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ABSTRACT 

Lanthanide-doped upconversion nanoparticles (UCNPs) have emerged as a powerful optical 

nanomaterial capable of converting near-infrared radiation (NIR) into higher energy, visible, or 

ultraviolet emission via multiphoton excitation mechanisms. Their unique optical properties, 

combined with low autofluorescence background and deep tissue penetration of NIR, make 

them particularly attractive for biomedical applications, including imaging, drug delivery, and 

photodynamic therapy. However, their practical use remains limited by challenges such as low 

upconversion (UC) efficiency, poor colloidal stability in physiological environments, and 

potential cytotoxicity. 

The aim of this study was to develop UCNPs characterized by improved UC efficacy, 

stability in physiological media, and biocompatibility. To achieve these goals, our synthetic 

strategy was based on high-temperature coprecipitation for the fabrication of NaYF4:Yb,Er 

UCNPs with controlled size, particle size distribution, crystallinity, and optical properties. 

When combined with hydrothermal treatment, this approach enabled the preparation of 

ultrasmall UCNPs. Moreover, by modulating the synthesis conditions, i.e., water content and 

pressure, particle size was tuned from 7 to 240 nm. The subsequent growth of an inert NaYF4 

shell on the core particles exhibited up to a 170-fold increase in luminescence, effectively 

suppressing surface-related quenching and non-radiative losses.  

Surface functionalization with a polymer using bisphosphonate-terminated poly 

(ethylene glycol)-alendronate (PEG-Ale) enhanced colloidal stability and reduced F- and Y3+ 

ion release in water, Dulbecco’s modified Eagle medium, and artificial lysosomal fluid, 

although partial degradation in phosphate-buffered saline was observed due to phosphate 

exchange. Silica coating introduced via reverse microemulsion technique further improved 

colloidal stability and cellular internalization, while maintaining low cytotoxicity determined 

on rat insulinoma-derived INS-pancreatic β-cell line. 

To achieve therapeutic capability, the UCNPs were modified with a phosphonate-

functionalized Rose Bengal (RB-PH) photosensitizer. Efficient energy transfer from Er3+ 

emission bands to RB-PH was confirmed by luminescence quenching and UV-Vis tracking of 

reactive oxygen species. Upon 980 nm NIR excitation, the UCNP@RB-PH/Ale-PEG 

nanoconjugates generated singlet oxygen and induced significant phototoxicity in C6 glioma 

cells, while maintaining low dark cytotoxicity in rat mesenchymal stem cells. 

Keywords: Upconversion nanoparticles, surface engineering, cytotoxicity, colloidal stability, 

Rose Bengal, photodynamic therapy.  
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ABSTRAKT 

Světlo-konvertující nanočástice dopované lanthanidy (UCNPs) představují inovativní 

nanomateriál schopný měnit světlo z blízké infračervené oblasti (NIR) na viditelné nebo 

ultrafialové záření s vyšší energií prostřednictvím mechanismů vícefotonové excitace. Jejich 

jedinečné optické vlastnosti spolu s nízkou autofluorescencí a hlubokou penetrací NIR světla 

do tkání je činí obzvláště atraktivními pro biomedicínské aplikace, včetně zobrazování, 

podávání léčiv a fotodynamické terapie. Jejich praktické využití je však omezeno výzvami, jako 

je nízká účinnost konverze světla (UC), špatná koloidní stabilita ve fyziologickém prostředí a 

potenciální cytotoxicita. 

Tato studie představuje novou strategii pro syntézu NaYF4:Yb,Er UCNPs s 

regulovatelnou velikostí i distribucí velikosti, krystalinitou a optickými vlastnostmi založenou 

na vysokoteplotní koprecipitaci lanthanidových prekursorů. V kombinaci s hydrotermální 

metodou umožnil tento přístup přípravu ultramalých UCNPs. Regulace podmínek syntézy, 

zejména obsahu vody v reakční směsi a tlaku, umožnila kontrolovat velikost částic v rozmezí 

7-240 nm. Kromě toho zavedení inertní NaYF4 slupky kolem částic umožnilo vznik „core-

shell“ architektury, která zvýšila luminiscenci až 170 krát díky účinnému potlačení 

povrchového zhášení a neradiačních ztrát. 

Strategie povrchové funkcionalizace částic pomocí bisfosfonátem terminovaného 

polyethylenglykol-alendronátu (PEG-Ale) zlepšila jejich koloidní stabilitu ve vodném 

prostředí, snížila uvolňování F- a Y3+ iontů do vody, Dulbeccova modifikovaného média a 

umělé lysozomální tekutiny, ačkoli ve fosfátovém pufru byla pozorována částečná degradace v 

důsledku výměny fosfátových iontů. Povlak oxidu křemičitého technikou reverzní 

mikroemulze dále zlepšil koloidní stabilitu a internalizaci částic do buněk, přičemž zachoval 

nízkou cytotoxicitu stanovenou na linii INS-pankreatických β-buněk odvozených z insulinomu 

potkanů. 

Abychom dosáhli terapeutického účinku, byly UCNPs modifikovány 

fotosenzibilizátorem na bázi bengálské červeni obsahující s fosfonátovou skupinu (RB-PH). 

Účinný přenos energie z emisních pásem Er3+ na RB-PH byl potvrzen luminiscenčním 

zhášením a sledováním tvorby reaktivních forem kyslíku pomocí UV-Vis spektroskopie. Při 

excitaci NIR zářením o vlnové délce 980 nm generovaly UCNP@RB-PH/Ale-PEG 

nanokonjugáty singletový kyslík a způsobovaly výraznou fototoxicitu v gliových C6 buňkách. 

Přitom si ve tmě zachovaly nízkou cytotoxicitu u zdravých mezenchymálních kmenových 

buněk potkana.  
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ABBREVIATIONS 

2PA – Two-photon absorption 

Ale – Alendronate 

ALF – Artificial lysosomal fluid 

ATR-FTIR – Attenuated total reflectance Fourier-transform infrared spectroscopy 

Ð – Dispersity 

Dh – Hydrodynamic diameter 

DLS – Dynamic light scattering 

DMEM – Dulbecco’s modified Eagle medium 

DMF – N,N-Dimethylformamide 

DPA – 9,10-Diphenylanthracene 

EDX – Energy-dispersive X-ray spectroscopy 
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ESA – Excited state absorption 

ETU – Energy transfer upconversion  

ICP-MS – Inductively coupled plasma mass spectrometry 

IR – Infrared 

MeO-PEG-NHS – α-Methoxy-ω-carboxylic acid succinimidyl ester poly(ethylene glycol) 

MPA – Multiphoton absorption  

MRI – Magnetic resonance imaging 

MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NIR – Near infrared 

NMR – Nuclear magnetic resonance 

NP – Nanoparticle 

OA – Oleic acid 

OD – Octadec-1-ene 

PA – Photon avalanche  

PBS – Phosphate-buffered saline 

PD – Polydispersity  

PDT – Photodynamic therapy 

PEG – Poly(ethylene glycol) 

PEG-Ale – Poly(ethylene glycol)-alendronate  
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PET – Positron emission tomography 

PS – Photosensitizer 

PTT – Photothermal therapy 

PXRD – Powder X-ray diffraction 

RB – Rose Bengal 

RB-PH – Rose Bengal-ethylphosphonic acid 

rMSCs – Rat mesenchymal stem cells 

ROS – Reactive oxygen species 

RT – Room temperature 

SAED – Selected area electron diffraction 

TEM – Transmission electron microscopy 

TGA – Thermogravimetric analysis 

UC – Upconversion 

UCNPs – Upconversion nanoparticles 

C-UCNPs – Core upconversion nanoparticles 

CS-UCNPs – Core-shell upconversion nanoparticles 

L-UCNPs – Large upconversion nanoparticles 

U-UCNPs – Ultrasmall upconversion nanoparticles 

UCNP@Ale-PEG – Poly(ethylene glycol)-alendronate-modified upconversion nanoparticles 

UCNP@OA – Oleic acid-stabilized upconversion nanoparticles 

UCNP@RB-PH/Ale-PEG – Rose Bengal-ethylphosphonic acid- and poly(ethylene 

glycol)-alendronate-modified upconversion nanoparticles 
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1. INTRODUCTION 

Upconversion (UC) luminescence is a nonlinear optical process, in which two or more low-

energy photons absorbed by a sensitizer, undergo a series of transformations (i.e., intersystem 

crossing, excitation, and relaxation) to be eventually re-emitted by the emitter as higher-energy 

photons.1 The UC phenomenon was first proposed in the 1950s by Bloembergen in rare earth 

salts or materials doped with various transition metal ions, in which he expected light-induced 

transitions to be faster than competing relaxations.2 However, first observations of UC were 

done only a few years later in Yb-Er doped system by Auzel and, in parallel, by Ovsyankin and 

Feofilov in Yb3+-Tm3+couples.3 

1.1. Mechanisms of upconversion (UC) 

UC occurs through multiple mechanisms, among which excited state absorption (ESA),4 energy 

transfer UC (ETU),1 photon avalanche (PA),5 two-photon absorption (2PA) and multiphoton 

absorption (MPA),6,7 and energy pooling UC (EP)8 are the most prominent ones (Figure 1). 

While ESA, 2PA, and MPA are internal conversions, ETU, PA, and EP involve intersystem 

crossing. Each of these mechanisms contributes to the final efficacy of UC; however, their 

productivity may depend on different variables, such as dopant concentration, type of dopant 

ions, and light intensity. 

(i) ESA occurs when the ion is initially excited to a higher energy state (E1) by the first 

absorbed photon, and the following absorption of the second photon enables its further 

transition to the next higher energy level (E2).
4 This process promotes the ion to a higher energy 

state, followed by either non-radiative energy dissipation to neighbouring ions or radiative 

relaxation via photon emission. Notably, the ESA does not depend on the concentration of the 

dopant. 

(ii) ETU is the sequential energy transfer between two lanthanide ions, one of which is 

a sensitizer, and the other is an activator.1 In a typical ETU process, a sensitizer absorbs a near-

infrared photon that excites it to the metastable level E1. Its relaxation to the ground-state (G0) 

is accompanied by the release of energy, which is immediately transferred to the activator ion. 

Consecutive absorption of two photons by the activator excites it to its upper excited state (E2), 

from which the radiative relaxation is observed as a visible or UV light emission. The efficiency 

of ETU is influenced by several factors, including dopant concentration, host lattice properties, 

and the size of nanoparticles (NPs). 

(iii) PA is a phenomenon observed when multiple photons are absorbed by the activator 

ions located in close proximity, and they are then emitted in a cascading manner.5 This 
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mechanism typically requires a higher excitation power, but results in highly efficient photon 

UC due to the increased number of emitted photons compared to the absorbed ones. The PA 

effect is not universally observed and requires the presence of specific types of dopants at 

sufficiently high concentrations. 

 

Figure 1. Schematic representation of UC mechanisms. Adapted from [5,6,8]. 

(iv) 2PA is a mechanism, in which an ion absorbs two photons simultaneously that 

excite it to a higher energy state.6 In contrast to the sequential photon absorption processes 

observed in ESA and ETU that occur over a temporal span, 2PA transpires instantaneously. 

