shear stress, illustrating viscoelastic behavior across a range of frequencies. 
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Figure 9.18: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 200 µL NP 

solution (5.1 µg/L) under shear stress, illustrating viscoelastic behavior across a range of frequencies. 
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Figure 9.19: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 400 µL NP 

solution (10.2 µg/L) under shear stress, illustrating viscoelastic behavior across a range of 

frequencies. 
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Figure 9.20: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 600 µL NP 

solution (15.4 µg/L) under shear stress, illustrating viscoelastic behavior across a range of 

frequencies. 
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Figure 9.21: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 800 µL NP 

solution (20.5 µg/L) under shear stress, illustrating viscoelastic behavior across a range of 

frequencies. 
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Figure 9.22: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for 1000 µL NP 

solution (25.6 µg/L) under shear stress, illustrating viscoelastic behavior across a range of 

frequencies. 
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Figure 9.23: Frequency dependence of storage modulus (G’) and loss modulus (G’’) for various NP 

solutions under shear stress, illustrating viscoelastic behavior across a range of frequencies. 
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Figure 9.24: Dependence of loss factor (tan δ) on shear stress for various volumes of NP solutions, 

highlighting the influence of NP concentration on viscoelastic properties. 
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III SOP 1 – MTT assay (with & without NPs). 

Prepared and modified by PC I S1 Lab (procedure for NPs modified by the author of 

this thesis).  

A) Without NPs. 

- seed cells: 40.000 cells/well (normal densities 5000 – 10.000 cells/well (96-well-

plate) 28.000 – 56.000 cells/well (24-well-plate)) 

  standard curve: 80.000 / 40.000 / 20.000 / 10.000 / 5.000 / 2.500 cells per well and 

a negative control without cells (always perform as duplicates, better as triplicates 

and calculate the average value) 

- let cells grow for 46-48 h. 

- remove medium and replace it with 100 µl (96-well-plate) or 500 µl (24-well-plate) 

fresh culture medium (use DMEM medium without phenol red!) 

- add 10 µl (96) or 50 µl (24) of 12 mM MTT stock solution to each well  

- incubate at 37°C for 4 h. 

   *- remove all but 25 µl (96) or 125 µl (24) of medium from the wells  

     - add 50 µl (96) or 250 µl (24) of DMSO to each well and mix thoroughly with the 

       pipette 

     - incubate at 37°C for 10 min 

- mix each sample again and read absorbance at 540 nm  

*alternative protocol: 

- add 100 µl (96) or 500 µl (24) SDS-HCl to each well and mix thoroughly with the 

pipette 

- incubate at 37°C for 4-18 h.  

- mix each sample again and read absorbance at 570 nm  

÷ 
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100 mg MTT in 20 ml PBS (filter if you want to) and store aliquots at -20°C: 

         aliquot    1000 µl for 96-well-plate 

                        1300 µl for 24-well-plate 

         aliquot    5000 µl DMSO for 96-well-plate 

                        6500 µl DMSO for 24-well-plate 

SDS-HCl:  1 g SDS in 10 ml 0,01M HCl 

                   (or: 5 ml 20% SDS + 5 ml 0,02M HCl) 

 

B) With NPs 

 For the standard curve start with high cell concentration from 40000 cells/ well 

and above to get accurate results 

 Sterilize the NPs in solution in the autoclave before use 

 Use a different pipette tip for each individual well (the concentration of NPs 

sticking on the Eppendorf tips can influence the results especially for low 

concentration of cells. 

 Only add the NPs after cell attachment (6 h). Adding NPs directly after seeding is 

not recommended since most cells will not get in contact with NPs. After some 

time, the NPs aggregate and drift away from the TCPS surface. 

 Do not use the SDS procedure for NPs, recovering the NPs may be impossible if 

there is need to further investigate the NPs after MTT assay. 

 Repeat the experiment at least 6 times but 8 is recommended and consider only 

4 best fitting absorbance reading. In most cases, the NPs aggregates will 

interfere with absorbance reading. 
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IV SOP 2 – Live – dead staining  

Prepared and modified by PC I S1 Lab. 

