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ABSTRACT 

Lanthanide-based upconversion nanoparticles are able to absorb low-energy near-infrared 

(NIR) photons and emit visible or ultraviolet light. This unique optical property enables 

luminescent detection without autofluorescence from biological samples that is crucial for 

bioimaging and diagnostics. Moreover, NIR irradiation allows to deliver light deep into the 

tissue, which can be used for drug or gene delivery and NIR-induced photodynamic therapy 

(PDT) of tumors. Despite huge effort during the last 10 years devoted to the upconversion 

nanoparticle synthesis and their surface engineering, preparation of the particles suitable for 

biomedical applications still remains a big challenge. The current work is focused on synthesis of 

the upconversion nanoparticles with controllable morphology, size, distribution, crystallinity, 

and high upconversion efficiency, as well as on desirable surface modification by biocompatible 

inorganic or organic polymers. Neat and functionalized homogeneous silica shell was introduced 

on the NaYF4:Yb3+/Er3+ and NaGdF4:Yb3+/Er3+ nanoparticles to enhance their biocompatibility 

and colloidal stability in water. To render the nanoparticles with targeting moieties, their surface 

was decorated with cell-adhesive RGD or cell-penetrating TAT peptides. The RGD- and TAT-

conjugated nanoparticle cellular uptake was monitored by confocal microscopy, demonstrating 

specific targeting to the plasma membrane and cell cytosol, respectively. With the aim to kill 

cancer cells by NIR-induced PDT, Al carboxyphthalocyanine was conjugated to the 

upconversion nanoparticles. They were then intratumorally administered into mice with 

xenotransplanted tumor; extensive tumor necrosis was detected after NIR irradiation. 

Localization of the NaGdF4:Yb3+/Er3+@SiO2 particles was evaluated ex vivo in the tissues using 

laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), detecting even very 

low quantities of the particles (pico- to femtograms). Finally, the NaYF4:Yb3+/Er3+ particles were 

modified with in-house synthesized poly(ethylene glycol)-neridronate to increase their colloidal 

stability in physiological media and to diminish uptake by the reticulo-endothelial system. The 

nanoparticles were then modified with Bolton-Hunter-neridronate to enable their radiolabeling 

with Na125I for single-photon emission computed tomography/computed tomography 

(SPECT/CT) imaging; this revealed biodistribution of the nanoparticles in non-tumor mice. The 

newly developed surface-functionalized upconversion nanoparticles offer a great potential for 

bioimaging, diagnostics and PDT.  

Key words: upconversion; nanoparticle; polymer; peptide; phtalocyanine; radiolabeling. 
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ABSTRAKT 

Světlo-konvertující nanočástice na bázi lanthanidů jsou schopné absorbovat nízko-

energetické infračervené (NIR) fotony a emitovat viditelné či ultrafialové světlo. Tato unikátní 

optická vlastnost umožňuje luminiscenční detekci biologických vzorků bez autofluorescence, 

což je zásadní pro zobrazovací a diagnostické techniky v biologii a lékařství. Kromě toho NIR 

ozáření umožňuje průnik světla hluboko do tkáně, což lze využít pro dopravu léčiv či genů a 

fototerapii (PDT) tumorů. Přes velkou snahu v průběhu posledních 10 let věnovanou syntéze 

světlo-konvertujících lanthanidových nanočástic a inženýrství jejich povrchů, příprava částic 

vhodných pro biomedicinální aplikace stále zůstává velkou výzvou. Tato dizertační práce se 

věnuje syntéze světlo-konvertujících nanočástic s regulovanou morfologií, velikostí, distribucí 

velikosti, krystalinitou a vysokou světlo-konvertující účinností, stejně tak jako požadované 

povrchové modifikaci biokompatibilními anorganickými nebo organickými polymery. Např. 

vrstva siliky na povrchu NaYF4:Yb3+/Er3+ a NaGdF4:Yb3+/Er3+ nanočástic zlepšila jejich 

biokompatibilitu a koloidní stabilitu ve vodě. Dále byly na povrch nanočástic zavedeny cílující 

skupiny, konkrétně RGD nebo TAT peptid. Pohlcování RGD- a TAT-konjugovaných nanočástic 

buňkami bylo monitorováno konfokální mikroskopií a zjištěno specifické cílení do 

cytoplazmatické membrány a buněčného cytosolu. S cílem zabít rakovinné buňky NIR-

indukovaným PDT, Al karboxyftalocyanin byl konjugován se světlo-konvertujícími 

nanočásticemi, které byly poté intratumorálně podány myším s xenotransplantovaným tumorem. 

Po NIR ozáření byla detekována extenzivní nekróza nádoru. Lokalizace 

NaGdF4:Yb3+/Er3+@SiO2 částic byla vyhodnocena ex vivo v tkáních za použití hmotnostní 

spektrometrie s indukčně vázaným plazmatem (LA-ICP-MS) detekujícím jen velmi malá kvanta 

částic (piko- až femtogramy). Aby byla zlepšena koloidní stabilita ve fyziologických médích a 

sníženo vstřebávání retikulo-endoteliálním systémem, byly NaYF4:Yb3+/Er3+ částice 

modifikovány námi syntetizovaným poly(etylenglykol)-neridronátem. Nanočástice byly pak 

modifikovány Bolton-Hunter-neridronátem, který umožnil jejich radioznačení pomocí Na125I pro 

zobrazení jednofotonovou emisní tomografii (SPECT/CT), což odhalilo biodistribuci nanočástic 

ve zdravých myších. Nově vyvinuté polymerem povrchově funkcionalizované světlo-

konvertující nanočástice jsou slibné pro zobrazovaní tkaní a buněk, diagnostiku a PDT 

zhoubných nádorů.  

Klíčová slova: konverze světla; nanočástice; polymer; peptid; ftalocyanin; radioznačení.  
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ABBREVIATIONS 

APTES (3-Aminopropyl)triethoxysilane 

Al Pc-COOH Aluminium carboxyphthalocyanine 

BH Bolton-Hunter 

BSA Bovine serum albumin 

Cu-AAC Copper(I)-catalyzed azide-alkyne 1,3-cycloaddition 

CT Computed tomography 

Dh Hydrodynamic diameter 

Dn Number-average diameter 

Dw Weight-average diameter 

DIIC N,N′-Diisopropylcarbodiimide 

DLS Dynamic light scattering 

EDAX Energy dispersive X-ray spectroscopy 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDTA Ethylenediaminetetraacetic acid 

FTIR Fourier-transform infrared spectroscopy 

HeLa Human cervical carcinoma 

LA-ICP-MS Laser ablation inductively coupled plasma mass spectrometry 

Ner Neridronate 

NIR Near-infrared 

NHS N-hydroxysulfosuccinimide 

MRI Magnetic resonance imaging 

OA Oleic acid 

OD Octadec-1-ene 

OM Oleylamine 

OxymaPure® Ethyl(hydroxyimino)cyanoacetate 

PBS Phosphate buffered saline 

PD Polydispersity (according to DLS) 

PDI Polydispersity index (according to TEM) 

PDT Phtodynamic therapy 

PEG Poly(ethylene glycol) 

PEG-Ner Poly(ethylene glycol)-neridronate 

PET Positron emission tomography 

RGD Arginylglycylaspartic  
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SAED Selected area electron diffraction 

SPECT/CT Single-photon emission computed tomography/computed tomography 

TAT Transactivator of transcription 

TEM Transmission electron microscopy 

TMOS Tetramethyl orthosilicate 

UCNPs Upconversion nanoparticles 

UV Ultraviolet 

VIS Visible 

XRD X-ray diffraction 
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          1. REVIEW OF LITERATURE 

 Recently, a great attention has been paid to the development and characterization of novel 

nanoscale materials exhibiting extraordinary optical and magnetic properties that opened up new 

avenues for a wide variety of applications ranging from photovoltaics and security to 

therapeutics and diagnostics1,2,3. Numerous colloidal nanoparticles with a dimension less than 

100 nm have been designed in a large range of geometries and compositions. Fluorescent, 

upconversion, magnetic, mesoporous silica, and polymer-based nanoparticles have shown a great 

potential1. Having different hydrophilic and hydrophobic surface ligands, they possess useful 

functionalities  for  subsequent  conjugation  of  biomimetic  targeting  moieties  (Figure  1)4. In 

particular, luminescent materials have attracted interest as a suitable tool for prospective 

biological and biomedical applications5. 

 

 

Figure 1. Schematic  illustration of various types of inorganic and organic nanoparticles with 

different compositions, geometries, surface functionalities, and targeting ligands. 
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 1.1. Luminescent nanomaterials 

 According to the energy difference between absorbed and emitted light, all conventional 

photoactive probes can be divided into Stokes and anti-Stokes luminescent materials6. For the 

compounds that obey the Stokes law (down-conversion mode), such as organic dyes, fluorescent 

proteins, and quantum dots, the energy of the excitation photon is always higher than that of 

emission one7. Excitation of such materials with high-energy ultraviolet (UV) or visible (VIS) 

light leads to several obstacles, including damage of DNA and living cells, low penetration of 

light into biological tissues, low signal-to-noise ratio caused by autofluorescence and strong 

photon scattering from surrounding tissues, light-absorbing proteins, and presence of water5. 