Furthermore, while PA manifests a threshold-like behaviour, 2PA remains a purely nonlinear 

process with no delayed build-up of excitation. This phenomenon requires intense light sources, 

such as femtosecond pulsed lasers. 

(v) MPA involves the absorption of more than two photons that simultaneously excite 

the ion to a higher energy state.7 This process is highly dependent on the intensity of the light 

and typically occurs under conditions of high photon flux. Unlike ESA, which involves real 
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intermediate states, MPA relies on virtual states that exist for an extremely short time, allowing 

a nearly instantaneous transition to the higher energy state. 

(vi) EP is defined as the process during which two or more excited ions interact and 

combine their energy to emit a higher-energy photon.8 In contrast to ETU, this mechanism 

occurs directly between two ions that are in similar excited states and results in the creation of 

a highly excited energy state in one of the participating ions. The ion that reaches the higher 

energy level can then undergo radiative relaxation, emitting a photon. EP is commonly observed 

in systems with a high concentration of dopant ions, in which the probability of ion-ion 

interactions is increased. Of note, this process enables efficient UC without the necessity for a 

sensitizer-activator energy transfer.  

1.2. Upconversion lanthanide-based nanoparticles (UCNPs) 

Since the first observations of UC, various glass-ceramic-based materials with UC properties 

have been developed.9 However, currently, UCNPs attract the greatest attention.10 NPs 

themselves are particles with external dimensions in a size range between 1 and 100 nm.11 Due 

to their tiny dimensions, NPs exhibit increased surface-to-volume ratio and distinctive physical, 

chemical, and biological properties compared to their bulk counterparts. 

The most prominent representatives of UCNPs are fluoride-based nanocrystals, such as 

NaYF4 or NaGdF4, doped with lanthanides.9 A key advantage of such UCNPs is their spectral 

tunability, allowing precise control of the emission wavelengths that cover the visible range. It 

arises from the different energy levels of various lanthanide ions and can be achieved by 

selecting specific lanthanide dopants or combining several lanthanides in a carrier matrix. By 

optimizing the dopant concentration, UCNPs can be tailored to meet the performance and 

sensitivity requirements of a wide range of advanced applications, especially optical 

technologies.12,13,14,15
  

1.3. Lanthanide dopants 

The unique properties of lanthanides stem from a rich set of their excited electronic states. All 

15 lanthanide elements share the xenon core, corresponding to the electron configuration of 

1s2, 2s2, 2p6, 3s2, 3p6, 3d10, 4s2, 4p6, 4d10, 5s2, and 5p6, and are characterized by abnormally 

small size and atypical chemical and physical features.16 This unique property is usually 

assigned to the weakened nuclei shielding, originating from the f-shell phenomenon and the 

large relativistic effects (e.g., increased nuclear attraction effectiveness) typical for heavier 

atoms. In consequence, lanthanide atoms experience a contraction of the s and p valence 



16 

 

orbitals, while d and f orbitals are subject to relativistic expansion that makes them more diffuse 

and less penetrating.17 4f orbitals of lanthanides are key points for high efficacy of UC, as they 

have multiple relatively long-lived metastable states. These extended lifetimes, typically in the 

micro- to millisecond range, facilitate efficient stepwise excitation.18 In turn, discrete energy 

levels can host sharp electron transitions with minimal energy loss and sequentially absorb 

multiple low-energy photons. Being doped into suitable host materials, rare earth ions 

demonstrate efficient energy transfer. The combination of well-defined energy levels, long-

lived excited states, and efficient energy transfer processes makes lanthanide ions highly 

effective for UC applications.1 

1.4. Host materials 

Fluoride-based nanocrystals, serving as a hosting matrix, excel in the UC process for several 

reasons. First, they have low phonon energy (~300-400 cm-1), which limits non-radiative 

relaxation and allows excited electrons for efficient transit to higher energy states.9 Fluoride-

based nanocrystals also have a wide optical transparency window, which makes them absorb 

very little near-infrared radiation (NIR) or visible light.19 Furthermore, their low refractive 

indices minimize light scattering, improving emission intensity. In addition, these crystals are 

chemically stable, which prevents their degradation and ensures reliable performance over time. 

 

Figure 2. Schematic representation of the crystal lattice of NaYF4 doped with Yb3+ and Er3+ 

ions in (a) α- and (b) β-phase. Sodium ions (Na+) are shown as blue spheres, dopant ions (Yb3+, 

Er3+) as yellow spheres, and fluoride ions (F-) as smaller green spheres. Sites that can be 

occupied interchangeably by Na+ or Yb3+/Er3+ ions are depicted as two-colour spheres. The 

lattice structure is adapted from [20]. 
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Their high melting points assure thermal stability, preventing structural changes at high 

temperatures. They are also capable of accommodating high concentrations of rare earth ions, 

like Yb3+, Er3+, Tm3+, and Ho3+. NaYF4, as a host matrix, can exist in two polymorphs: the 

cubic α-phase and the hexagonal β-phase.21 The α-phase is formed under mild conditions, but 

shows lower luminescence due to surface defects, whereas the β-phase, stable at higher 

temperatures, exhibits superior crystallinity and UC efficiency.1 A schematic representation of 

the crystal lattice of α- and β-phases of NaYF4 doped with  Yb3+ and  Er3+ ions is shown in 

Figure 2. 

1.5. Core-shell UCNPs 

The core-shell architecture of UCNPs is a widely adopted strategy to enhance their 

luminescence efficiency, stability, and biocompatibility.22 UCNPs often suffer from 

surface-related quenching effects which significantly reduce UC emission efficiency. The 

introduction of an inert or active shell around the NP core is a key method to address this issue. 

A frequently employed approach involves coating of the luminescent core (e.g., NaYF4:Yb,Er) 

with an inert shell (e.g., undoped NaYF4) to passivate surface defects and isolate the core from 

non-radiative quenchers, such as water molecules or ligands (Figure 3). This results in a 

pronounced enhancement of the UC emission, often by orders of magnitude.23 

 

Figure 3. Schematic representation of a core-shell UCNP. 

Conversely, active shells doped with sensitizer or activator ions can extend excitation 

wavelengths, enhance energy transfer, or introduce multifunctionality (e.g., luminescence 

combined with magnetic or catalytic properties).24 Core-shell engineering facilitates superior 

control over energy migration pathways and mitigates detrimental cross-relaxation processes, 

particularly in densely doped systems. Moreover, shell design can be further refined using 

gradient doping, multi-shell structures, e.g., core-shell-shell configuration, to optimize energy 

transfer dynamics and spatially separate different functionalities.25 
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1.6. Main methods for synthesis of UCNPs 

The primary condition for UC is the proximity of the sensitizer and the emitter.26 Such a close 

arrangement can be achieved by doping a hosting crystal structure with lanthanide ions, which 

can be accomplished in two ways, i.e., substitutional or interstitial.27 Substitution involves the 

replacement of host atoms in the crystal lattice with dopant atoms, thereby altering the 

electronic properties without significantly disturbing the overall structure. Conversely, in the 

case of interstitial occupation, the dopants are located in the spaces between the host atoms, 

leading to the lattice distortion and strain in the material structure. The doping process is 

typically executed by diffusion, in which dopant atoms are introduced into a high-temperature 

environment to diffuse into the material,28 ion implantation, in which dopant ions are 

accelerated and forcibly incorporated into the crystal lattice,29 or by chemical vapor 

deposition.30 

There are several main methods to synthesize UCNPs, namely (i) coprecipitation, 

(ii) hydrothermal/solvothermal approach, (iii) sol-gel techniques, (iv) thermal decomposition, 

and (v) microwave-assisted method. In each of these approaches, rare earth ions are doped into 

a host crystal lattice via diffusion. 

(i) The coprecipitation technique involves the host material and rare earth ions being 

precipitated together from a solution under controlled conditions, typically with the addition of 

a precipitating agent.31 A substantial benefit of the coprecipitation technique is its simplicity 

and cost-effectiveness, as it necessitates minimal equipment; however, it is not easily scalable. 

Furthermore, the method offers the potential for homogeneous doping, ensuring the uniform 

distribution of rare earth ions within the host lattice, which is important for efficient UC. 

Moreover, the coprecipitation process is characterized by relatively mild reaction conditions, 

which minimize the risk of material degradation or undesirable side reactions. The adaptability 

of the method is demonstrated by its versatility in utilizing diverse host materials and rare earth 

ions, enabling the production of UCNPs with properties tailored to specific applications. 

However, this method shows several disadvantages. Achieving precise control over the size of 

the NPs can be difficult and the particles may exhibit size variability depending on factors like 

precursor concentration and reaction time. The limited control over particle morphology can be 

disadvantageous for certain applications, such as bioimaging or drug delivery. Additionally, the 

crystallinity of the UCNPs can be poor, which can have a detrimental effect on their optical 

properties and UC efficiency. To address this issue, post-synthetic treatments, such as 

annealing, may be required. Moreover, the presence of impurities or unreacted precursors has 

the potential to compromise the purity and quality of the NPs, thereby diminishing the 
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efficiency of luminescence. In addition, the need for after-synthesis processing, such as heat 

treatment or surface modification, complicates the UCNP preparation process.1,32 

(ii) The hydrothermal/solvothermal method involves the use of high-temperature and 

high-pressure in either aqueous (hydrothermal) or non-aqueous (solvothermal) medium to 

promote the crystallization of UCNPs.31 One of the main benefits of the 

hydrothermal/solvothermal method is its ability to produce UCNPs with high crystallinity. The 

controlled environment in the sealed reaction vessel allows precise manipulation of reaction 

parameters, such as temperature, pressure, and solvent composition, which in turn facilitates 

the synthesis of UCNPs with uniform sizes and improved optical properties. In addition, the 

hydrothermal/solvothermal method is distinguished by its versatility, as it can be applied to a 

wide variety of precursor materials and solvent systems, thus making it adaptable for different 

host matrices and dopants. The high pressure in the reaction vessel facilitates efficient 

incorporation of rare earth ions into the growing host lattice, which is a prerequisite for 

achieving efficient UC. 

Nevertheless, it should be noted that this method is not without drawbacks. The high 

temperature and high pressure can render this synthetic approach more intricate and energy-

consuming compared to less complex methods, such as coprecipitation. Furthermore, the 

equipment necessary for hydrothermal/solvothermal synthesis, such as an autoclave, can be 

costly and requires meticulous handling. While the method generally produces UCNPs with 

high crystallinity, it can sometimes lead to a broader size distribution, which may affect the 

reproducibility of the results. Furthermore, the post-synthetic treatment is required to remove 

residual solvents and byproducts.33 

(iii) The sol-gel method is a well-established technique for synthesizing UCNPs, 

offering several advantages, particularly in terms of its simplicity and versatility.34 This method 

involves the transition of a solution (sol) into a gel-like network, in which metal precursors and 

rare earth ions are dispersed throughout a solvent. UCNPs are formed during gelation, typically 

under mild conditions. An ability to control the homogeneity of the dopant distribution within 

the host material is a key benefit of the sol-gel method. This ensures that the rare earth ions are 

well-dispersed, which is crucial for achieving efficient UC luminescence. The adaptability of 

the method is enhanced by its capacity to synthesize NPs from a diverse array of precursors. 