Stock solutions: 

- FDA (Fluorescein diacetate)  

 Dissolve 10mg in 1ml acetone  

 Store at -20°C – PI (Propidium Iodide)  

 Dissolve 2mg in 1ml PBS o Store at 4°C  

Negative control (dead cells):  

- remove medium 

- wash with PBS 

- add 0.5% Triton in PBS -> 10min at RT 

- wash with PBS  

- prepare serum free Media for the used cell type (no FBS / horse serum)  

- work from now on with NITRIL gloves  

Staining solution:  

- serum free Media: 5ml – FDA (1mg/ml): 4μl – PI (2mg/ml): 50μl  

(stored at -20°C) (stored at 4°C)  

- remove medium 

- wash with PBS: 2x 

- add staining solution (each 1ml) -> 4-5min at RT, in the dark 

- remove the staining solution 

- wash with PBS 

- leave them in PBS  

Sealing samples (if they have to analyzed upside down) – Place a peace of 

Roti-SEAL in an eppi 

- close it tight 

- place it in a 50°C warm water bath until it is fluid  

- use 1ml tip to seal a cover glass onto the glass slide and fix the sandwich to 

a microscope slide  

Fluorescence microscopy 

- Red: dead cells / Green: living cells  
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V SOP 3 – Cell freezing, defrosting and counting. 

Prepared and modified by PC I S1 Lab. 

Freezing:  

- remove the medium 

- wash with PBS (10 ml) 

- add 2 ml Trypsin 

incubate 3-5min at 37°C  

- collect the cells with 9 ml medium -> centrifuge (4min, 1200rpm)  

- remove the excess medium 

- add 1.5ml freezing-medium (80% FBS; 1.2ml+20% DMSO; 0.3ml) + 1.5ml Medium  

- add 1ml per cryotube (label: name, cells, passage, date) 

- place the cryotubes in a isopropanol box 

- close the box (not completely, otherwise you will not be able to open it, when it is 

frozen)  

incubate at -80°C for <2 weeks -> store at -150°C for 1-10 years  

Defrosting:  

- place the cryotube in the water bath 

- fill the flask with 15 ml medium 

- use 1 ml warm medium and mix with the cells – transfer the 2 ml cell solution to the 

flask 

- change the medium the next day  

DMSO  

- filtration with Nylon membranes 0.2 μm  
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Counting: 

- remove the culture medium – wash with PBS (10 ml) 

- add 2 ml trypsin 

incubate for 3-5 min at 37°C  

- add 9 ml medium to the flask and mix it -> centrifuge (4 min, 1200 rpm)  

- remove the excess of the medium (take care about the cell pallet) – add 1ml to the 

cell pallet  

- prepare an Eppi with 90 μl of medium – add 10 μl cell solution  

- use the Neubauer counting chamber and add 5 μl to each side  

      (5) 

N = number of cells per well 

       (6) 

- add 15 ml medium to the culture flask 

- add the determined number of cells 

- label the flask: name, cells, passage, date  
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VI MgF2 SEM, TEM & XRD Images. 

 

Figure 9.25: TEM images of MgF2 spherulites prepared from Mg(acet)2, BMIM[BF4] ionic liquid and 

Milli-Q H2O via microwave synthesis (30 minutes dwell time, 100 bar, 100°C). Addition of Na2HPO4 to 

control nucleation fosters self-assembly of the nanowhiskers to form nano spherulites of about 150 

nm. 
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Figure 9.26: TEM images of MgF2 spherulites prepared from Mg(acet)2, BMIM[BF4] ionic liquid and 

Milli-Q H2O via microwave synthesis (30 minutes dwell time, 100 bar, 100°C). Addition of Na2HPO4 to 

control nucleation fosters self-assembly of the nanowhiskers to form nano spherulites of about 150 

nm. 
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Figure 9.27: TEM images of MgF2 nanospheres prepared from Mg(NO3)2•6H2O, BMIM[BF4] ionic 

liquid, Milli-Q H2O, Na2HPO4 via microwave synthesis (30 minutes dwell time, 100 bar, 150°C). 