Furthermore, organic fluorophores are vulnerable to photoblinking or photobleaching and 

quantum dots contain toxic metals (e.g., cadmium, lead, and mercury)8. In contrast, the anti-

Stokes-shifted upconversion nanoparticles (UCNPs), that convert low-energy near-infrared 

(NIR) photons into high-energy UV-VIS light via energy transfer upconversion mechanism, can 

overcome all disadvantages of conventional Stokes-shifted materials 9 . Energy transfer 

upconversion is a nonlinear optical process characterized by sequential absorption of two or 

more photons resulting in the emission of the radiation at a shorter wavelength than the pump 

wavelength10. Since excitation of the UCNPs falls within the “biological transparency window” 

(NIR; 650-1,000 nm)11, the particles show a great promise due to deep light penetration, low 

autofluorescence, and reduced light scattering of biological samples12. These unique properties 

of UCNPs make them very perspective for biomedical, as well as diagnostic applications, such 

as in vitro and in vivo imaging13, biosensors14, targeted drug delivery15, image-guided surgery16, 

photodynamic and photothermal therapy17.  

 1.2. Lanthanide-based upconversion nanoparticles 

 Selection of a suitable upconversion material with high luminescent efficiency is of great 

importance for prospective biomedical applications18. Typically, UCNPs are composed of an 

inorganic crystalline host lattice and optically active lanthanide dopant ions (sensitizer and 

activator) added to the host lattice in low concentrations (Figure 2 a)19. The ideal host material 

should meet several requirements: transparency in the spectral region of interest for free 

migration of the NIR photons in the lattice, low lattice phonon energy to minimize non-radiative 

losses, close lattice matching to the dopant ions, chemical and thermal stability20. Y3+ and/or 

Gd3+ ions are typically used as the main components in the host lattice because they possess 

similar valence state, chemical and physical properties, as well as they resemble to those of the 

optically active rare earth ions 21. Due to the presence of Gd3+ ions in the host lattice, the 

nanoparticles additionally exhibit a short longitudinal relaxation time T1, which makes them very 
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promising as contrast agents for magnetic resonance imaging (MRI)22. To avoid formation of 

crystal defects and lattice stress, the Na+ and Ca2+ cations, ionic radii of which are close to those 

of lanthanide dopant ions, are generally introduced into the host crystal. Among studied 

inorganic host materials (chlorides, bromides, oxides, vanadates, and oxysulfides), fluoride 

(NaYF4 or NaGdF4) crystalline lattice exhibits the lowest phonon energy (∼350 cm−1), excellent 

chemical stability, and optical transparency over a wide range of wavelengths 23. Moreover, 

depending on synthetic method and conditions, the NaYF4 and NaGdF4 host lattice can exhibit 

two crystal phases, cubic (α) and hexagonal (β). The latter phase is known to be less symmetric, 

which leads to enhancement of upconversion photoluminescence efficiency by about an order of 

magnitude compared to the cubic phase24. Hence, the β-NaYF4 and β-NaGdF4 have been mostly 

chosen as the efficient upconversion crystal host lattice25. 

 

 
Figure 2. (a) Upconversion particle (A – activator and S - sensitizer) and (b) schematic energy 

transfer mechanism of upconversion process in the Yb3+/Er3+-doped NaYF4 crystal. 

 

 The lanthanide-based optically active ions can be divided into two groups, an activator that 

emits radiation and a sensitizer acting as an energy donor21. Due to the long lived excited state 

and ladder-like arranged energy levels, Er3+, Tm3+, and Ho3+ ions are frequently used as 

activators18. By varying type and concentration of the activator, it is possible to change the 

emitted light from UV to NIR regions9. To enhance upconversion photoluminescence, sensitizer 

is typically used as a co-doping ion. Sensitizer ion should have relatively simple structure of 

energy levels and a large absorption cross-section to absorb photon energy efficiently and avoid 

energy losses by relaxation. Due to relatively large absorption cross-section in the NIR region, 

Yb3+ ion is commonly used sensitizer. This ion has a simple energy level scheme with only one 

excited 4f level of 2F5/2. The 2F7/2 → 2F5/2 transition of Yb3+ matches well with the transition 
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energy between 4F7/2 and 4I11/2 or 4I11/2 and 4I15/2 states of Er3+ ion, allowing thus efficient energy 

transfer between Yb3+ sensitizer and Er3+ activator (Figure 2 b)21. The energy transfer 

mechanism typically starts after absorption of the first NIR photon at ~970 nm. The Yb3+ 

sensitizer excites to the 2F5/2 energy state and efficiently donates energy to the 4I11/2 level of 

neighboring Er3+ activator. Subsequently, another Yb3+ ion transfers additional energy to Er3+ 

harvesting a higher 4F7/2 energy level of the latter ion. After non-radiative relaxation, 

NaYF4:Yb3+/Er3+ exhibits green and red emission at 530-570 nm and 640-680 nm, 

respectively26. 

 High photoluminescence efficiency of UCNPs can be achieved by precise tuning of 

sensitizer and activator concentrations. Typically, Yb3+ is doped to the crystal lattice in high 

concentrations (~20 mol.%), while the activator concentration is relatively low (<2 mol.%), 

minimizing thus cross-relaxation energy loss27. 

 1.3. Synthesis of upconversion nanoparticles 

 Recently, a wide range of synthetic methods have been established to prepare 

upconversion particles with well-controlled particle size, morphology, composition, crystalline 

phase, and high photoluminescent efficiency. These methods include moderate or high-

temperature co-precipitation, thermal decomposition, hydro(solvo)thermal technique, 

microwave-assisted, and ionic liquid-based synthesis18, 28. Among them, thermal decomposition, 

hydro(solvo)thermal technique, and high-temperature co-precipitation are widely used, as they 

produce high-quality particles with precisely controlled size, shape, phase, and composition29.  

 In the thermal decomposition method, fluoride precursor of lanthanide ions, e.g., 

lanthanide trifluoroacetate, decomposes in a high-boiling organic solvent (octadec-1-ene – OD, 

oleylamine - OM, or trioctylphosphine oxide), eventually in the presence of a stabilizer (oleic 

acid - OA), under inert atmosphere over a certain period of time30. Stabilizer generally consists 

of a long hydrocarbon tail to prevent particles from aggregation and a polar head group to 

coordinate with metal ions, controlling thus growth of the particles. Resulting nanoparticles have 

a narrow size distribution and possess good optical properties. However, drawback of this 

method is that it provides hydrophobic nanoparticles and generates toxic fluorinated and 

oxyfluorinated byproducts.  

 Hydro(solvo)thermal method is usually performed in an autoclaves with Teflon insert. 

All precursors are mixed with a surfactant (e.g., ethylenediaminetetraacetic acid or 

polyethylenimine) and the reaction continues under high pressure at temperatures higher than 

critical point of the solvent 31. Advantage of this method is preparation of water-dispersible 
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particles at relatively low reaction temperatures (<200 °C). However, it is difficult to prepare 

particles with a narrow size distribution, which is very critical for biological applications. 

 Efficient protocol for preparation of monodisperse hexagonal NaYF4:Yb3+/Er3+ and 

NaGdF4:Yb3+/Er3+ nanoparticles is based on high-temperature co-precipitation of rare-earth 

chlorides with ammonium fluoride and sodium hydroxide at 300 °C in a mixture of OD and OA 

via formation of rare-earth oleate salts (Figure 3)32,33. The particle size, shape, crystallographic 

phase, and optical properties are easily controlled by varying parameters, such as reagent 

concentrations (Na+/F− and OA/OD ratio), reaction temperature and time, etc. Disadvantage of 

the high-temperature co-precipitation is that the resulting particles are hydrophobic, which 

requires subsequent particle surface modification to enable transfer in water. 

 

Figure 3. Preparation of NaYF4:Yb3+/Er3+ nanoparticles by high-temperature co-precipitation. 

 

 1.4. Surface modification of nanoparticles 

 To use the particles in biomedical applications, several requirements must be fulfilled. The 

particles have to be dispersible and colloidally stable in aqueous media (absence of aggregation 

and precipitation), nontoxic (biocompatible), and with minimal non-specific protein and cell 

adsorption. Hence, surface modification of the nanoparticles needs to be well-designed to 

provide both colloidal stability and functionality for subsequent attachment of antibodies, 

peptides, proteins, and other biomolecules required in the application 34 . Commonly used 

techniques for surface modifications of the UCNPs are ligand removal or exchange, amphiphilic 

polymer coating, layer-by-layer assembly, and silica shell formation (Figure 4)35. 
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Figure 4. Surface modification of OA-stabilized NaYF4:Yb3+/Er3+ nanoparticles to enable their 

transfer in an aqueous medium. 