Another advantage is that the process is relatively inexpensive. Consequently, this method is 

regarded as a promising candidate for large-scale manufacturing. One of the limitations of the 

sol-gel method is the poor crystallinity of the UCNPs, especially in the case of insufficient 

annealing of the UCNPs after synthesis. This can result in reduced luminescence efficiency and 
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undesirable physical properties. Furthermore, the sol-gel method can result in the formation of 

agglomerates or particles with irregular shapes.35 

(iv) The thermal decomposition involves the decomposition of organometallic 

precursors, such as metal acetylacetonates or metal oleates, at elevated temperatures in the 

presence of stabilizing organic surfactants, e.g., OA or trioctylphosphine oxide.36 A key benefit 

of this approach is the capacity to yield UCNPs with precise size control and uniform 

morphology, which is crucial for attaining consistent optical properties. The process also 

ensures a high degree of crystallinity, leading to enhanced UC luminescence efficiency due to 

reduced lattice defects and non-radiative energy losses. The thermal decomposition technique 

produces hydrophobic UCNPs with well-defined surface coatings, rendering them highly 

dispersible in non-polar solvents. This property is particularly beneficial for applications 

requiring stable colloidal dispersions, such as imaging and photonic devices. Furthermore, the 

method provides excellent control over dopant concentration, ensuring an optimal distribution 

of rare earth ions within the host lattice, which is critical for efficient energy transfer and 

emission tuning.37 In addition, recent research has investigated anisotropic or epitaxial shell 

growth as a strategy for enhancing the optical performance and tunability of UCNPs.38 

Notwithstanding the advantages of the thermal decomposition method, there are some 

limitations. The necessity for high temperatures and an inert atmosphere increases the 

complexity of the synthetic process and requires advanced equipment. Using toxic and 

expensive organometallic precursors also adds to the overall cost and safety concerns associated 

with the method. Furthermore, the hydrophobic nature of the resulting UCNPs can limit their 

direct application in aqueous biological environments, often requiring additional surface 

modification or ligand exchange to improve the biocompatibility and water dispersibility. 

(v) The microwave-assisted method uses rapid and uniform heating created by 

microwave radiation. It has been proven that such accelerated heating increases the nucleation 

and growth rate of UCNPs.39 In addition, it allows precise control of a number of variables, 

including particle size, material crystallinity, and reaction duration. This approach covers both 

solid- and liquid-phase techniques. In the solid-phase microwave method, rare earth oxides are 

amalgamated with ammonium fluorides, and then converted into NPs under microwave heating. 

In contrast, in the liquid-phase microwave method, rare earth salts and a fluoride source are 

dissolved in a solvent and react during rapid heating with microwaves. Microwave synthesis 

has been shown to have significant advantages over traditional heating methods. These include 

the ability to selectively heat the reaction mixture, while the surrounding equipment remains 

cold. Moreover, the ability to distribute energy evenly reduces side reactions, resulting in 
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simpler product composition. The ability to rapidly increase the temperature leads to reduced 

energy consumption. Microwave-assisted technique of UCNP synthesis faces several 

limitations, including strong dependence on solvent and precursor properties, challenges in 

reproducibility, and difficulties in scaling up due to the small reaction volumes and specialized 

equipment required. 

Despite the challenges involved, coprecipitation, hydrothermal/solvothermal and sol-

gel techniques, thermal decomposition, and microwave-assisted methods are widely used 

approaches for synthesizing UCNPs. Coprecipitation is favoured for its simplicity, low cost, 

and scalability, while the hydrothermal/solvothermal method is suitable for producing high-

quality particles with precise control over characteristics. The sol-gel technique represents a 

straightforward and economical process. Thermal decomposition is preferred for achieving 

highly uniform UCNPs with excellent control over size, shape, and optical properties, while the 

microwave-assisted method enables faster reaction time and improved control over 

nanoparticle crystallinity. 

1.7. Biomedical applications of UCNPs 

Up to now, UC materials have been proposed for, e.g., solar energy systems with expanded 

absorption spectrum,40 lighting and display technologies with improved brightness and color 

intensity,41 security and anti-counterfeiting measures,42 quantum computing and encryption,43 

and advanced long-distance telecommunication systems.44 Besides them, UC materials, 

especially UCNPs, are of growing interest for biomedical applications. Due to their tiny 

dimensions, UCNPs are capable of penetrating the cell membrane and interfering with the 

cellular machinery, orchestrating cell fate. These properties, in combination with unique optical 

characteristics, render UCNPs useful in, e.g., optical and magnetic resonance imaging (MRI),45 

chemo/bio/thermo sensing,46,47 photodynamic (PDT)48 and photothermal therapies (PTT)49 and 

targeted drug delivery.50 

The ability to convert infrared (IR) or NIR radiation into visible or ultraviolet light 

makes lanthanide-doped NPs particularly advantageous for deep-tissue imaging compared to 

fluorescent biomarkers.51 This is because IR or NIR radiation penetrates deeper into biological 

tissue than visible or UV light, facilitating the acquisition of high-resolution images with 

minimal tissue damage (Figure 4). This can be particularly useful for tracking NP-labelled cells 

or visualizing tumors with minimal interference from natural tissue fluorescence. 

Moreover, labelling stem cells with UCNPs enables monitoring their movement and 

behaviour within the body, which is valuable for transplantation and regenerative medicine.52 
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UCNPs could also play a significant role in image-guided surgery, where they can provide real-

time visualization of the tumor, thus improving the precision of its removal.53 In diagnostics, 

UCNPs serve as sensitive biosensors.46 They can detect biomarkers of various diseases, such 

as cancer, heart failure, infections, or metabolic disorders. This ability to emit light after 

absorbing NIR radiation makes them highly effective in early disease detection, as they generate 

a strong and clear signal with little background interference. Additionally, UCNPs have been 

proposed for multimodal imaging as their combination with MRI or positron emission 

tomography supports collecting more detailed diagnostic information.54 

In cancer therapy, UCNPs show promise in both PDT and PTT by generating reactive 

oxygen species (ROS) or heat, respectively.48,49 PDT is a non-invasive treatment that relies on 

light-activated photosensitizers (PS) to generate ROS for the targeted destruction of diseased 

cells, particularly in cancer treatment. However, traditional PDT faces limitations due to the 

shallow tissue penetration of visible light used for PS activation. UCNPs can absorb low-energy 

NIR radiation, which in turn can penetrate deeper into tissues than visible light (Figure 4).55 

This process enables the conversion of NIR radiation into higher-energy photons, which in turn 

can effectively activate PSs (Figure 5).56 The enhanced penetration facilitates an augmented 

therapeutic effect, while minimizing damage to surrounding healthy tissue. 

 

Figure 4. Depth of penetration of light of different wavelengths into the skin tissue.55 

Efficient energy transfer can be achieved by selecting a suitable PSs, including synthetic 

dyes and natural compounds, such as porphyrins, chlorins, bacteriochlorins, or phthalocyanines, 

and by ensuring spectral overlap between the UCNP emission and the absorption profile of the 

PS.57 Moreover, minimizing the spatial separation between the UCNP and the PS is essential 

to maximize photon absorption efficiency.58 Depending on the intended application, 

oncological or antimicrobial, the physicochemical properties of the PS may differ. For instance, 
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cancer therapy typically requires a lipophilic electroneutral PSs excitable by far red or NIR light 

to achieve sufficient tissue penetration, while antimicrobial agents are generally positively 

charged and activated by visible light.59 

 

Figure 5. UCNP-assisted ROS generation for cancer treatment. 

Compared with bare or small molecule ligand-capped UCNPs, polymer coatings 

effectively address several critical limitations, including poor aqueous dispersibility, 

colloidal instability, and uncontrolled bio-nano particle interactions.60 Polymer-based surface 

modifications represent the most versatile and widely adopted strategy for UCNP engineering, 

particularly in biomedical and hybrid material applications.61 The rational design of polymer-

modified UCNPs requires balancing multiple interdependent parameters, including polymer 

chemistry and architecture, anchoring strength to the inorganic surface, shell thickness relative 

to hydrodynamic size, surface charge, permeability, and compatibility with subsequent 

functionalization.62 As UCNPs are typically hydrophobic, coating them with hydrophilic 

materials, such as poly(ethylene glycol) (PEG),63 poly(acrylic acid),64 poly(methacrylic acid),65 

poly(vinylpyrrolidone),66 dextran,67 and hyaluronic acid68 markedly improves dispersion in 

physiological media, suppresses aggregation, and reduces nonspecific protein adsorption or 

cellular uptake when required.  

Among these, PEGylation is particularly effective in enhancing colloidal stability in 

biological media, prolonging systemic circulation, and minimizing nonspecific interactions 

with proteins and other biomolecules, which is essential for successful in vivo applications. 

PEGylation introduces a steric barrier that effectively suppresses nanoparticle aggregation by 

reducing van der Waals forces and other interparticle interactions. As a result, PEG-coated 

UCNPs remain well-dispersed in water and physiological buffers, such as phosphate-buffered 

saline (PBS), even under high ionic strength.69 Furthermore, PEG provides excellent 

biocompatibility and low immunogenicity due to its non-ionic and chemically inert nature. This 

reduces recognition by the immune system and suppresses the non-specific adsorption of 

proteins, cells, or other biological components.70 The PEG coating also provides a protective 
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layer around the UCNPs cores, mitigating potential chemical degradation, such as fluoride ion 

leaching, by acting as a diffusion barrier against water and ion penetration.71 This protective 

effect improves chemical and photostability under physiological conditions. 

In addition to purely hydrophilic coatings, amphiphilic polymers play a key role in 

UCNP surface engineering. For instance, poly(maleic anhydride-alt-octadec-1-ene) enables 

efficient phase transfer of hydrophobic oleate-capped UCNPs into aqueous environment. It 

takes advantage of hydrophobic interactions between its alkyl chains and the native oleate 

ligands, while the anhydride groups can be hydrolyzed or further functionalized to introduce 

carboxyl functionalities.58 In contrast, cationic or amino group-rich polymers, e.g., chitosan, 

promote strong electrostatic interactions with negatively charged cell membranes and enable 

efficient loading of biomolecular cargos, such as nucleic acids. However, these benefits are 

frequently accompanied by increased cytotoxicity, underscoring the necessity of carefully 

tuning polymer composition, molar mass, and grafting density.72 Although polymer coatings 

substantially broaden the functional scope of UCNPs, challenges remain in achieving long-term 

stability in complex biological environments, reproducible control over coating density, and 

precise regulation of interfacial energy-transfer distances, when functional cargos are involved. 

Continued advances in the design of tailored multifunctional polymer interfaces are thus 

essential for translating UCNPs from laboratory into robust platforms for advanced imaging, 

therapeutic, and hybrid photonic technologies.73 

Beside polymers, UCNPs can be coated with biocompatible inorganic materials, like 

silica or calcium phosphate.74,75 Silica coating not only stabilizes the NPs, but also provides a 

versatile platform for further modification. These coatings can also enhance the mechanical 

properties of UCNPs, making them more robust for therapeutic applications. Surface charge 

modification is another important strategy for UCNPs. By altering the surface charge, either by 

adding positive or negative groups (e.g., amino, carboxyl, or sulfonate groups), the UCNP 

interaction with cellular membranes and the uptake by specific cell types can be controlled. 