Changing Mg source from acetate to nitrate leads to nanospheres instead of whiskers. However, the 

nanospheres look like petals arranged together. Monodisperse NPs 300 nm. 
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Figure 9.28: TEM images of MgF2 nanospheres prepared from Mg(NO3)2•6H2O, BMIM[BF4] ionic 

liquid, Milli-Q H2O, Na2HPO4 via microwave synthesis (30 minutes dwell time, 100 bar, 150°C). 

Changing Mg source from acetate to nitrate leads to nanospheres instead of whiskers. However, the 

nanospheres look like petals arranged together. Monodisperse NPs 300 nm. 
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Figure 9.29: TEM images of MgF2 nanofractals prepared from Mg(NO3)2•6H2O, BMIM[BF4] ionic 

liquid, Milli-Q H2O, Na2HPO4 via microwave synthesis (60 minutes dwell time, 100 bar, 150°C). 

Increase in dwell time to 60 minutes leads high crystallinity and more petals structures are visible. 
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Figure 9.30: TEM images of MgF2 nanofractals prepared from Mg(NO3)2•6H2O, BMIM[BF4] ionic 

liquid, Milli-Q H2O, Na2HPO4 via microwave synthesis (60 minutes dwell time, 100 bar, 150°C). 

Increase in dwell time to 60 minutes leads high crystallinity and more petals structures are visible. 
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Figure 9.31: TEM images of MgF2 beads prepared via autoclave hydrothermal setup with maximum 

pressure 3 Mpa instead of microwave synthesis at 90 minutes, the NPs size increases to 600 nm. The 

elongated petal structures are replaced with smooth curved edges. 
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Figure 9.32: TEM images of MgF2 beads prepared via autoclave hydrothermal setup with maximum 

pressure 3 Mpa instead of microwave synthesis at 90 minutes, the NPs size increases to 600 nm. The 

elongated petal structures are replaced with smooth curved edges. 
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Figure 9.33: XRD of sintered MgF2 beads at 1200°C for 6 h resulting in impurities that partially 

originate from oxyfluorides. 
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Figure 9.34: SEM image (top) after the 1st step of the synthesis of MgF2 beads prepared via core shell 

synthesis using octadecene at 180°C for 24 h and (bottom) particle size distribution. 
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Figure 9.35: SEM image (top) after the 2nd step of the synthesis of MgF2 beads prepared via core 

shell synthesis using octadecene at 180°C for 24 h and (bottom) particle size distribution. 
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Figure 9.36: SEM image (top) after the 3rd step of the synthesis of MgF2 beads prepared via core shell 

synthesis using octadecene at 180°C for 24 h and (bottom) particle size distribution. 
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Figure 9.37: SEM image (top) after the 4th step of the synthesis of MgF2 beads prepared via core shell 

synthesis using octadecene at 180°C for 24 h and (bottom) particle size distribution. 
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Figure 9.38: SEM image (top) after the 5th step of the synthesis of MgF2 beads prepared via core shell 

synthesis using octadecene at 180°C for 24 h and (bottom) particle size distribution. 
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Figure 9.39: (Top) FESEM image of 5 µm MgF2 beads prepared in an autoclave at 200°C and 30 bar 

for 4 days. (Bottom) – beads size distribution. The green circle shows the bead size and surface area 

in µm and µm2 respectively.  
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VII SOP 4 – Bacteria culture E. coli MACH 1 T1R. 

Prepared and modified by PC I S1 & S2 Labs. 

Overnight culture preparation and analysis 

Preparation of LB-Agar Plates (with or without ampicillin) 

1. Fill Duran bottles with LB Agar.  

 Perform at RT in cell lab or S2 lab 

 Corresponding amounts are written on the package, e.g. weigh 12.5 g LB 

media powder (Roth) in flask and make the volume up to 500 mL with Milli 

Q water. 