Ligand (OA) removal from surface of the UCNPs results in naked water-dispersible 

nanoparticles. Simple acidification protonates carboxylate group of OA ligand, which is then 

detached from the particle surface36. Electrostatic repulsion stabilizes the UCNPs and makes 

them dispersible in an aqueous medium. A similar ligand-free approach can be achieved by 

treatment with nitrosonium tetrafluoroborate. Substitution of originally hydrophobic ligands by 

fluoroborate anions enables particles to be dispersible in different hydrophilic solvents without 

changing the particle size and shape37. Ligand-free UCNPs can be directly conjugated with polar 

ligands or biomolecules containing electronegative functional groups (–COOH, –SH, –OH, and 

–PO3H), which coordinate with the lanthanide ions of the particles. For example, heparin, which

contains negatively charged sulphates and carboxylates, was attached to ligand-free 

nanoparticles by strong electrostatic interaction. Resulting particles were useful for both 

targeting and delivery of heparin-binding growth factors and imaging of cancer cells38. 

Ligand exchange method is often used to modify the particle surface by direct 

substitution of native hydrophobic ligands with hydrophilic ones. For example, OA-stabilized 

UCNPs  are treated with hydrochloric acid, purified with water to remove the original ligand, and 

a solution of new ligand is added in the presence of diethylene glycol39. After incubation at 

160 °C, the hydrophobic OA can be substituted with a wide variety of new molecules, including 

cysteine, glycine, citric acid, biotin, 2-aminoethyl dihydrogen phosphate, poly(acrylic acid), 
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polyethylenimine, and poly(N-vinylpyrrolidone). These new ligands are firmly bound to the 

particles; as a result, aqueous dispersibility of the particles is achieved.  

Also chelating hydrophilic ligands, which are able to coordinate with lanthanide ions, are 

used to obtain water-dispersible UCNPs. Typical single-chelating ligands involve poly(ethylene 

glycol)-based compounds, such as PEG-SH and PEG-PO3H, which contain negatively charged 

thiol and phosphate groups, respectively40. Bifunctional PEG with thiol group on one end and 

carboxyl or amine group on the other end is used as both anchoring and water-stabilizing 

ligand41. Additionally, multi-chelating compounds (e.g., polymers and dendrimers) are applied to 

enhance dispersibility of the particles in aqueous media. They are exemplified by poly(acrylic 

acid)42, polyamidoamine dendrimer43, branched polyethylenimine, and poly(phosphoric acid)44. 

After the ligand exchange, the compounds possess additional functionality for further 

modification with biological molecules. 

Layer-by-layer assembly is based on sequential adsorption of multiple layers of 

oppositely charged polyions, such as poly(allylamine hydrochloride) and poly(sodium 4-

styrenesulfonate), via electrostatic attractions on the particle surface19,45. Layer-by-layer strategy 

based on poly(acrylic acid) and polyethylenimine produces UCNPs for efficient gene delivery 

and simultaneous monitoring of intracellular fate of the particles46. Main benefits of layer-by-

layer technique consist in preparation of colloids of different sizes and shapes, as well as in 

formation of uniform polymer layers of desired composition and controlled thickness. Moreover, 

due to simple alteration of the surface charge by introduction of additional positively or 

negatively charged polymers and incorporation of ligands with desirable functional groups, 

internalization by the cells can be regulated.  

Amphiphilic polymer coating is based on deposition of a layer of amphiphilic molecules 

composed of hydrophobic and hydrophilic moieties on the OA-stabilized UCNPs 47 . The 

hydrophobic groups of amphiphilic molecule and OA chains on the nanoparticle surface form a 

bilayer via hydrophobic interactions. However, if the length of hydrophobic chain exceeds that 

of OA, the interactions become insufficient for particle stabilization.  

Up to now, a great variety of different amphiphilic polymers has been used to modify 

particle surfaces, among them octylamine/poly(acrylic acid)/poly(ethylene glycol)48, N-succinyl-

N’-octyl chitosan 49 , poly(maleic anhydride-alt-1-octadecene) 50 , poly(ethylene glycol)-block-

poly(lactic acid), poly(ethylene glycol)-block-poly(lactic-co-glycolic acid), or poly(ethylene 

glycol)-block-poly(ɛ-caprolactone) 51 . Nonimmunogenic phospholipids were also used as 

amphiphiles for particle modifications 52 . Wide variety of phospholipids with different head 

group composition and chain length are commercially available. However, they are expensive 

due to difficulties with their synthesis and purification. 
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 Coating with silica is one of the most commonly used methods to obtain water-dispersible 

nanoparticles53. This technique does not require expensive precursors or complex equipment. 

Moreover, silica is biocompatible (nontoxic), chemically stable, and optically transparent 

material that can additionally serve as a support for introduction of functional groups for 

subsequent modifications. Depending on hydrophilicity/hydrophobicity of the particle surface, 

two approaches are widely applied for silica shell formation, Stöber method and reverse 

microemulsion technique.  

 Hydrophilic nanoparticles are mainly coated by the Stöber method based on hydrolysis and 

condensation of organosilane compounds, such as tetramethyl or tetraethyl orthosilicate (TMOS 

or TEOS), in a water/ammonia/ethanol mixture at room temperature54. Ammonia serves as a 

catalyst. Alkoxysilane groups are hydrolyzed generating highly reactive silanols, which 

condense together forming the silica network linked by –Si–O–Si– bonds 55 (Figure 5). The 

critical point in preparation of a uniform silica shell with controllable thickness is precise control 

of amounts of initial reagents and pH18. 

 

 

Figure 5. Hydrolysis and condensation of tetramethyl orthosilicate (TMOS). 

 

 Hydrophobic particles are generally coated by a “water-in-oil” reverse microemulsion 

method (Figure 6). This technique is based on incorporation of the hydrophobic nanoparticles 

into the silica shell by ammonium hydroxide-catalyzed hydrolysis and condensation of silicate 

precursors in presence of the nonionic surfactant, such as Igepal CO-520 (polyoxyethylene(5) 

nonylphenylether). The surfactant forms and stabilizes the reverse microemulsion in organic 

phase (e.g., cyclohexane) producing micelles that enclose the hydrophobic particles52. 

Depending on quantity of the surfactant added, the micelles have different shapes ranging from 

spheres to rods. Excess of surfactant can lead to undesirable encapsulation of several particles. 

Compared to the Stöber method, the reverse microemulsion produces water-dispersible core-
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shell nanoparticles with a uniform layer of silica, the thickness of which can be finely controlled 

by changing quantity of silica precursors.  

 Further functionalization can be achieved by introduction of different silica precursors with 

amino, carboxyl, or thiol groups, such as (3-aminopropyl)triethoxysilane 56 , carboxyethyl-

silanetriol 57 , and (3-mercaptopropyl)trimethoxysilane 58 . Moreover, by addition of 

cetyltrimethylammonium bromide surfactant it is possible to prepare a mesoporous silica shell 

with pore size in nanometer range59. Resulting mesoporous silica-coated nanoparticles possess 

large surface area with tunable size of pores60. Different drugs or photosensitizers can be then 

loaded into the pores of the shell.  

 

Figure 6. Deposition of silica and aminosilica shell on hydrophobic OA-stabilized 

NaYF4:Yb3+/Er3+ nanoparticles by “water-in-oil” reverse microemulsion method. 

 

 1.5. Stability of upconversion nanoparticles in physiological buffer 

 All surface modifications mentioned above produce UCNPs finely dispersible in aqueous 

media. However, majority of biomedical applications requires nanoparticles stable (i.e., without 

aggregation) in biologically relevant media and buffer systems61. Unfortunately, UCNPs still 

suffer from poor colloidal stability in physiological buffers (e.g., phosphate buffered saline - 

PBS)18 caused by ions that have strong affinity to lanthanides leading to undesirable detachment 

of surface stabilizing ligands62. In addition, interaction of the particle surface with the buffer ions 
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can cause dissolution of the nanoparticles, lanthanide ion leakage, decrease of 

photoluminescence intensity, or change of the particle surface composition 63 . The 

NaYF4:Yb3+/Er3+ particles can partially dissolve in PBS forming stable Ln-phosphate complexes 

in the solution and on the nanoparticle surface due to the much lower solubility product of Ln-

phosphates than that of the corresponding fluorides64. The particle dissolution and morphological 

transformation under biological conditions may lead to damage of organelles due to the stripping 

of the membrane phosphate groups from the lipid bilayer, which initiates pro-inflammatory 

reactions and generates biological hazards in cells65. Improved surface modification ensuring a 

long-term stability of UCNPs in physiological buffers is thus highly required.  