This modification can also help to avoid immune recognition, thus prolonging circulation in the 

bloodstream, or facilitating cellular uptake through endocytosis.76 

To improve the targeting of the intended sites by UCNPs, the surface of NPs is 

commonly modified with ligands or antibodies capable of binding particular receptors 

overexpressed on the membranes of specific cells (e.g., different cancer cells).77 Common 

targeting moieties include peptides, aptamers, antibodies, and small molecules, which can be 

conjugated to the UCNP surface through covalent binding or non-covalent interactions.78 

UCNPs can also be engineered for targeted drug delivery, ensuring that therapeutic agents are 
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directed and precisely released in response to NIR light at the specific site, thus minimizing the 

systemic adverse effects of the treatment. Beside biologically active substances, UCNPs have 

also been proposed for the non-invasive delivery of genetic material into cells, acting as carriers 

for gene editing agents or therapeutic genes.79 This method can be used not only to treat genetic 

disorders, but also to aid regenerative medicine by enabling precise cell reprogramming to boost 

the healing process. 

In certain instances, surface functionalization with imaging or therapeutic agents is 

employed to generate multifunctional UCNPs. For instance, UCNPs can be conjugated at the 

same time with drugs, including cytostatics, and imaging probes, such as fluorescent dyes or 

MRI contrast agents.50,80 Incorporation of such agents on the surface or in the NP core enables 

precise treatment and facilitates real-time monitoring of its progress, making UCNPs an unique 

tool for simultaneous therapy and diagnostics, so called theranostics. Additionally, polymeric 

micelles or liposome-based coatings can be applied to UCNPs, creating nanoscale carriers that 

are capable of delivering both water-soluble and hydrophobic therapeutic agents to specific 

locations.81 These coating strategies improve the UCNP ability to carry a broad range of 

substances, enhancing versatility for drug delivery and other therapeutic applications.82 

1.8. Challenges in biomedical applications 

UCNPs face several challenges that hinder their broader applications. One of them is the UC 

efficiency, especially under low-power excitation. It limits the effectiveness in certain 

applications, such as deep tissue imaging and long-term bioimaging. Achieving high quantum 

emission yields often requires overcoming non-radiative losses.83 Despite the high potential of 

UCNPs in biomedical applications, their introduction into clinical practice requires careful 

management of their biocompatibility.84,85 Notably, the great advantages of UCNPs, mainly 

small size, shape, and chemical composition, can be at the same time the source of significant 

toxicity towards cells.86 Additionally, different chemical compositions or surface modifiers can 

either reduce or enhance UCNP harmful effects, highlighting the importance of vigilant design 

and surface engineering of these particles. Another issue is the potential for UCNP degradation 

over time, especially when exposed to harsh environmental conditions.87 This reduces the 

stability of the particles and limits their use in long-term applications, as products of NP 

degradation can penetrate cellular structures, potentially leading to pronounced toxic effects. 

While the widespread release of UCNPs into the environment is currently limited, there 

are concerns about their potential accumulation and long-term effects, if produced on a large 

scale.62 The stability of UCNPs in the natural environment, as well as the potential for harmful 
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degradation products, is an area that requires further investigation, comprehensive toxicity 

assessments, and environmental impact studies. Establishing standardized testing protocols and 

regulatory guidelines is essential in mitigating potential risks and ensuring the safe application 

of these nanomaterials. Furthermore, integrating UCNPs into practical devices requires 

overcoming challenges related to scalability, reproducibility, and cost-effectiveness of 

synthesis methods.88 For this reason, research currently focuses on improving luminescence 

efficiency, as well as the biocompatibility of UCNPs by minimizing their toxicity and 

optimizing their functionalization for specific medical uses, mainly by their surface 

modification and solving environmental concerns. 
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2. AIMS 

The primary goal of this study was to develop and optimize the synthesis of lanthanide-doped 

UCNPs in order to obtain a system intended for biomedical applications, particularly PDT. The 

UCNPs should exhibit high luminescence efficiency, colloidal stability, and biocompatibility. 

To achieve this aim, the work focused on (i) establishing a protocol of UCNP hybrid synthesis, 

combining high-temperature coprecipitation with hydrothermal treatment, enabling precise 

control over the particle size and crystallinity, (ii) preparation of CS-UCNPs characterized by 

high UC efficacy, and (iii) development of a method combining UCNPs with a PS to achieve 

effective ROS production in response to NIR light. The principal objectives of this study were 

enumerated as follows: 

o  synthesis of UCNPs by hybrid high-temperature coprecipitation/hydrothermal method and 

their physicochemical characterization. Optimization of reaction conditions. Investigation 

of the effect of water content and pressure on nanoparticle morphology and phase 

composition; 

o preparation and characterization of CS-UCNPs with enhanced UC luminescence; 

o improvement of dispersibility of UCNPs in water and biological media via surface 

functionalization with PEG or silica. Characterization of the PEG- and silica-modified 

UCNPs; 

o evaluation of biological properties of the prepared UCNPs (toxicity towards selected cell 

lines, uptake); 

o synthesis and characterization of a Rose Bengal-based PS (RB-PH); 

o conjugation of RB-PH with the PEG-modified UCNPs to achieve NIR-triggered system 

capable of generating singlet oxygen. Physicochemical characterization of the system. 

In vitro testing of PDT efficacy. 
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3. EXPERIMENTAL 

3.1. Synthesis of ultrasmall NaYF4:Yb,Er nanoparticles (U-UCNPs) 

The preparation of U-UCNPs was performed via a two-step synthetic procedure.89 In the initial 

step, lanthanide precursors, YCl3 (1.56 mmol), YbCl3 (0.4 mmol), and ErCl3·6H2O 

(0.04 mmol), were dissolved in a mixture of octadec-1-ene (OD; 30 ml) and oleic acid (OA; 

12 ml) in a 100-ml three-necked flask equipped with a condenser. The resulting solution was 

subjected to thermal treatment at 160 °C for 30 min under stirring (350 rpm) and argon 

atmosphere to ensure complete complexation and homogenization of the metal ions; this was 

followed by cooling to 40 °C. Separately, NaOH (2.5 mmol) and NH4F (4 mmol) were dissolved 

in methanol (12 ml). The methanolic solution was added dropwise to the reaction mixture under 

argon atmosphere. To remove methanol and residual moisture, the mixture was heated to 

120 °C for 30 min under stirring (350 rpm). In the second step, the reaction mixture was cooled 

to 60 °C, transferred to a Teflon-lined stainless-steel autoclave equipped with a magnetic stirrer, 

and water (0.75 ml) was added. To induce nanocrystal growth, the autoclave was hermetically 

sealed and heated to 310 °C for 1.5 h under stirring (350 rpm) using an aluminium heating bath. 

After that, the autoclave was allowed to cool to room temperature (RT) and the resulting NPs 

were separated via centrifugation (3,460 rcf; 30 min) using a fivefold excess of ethanol. Finally, 

the purified U-UCNPs were dispersed in hexane and stored for further characterization. 

3.2. Synthesis of NaYF4:Yb,Er or NaYF4:Yb,Tm UCNPs  

Lanthanide chlorides, YCl3, YbCl3, and ErCl3·6H2O (1.56, 0.4, and 0.04 mmol, respectively), 

or YCl3, YbCl3, and TmCl3 (1.59, 0.4, and 0.01 mmol, respectively), were placed in a 50-ml 

round-bottom flask. OA (6 ml) and OD (15 ml) were added and the temperature was increased 

to 160 °C and stirred for 30 min under Ar atmosphere.90 After cooling to RT, a methanolic 

solution of NaOH and NH4F (molar ratio 2.5:4; 10 ml) was added dropwise. The mixture was 

heated to 120 °C to remove methanol and water (Figure 6). 

Subsequently, a Vigreux distillation column was attached and the reaction was 

continued at 300 °C for 90 min under stirring. The resulting OA-stabilized NPs, UCNP@OA, 

were collected by centrifugation (3,460 rcf; 30 min) and washed four times with an 

ethanol/hexane mixture (15 ml; 1:4 v/v) to remove excessive OA. The NPs were stored in 

hexane. Further, NPs were transferred into water by sequential washing: first, with three cycles 

of a hexane/ethanol mixture, in which hexane was gradually replaced by ethanol; this was 

followed by three cycles with a water/ethanol mixture, where ethanol was progressively 



29 

 

substituted by water until no foaming was observed. A final centrifugation at 3,460 rcf produced 

water-dispersible UCNPs. 

 

Figure 6. Schematic representation of UCNP synthesis. 

3.3. Synthesis of large NaYF4:Yb,Er nanoparticles (L-UCNPs) 

To synthesize L-UCNPs, lanthanide chlorides, YCl3 (1.56 mmol), YbCl3 (0.4 mmol), and 

ErCl3·6H2O (0.04 mmol), were mixed with OA (6 ml) and OD (15 ml) in a 50-ml round-bottom 

flask.91 The temperature of the mixture was increased to 160 °C and stirred for 30 min under 

argon. After cooling to RT, a methanolic dispersion of NaOH and NH4F (molar ratio 2.5:4; 

10 ml) was added. Then, the reaction mixture was heated to 160 °C under reduced pressure 

(7.5 kPa) to remove solvents, which was followed by refluxing at 300 °C for 90 min under 

stirring. The resulting L-UCNP@OA particles were collected by centrifugation (3,460 rcf; 

30 min), washed four times with an ethanol/hexane mixture (15 ml; 1:4 v/v) and stored in 

hexane. Before the surface modification, the particles were transferred into water using the 

same methodology as described above. 

3.4. Synthesis of core-shell NaYF4:Yb,Er@NaYF4 and NaYF4:Yb,Tm@NaYF4 

nanoparticles (CS-UCNPs) 

Shell was grown on the UCNPs using an Y-oleate precursor solution prepared by dissolving 

YCl3 (0.6 mmol) in OD (9 ml) and OA (3.6 ml).92 The mixture was heated to 160 °C for 30 min 

under stirring (350 rpm) and argon. After cooling to 40 °C, a dispersion of U-UCNPs or UCNPs 

(300 mg) in hexane, OA (8.4 ml), OD (21 ml), and a methanolic solution (12 ml) of NaOH 

(2.5 mmol) and NH4F (4 mmol) were added dropwise under an Ar atmosphere. To remove 

methanol, hexane, and residual moisture, the reaction mixture was heated to 120 °C for 30 min 

under stirring. This was followed by rapid heating to 300 °C and keeping this temperature for 

90 min to promote shell formation. The system was then cooled to RT and the resulting 

CS-UCNPs were washed four times with an ethanol/hexane mixture (15 ml; 1:4 v/v), isolated 
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by centrifugation at 3,460 rcf for 30 min, and finally redispersed in hexane and stored in it. For 

in vitro testing with cells, the CS-UCNPs were purified via sequential centrifugation and 

washing with ethanol/hexane mixture (12 ml; 1:2 and 2:1 v/v), ethanol, and water/ethanol 

mixture (12 ml; 1:2 and 2:1 v/v). Finally, the CS-UCNPs were dispersed in water. 