2. Autoclave the agar (can be kept in fluid state in the incubator at 45°C). 

3. Cool down the agar (~ 45-50°C, so that you can touch it) and add if needed a 

suitable amount of antibiotics  

 e.g. for 100 µg/ml Ampicillin: dilute the stock solution (100 mg/ml, aliquots 

in the – 20°C freezer (bacteria or cell lab)) 1/1000 in LB Agar. Mix. 

4. Pour 15-20 mL (~ 0.5 cm height) agar in the prepared petri dishes (sterile petri 

dishes found in bacteria lab). 

5. Let the agar harden under sterile conditions, leaving the lid slightly open to 

prevent condensation. 

6. After hardening, store the agar plates in a sterile plastic bag in the fridge.  

Preparation of overnight culture 

1. Clean the work bench with Bacillol AF 

2. Label 2 cell culture tubes with initials and date. On 1 write the bacteria name, and 

on the other write control.  

3. Pipette 5 mL LB-media in each cell culture tube.  

4. Pick 1 colony with a sterile loop from the culture plate and transfer it to the 

corresponding cell culture tube.  

5. Shake the loop slightly. 

6. Vortex the tube for a few seconds, without completely tightening the lid. 

7. Place both tubes in the shaker at 200 rpm at the required temperature for  

16 h -18 h. 
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8. After 16-18 h, remove the tubes.  

 A turbid solution indicates the growth of the bacteria. 

Analysis of overnight culture (ONC) 

Optical density (OD) measurements  

1. Turn on the spectrophotometer 30 mins prior to measurement.  

2. Fill a cuvette with 1 mL LB medium. This is the blank.  

3. Fill a second cuvette with 1ml ONC solution. 

4. Place the blank cuvette in the spectrophotometer. 

5. Close the lid and press the blank button. After the measurement, take the cuvette 

out. 

6. Place the ONC cuvette in the spectrophotometer. 

7. Close the lid and record the OD.  

 An OD between 0.2 and 0.8 is acceptable.  

 If OD<0.2, leave the bacteria to grow for a few hours. 

 If OD>0.8, the ONC requires dilution.  

Colony forming unit (CFU) analysis  

For CFU counting, different concentrations of the overnight culture are made by 

serial dilution of the overnight culture with PBS:  
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1. On the back of an LB agar plate, draw a cross to divide the plate into four equal 

parts. 

2. Label the required number of tubes (red caps) with the dilution factor on the lid 

and on the side.  

3. Fill all tubes with PBS. For 1 in 100 dilutions (can be performed at the higher 

concentrations), add 5 mL PBS. For 1 in 10 dilutions (necessary for lower 

concentrations), add 4.5 mL PBS. 

4. Pipette 0.05 mL (i.e. 50 µL) initial bacteria suspension into the first tube. This is 

the 10-2 sample.  

5. Discard of the pipette tip.  

6. Vortex the sample.  

7. Pipette 0.05 mL (i.e. 50 µL) of the 10-2 sample into the next tube. This is the 10-4 

sample. 

8. Discard of the pipette tip.  

9. Vortex the sample.  

10. Continue with 1 in 100 dilutions until required concentration is reached. 

11. For a 1 in 10 dilution, take 0.5 mL (i.e. 500 µL) previous mixture and put it into 4.5 

mL PBS.  

12. Continue until required concentration reached.  

13. Once the serial dilution is complete, the dilutions must be plated. 

a. For each dilution, take up 50 µL into a pipette, and dispense it onto a 

quarter of the labelled plate in 3 drops.  

b. For example, if the CFU is known to be around 108, plate 10-6, 10-7, 10-8, 

10-9.  

c. It may be necessary to also plate pure PBS to check for sterility. 

d. For each dilution required, it should be plated twice, e.g.: 
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14. Incubate the plates at 37°C for 1 day (or P.fluorescens at 28°C for 2 days 

15. After incubation, count the number of individual colonies in each quarter.  

16. To calculate the CFU per mL: multiply the number of colonies by 20 (to convert 

from 50 µL to 1 mL) then multiply by the concentration  

E.g.:  32 individual colonies are counted at a concentration of 10-6 

CFU = 32 x 20 x 106 = 64 x 108 / mL 
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VIII DHM microscope imaging.  