 1.6. Conjugation of biomolecules 

 For numerous biomedical applications, surface-modified UCNPs should be not only well-

dispersible and colloidally stable in aqueous and buffer media, but they also have to contain 

functional groups on the surface, e.g., primary amines, carbonyls, carbohydrates, carboxyl, and 

sulfhydryl groups. Reactive groups will enable further covalent conjugation of drugs, 

biomolecules, targeting and imaging moieties to design novel multifunctional all-in-one systems. 

There are several commonly used conjugation strategies for binding biomolecules to the 

nanoparticles (Figure 7)66. For example, primary amines of the particles react with 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)- and N-hydroxysuccinimide (NHS)-activated 

biomolecules under slightly alkaline conditions (pH 7-9) yielding amide bonds (Figure 7 a). 

Alternatively, imidoesters react with primary amino groups under alkaline conditions (pH 8-9) 

forming amidine bonds (Figure 7 b). Nanoparticles containing carboxyl groups on the surface 

conjugate with primary amines of biomolecules also via EDC chemistry. Sulfhydryl functional 

groups conjugate with maleimide and haloacetyl, forming thioether bonds. Reaction of 

sulfhydryl-modified nanoparticles with maleimide-containing biomolecules at neutral pH (6.5–

7.5) leads to formation of thioether linkage (Figure 7 c). Haloacetyl groups react with sulfhydryls 

at physiological conditions (pH >7.5). Nucleophilic substitution of iodoacetyl group with 

sulfhydryl also results in a stable thioether bond (Figure 7 d). Above mentioned bioconjugations 

are convenient due to their reliability, commercially available reagents, and well-established 

protocols. However, due to slow reaction kinetics and possible hydrolysis of reagents, which can 

lead to their inactivation, excess of reagents is required to reach complete reaction conversion67. 

Direct and facile conjugation of a wide variety of biomolecules is achieved by copper(I)-

catalyzed azide-alkyne 1,3-cycloaddition (Cu-AAC), so called click reaction, which results in a 

stable and biocompatible triazole linkage (Figure 7 e) with high reaction yield and selectivity 

under room temperature in aqueous media68. 



 

18 
 

 

Figure 7. Conjugation of biomolecules to nanoparticles via (a) amide, (b) amidine, (c, d) 

thioether, and (e) triazole linkage. 

 

 1.7. Non-specific adsorption and targeting 

 In order to use the UCNPs in biological applications, two basic requirements have to be 

fulfilled69. First, the particles should not non-specifically adsorb proteins, in other words, they 

should have anti-fouling properties being invisible by the immune system. This prevents the 

particles to be non-specifically uptaken by the mononuclear phagocyte system and hinders their 

elimination from the blood circulation. Surface modification of the particles by PEG is widely 

used to prevent the undesirable protein adsorption, protect them from the reticulo-endothelial 

system, and promote a long circulation time. A big advantage of PEG is that it has been 

approved by the US Food and Drug Administration for a broad range of bioapplications70. 

Second, the particles should selectively target the diseased cells without affecting the healthy 

tissue. There are two basic targeting strategies, passive and active. Passive targeting is based on 

the enhanced permeability and retention (EPR) effect, where macromolecules and/or 

nanoparticles penetrate the tumor due to fenestration of its vessels71. Active targeting is based on 

interaction between a specific ligand on the nanoparticle surface and its receptor on the target 

cell72. Specific targeting ligands include peptides, proteins, antibodies, nucleic acids, enzymes, 

and carbohydrates73. In particular, peptides, which are short amino acid sequences linked by  
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amide bonds, can specifically target tumor receptors. Among a broad variety of peptides, the 

RGD and TAT peptide are widely used for cellular and intracellular targeting, respectively74. 

The fibronectin-derived RGD peptide, which is easy to prepare and amenable to modifications, is 

composed of arginine (Arg), glycine (Gly), and aspartic acid (Asp), that preferentially interacts 

with the cell membrane. In contrast to RGD, arginine-rich cell-penetrating trans-activator of 

transcription (TAT) peptide, which is derived from the HIV-1 TAT protein, enables the particles 

to cross the cell membrane and enter the cytoplasm.  

 1.8. Applications of upconversion nanoparticles 

 During the last decade, rapid development in cancer therapy, multimodal bioimaging, solar 

cells, photonics, and displays attracted a great interest in UCNPs due to their outstanding 

properties, e.g., low cytotoxicity, high signal-to-noise ratio, high photo- and chemical-stability, 

and unique optical properties, such as large anti-Stokes shift, narrow multicolor emission, and 

long excited-state lifetimes. Furthermore, the use of NIR light as an excitation source for UCNPs 

leads to additional advantages including low scattering of light and its deep penetration into 

living tissue without auto-fluorescence 75 . Bioimaging with UCNPs enables highly sensitive 

detection and accurate diagnosis of various diseases at early stages. In particular, the ultra-small 

particles (<20 nm) seen to be very promising for highly sensitive visualization of living tissues 

with a sub-cellular resolution. Introduction of paramagnetic Gd3+ ions in the host lattice can 

render the UCNPs with magnetic properties, which can be utilized in magnetic resonance 

imaging (MRI). Furthermore, when a small amount of radioactive ions is attached to the UCPNs, 

they can be visualized by a single-photon emission computed tomography (SPECT); optical, 

MRI, and SPECT three-modal imaging can be thus integrated in all-in-one system.  

 Another area for application of UCNPs is photodynamic therapy (PDT), which is a 

promising noninvasive light-induced approach intended for treatment of a wide variety of 

cancers and other diseases. Compared to conventional cancer treatments, such as surgery, 

radiotherapy, and chemotherapy, PDT has advantage in low toxicity and negligible side effects 

on healthy cells. PDT involves administration and accumulation of PDT drug (photosensitizer) in 

the tumor site. Upon exposure of light with the wavelength corresponding to photosensitizer 

optical absorption, excited-state energy is transfered to oxygen-containing molecules (e.g., 

water or molecular oxygen) generating reactive oxygen species 76. These locally generated 
species cause irreversible destruction and death of the tumor cells by apoptosis and necrosis. 

Conventional photosensitizers, however, can be activated by high-energy UV or visible light, 

which can induce photodamage of healthy cells. Moreover, poor penetration of UV and visible 

light into the tissue makes it impossible to reach deep-seated tumors. The combination of a 
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photosensitizer and UCNPs, which can convert the deeper penetrating NIR irradiation into the 

visible light activating thus the photosensitizer, can significantly improve medical cure of deeper 

and thicker solid tumors77. Therefore, much attention is paid to the development of novel NIR-

excitable nanohybrids based on UCNPs and photosensitizers to enhance the PDT efficiency.  

 Optogenetics is a biomedical technique that allows control of genetically modified neurons 

by interaction of a specific wavelength of visible light with light-sensitive proteins (opsins) 

embedded in the neuronal cell membrane. Neuronal signals can be activated or suppressed in 

response to specific wavelengths, mainly blue or green light, via regulating the influx of 

positively or negatively charged ions (e.g., K+, Na+, Ca2+,  Cl-) through the cell membrane78. 

Even though optogenetics has a great potential for the neuroscience research, it is difficult to 

deliver sufficient amount of visible light necessary for neuron activation in deep brain regions. 

To overcome this obstacle, UCNPs were recently applied as an energy converter for efficient 

activation of neurons with high selectivity and precision79,80. 

 Since human eye is not sensitive to NIR light, UCNPs can be a suitable candidate in anti-

counterfeit and security applications, e.g., protection of currency, identity cards, and important 

documents. Recently developed “invisible” patterns for printing, which are composed of UCNPs 

embedded in polymer matrix, were nearly invisible under white light, being detectable only 

under a NIR excitation source (980 nm) with high resolution and luminescence81. Due to UCNP 

unique ability to emit tunable red, green or blue light at the same excitation, the particles can also 

play a significant role in the display technology used for design of full-color and three-

dimensional displays with a high resolution 82 . Combination of UCNPs with semiconductor 

and/or plasmonic nanoparticles makes possible to develop NIR-induced photocatalytic 

nanometarials. Last but not least, the green emission of UPCNs showed high sensitivity to 

temperature or pressure changes. Therefore, the particles have a great potential in development 

of ultrasensitive thermometers or pressure sensors83.  
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2. CHARACTERIZATION OF NANOPARTICLES 

Up to now, there is no universal method for characterization of the nanoparticles, which 

can provide all necessary information about their physico-chemical properties, such as 

morphology, size, its distribution, chemical phase, etc., all at once. Therefore, combination of 

different analytical techniques should be used for comprehensive analysis of the synthesized and 

modified nanoparticles.  

 Transmission electron microscopy (TEM) with a Tecnai G2 Spirit Twin 12 apparatus 

(FEI; Brno, Czech Republic) was used to provide accurate analysis of the nanoparticle 

morphology. Weight- (Dw) and number-average diameter (Dn) and uniformity (polydispersity 

index PDI = Dw/Dn) were calculated using Atlas software (Tescan Digital Microscopy Imaging; 

Brno, Czech Republic) by counting at least 500 individual particles on the micrographs: 

Dn = ∑Ni Di/∑Ni  

Dw = ∑Ni Di
4/∑Ni Di

3, 

where Ni and Di are number and diameter of the particle, respectively.  