3.5. Synthesis of alendronate-modified poly(ethylene glycol) (PEG-Ale) 

Dry α-methoxy-ω-carboxylic acid succinimidyl ester of poly(ethylene glycol) 

(MeO-PEG-NHS; Mw = 5,000 g/mol; 1 g) was added to the solution of sodium alendronate 

(Ale; 0.64 g; 2 mmol) in PBS (pH = 7.4) and stirred at 4°C for 5 h (Figure 7).63 The product 

was purified by size-exclusion chromatography on a Sephadex G25 column with water as an 

eluent and freeze-dried. The prepared polymer denoted as PEG-Ale was stored in a plastic 

container at RT. 
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Figure 7. Modification of MeO-PEG-NHS with Ale. 

3.6. Synthesis of Rose Bengal-based photosensitizer (RB-PH) 

In a 10-ml round-bottom flask equipped with a reflux condenser Rose Bengal (RB; 0.1 mmol) 

and diethyl 2-bromoethylphosphonate (0.3 mmol) were dissolved in 1 ml of 

N,N-dimethylformamide (DMF) at 80 °C for 12 h under stirring.90 After that, DMF was 

evaporated at 45 °C under reduced pressure (1 kPa). The intermediate product was washed three 

times each with diethyl ether and water, dried using rotary evaporation, and stored in light-

proof plastic container at RT. Subsequently, a solution of iodotrimethylsilane (1 mmol) in 

methylene chloride/DMF (1.5 ml; 2:1 v/v) was added dropwise at RT under Ar atmosphere and 

the reaction was allowed to proceed for 20 h under stirring. Then, methanol/water (1 ml; 1:1 v/v) 

was added and the mixture was stirred at RT for next 12 h. The final RB-PH was isolated by 
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drying at 40 °C under reduced pressure (8 kPa) using a rotary evaporator. The reaction scheme 

for the synthesis of RB-PH is presented in Figure 8. 
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Figure 8. Modification of RB with 2-bromoethylphosphonate. 

3.7. PEGylation of UCNPs 

PEG-Ale (20 mg) was added to an aqueous dispersion of UCNPs (22.2 mg; 1 ml) to initiate 

surface functionalization (Figure 9).90 The mixture was stirred at RT for 12 h and dialyzed 

(MWCO = 100 kDa) for 48 h against water, which was changed three times. The resulting 

PEG-functionalized NPs (UCNP@Ale-PEG) were isolated by centrifugation (14,100 rcf; 30 

min) and dispersed in water (1 ml). 

3.8. Preparation of UCNP@RB-PH/Ale-PEG nanoparticles 

To conjugate RB-PH to UCNPs, a dispersion of UCNP@Ale-PEG particles (20 mg; 1 ml) was 

mixed with RB-PH (5 mg) and stirred at RT for 24 h (Figure 9).90 Unreacted RB-PH was 

removed by sequential dialysis (MWCO = 100 kDa); first, against ethanol/water (1:1 v/v) for 

48 h, and then against water for 48 h. The prepared particles, denoted as 

UCNP@RB-PH/Ale-PEG, were redispersed in water and stored in refrigerator. 

 

Figure 9. Modification of UCNPs with Ale-PEG and RB-PH. 
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3.9. Modification of U-UCNPs with silica 

Core or core-shell U-UCNPs were dispersed in hexane at a concentration of 2 mg/ml. IGEPAL® 

CO-520 (2 ml per 20 mg of NPs) was added and the mixture was sonicated for 10 min using a 

Bandelin ultrasonic homogenizer (Berlin, Germany) operating at 10 % amplitude.89 

Subsequently, 25 % aqueous ammonia (160 µl) was added dropwise and the mixture was 

sonicated for 20 min (amplitude 10 %). After that, tetraethyl orthosilicate (160 µl) was added 

and the reaction mixture was stirred (800 rpm) at RT for 24 h. The resulting silica-coated NPs 

(U-UCNP@SiO2) were washed twice with ethanol and twice with ethanol/water mixture with 

increasing water content. Ultimately, the particles were redispersed in water and stored. 

3.10. Characterization methods 

Transmission electron microscopy (TEM). The morphology of NPs in terms of  size and shape 

was analyzed using a JEM-2100Plus high-resolution transmission electron microscope 

(HR-TEM; JEOL; Tokyo, Japan) operating at 200 kV and equipped with a TemCam-XF416 

4K CMOS camera (TVIPS; Gauting, Germany). To determine the size distribution, at least 300 

individual NPs were measured from four different TEM micrographs using the ImageJ software 

(version 1.52a; National Institutes of Health; Bethesda, MD, USA). The number-average 

diameter (Dn), weight-average diameter (Dw), and dispersity (Ð) were calculated according to 

the following equations (1) - (3): 

Dn = 
∑Ni𝐷i

∑Ni
   (1),   Dw = 

∑Ni𝐷i
4

∑Ni𝐷i
3      (2),    Ð = 

𝐷w

𝐷n
       (3), 

where Ni and Di represent the number and diameter of the i-th particle, respectively. 

Energy-dispersive X-ray analysis (EDX) was used to determine the elemental 

composition of the samples, while the crystal structure was examined using selected area 

electron diffraction (SAED). The SAED patterns were processed and compared with 

theoretically calculated powder X-ray diffraction (PXRD) patterns using the open-source 

software package EDIFF.93 The reference crystal structures used for the PXRD simulations (α- 

and β-NaYF4) were obtained from the Crystallography Open Database (COD) with numbers of 

records 60257 and 51916, respectively.94 

Dynamic light scattering (DLS). The hydrodynamic diameter (Dh), polydispersity (PD), 

and ζ-potential of the NPs in water were measured at 25 °C using a Zetasizer Nano - ZS ZEN 

3600 instrument (Malvern Instruments; Malvern, UK). The final value was a mean of three 

independent measurements ± standard deviation. 
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Thermogravimetric analysis (TGA). To evaluate the thermal stability and quantity of the 

organic phase in the surface-modified particles, TGA was conducted in an air atmosphere using 

a PerkinElmer TGA 7 analyser (Norwalk, CT, USA). Samples were heated from 25 °C to 

700 °C at a constant rate of 10 °C/min. 

Nuclear magnetic resonance (NMR) spectroscopy. To confirm the chemical structure of 

Ale, PEG, PEG-Ale, RB, and RB-PH, they were dissolved in D2O (Ale and PEG) or MeOD 

(RB and RB-PH) and their 1H NMR spectra were recorded at 25 °C using a Bruker Avance III 

600 spectrometer (Rheinstetten, Germany) equipped with a 5 mm diffusion probe-head. 

Acquisition parameters included a 90° pulse (pulse width 18 μs), a relaxation delay of 10 s, a 

spectral width of 7,812 Hz, an acquisition time of 4.19 s, and 64 scans. Temperature was 

maintained at 25 °C with a precision of ±0.2 °C using a BVT 3000 temperature control unit. All 

spectra were processed using the TopSpin software version 4.0.5. 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy was 

used to identify functional groups and confirm the presence of coatings on UCNPs. The spectra 

were collected with a resolution of 4 cm-1 and 64 accumulations using a Nexus Nicolet 870 

FTIR spectrometer (Madison, WI, USA) equipped with a liquid nitrogen-cooled mercury 

cadmium telluride detector and a Specac MKII GoldenGate single-reflection ATR System 

(Specac; Orpington, UK) with a diamond crystal (angle of incidence 45°).  

Spectrofluorometry. To characterize the emission profiles of UCNPs and assess the 

efficiency of UC, the luminescence spectra of UCNPs were measured with an FS5 

spectrofluorometer (Edinburgh Instruments; Edinburgh, UK) equipped with a continuous wave 

980 nm laser diode (MDL-III-980-2W) as the excitation source. The laser had a maximum 

output power of 2 W and a beam size of 5×8 mm2. 

Small- and wide-angle X-ray scattering (SWAX) extended the small angle X-ray 

scattering (SAXS) method to a broader angular range, though still below that of conventional 

X-ray Diffraction. The method enabled the determination of the crystalline phase, structural 

order, and size of the UCNPs. All measurements were conducted using a Xeuss Pro SAXS 

instrument (Xenocs; Grenoble, France) with varying sample-to-detector distance (1 m for 

SAXS and 0.1 m for WAXS). A Cu Kα beam (λ = 0.154 nm) was generated by a Genix3D 

microsource (50 kV; 0.6 mA) and scattering was recorded with a 2D EIGER2 R 500K detector 

(Dectris; Baden, Switzerland). The system was fully evacuated and the measurements took 

1-2 h. Calibration used Ag behenate and data were azimuthally averaged and scaled with a 

glassy carbon standard. After merging, a q-range of 0.05-30 nm-1 was obtained, with the 

maximum angle corresponding to ~25° 2θ. 
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3.11. Dissolution of UCNPs and UCNP@Ale-PEG nanoparticles 

The dissolution of particles in various media was monitored based on the F- and Y3+ ion release. 

To measure the release of F-, bare or PEG-coated UCNPs (1 mg/ml) were dispersed in 0.01 M 

PBS solution (pH = 7.4), water, DMEM, or ALF in sealed vials at 25 or 37 °C under stirring 

(250 rpm) for specified time intervals (0, 6, 24, 72, and 168 min).95 The dispersions were 

centrifuged (28,260 rcf) for 30 min and filtered (MWCO = 30 kDa) to remove residual 

particles; the F- concentration was measured using a fluoride-selective electrode (Thermo 

Fisher Scientific; Waltham, MA, USA).  

Y3+ ion release was quantified with xylenol orange.92 UCNPs were incubated in PBS 

(4 ml; 1 mg/ml) at 37 °C for 24-72 h and the supernatants were prepared as above.95 Aliquots 

(0.2 ml) were mixed with buffered xylenol orange (pH = 5.8; 2 ml) and the absorbance was 

measured at 570 and 443 nm using a Specord 250 Plus UV-Vis spectrophotometer (Analytik 

Jena; Jena, Germany). The Y3+ concentration was determined from a calibration curve using 

0-70 μM YCl3 in 18 μM xylenol orange/acetate buffer. 

3.12. Monitoring of singlet oxygen generation 

NIR-induced 1O2 generation in the presence of neat RB-PH and particles containing RB-PH 

(UCNP@RB-PH/Ale-PEG) was monitored on a home-made equipment, which ensured cooling 

during irradiation and reproducible of conditions (Figure 10).90 The system consisted of a quartz 

cuvette (1 ml) with a screw cap, which had a transparent opening (diameter 6 mm) made of 

microscopic glass, a converging lens, a green LED lamp (525-535 nm; 0.16×10-3 W/mm2) or 

an MDL-III-980-2W laser (Edinburgh Instruments; 0.7 W/cm2), a vessel with circulating water 

(temperature 25 °C), and a thermostat (Julabo; Seelbach, Germany). A LED lamp with green 

light was used to excite RB-PH, while the UCNP@RB-PH/Ale-PEG particles were exposed to 

a 980 nm laser.  