Measurement done at BMTZ University of Münster. 

The DHM microscope used enables: 

 Bright field microscopy 

 Quantitative phase contrast microscopy (QPI: Quantitative Phase Imaging) 

 “Advanced QPI” by acquiring multiple QPI images under modulated illumination 

 

Figure: 9.40: Illustration of brightfield imaging and QPI, with DHM. For each measurement one bright-

field image and N=15 digital off-axis holograms are captured while the object illumination is modulated 

in amplitude and phase by an electrically focus tunable lens. The reconstruction of QPI images was 

performed automated with a previously reported evaluation procedure. Reduction of coherence 

induced QPI image disturbances was achieved by subsequently averaging of the retrieved series of 

quantitative phase images. 
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IX MgF2 beads Tomographic Phase Microscopy.  

Measurement done at BMTZ University of Münster. 

Refractive index 1.360 ± 0.004 (N=5), Diameter 5. 50365 µm (N=5) 

 

Figure 9.41: Tomographic phase microscopy of MgF2 beads prepared in an autoclave at 200°C and 

for 4 days. Displayed are cross-section planes through a representative measured refractive index 

(RI) tomogram and a rendered 3D representation of the retrieved RI tomogram. The images of the 

XY, YZ, and XZ planes highlight the microparticle’s dimensions and morphology. The measurement 

data on the right panel include the volume (42.4 μm³), surface area (74.1 μm²), projected area (15.3 

μm²) and the mean refractive index (1.364). 
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Figure 9.42: Comparison of Imaging Techniques done for MgF2 beads prepared in an autoclave at 

200°C and for 4 days: Brightfield Microscopy vs. Quantitative Phase Imaging (QPI) at Different 

Magnifications. (a) Brightfield microscopy images at 20x and 40x magnifications. (b) Corresponding 

QPI images at 20x and 40x magnifications. The dashed squares highlight regions of interest, 

demonstrating enhanced detail and contrast in QPI images compared to brightfield microscopy. 
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X STEM-EDX images of functionalized MgF2 beads with PDEGM-

block-PAA. 

 

Figure 9.43: High-Angle Annular Dark Field (HAADF) and Elemental Mapping of bare MgF2 beads: 

Top-left: HAADF image showing structural details of MgF2 beads. Top-right: Elemental map 

highlighting the distribution of Fluorine (F) and Magnesium (Mg). Bottom-left: Elemental map showing 

the distribution of Magnesium (Mg). Bottom-right: Elemental map showing the distribution of Fluorine 

(F). Each image provides a 2 µm scale bar for reference, demonstrating the spatial distribution of 

elements within the MgF2 beads. 
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Figure 9.44: HAADF and Elemental Mapping of a MgF2@MUBiB beads: Top-left: HAADF image 

showing the overall structure of the MgF2@MUBiB beads. Top-middle: Elemental map showing the 

distribution of Magnesium (Mg) in green. Top-right: Elemental map showing the distribution of 

Fluorine (F) in blue. Bottom-left: Elemental map showing the distribution of Carbon (C) in red. Bottom-

middle: Elemental map showing the distribution of Oxygen (O) in cyan. Bottom-right: Elemental map 

showing the distribution of Bromine (Br) in yellow. Each image includes a 1 µm scale bar, illustrating 

the spatial distribution of each element within the MgF2@MUBiB beads. 
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Figure 9.45: HAADF and Elemental Mapping of a MgF2@PDEGMA-block-PAA coated beads: Top 

row: Elemental maps showing the distribution of Nitrogen (N) in orange, Magnesium (Mg) in green, 

and Fluorine (F) in blue. Bottom row: HAADF image (left) depicting the MgF2@PDEGMA-block-PAA 

coated bead’s overall structure, and elemental maps showing the distribution of Carbon (C) in red, 

Oxygen (O) in cyan, and Bromine (Br) in yellow. Each image includes a 500 nm scale bar, providing a 

detailed spatial distribution of each element within the MgF2@PDEGMA-block-PAA coated beads. 
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XI Monitoring bacteria growth in the presence of MgF2 

nanowhiskers. 