 In addition, TEM technique can provide not only analysis of the morphology, but also 

crystal diffraction and elemental analysis of the nanoparticles. Selected area electron 

diffraction (SAED) on the TEM microscope was used to verify the crystal structure of the 

particles. SAED patterns were processed with ProcessDiffraction software84 and compared with 

those calculated with PowderCell software 85  using the crystal structures of various NaYF4 

polymorphs downloaded from crystallographic databases. Energy-dispersive X-ray 

spectrometer (EDAX) on the TEM microscope was used for elemental analysis. 

Dynamic light scattering (DLS) is the most powerful method to determine 

hydrodynamic particle size and its distribution in hydrophilic or hydrophobic media. DLS 

measures Brownian motion of the nanoparticles in suspension and relates its velocity (diffusion 

coefficient) to the particle size according to the Stokes-Einstein equation86. The nanoparticle size 

is determined as the diameter of a hypothetical hard sphere, which diffuses in the same way as 

the measured nanoparticles. The DLS reports a mean nanoparticle size and uniformity of size 

distribution. Nanoparticle surface charge, expressed as zeta (ζ)-potential, extremely influences 

particle interaction with the environment. ζ-potential is generally measured by a laser Doppler 

electrophoresis that determines electrophoretic mobility of nanoparticles suspended in the 

aqueous medium. The nanoparticles with ζ-potential <−30 mV or >+30 mV are considered to be 

colloidally stable due to electrostatic repulsions. 

DLS measurements were performed using a ZEN 3600 Zetasizer Nano Instrument 

(Malvern Instruments; Malvern, UK) at 25 °C; Dh and polydispersity (PD) were calculated from 
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intensity-weighted distribution function obtained by CONTIN analysis of correlation function 

embedded in Malvern software. 

X-ray diffraction (XRD) was used to determine the nanoparticle crystalline structure 

with a Rigaku MolMet instrument using image plates and a pinhole camera (Molecular 

Metrology System; Tokyo, Japan) attached to a microfocused X-ray beam generator (Osmic 

MicroMax 002). 

Nitrogen and carbon content in starting and modified particles was determined using a 

PerkinElmer 2400 CHN elemental analyzer (Waltham, MA, USA). 

Fourier-transform infrared (FTIR) spectra were recorded with a Nexus Nicolet 870 

FTIR spectrometer (Madison, WI, USA) equipped with a Golden Gate single attenuated total 

reflection (ATR) crystal (Specac; Slough, UK) and a liquid nitrogen cooled mercury cadmium 

telluride (MCT) detector for determination of surface chemical composition. The spectra (256 

scans) were acquired at a resolution of 4 cm−1; water vapor (atmospheric spectrum) and 

background were subtracted from the spectra. 

Upconversion luminescence spectra were recorded with a Leica TCS SP2 AOBS 

confocal inverted fluorescence microscope (Mannheim, Germany) using a PL APO 100×/1.40–

0.70 oil immersion objective (pinhole 1 Airy unit) and a Coherent Chameleon Ultra Ti:sapphire 

laser (Santa Clara, CA, USA). The excitation spectra were normalized in relation to the laser 

power, which was adjusted at different wavelengths ranging from 930 to 990 nm. For the 

measurement, a drop of the nanoparticle dispersion in hexane and/or water was placed on a cover 

glass using a PWM32-PS-R790 spinner (Headway Research; Garland, TX, USA). 
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3. AIMS 

• Synthesis of monodisperse upconversion NaYF4:Yb3+/Er3+ and upconversion/magnetic 

NaGdF4:Yb3+/Er3+ nanoparticles by thermal decomposition and high-temperature 

coprecipitation methods. 

• Control of the nanoparticle morphology, size, its distribution, composition, and crystal 

phase. 

• Surface modification of the nanoparticles with biocompatible inorganic and organic 

polymers 

 - neat and functionalized silica, 

 - poly(ethylene glycol)-neridronate. 

• Characterization of the nanoparticles by a variety of physico-chemical methods. 

• Determination of the nanoparticle upconversion photoluminescence and magnetic 

properties.  

• Particle functionalization with biomimetic ligands, such as RGD, TAT and 125I-

radiolabeled RGD peptides. 

• Evaluation of the nanoparticle stability in water and PBS buffer. 

• Conjugation of the nanoparticles with aluminum carboxyphthalocyanine photosensitizer. 

• Radiolabeling of the nanoparticles with 125I for in vivo biodistribution studies.  

• Investigation of in vitro cytotoxicity of the nanoparticles on various non-tumor and tumor 

cell lines.  

• Evaluation of the nanoparticle intracellular uptake.  

• In vivo biodistribution of the particles in mouse organs. 

• Photodynamic therapy of mice with xenotransplanted tumor model. 
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4. RESULTS AND DISCUSSION 

4.1. Upconversion NaYF4:Yb3+/Er3+ and NaGdF4:Yb3+/Er3+ nanoparticles 

NaYF4:Yb3+/Er3+ and NaGdF4:Yb3+/Er3+ nanoparticles were synthesized by two different 

methods, namely thermal decomposition and high-temperature coprecipitation. In the thermal 

decomposition, a mixture of lanthanide trifluoroacetes was decomposed in the presence of OM, 

which served as both solvent and surface binding ligand. As a result, monodisperse OM-

NaYF4:Yb3+/Er3+ nanoparticles were formed. Effect of the reaction temperature and time was 

investigated to control particle morphology, size, crystallinity, and upconversion efficiency. In 

the first set of experiments, reaction temperature was varied from 250 to 350 °C, while other 

reaction parameters, including concentration of starting precursors and reaction time (1 h), were 

held constant. As shown on the TEM micrographs, the particles were spherical in shape and 

well-separated due to the presence of OM on the nanoparticle surface (Figure 8). With increasing 

reaction temperature, the particle size (Dn) changed from 6 to 10 nm. The particle size 

distribution was relatively narrow (PDI = 1.07-1.30). 

 

Figure 8. TEM micrographs of OM-NaYF4:Yb3+/Er3+ nanoparticles prepared at (a) 250, (b) 300, 

and (c) 350 °C; reaction time 1 h.  

 

The crystalline structure of the dry OM-NaYF4:Yb3+/Er3+ nanoparticles was determined 

by both SAED and XRD. The methods confirmed presence of cubic α- and hexagonal β-phase in 

the crystallites. The latter form is favored in bioapplications due to its high upconversion 

photoluminescence efficiency. The reaction temperature had great influence on the resulting 

crystalline structure and upconversion photoluminescence. A cubic-to-hexagonal phase transition 

and high upconversion efficiency of the OM-NaYF4:Yb3+/Er3+ particles were achieved at the 

temperatures ˃300 °C and reaction time of 1 h. Details about synthesis and characterization of 

the OM-NaYF4:Yb3+/Er3+ nanoparticles prepared by the thermal decomposition can be found in 

the publication No. 1.  
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 Another approach for preparation of high-quality  upconversion nanoparticles was the 

high-temperature coprecipitation method consisting of two steps. First, lanthanide chlorides were 

dissolved in a mixture of solvent (OD) and surface-binding ligand (OA)  and heated to 160 °C, 

forming a homogeneous yellowish solution. Second, NaOH and NH4F·HF as a source of Na
+ 

and F– ions, respectively, were added and the mixture heated to 300 °C for 90 min  producing 

OA-NaYF4:Yb
3+/Er3+ and/or OA-NaGdF4:Yb

3+/Er3+ nanoparticles.  

 

Figure 9. (a, d) TEM micrographs, (b, e) SAED diffraction patterns, (c, f) comparison of SAED 

and  XRD diffractograms, and (g) typical EDAX spectrum of the OA-NaYF4:Yb
3+/Er3+ crystals 

synthesized at (a-c) 1/2.5 and (d-f) 1.5/2.5 Ln3+/Na+ molar ratio at 300 °C for 90 min. (c, f) XRD 

patterns were calculated from database crystal structures. 