To monitor the concentration of 1O2, 9,10-diphenylanthracene (DPA) was used as a 

probe. DPA was dissolved in ethanol (2×10-5 mol/L) and mixed with RB-PH or 

UCNP@RB-PH/Ale-PEG particles (1.62×10-9 mol/L). The mixture was loaded in the home-

made setup and irradiated for 10 min. The spectrum of DPA was collected using a Specord 250 

Plus UV-Vis spectrophotometer in the range of 330-410 nm at 10-min intervals. The gradual 

decline in DPA absorbance, resulting from its reaction with 1O2, indicated the production of 

ROS.  
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Figure 10. A home-made equipment for the detection of singlet oxygen. 
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4. RESULTS AND DISCUSSION 

4.1. Synthesis of UCNPs 

In this thesis, UCNPs were primarily synthesized by the coprecipitation method; however, the 

reaction was carried out at a high temperature (~300 °C), which is more characteristic of thermal 

decomposition protocols.96 Additionally, selected syntheses were performed under increased 

pressure with the introduction of a small amount of water. This unique combination of high 

temperature coprecipitation and hydrothermal conditions resulted in a hybrid synthesis 

approach, integrating features of both techniques. 

In general, the procedure involved dissolving lanthanide chlorides in a high boiling-

point solvent (OD) in the presence of OA, which acted as a coordinating and stabilizing ligand. 

Coprecipitation was then initiated at high temperature by the addition of NH4F and NaOH. The 

method enabled the synthesis of NPs with low dispersity and precise control of particle 

composition, morphology, and crystallinity. 

 

Figure 11. TEM micrographs of UCNPs prepared under (a) standard conditions (Dn = 25 nm; 

Ð = 1.01), (b) dry conditions (L-UCNPs; Dn = 241 nm; Ð = 1.01), and (c) increased pressure 

(U-UCNPs; Dn = 7 nm; Ð = 1.06). 

Morphology of the particles was found to be highly sensitive to synthesis conditions, 

especially of the water content in the reaction mixture, increased pressure, and reaction time. A 

correlation between the nanoparticle size and the presence of water was established empirically. 

Under standard conditions, i.e., without drying, monodisperse UCNPs with a diameter in the 

range of 21-27 nm were obtained (Figure 11 a). In contrast, complete removal of water resulted 

in the formation of large particles with diameter >200 nm (L-UCNP; Figure 11 b). To determine 

the impact of the presence of water under increased pressure (3 MPa), synthesis was 

performed in a sealed autoclave. This hydrothermal-assisted approach enabled the formation of 

U-UCNPs with diameter <10 nm (Figure 11 c). 
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Figure 12. TEM micrographs of U-UCNPs obtained in an autoclave at varying water content. 

(a) 0, (b) 0.7, (c) 1.4, (d) 2.1, (e) 4.2, and (f) 8 wt.% of water. 

Investigation of the synthesis under elevated pressure led to a series of experiments in 

which the water fraction was varied, while maintaining constant molar ratios of lanthanide 

chlorides, ammonium fluoride, and sodium hydroxide. In water-free conditions cubic NPs with 

an average diameter of 326 nm (Ð = 1.36, Figure 12 a) were obtained. SAED pattern of these 

particles did not correspond to any of the known NaYF4 crystal structure, suggesting the 

formation of an atypical or poorly ordered phase.89 The introduction of 0.7 wt.% water resulted 

in a noticeable reduction in the particle size and broadening of the size distribution 

(Figure 12 b). Further increases in water content in the range of 1.4-2.1 wt.% led to the 

formation of almost monodisperse ultrasmall spherical NPs (<10 nm; Ð ≤1.05; Figure 12 d), 

indicating the effective separation of nucleation and growth phases during the synthesis. The 

NPs consisted of isomeric α-NaYF4 phase accroding to SAED and PXRD analysis.89 EDX 

verified the elemental composition of Na, Y, and F. DLS measurement in hexane resulted in Dh 

= 19 nm; this increase in size compared to Dn was attributed to the solvation effects.97 In water, 

the ζ-potential of +37 mV indicated that the particles were colloidally stable. SWAX scattering 

data were fitted using a Schulz-Zimm distribution model for spherical particles, yielding a mean 

radius of 5.1 nm. At a water content of 4.2 wt.%, NPs with Dn = 16 nm (Ð = 1.34) were 

obtained, displaying morphological heterogeneity (Figure 12 e). Finally, increasing the initial 

water content to 8 wt.% promoted the formation of well-defined cubic particles with an average 

diameter of 25 nm (Figure 12 f). 
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Figure 13. TEM micrographs of UCNPs obtained at different reaction times. 

In the next experiments, UCNPs of medium size (Figure 11 a) obtained by the standard 

synthesis method were selected as a model system to investigate the kinetics and particle growth 

evolution with time. TEM micrographs  and UC luminiscence spectroscopy using 980 nm NIR 

excitation monitored the formation of UCNPs at various time points of the reaction (Figure 13 

and 14). 
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Figure 14. Luminescence intensity of UCNPs collected during the progress of the reaction (time 

intervals: 15, 30, 45, 60, 75, and 90 min) after excitation at 980 nm. 

The progress of the particles growth indicated that it was predominantly controled by 

Ostwald ripening (Figure 13).98 This phenomenon occurs when smaller, thermodynamically 

less stable, NPs undergo dissolution due to their high surface energy and increased solubility. 

The resulting ions diffuse through the reaction medium and deposit on the surface of larger, 

more stable NPs. This behaviour was particularly evident between 30 and 75 min of the 

synthesis. After 75 min, the growth rate reached a plateau, and both the particle size and 
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luminescence intensity were constant, indicating the end of ripening and the completion of the 

synthesis. Ostwald ripening had a significant influence on the particle luminescence 

(Figure 14). During the initial stage of the reaction (<45 min), the luminescence intensity was 

negligible, corresponding to the early nucleation phase observed on the TEM images. Based on 

these observations, NPs after 90 min were used for subsequent experiments as they exhibited 

uniform morphology and reproducible results. 

4.2. Surface engineering of UCNPs 

UCNPs have a great potential for a wide variety of applications, particularly in the field of 

biomedicine.45-50,61 However, their implementation is often hindered by challenges, such as 

limited luminescence efficiency, inadequate colloidal stability, and cytotoxicity. Several 

surface modification strategies have been explored to address these issues, including the 

formation of core-shell structures, silica coating, and PEGylation.63,74 

4.2.1. Introduction of shell on core UCNPs 

One of the ways to address the problem of limited luminescence of C-UCNPs was the 

introduction of an inert NaYF4 shell that suppresses surface-related non-radiative relaxation 

pathways, thereby enhancing UC emission.22 In my study, a passive NaYF4 shell was 

introduced by injecting its precursors directly into the reaction mixture.  

 

Figure 15. TEM micrographs of (a) NaYF4:Yb,Tm (C-UCNPs) and (b) NaYF4:Yb,Tm@NaYF4 

(CS-UCNPs). 

The core-shell architecture not only altered the particle morphology from spherical to 

semispherical, but also led to a marked increase in both the Dn and Dh. For example, in the 

NaYF4:Yb,Tm@NaYF4 system, the shell increased the core size from Dn = 24 nm (Ð = 1.01) 
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to 28 nm (Ð = 1.02; Figure 15 a, b), while DLS measurement in hexane showed that Dh 

increased from 59 nm (PD = 0.11) for C-UCNPs to 77 nm (PD = 0.24) for CS-UCNPs. 

The emission spectrum illustrated the UC luminescence of NaYF4:Yb,Tm nanoparticles 

in their core- and core-shell architecture upon excitation at 980 nm (Figure 16). Both samples 

exhibited characteristic Tm3+ emission bands resulting from energy transfer from Yb3+ to Tm3+ 

ions.99 These bands span the ultraviolet, visible, and near infrared regions, corresponding to 

well-known electronic transitions, such as 1I6 → 3F4, 
1D2 → 3H6, 

1D2 → 3F4, 
1G4 → 3H6, 

1G4 → 

3F4, and 3H4 → 3H6. The enhanced luminescence intensity of CS-UCNPs was approximately 

five times higher than that for C-UCNPs, which was in agreement with literature reports.100,101 

In the case of U-UCNPs (NaYF4:Yb,Er), the Dn increased from 7 to 39 nm after the shell 

formation (Ð = 1.01), while Dh in hexane increased from 19 to 66 nm (Figure 17 a, b). 
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Figure 16. Fluorescence emission spectra of NaYF4:Yb,Tm (C-UCNPs) and 

NaYF4:Yb,Tm@NaYF4 (CS-UCNPs) after 980 nm excitation. 

The introduction of the passive NaYF4 shell around core NaYF4:Yb,Tm nanoparticles 

substantially enhanced the luminescence (Figure 18). Luminescence spectra of both C- and 

CS-UCNPs collected at 980 nm excitation revealed characteristic f-f transitions of Yb3+ ions 

(2F7/2 → 2F5/2), followed by energy transfer to Er3+ ions.58 This process promoted the excitation 

of Er3+ to 2H11/2 and 4S3/2 levels and the cross-relaxation to the 4F9/2 state. As a result, green 

emissions were observed at 515-534 and 534-560 nm, corresponding to 2H11/2 → 4I15/2 and 

4S3/2 → 4I15/2 transitions, respectively, which was accompanied by the red emission at 

640-674 nm (4F9/2 → 4I15/2 transition) and weak blue emission at 402-412 nm. 



41 

 

 

Figure 17. TEM micrographs of (a) core-U-UCNPs (NaYF4:Yb,Er) and (b) core-shell 

U-UCNPs (NaYF4:Yb,Er@NaYF4). 

Interestingly, the luminescence intensity of core-shell U-UCNPs was ~170 times higher 

than that of the core U-UCNPs (Figure 18), exceeding previously reported values.102,103 This 

enhanced brightness was primarily attributed to the protective function of the shell, which 

suppressed surface quenching and passivated defects that typically act as non-radiative decay 

centers. Additionally, the shell limited cross-relaxation losses by spatially isolating activator 

ions from surface-related quenching sites, thereby maximizing radiative output. 
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Figure 18. Fluorescence emission spectra of core U-UCNPs (NaYF4:Yb,Er) and core-shell 

U-UCNPs (NaYF4:Yb,Er@NaYF4) after 980 nm excitation; the inset shows the spectra at 

higher magnification. 

4.2.2. Silica-coated UCNPs 

The synthesized both core and core-shell U-UCNPs exhibited hydrophobic surface due to the 

presence of residual OA ligands. To render the NPs colloidally stable in an aqueous 
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environment, prevent aggregation during storage, and reduce potential cytotoxicity, a 

hydrophilic silica layer was introduced on the core using a reverse microemulsion method with 

TEOS as a silica precursor.104 TEM analysis confirmed the successful formation of 6.5 nm-thick 

silica coating around both core and core-shell U-UCNPs (Figure 19 a, b). 

 

Figure 19. TEM micrographs of silica-coated (a) core and (b) core-shell U-UCNPs. 