 

Figure 9.46: Effect of MgF₂ nanowhiskers (prepared in the microwave at 100°C and 100 bar pressure 

using 5 minutes dwell time) on E. coli MACH 1 T1R Growth: Colony Forming Units per mL vs. 

Concentration (mgmL-1). The graph shows a decreasing trend in the number of colony forming units 

with increasing MgF₂ concentration, with an adjusted R-square value of 0.94553, indicating a strong 

fit of the model to the data. 
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Figure 9.47: Growth Curves of E. coli MACH 1 T1R with MgF₂ nanowhiskers (prepared in the 

microwave at 100°C and 100 bar pressure using 5 min dwell time) and MgF₂ purchased from Alfa 

Aesar: Optical Density at 600 nm over time. The graph compares the growth of E. coli MACH 1 T1R 

with MgF₂ sourced from Alfa Aesar and microwave-assisted synthesis at a concentration of 3.1 

mg/mL. Different initial optical densities (OD = 0.5 and a dilution of 10-5) were tested. The growth 

patterns indicate varying effects of the two MgF₂ sources and initial concentrations on bacterial 

growth over a 16-h period. 
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Figure 9.48: Growth Curves of E. coli MACH 1 T1R with MgF₂ nanowhiskers (prepared in the 

microwave at 100°C and 100 bar pressure using 5 min dwell time) and MgF₂ purchased from Alfa 

Aesar and without MgF₂: Optical Density at 600 nm Over Time. The graph shows the growth of E. coli 

MACH 1 T1R diluted to 10-5 with MgF₂ from Alfa Aesar and microwave synthesis, both at a 

concentration of 3.1 mg/mL. 

It highlights the differences in growth rates and overall optical density over an 18-h period, 

demonstrating the effects of different MgF₂ sources on E. coli MACH 1 T1R growth. 
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XII TGA data for MgF2, MgF2@MUBiB and MgF2@PDEGMA-b-PAA 

 

Figure 9.49: TGA and differential thermal analysis DTA of MgF₂. The graph illustrates the relative 

mass (black line) and relative mass loss (red line) as functions of temperature, ranging from  

300 K to 1100 K. The analysis reveals stability in the mass of MgF₂ up to approximately 900 K, 

followed by a noticeable mass loss at higher temperatures, indicating thermal decomposition or 

volatilization processes. 
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Figure 9.50: TGA and DTA of MgF₂@MUBiB beads. The graph illustrates the relative mass (black 

line) and relative mass loss (red line) as functions of temperature, ranging from 300 K to  

1100 K. The MgF₂@MUBiB beads exhibits a significant mass loss around 700 K, which may indicate 

thermal decomposition or reactions involving MUBiB. The data reveal distinct thermal stability and 

decomposition behavior of the MgF₂@MUBiB beads compared to pure MgF₂ beads. 
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Figure 9.51: TGA and DTA of the MgF₂@PDEGMA beads. The graph shows the relative mass (black 

line) and relative mass loss (red line) as a function of temperature, ranging from 300 K to 1100 K. The 

MgF₂@PDEGMA beads exhibit significant thermal events around 700 K and 1050 K, indicating 

complex decomposition behavior or interactions among MgF₂ and PDEGMA. The sharp increase in 

mass loss around 1050 K suggests a major thermal degradation or volatilization event. 
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Figure 9.52: TGA and DTA of the MgF₂@PDEGMA-b-PAA beads. The graph presents the relative 

mass (black line) and relative mass loss (red line) as a function of temperature, from 300 K to 1100 K. 

The MgF₂@PDEGMA-b-PAA beads show significant thermal events, particularly around 700 K, where 

a peak in mass loss is observed.  
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