 

 In OA-NaYF4:Yb
3+/Er3+ particles, Ln3+/Na+ ratio greatly influenced both the crystal 

phase and morphology. In the first set of experiments, the Ln3+/Na+ ratio was changed from 1/2.5 

to  1.5/2.5  (mol/mol),  while the  reaction  time  (90 min) and temperature  (300  °C) were  held 

constant. When the Ln3+/Na+ ratio was 1/2.5 (mol/mol), polydisperse spherical nanocrystals were 

prepared (PDI = 1.16, Dn = 26 nm; Figure 9 a). At the 1.5/2.5 ratio (mol/mol), monodisperse flat 

hexagon-shaped crystals were obtained with Dn = 266 nm and PDI = 1.01 (Figure 9 d). SAED 

analysis showed that the  NaYF4:Yb
3+/Er3+ nanoparticles prepared at  the Ln3+/Na+ =  1/2.5 
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(mol/mol) exhibited both cubic and hexagonal phases (Figure 9 b, c), whereas pure hexagonal 

phase crystals corresponding to Na(Y0.57Yb0.39Er0.04)F4 were formed at the Ln3+/Na+ = 1.5/2.5 

(mol/mol; Figure 9 e, f). EDAX analysis confirmed the OA-NaYF4:Yb3+/Er3+ crystal 

composition. Na, Y, F, and Yb peaks were visible, while Er peak was not detected due to its 

trace amount. Cu and C peaks in the spectrum originated from the standard carbon-coated copper 

support grid used in TEM. Additional XRD analysis of the OA-NaYF4:Yb3+/Er3+ nanocrystals 

prepared at the Ln3+/Na+ = 1.5/2.5 (mol/mol) showed very sharp peaks at positions 

corresponding to the hexagonal crystal phase (Figure 10).  

 
Figure 10. XRD analysis of the hexagonal OA-NaYF4:Yb3+/Er3+ nanocrystals prepared at 

1.5/2.5 Ln3+/Na+ molar ratio and 300 °C for 90 min. The lines correspond to cubic α- and 

hexagonal β-phases87.  

 

 OA-NaYF4:Yb3+/Er3+ nanocrystals were also synthesized by the high-temperature 

coprecipitation method at different reaction times (30, 60, and 90 min), constant reaction 

temperature 300 °C, and Ln3+/Na+ ratio = 1.5/2.5 (mol/mol). Size of the crystals changed from 

16 to 266 nm with increasing reaction time (Figure 11); simultaneously, the size distribution 

became narrower. Size of the crystals prepared at reaction time amounting to 30 min was small 

(16 nm); at the same time, their polydispersity index was rather high (PDI = 1.4; Figure 11 a). If 

the reaction time was prolonged to 60 min, the hexagonal crystal size grew to 160 nm, however, 

a second family of tiny particles (~3-9 nm) was observed (Figure 11 b). When the reaction time 

increased to 90 min, large hexagonal OA-NaYF4:Yb3+/Er3+ nanocrystals with size ~266 nm were 

prepared; at the same time, the tiny nanoparticles disappeared, indicating completed growth 

stage during the particle formation (Figure 11 c). When the reaction time increased to 120 min, 

the crystal size and shape remained the same as for the 90-min reaction time.  
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Figure 11. TEM micrographs of OA-NaYF4:Yb3+/Er3+ nanocrystals prepared at Ln3+/Na+ = 

1.5/2.5 (mol/mol) and 300 °C for (a) 30, (b) 60, and (c) 90 min.  

 

 OA-NaYF4:Yb3+/Er3+ nanoparticles prepared at Ln3+/Na+ = 1/4 (mol/mol), constant 

reaction temperature 300 °C and time 90 min exhibited a spherical shape (Figure 12 a). The 

nanoparticles were 24 nm in diameter with a narrow particle size distribution (PDI = 1.02). To 

confirm TEM results, nanoparticles in hexane were analysed by DLS. Hydrodynamic diameter 

was slightly larger (Dh = 27 nm) compared to the size calculated from the TEM micrographs (Dn 

= 24 nm). The small difference can be explained by the presence of OA capping ligand adsorbed 

on the particle surface, which is invisible by TEM due to its low contrast compared to inorganic 

crystalline nanoparticles. Size of the OA-NaYF4:Yb3+/Er3+ nanoparticles synthesized at a 

prolonged reaction time (3 h) increased to 33 nm, moreover, the size distribution broadened (PDI 

= 1.12; Figure 12 b).  

 
Figure 12. TEM micrographs of OA-NaYF4:Yb3+/Er3+ nanoparticles prepared at Ln3+/Na+ = 1/4 

(mol/mol) and 300 °C for (a) 90 min and (b) 3 h. 

 

 Upconversion/magnetic NaGdF4:Yb3+/Er3+ nanoparticles stabilized with OA were also 

obtained by the high-temperature coprecipitation of lanthanide chlorides. The particles exhibited 

an ellipsoidal shape with mean size Dn = 27 nm and a reasonably narrow particle size 

distribution (PDI = 1.20). Hydrodynamic diameter of the NaGdF4:Yb3+/Er3+ nanoparticles in 
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hexane was Dh = 35 nm with polydispersity PI = 0.28 confirming the relatively narrow size 

distribution.  

It can be therefore concluded that the thermal decomposition yielded mostly spherical 

particles, but it was difficult to control their size and morphology. Additionally, the method was 

laborious, requiring synthesis of starting precursors and producing numerous toxic by-products. 

In contrast, the high-temperature coprecipitation was convenient, as the precursors were 

commercially available, thus enabling one-pot reaction. Simple variation of the reaction 

parameters (e.g., time, temperature, or precursor concentration) enabled preparation of the 

nanoparticles with desirable morphologies (e.g., cubic, ellipsoid, and hexagonal), sizes, and size 

distributions. Upconversion OA-NaYF4:Yb3+/Er3 and upconversion/magnetic OA-

NaGdF4:Yb3+/Er3+ nanoparticles prepared by the high-temperature coprecipitation were therefore 

chosen for the biological experiments.  

Details concerning synthesis of the OA-NaYF4:Yb3+/Er3+ and OA-NaGdF4:Yb3+/Er3+ 

nanoparticles by the high-temperature coprecipitation and their thorough characterization were 

presented in the publications No. 1 and 3-6. 

4.2. Silica-coated NaYF4:Yb3+/Er3+ nanoparticles 

Reverse microemulsion technique was selected to coat hydrophobic OM-

NaYF4:Yb3+/Er3+, OA-NaYF4:Yb3+/Er3+, and OA-NaGdF4:Yb3+/Er3+ nanoparticles, since it 

allows formation of silica shell via hydrolysis and condensation of TMOS. Silica shell thickness 

was controlled by varying different reaction parameters, including concentration of TMOS and 

starting nanoparticles. As an example, 3 mg of spherical OA-NaYF4:Yb3+/Er3+ nanoparticles per 

ml of hexane and 20 μl of TMOS were found to be optimal for preparation of a homogeneous 

silica shell (Figure 14 b). At concentrations ˂3 mg of particles/ml of hexane, neat silica 

nanoparticles (~20 nm) were detected (Figure 14 a), while at concentrations >3 mg/ml the silica 

shell was inhomogeneous (Figure 14 c). NaYF4:Yb3+/Er3+@SiO2 nanoparticles were 

subsequently functionalized by APTES forming NaYF4:Yb3+/Er3+@SiO2-NH2. Diameters of 

both NaYF4:Yb3+/Er3+@SiO2 and NaYF4:Yb3+/Er3+@SiO2-NH2 (Dn = 32 nm) increased 

compared to the initial OA-NaYF4:Yb3+/Er3+ nanoparticles (24 nm) due to presence of the silica 

shell, thickness of which reached ~4 nm. Particle size distribution of both nanoparticle types was 

very narrow (PDI = 1.03). Also ellipsoidal OA-NaGdF4:Yb3+/Er3+ and hexagonal OA-

NaYF4:Yb3+/Er3+ nanoparticles were coated by a thin silica and/or aminosilica shell (~5 nm) by 

the reverse microemulsion technique forming a core-shell morphology (Figure 15).  
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Figure 14. TEM micrographs of spherical NaYF4:Yb
3+/Er3+@SiO2 nanoparticles prepared at 

(a) 1.5, (b) 3, and (c) 5 mg of the starting particles/ml of hexane and 20 µl of TMOS.  

 

 

Figure 15. TEM micrographs of starting (a) ellipsoidal OA-NaGdF4:Yb
3+/Er3+ and (c) hexagonal 

OA-NaYF4:Yb
3+/Er3+,  (b)  NaGdF4:Yb

3+/Er3+@SiO2 and  (d) NaYF4:Yb
3+/Er3+@SiO2 

nanoparticles. 

 

  To further confirm presence of silica and aminosilica shell, Dh, PD, and ζ-potential of the 

NaYF4:Yb
3+/Er3+@SiO2 and NaYF4:Yb

3+/Er3+@SiO2-NH2 nanoparticles  in  water  (pH 7)  were 

analyzed by DLS. Hydrodynamic diameter of  the NaYF4:Yb
3+/Er3+@SiO2 (Dh = 50 nm) was 

smaller than the diameter of the NaYF4:Yb
3+/Er3+@SiO2-NH2 particles  (Dh =  102  nm).  The 

NaYF4:Yb
3+/Er3+@SiO2 nanoparticles showed good colloidal stability in water due to negative 

charge (‒30 mV) originating from silanol groups on the surface. In the NaYF4:Yb
3+/Er3+@SiO2-
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NH2 nanoparticles, a total positive charge (12 mV) was detected due to the presence of amino 

groups on the surface. However, such a low charge is not sufficient to colloidally stabilize the 

particles; thus, the NaYF4:Yb3+/Er3+@SiO2-NH2 particles had a tendency to aggregate. 