DLS measurement demonstrated a notable increase in Dh after the silica coating. The 

bare core and core-shell U-UCNPs exhibited Dh values in hexane of 19 and 66 nm, respectively. 

After silica coating, the Dh in water increased to 82 nm for core U-UCNP@SiO2 and 218 nm 

for core-shell U-UCNP@SiO2, with a low polydispersity (PD = 0.16 and 0.20, respectively), 

indicating well-dispersed particles. This increased Dh was attributed to the presence of the silica 

shell, the formation of a hydration layer due to silica hydrophilicity, and the altered diffusion 

behaviour of water. The relatively modest Dh of core U-UCNP@SiO2 compared to the uncoated 

counterpart suggested the reduced aggregation of the silica-coated particles. The ζ-potential 

measurement of the silica-coated particles further revealed a significant change in surface 

charge. The ζ-potential of core and core-shell U-UCNPs decreased from +37 and +21 mV to 

−23 mV for their silica modified counterparts, reflecting the deprotonation of surface silanol 

groups.105 

4.2.2.1. Cytotoxicity of silica-coated UCNPs 

Rat insulinoma-derived INS-pancreatic cells (INS-1E) were used as a representative model of 

insulin-secreting β-cells due to their critical involvement in glucose homeostasis and relevance 

for evaluating β-cell viability in the context of pancreatic islet transplantation.106 Before 

examining cellular internalization, the in vitro biocompatibility of core U-UCNPs (0.4 mg/ml) 

was assessed using the trypan blue exclusion assay. After 24 h of incubation, cell viability 

exceeded 95 %, indicating low cytotoxicity and high cellular compatibility. The introduction of 
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a silica shell to either core U-UCNPs or core-shell U-UCNPs did not negatively affect the cell 

viability. However, 24-h exposure of INS-1E cells to core U-UCNPs and core-shell U-UCNPs 

and their silica-coated counterparts resulted in distinct uptake behaviour. Combined bright-field 

and fluorescence microscopy (980 nm excitation; 533 and 650 nm emission) revealed efficient 

internalization of core U-UCNPs (Figure 20 a, e), core U-UCNP@SiO2 (Figure 20 b, f), and 

core-shell U-UCNP@SiO2 particles (Figure 20 d, h). In contrast, uncoated core-shell U-UCNPs 

exhibited limited cellular uptake (Figure 20 c, g). No signs of cellular damage were observed 

for any nanoparticle type, which is consistent with the viability assay results. 

 

Figure 20. Confocal micrographs of (a, e) core U-UCNPs, (b, f) core U-UCNP@SiO2, 

(c, g) core-shell U-UCNPs, and (d, h) core-shell U-UCNP@SiO2 nanoparticles overlaid with 

images of INS-1E cells after 24 h of incubation; excitation at 980 nm and emissions at 533 and 

650 nm. 

4.2.3. PEGylated UCNPs 

In this study, we synthesized PEG-alendronate (PEG-Ale) and used it to modify the 

nanoparticle surface. Alendronate provided bisphosphonate functional groups capable of 

forming strong coordination bonds with surface lanthanide ions, thereby ensuring robust 

anchoring of the polymer to the UCNPs.107 

Due to the presence of hydrophobic OA ligands on the surface of the initial UCNPs, its 

modification was required to achieve colloidal stability in aqueous media and to enable future 

efficient loading of a PS. To remove excessive OA, the particles were purified by sequential 

washing with hexane/ethanol and water/ethanol mixtures, yielding hydrophilic NaYF4:Yb,Er 

nanoparticles. They were subsequently coated with PEG-Ale through bisphosphonate 

anchoring groups, resulting in stable and well-dispersible UCNP@Ale-PEG particles. 
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The Dn of the UCNPs did not change after PEG coating and remained at 25 nm 

(Ð = 1.01). DLS measurements in water showed a decrease in Dh from 101 nm (neat UCNPs) 

to 68 nm (UCNP@Ale-PEG), indicating improved colloidal stability and reduced aggregation. 

As the ζ-potential decreased from +30 to +8 mV due to the neutral character of PEG, it is obious 

that PEG layer served as a steric barrier.108 
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Figure 21. (a) TGA, (b) ATR-FTIR spectra, and (c) fluorescence emission spectra of UCNPs 

and UCNP@Ale-PEG nanoparticles after 980 nm excitation. 

According to TGA, neat UCNPs exhibited a minimal weight loss (2.2 wt.%), which 

corresponded to the partial removal of oleate residues from the surface (Figure 21 a). In turn, 

the UCNP@Ale-PEG particles exhibited a substantial mass loss (10.3 wt.%) attributed to the 

thermal decomposition of the PEG-Ale layer, confirming the successful functionalization of the 

UCNP surface. ATR-FTIR analysis of the neat UCNPs showed minimal C-H stretching 

vibrations at 2,924 and 2,853 cm-1, confirming efficient OA removal (Figure 21 b). The 

UCNP@Ale-PEG spectrum exhibited characteristic peaks at 3,000-3,660 cm-1 (O-H 

stretching), 2,881, 1,465, and 1,345 cm-1 (C-H stretching), and 1,240 and 1,000-1,200 cm-1 

(C-O-C vibrations), further validating the presence of the PEG-Ale coating.90 UC emission 
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spectra of aqueous UCNP dispersions (excited at 980 nm) showed Er3+ bands at 409, 525, 542, 

and 656 nm, corresponding to 2H9/2, 
4S3/2, 

2H11/2, and 4F9/2 → 4I15/2 transitions. PEG-Ale coating 

slightly reduced the emission intensity, likely due to the surface quenching from water 

penetrating through non-uniform polymer chains (Figure 21 c). 

4.2.3.1. Colloidal and chemical stability of PEGylated UCNPs 

Long-term colloidal stability and degradation of the PEGylated NPs were evaluated in various 

aqueous media (water, PBS, and DMEM) at two temperatures (25 and 37 °C). In water, 

UCNP@Ale-PEG particles remained colloidally stable at both temperatures for 168 h, with no 

significant changes in the hydrodynamic diameter or the ζ-potential. However, in PBS, the Dh 

of UCNP@Ale-PEG increased after 24 h at 25 °C and after 6 h at 37 °C, indicating the 

aggregation. This instability was attributed to the displacement of the PEG-Ale coating by 

phosphate ions of PBS, which is consistent with the previously reported behaviour of PEG-

phosphate-coated UCNPs.109 In contrast, the UCNP@Ale-PEG particles remained stable in 

DMEM at 37 °C for 168 h, showing no change in Dh or PD and indicating good resistance to 

aggregation in this protein-containing medium. 

In aqueous environments, uncoated UCNPs exhibited the highest rate of dissolution, 

particularly in PBS, due to the strong interaction between lanthanide cations and phosphate 

anions. At 25 °C, the UCNPs reached 20 mol.% fluoride ion leakage (XF) within 12 h and the 

same dissolution level was achieved after only 6 h at 37 °C (Figure 22 a). Additionally, the Y3+ 

ion leakage (XY) from UCNPs in PBS at 37 °C was 1.44 mol.% (Figure 22 c). In DMEM after 

72 h and at 37 °C, F- leakage reached 5.7 mol.%; and in ALF, UCNPs and UCNP@Ale-PEG 

particles showed higher XF of ~16 mol.%. Surface modification with Ale-PEG significantly 

reduced the dissolution rate of UCNPs in PBS compared to the uncoated particles. At 25 °C, 

20 mol.% F- leakage was reached after 35 h, while at 37 °C, this level was observed after 7 h, 

documenting improved, but still temperature-sensitive chemical stability. The dissolution rate 

of the UCNP@Ale-PEG particles in PBS at 37 °C was 1.45 mol.%/h, which was lower than 

that for uncoated ones (Figure 22 b); Y3+ ion leakage reached 1.19 mol.% (Figure 22 c). In 

DMEM, the F- ion release from the UCNP@Ale-PEG particles after 72 h was 6.6 mol.%. While 

PEG-Ale provided moderate protection, its lower number of phosphonate anchoring groups per 

chain may limit its binding strength and overall stabilization. The partial dissolution of 

UCNP@Ale-PEG can be assigned to neutral or slightly positive charges of PEG-Ale, which 

did not sufficiently repel phosphate ions of PBS. 
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Figure 22. The dependence of the molar fraction of (a, b) F- and (c) Y3+ ions (XF and XY, 

respectively) in the supernatants for uncoated and coated particles (1 mg/ml) in (a) water and 

(b, c) PBS (pH = 7.4). 

4.2.3.2. Cytotoxicity and cellular uptake of PEGylated UCNPs 

The biological properties of UCNP@Ale-PEG particles were evaluated on two types of cells, 

i.e., C6 glioblastoma cells and rat mesenchymal stem cells (rMSCs), and compared with those 

of neat UCNPs. C6 glioblastoma cells represent cancerous cells, while rMSC are healthy 

multipotent cells characterized by higher sensitivity to NPs or drugs compared to terminally 

differentiated cells.110 The cellular uptake of the particles was evaluated from the microscopic 

observation (Figure 23) and determination of the concentration of Yb3+ and Y3+ ions in cells 

using ICP-MS spectroscopy (Figure 24). In turn, the cytotoxicity of the particles based on cell 

viability after 1 day-long exposure was evaluated using an MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) test (Figure 25). 
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Figure 23. Optical micrographs of (a, b) C6 cells and (c, d) rMSCs after incubation with (a, c) 

UCNPs and (b, d) UCNP@Ale-PEG particles for 24 h. NPs appeared green within the 

cytoplasm, while cell nuclei, stained with (4’,6-diamidino-2-phenylindole), were shown in blue. 

Scale bar: 50 µm. 

Both ICP-MS analysis and microscopic observation confirmed that UCNP@Ale-PEG 

particles exhibited lower uptake in both cell types than the neat UCNPs. After one day, C6 cells 

contained only 0.008 pg of Yb3+ and 0.01 pg of Y3+ per cell and rMSCs contained 0.21 pg of 

Yb3+ and 0.43 pg of Y3+. In contrast, the concentration of lanthanide ions in C6 cells incubated 

with neat UCNPs was much higher, 0.5 and 1.1 pg of Yb3+ and Y3+ ions per cell, while the 

rMSCs contained 3.6 and 7.9 pg of Yb3+ and Y3+, respectively. 
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Figure 24. Amount of (a) Yb3+ and (b) Y3+ ions in C6 cells and rMSCs after incubation with 

UCNPs and UCNP@Ale-PEG particles for 1 and 3 days. 

Prolonged incubation for three days slightly increased the amount of UCNP@Ale-PEG 

particles in C6 cells (0.09 pg of Yb3+ and 0.2 pg of Y3+), while only 0.07 pg of Yb3+ and 0.1 pg 

of Y3+ were found in rMSCs. Whereas the uptake of neat particles by C6 cells on the third day 

was 3.7 pg of Yb3+ and 8.2 pg of Y3+ per cell, in rMSCs it was 2.4 pg of Yb3+ and 5.3 pg of Y3+. 