 It should be noted that the reverse microemulsion was selected as a method of choice for 

the surface modification of the UCNPs, being a relatively simple and requiring easily available 

starting chemicals. The technique allowed facile encapsulation of individual nanoparticles by a 

homogeneous silica shell, regardless of the starting particle size and shape. The silica shell 

thickness was well-controlled by changing the precursor concentration. Silica-coated particles 

were then successfully modified by desirable functional groups. Details on preparation, surface 

modification and characterization of the silica- and aminosilica-coated spherical and hexagonal 

OA-NaYF4:Yb3+/Er3+, as well as ellipsoidal OA-NaGdF4:Yb3+/Er3+ nanoparticles, were 

described in the publications No. 1-5. 

4.3. Highly colloidally stable NaYF4:Yb3+/Er3+@PEG nanoparticles 

 Majority of the nanoparticles, including upconversion ones, faces problem with colloidal 

instability in physiological media, although they are stable in water. Synthesis of long-term 

stable particles in biologically relevant PBS buffer still remains a great challenge. To prepare 

such a colloid, the spherical OA-NaYF4:Yb3+/Er3+ nanoparticles were treated with HCl to 

remove OA from the surface, forming OA-free (naked) NaYF4:Yb3+/Er3+ particles. They slightly 

aggregated in water (Dh = 360 nm, PD = 0.36), albeit their high positive surface charge (ζ = 

48 mV). And in PBS buffer, which has much higher ionic strength compared to water, they 

immediately aggregated, forming a turbid dispersion probably due to chelation of phosphates 

with surface lanthanide ions. To make transfer of the naked NaYF4:Yb3+/Er3+ nanoparticles in 

PBS possible, they were coated by poly(ethylene glycol)-neridronate (PEG-Ner). Neridronate 

contains bisphosphonate groups, which have strong affinity to lanthanide cations. PEG then 

stabilizes the particles in aqueous solutions of even high ionic strength, such as PBS, even in the 

presence of BSA (Figure 17). Hydrodynamic diameter (Dh = 120 nm) and polydispersity 

(PD = 0.2) of the NaYF4:Yb3+/Er3+@PEG nanoparticles did not change with time (14 days), 

suggesting absence of any aggregation.  

To verify surface modification of the NaYF4:Yb3+/Er3+ nanoparticles with PEG-Ner, ζ-

potential was determined. The particles had a low positive charge (8 mV) in water (pH = 7), 

which significantly differed from that of the naked particles (48 mV). This suggested that the 

PEG-Ner stabilized the particles sterically. Details about modification and physico-chemical 

characterization of the NaYF4:Yb3+/Er3+@PEG nanoparticles are presented in the publication 

No. 6. 
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Figure 17. Time dependence of hydrodynamic diameter and polydispersity of 

NaYF4:Yb3+/Er3+@PEG particles in PBS in the presence of BSA (0.5 mg/ml). 

 

4.4. Biomimetic modification of NaYF4:Yb3+/Er3+@SiO2-NH2 nanoparticles  

To introduce specific targeting moieties on the particles, azido-functionalized RGD and 

TAT peptides were covalently bound to the spherical NaYF4:Yb3+/Er3+@SiO2-NH2 particles 

(Figure 16). Amino groups of the nanoparticles were reacted with 4-pentynoic acid to terminate 

them with alkynes for subsequent biomimetic modification with the azido-peptides by Cu-AAC 

reaction. Since the RGD peptide mainly interacts with transmembrane proteins (integrins) and 

the NaYF4:Yb3+/Er3+@SiO2-RGD particles adhere to the cell membrane during the incubation, 

only a low intensity of green/red light can be expected in the cells observed under confocal 

microscope. In contrast, the TAT peptide-modified NaYF4:Yb3+/Er3+@SiO2 particles can cross 

the cell membrane, providing high level of upconversion luminescence. The RGD- and TAT-

conjugated NaYF4:Yb3+/Er3+@SiO2 nanoparticles can be used as luminescent biomarkers for cell 

imaging. Our synthetic approach enables also immobilization of other biorecognition molecules 

(e.g., targeting ligands for cancer receptors) on the particle surface for the specific noninvasive 

targeting and recognition of tumor cells. 

To monitor the click reaction and determine the amount of bounded peptide, 125I-labeled 

RGD was attached to the particles. Their average radioactivity with and without the 

Cu(I) catalyst was 0.085±0.00419 and 0.01±0 MBq, respectively, corresponding to 3×10-22 mol 

of peptide (180 peptide units) per nanoparticle. Because after Cu-AAC reaction the residual Cu 

catalyst can induce toxicity, its amount adsorbed on the particles was determined by a radioassay 

using 64CuCl2. Double washing of the nanoparticles after the click reaction with 1 % EDTA was 

sufficient. Details about biomimetic modification of the particles with RGD, TAT, and 125I-

radiolabeled RGD peptides can be found in the publication No. 3.  
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Figure 16. Click reaction of 4-pentynoic acid-modified NaYF4:Yb3+/Er3+@SiO2-NH2 

nanoparticles with azido-peptide.  

 

 4.5. Phthalocyanine-conjugated NaYF4:Yb3+/Er3+@SiO2 nanoparticles 

Photodynamic therapy (PDT) has attracted a great deal of attention as a minimally 

invasive clinical treatment modality for malignant tumors. However, UV and visible light, which 

activate a photosensitizer, penetrate poorly and damage living tissues. These factors limit the 

application of PDT. Therefore, spherical UCNPs were developed as a NIR-to-visible light 

converter and activator of a photosensitizer. Starting NaYF4:Yb3+/Er3+@SiO2 nanoparticles were 

functionalized by methacrylate groups using 3-(trimethoxysilyl)propyl methacrylate. To 

introduce a large amount of reactive amino groups on the surface for subsequent attachment of 

the various biomolecules and/or drugs (e.g., photosensitizers), the methacrylate-terminated 

NaYF4:Yb3+/Er3+@SiO2 particles were functionalized by a branched polyethyleneimine (PEI) via 

Michael addition. Aluminum carboxyphthalocyanine (Al Pc-COOH) was then attached to the 

NaYF4:Yb3+/Er3+@SiO2-PEI particles via carbodiimide chemistry. Resulting 

NaYF4:Yb3+/Er3+@SiO2-PEI-Pc particles were finally modified with succinimidyl ester of 

poly(ethylene glycol) (PEG) to alleviate their uptake by the reticuloendothelial system. 

Preparation, modification, and characterization of the NaYF4:Yb3+/Er3+@SiO2-PEI-Pc-PEG 

nanoparticles were described in the publication No. 5. 
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Figure 17. Preparation and in vivo application of NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG 

nanoparticles.  

 

  4.6. Radiolabeling of NaYF4:Yb
3+/Er3+@PEG nanoparticles  

 To render the NaYF4:Yb
3+/Er3+@PEG nanoparticles with  radioactivity  and enable their 

quantitative analysis, 125I  isotope was attached (Figure  18). Since the NaYF4:Yb
3+/Er3+@PEG 

particles lack of functional groups for radiolabeling,  Bolton-Hunter-neridronate  (BH-Ner)  was 

used as a tyrosine-containing reagent that can be labeled with radioiodine. BH-Ner was prepared 

by conjugation of neridronate with Bolton-Hunter reagent via NHS-activated carboxyl  groups. 

BH-Ner was attached to the NaYF4:Yb
3+/Er3+@PEG to get NaYF4:Yb

3+/Er3+@PEG-BH-Ner 

nanoparticles, which were labeled with Na125I by chloramine T method with high yield (75 %). 

The 125I-labeled NaYF4:Yb
3+/Er3+@PEG nanoparticles were designed to monitor their 

biodistribution in the mice by  noninvasive single-photon emission computed tomogra-

phy/computed tomography (SPECT/CT) imaging. 

 

Figure 18. Preparation of 125I-labeled NaYF4:Yb
3+/Er3+@PEG nanoparticles. 
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Full description of synthesis, modification, radiolabeling, and characterization of 125I-

labeled NaYF4:Yb3+/Er3+@PEG nanoparticles was presented in the publication No. 6.  

4.7. Upconversion and magnetic properties of the nanoparticles 

Upconversion photoluminescence of the spherical OA-NaYF4:Yb3+/Er3+ nanoparticles 

prepared at Ln3+/Na+ = 1/4 (mol/mol) and 300 °C for 90 min was measured on a confocal 

inverted fluorescence microscope with emission and excitation at 500-700 nm and 930-990 nm, 

respectively. Shapes and positions of the peaks of emitted light did not change due to 

simultaneous energy transfer upconversion of NIR photons. Maximum absorption was detected 

at 970 nm, corresponding to the 2F7/2 → 2F5/2 transition of Yb3+ (Figure 19 a). Under this 

excitation, the upconversion emission showed three peaks centred at 520, 545 (both green), and 

660 nm (red), which corresponded to the 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, and 4F9/2 → 4I15/2 

transitions of Er3+, respectively (Figure 19 b). Resulting green emission of the optically 

transparent NaYF4:Yb3+/Er3+@PEG aqueous colloid upon 980 nm excitation is shown in Figure 

19 c, b. 