The minimal internalization of UCNP@Ale-PEG particles was consistent with the well-known 
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ability of PEG to reduce nonspecific interactions with cells; it also explains the low 

cytotoxicity.111 
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Figure 25. Concentration-dependence viability of (a) C6 cells and (b) rMSCs incubated with 

UCNPs and UCNP@Ale-PEG for 24 h. 

In C6 glioblastoma cells, UCNP@Ale-PEG particle concentrations ≤125 µg/ml 

maintained the viability at ~85 %, a value generally considered as nontoxic, whereas higher 

concentrations reduced the viability to 60-80 % (Figure 25 a). In rMSCs, the viability at particle 

concentration 125 µg/ml reached ~80 %, while neat UCNPs under the same conditions induced 

a more pronounced decrease of viability (Figure 25 b). When it comes to the NP internalization 

by the cells, it can be said that neat UCNPs showed the highest cellular uptake after one day of 

incubation in both rMSCs and C6 cells, whereas UCNP@Ale-PEG particles were poorly 

internalized. 

4.3. Modification of UCNP@Ale-PEG nanoparticles with Rose Bengal 

Rose Bengal (RB), a halogenated xanthene dye structurally similar to fluorescein and 

erythrosine, has been proposed as a multifunctional PS owing to its low toxicity, photochemical 

reactivity, and broad-spectrum antimicrobial efficacy.90 Its absorption maximum in the 500-570 

nm range coincides with the green emission band of Er3+-doped UCNPs (520-570 nm), making 

RB a suitable candidate for both tissue bonding and oncological PDT. 

To integrate the PS into the UCNP@Ale-PEG particles, the RB was first functionalized 

with phosphonate groups (RB-PH; Figure 8). The yield of the reaction was 82 % and the purity 

and molecular structure of the product was confirmed by the 1H NMR spectroscopy with the 

signal assignments shown in Figure 26. Subsequently, the RP-PH was conjugated with the NPs, 

as described in the Experimental section (Figure 9). Importantly, the stabilization of UCNPs 

with PEG-Ale before attaching the PS was a necessary step as the RB-PH alone decreased the 
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colloidal stability of the particles. The comparatively low molecular weight of RB-PH 

facilitated then its intercalation between adjacent PEG chains. 

DLS measurement of neat UCNPs in an aqueous solution indicated Dh = 119 nm, which 

decreased to 89 nm after PEG-Ale modification, suggesting reduced aggregation. In contrast, 

the Dh increased to 215 nm after RB-PH modification, which is consistent with the formation 

of a thick organic shell. The ζ-potential measurements revealed a decrease in the surface charge 

from +36 mV for UCNPs to +18 and −10 mV for UCNP@Ale-PEG and 

UCNP@RB-PH/Ale-PEG, respectively. The observed reduction was attributable to the 

electroneutral nature of PEG and the negatively charged RB moieties. 

 

Figure 26. 1H NMR spectrum of RB-PH in MeOD at 25 °C. 

TGA indicated the successful modification with PEG-Ale and RB-PH in the final 

UCNP@RB-PH/Ale-PEG conjugates, with the weight loss of 11 and 12 wt.%, respectively 

(Figure 27 a). ATR-FTIR spectroscopy further corroborated the surface modifications. The 

spectrum of neat UCNPs displayed minimal C-H stretching vibrations at 2,924 and 2,853 cm-1, 

indicating efficient removal of oleic acid. In UCNP@Ale-PEG particles, O-H stretching 

(3,000-3,660 cm-1), C-H stretching (2,881 cm-1), and C-O-C vibrations (1,240 and 

1,000-1,200 cm-1) confirmed PEG attachment. In the spectrum of UCNP@RB-PH/Ale-PEG 

additional bands at ~1,565, 1,490, and 1,460 cm-1 corresponded to aromatic ring, while peak at 

1,260 cm-1 confirmed C-O-C bonding from the RB-PH moiety (Figure 27 b).90 
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Figure 27. (a) TGA, (b) FTIR and (c) luminescence spectra (excitation at 980 nm) of surface-

modified UCNPs. 

The UC luminescence properties of UCNPs and the corresponding light absorption by 

RB were evaluated by comparative analysis of their emission spectra. Upon excitation at 

980 nm, Yb3+ ions absorbed photons, promoting f-electron transitions from the ground 2F7/2 

state to the excited 2F5/2 state.90 Due to the spectral proximity between the energy levels of Yb3+ 

and Er3+ ions, energy was effectively transferred from the excited Yb3+ sensitizer to the 

neighbouring Er3+ emitter. This energy transfer could proceed via two distinct mechanisms: 

excited-state absorption, where Er3+ ions were promoted to higher-energy state, such as 2H11/2 

and 4S3/2, and cross-relaxation process, leading to population of the 4F9/2 level. The resulting 

fluorescence emission was characterized by green bands at 515-534 and 534-560 nm, 

corresponding to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions, respectively. A red emission 

band was observed at 640-675 nm, attributable to the 4F9/2 → 4I15/2 transition, while blue 

emission between 402-412 nm was ascribed to 2H9/2 → 4I15/2 transition (Figure 27 c). 

The fluorescence intensities of UCNPs and UCNP@Ale-PEG particles in the 

515-560 nm emission range were comparable when measured at the same concentration of 

1 mg/ml. In contrast, a marked decrease in the emission intensity was observed for 
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UCNP@RB-PH/Ale-PEG, which was attributed to the absorption of upconverted green light 

by RB-PH and the subsequent energy transfer from the excited UCNPs to the conjugated PS 

(Figure 27 c). Normalization of the excitation spectra to the integrated area under the red 

emission band (640-675 nm) demonstrated that ~72 % of the green-emitted photons were 

absorbed by RB-PH, confirming the high efficiency of energy transfer within the system. 

RB is known for its high quantum yield of singlet oxygen, when excited with green 

light.112 This property was demonstrated by tracking the oxidative quenching of the DPA 

fluorophore, which reacts stoichiometrically with 1O2. Upon excitation at 525-535 nm, a time-

dependent decline in DPA absorbance was observed, indicating progressive 1O2 generation by 

RB-PH (Figure 28 a). A similar experiment was conducted with UCNP@RB-PH/Ale-PEG 

particles excited at 980 nm in the dark (Figure 28 b). The observed decrease in DPA absorbance 

in the 330-410 nm range confirmed ROS formation by the UCNP-mediated activation of 

RB-PH. The relatively slow rate of 1O2 production in this case was attributed to the localized 

excitation volume caused by the laser beam, as opposed to the broader illumination provided 

by the LED lamp used in the RB-PH system. 
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Figure 28. UV-Vis spectra documenting time-dependent reduction of DPA absorbance due to 

singlet oxygen generation upon excitation of (a) RB-PH at 525-535 nm and 

(b) UCNP@RB-PH/Ale-PEG particles at 980 nm. Each spectrum was measured at 10-min 

intervals. 

4.3.1. Cytotoxicity of UCNP@RB-PH/Ale-PEG nanoparticles 

To evaluate cytotoxicity of the surface-engineered UCNP@RB-PH/Ale-PEG particles, they 

were incubated with rMSCs and the cell viability was measured after 24 h using MTT assay; 

non-treated cells served as a control (Figure 29).  
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Figure 29. Viability of rMSCs incubated for 24 h with UCNPs and UCNP@RB-PH/Ale-PEG 

nanoparticles. 

When rMSCc where exposed to the UCNP@RB-PH/Ale-PEG particles, their viability 

clearly depended on the particle concentration; up to the concentration of 125 μg/ml, the 

particles had little effect on metabolic activity of cells. Two-fold higher concentration of 

UCNPs (250 μg/ml) decreased cell viability by 10 %, the surface-modified particles started to 

be moderately toxic. At a high concentration (500 μg/ml), particles showed significant toxicity, 

reducing cell viability by 35% compared to the control. In contrast, at this highest concentration, 

the viability of the cells exposed to UCNPs was >80 %. 

ROS-related phototoxicity of the UCNP@RB-PH/Ale-PEG nanoparticles was 

examined using C6 glioma cells incubated with the particles for 10 min and irradiated at 

980 nm (Figure 30), compared to the irradiated cells without NPs; non-treated cells served as a 

control. Although previous studies suggested that exposure to 980 nm wavelength up to 30 min 

has no effect on the cell viability,113 in this work, a small drop of viability (by 12 %) was 

observed in the cells exposed to the radiation. Incorporating the UCNP@RB-PH/Ale-PEG 

nanoparticles into the system further reduced C6 cell viability to 66 %. This indicated that 

polymeric coating conjugated with RB-PH sensitizer enabled efficient ROS-mediated reduction 

of cancer cell viability under NIR irradiation. 
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Figure 30. Viability of C6 glioma cells treated (a) without and (b) with 

UCNP@RB-PH/Ale-PEG nanoparticles under 980 nm excitation for 10 min. 

Control – non-irradiated cells. 
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5. CONCLUSIONS 

This study presents a comprehensive approach to the design, synthesis, and surface engineering 

of lanthanide-doped UCNPs tailored for biomedical applications, with a particular focus on 

PDT. By combining high-temperature coprecipitation and controlled hydrothermal conditions, 

we established a hybrid synthetic route that enables precise tuning of particle size and 

morphology. This strategy successfully produced monodisperse UCNPs ranging from 

ultrasmall particles (<10 nm) to larger nanostructures. 

To enhance UC efficiency and mitigate surface quenching effects inherent to UCNPs, 

the core-shell architecture was developed by epitaxially growing an inert NaYF4 shell around 

the luminescent core. This core-shell strategy resulted in a dramatic increase in luminescence 

intensity in ultrasmall UCNPs, up to 170-fold, by effectively passivating surface defects and 

reducing non-radiative decay. Additional surface modifications were systematically 

investigated to improve colloidal and chemical stability, biocompatibility, and functionality in 

biological environments. PEGylation rendered the particles hydrophilic, decreased aggregation, 

and significantly reduced ion leakage in physiological media, such as DMEM. However, partial 

degradation in PBS highlighted the limitations of PEG coating in environments with high 

phosphate content, underscoring the need for new robust strategies for surface engineering and 

passivation. Silica coating via a reverse microemulsion route provided an alternative 

hydrophilic shell, further improving aqueous stability of UCNPs and enabling efficient cellular 

uptake without inducing cytotoxic effects. 

To enable PDT, the surface of UCNPs was successfully functionalized with PEG-Ale 

and RB-PH. The design ensured strong binding of both PEG-Ale and RB-PH to the UCNP 

surface, minimizing the spatial separation between the UCNP emitter and the PS, and providing 

energy transfer upon 980 nm NIR excitation. This led to robust singlet oxygen generation 

validated by the time-dependent degradation of DPA that correlated with a significant reduction 

of C6 glioma cell viability, indicating effective PDT-induced phototoxicity. Importantly, the 

entire system exhibited low dark cytotoxicity and minimal uptake by healthy rMSCs, 

confirming its biocompatibility and selectivity. The results of this thesis thus show that the 

excellent physicochemical properties of UCNPs combined with various polymer coatings and 

versatile ligands integrated into a single theranostic platform offer significant potential for the 

design of advanced innovative strategies in diagnosis and disease therapy. 
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