Figure 19. (a) Upconversion photoluminescence intensity of the spherical OA-NaYF4:Yb3+/Er3+ 

nanoparticles as a function of excitation wavelength and (b) NIR-to-VIS emission spectra at 960-

980 nm excitation. (c, d) Upconversion photoluminescent images of NaYF4:Yb3+/Er3+@PEG 

particles in water (4 mg/ml) after excitation by 980 nm laser with power of 400 mW. 
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T1-weighted MR image of a phantom with NaGdF4:Yb3+/Er3+ nanoparticles exhibited a 

noticeable higher MR signal (3.5×; Figure 20 a) compared to that obtained from water phantoms 

(Figure 20 b). This suggested that magnetic properties are high enough to allow use of the 

NaGdF4:Yb3+/Er3+ particles as a contrast agent for MRI. Details about upconversion 

photoluminescence, magnetic measurements and their descriptions can be found in the 

publications No. 1-6.  

 
Figure 20. T1-weighted MR images of (a) phantom containing NaGdF4:Yb3+/Er3+ particles and 

(b) a control phantom filled with water. 

 

 4.8. In vitro biological experiments  

 Thorough cytotoxicity studies are important to determine potential risks of the 

nanoparticles before their bioapplications. In vitro cell viability assay was chosen to evaluate 

toxicity of the starting and surface-modified nanoparticles using primary fibroblasts and cell line 

derived from human cervical carcinoma (HeLa). The experiments proved non-toxicity of the 

hexagonal NaYF4:Yb3+/Er3+ and NaYF4:Yb3+/Er3+@SiO2 particles, while 

NaYF4:Yb3+/Er3+@SiO2-NH2 nanoparticles showed concentration-dependent toxicity at 

concentrations >250 µg/ml.  

Internalization of the nanoparticles by the mRoGFP HeLa cells was examined by 

confocal inverted fluorescence microscopy at several planes under 480 and 970 nm excitation 

(Figure 21). At 480 nm excitation (green), mitochondrial networks were observed in the cells, 

while at 970 nm excitation (red), the nanoparticles were seen. Overlaid images of the 

mitochondrial networks and hexagonal NaYF4:Yb3+/Er3+-, NaYF4:Yb3+/Er3+@SiO2-, and 

NaYF4:Yb3+/Er3+@SiO2-NH2-labeled mRoGFP HeLa cells showed aggregation and minimal 

internalization of the neat NaYF4:Yb3+/Er3+ particles (Figure 21 b). In contrast, the 

NaYF4:Yb3+/Er3+@SiO2 and NaYF4:Yb3+/Er3+@SiO2-NH2 particles were successfully 

internalized by the cells (Figure 21 d and f). Therefore, proper surface modification of the 

nanoparticles is crucially important for biomedical applications in order to avoid particle 

aggregation and insufficient internalization by the cells. Intracellular uptake studies of the silica-
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modified nanoparticles proved their perspective for biolabeling and luminescence imaging of 

tumor cells.  

 
Figure 21. (a-f) Fluorescence images of mitochondria networks (green; 480 nm) in mRoGFP 

HeLa cells after incubation with hexagonal (b) NaYF4:Yb3+/Er3+, (d) NaYF4:Yb3+/Er3+@SiO2, 

and (f) NaYF4:Yb3+/Er3+@SiO2-NH2 nanoparticles. (b, d, f) Overlays of (a, c, e) and 

upconversion luminescence (red; excitation at 970 nm and detection at 500-700 nm). Scale bar 

30 µm.  
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 HeLa cells stained with the plasma membrane marker CellMask™ orange were incubated 

with the NaYF4:Yb3+/Er3+@SiO2-TAT and NaYF4:Yb3+/Er3+@SiO2-RGD particles. Confocal z-

scan images of the HeLa cell sections showed that the NaYF4:Yb3+/Er3+@SiO2-TAT 

nanoparticles were well-internalized and localized in the cytoplasm, as well as within the plasma 

membrane (Figure 22 a). In contrast, the NaYF4:Yb3+/Er3+@SiO2-RGD particles adhered to the 

HeLa cell surface, as documented by colocalization with a rather wide membrane annulus 

(Figure 22 b). Thus, the results confirmed superior adhesion of the NaYF4:Yb3+/Er3+@SiO2-

RGD nanoparticles to the plasma membrane. This can have a great impact on studies of the 

nanoparticle internalization mechanism by different cell types and future applications of the 

particles as therapeutic and diagnostic tools. Full description of in vitro bioimaging studies of 

upconversion nanoparticles can be found in the publications No. 1 and 3. 

 
Figure 22. Fluorescence confocal images and upconversion photoluminescence of (a) 

NaYF4:Yb3+/Er3+@SiO2-TAT- and (b) NaYF4:Yb3+/Er3+@SiO2-RGD-labeled HeLa cell sections 

after CellMask™ orange staining. Plasma membrane is green (excitation and detection at 540 

and 565 nm, respectively), and the nanoparticles are red (excitation and detection at 970 and 

500-700 nm, respectively). Scale bar 20 µm. 

 

4.9. Ex vivo distribution studies of NaGdF4:Yb3+/Er3+@SiO2 nanoparticles 

Localization of the NaGdF4:Yb3+/Er3+@SiO2 nanoparticles within the mice organs was 

examined by analysis of the tissues using laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS). LA-ICP-MS is a powerful analytical method for the direct 

determination of element content, namely Gd isotopes, in living tissues. This technique enables 

detection of even very small quantities of the nanoparticles (pico- to femtograms), thus 

facilitating highly sensitive (parts per billion) visualization of the particle distribution inside a 
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tissue. As an example, the NaGdF4:Yb3+/Er3+@SiO2 nanoparticle distribution was evaluated ex 

vivo in brain and liver tissues of B16F10 melanoma bearing mice after intravenous 

administration showing localization in the vascular net (Figure 23). Even very small quantity of 

accumulated nanoparticles was detectable, which is advantageous in terms of low dose injection. 

LA-ICP-MS might be applicable even on biopsies of analyzed organs or tumor tissues, allowing 

efficient evaluation of the particle distribution in the organism to improve planning of precise 

theranostics. Details about ex vivo biodistribution experiments can be found in the publication 

No. 4.  

 

Figure 23. LA-ICP-MS analysis of gadolinium isotopes (156Gd, 157Gd, 158Gd) in brain (left) and 

liver (right) tissue after treatment of tumor mice with NaGdF4:Yb3+/Er3+@SiO2 particles.  
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4.10. NIR-triggered photodynamic therapy 

Therapeutic efficiency of the NaYF4:Yb3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles was 

investigated in a pilot study on outbred athymic nude mice with subcutaneously growing human 

mammary carcinoma (Figure 24 a). After irradiation with NIR light (980 nm), extensive tumor 

necrosis in five mice, which were intratumorally treated with the particles, were detected within 

24–48 h (Figure 24 b, c). 40 % of the experimental animals showed complete remission of tumor 

burden (Figure 24 d) and the remaining 60 % showed partial remission. As a control, the 

NaYF4:Yb3+/Er3+@SiO2-PEI-PEG nanoparticles, which did not contain Pc, were applied to mice 

under identical conditions, showing that the tumor was not affected (Figure 24 e). Details about 

animal experiments can be found in the publication No. 5.  

 
Figure 24. (a) Nu/nu mouse with growing human mammary carcinoma (MDA-MB-231 cell 

line) before NIR-triggered PDT therapy. Development of necrosis in mouse treated with 

NaYF4:Yb3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles (b) 2 and (c) 5 days after PDT; (d) tumor is 

completely healed 20 days after PDT. (e) Control mouse treated with NaYF4:Yb3+/Er3+@SiO2-

PEI-PEG particles 5 days after PDT. 
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 4.11. In vivo biodistribution of 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles 

 Biodistribution of the 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles intravenously 

injected in non-tumor mice was monitored by a single-photon emission computed 

tomography/computed tomography (SPECT/CT) during 4 days, confirming fast and complete 

homogeneous particle uptake by the liver (Figure 25). Majority of the particles was found in the 

liver already 30 min after the injection. Partial nanoparticle degradation led to radioiodine 

reuptake into the thyroid gland. Nanoparticles were then slowly excreted by the hepatobiliary 

route with almost complete relocation to the gastrointestinal tract within 4 days after the 

injection.  

 
Figure 25. SPECT/CT images of a mouse after (a, e) 30 min, (b, f) 1.5 h, (c, g) 24 h, and (d, h) 

96 h of intravenous injection of 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles.  

 

Upconversion 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles, which simultaneously 

integrate two imaging modalities, can prospectively facilitate effective diagnosis and treatment 

of early stage diseases and tumors. In particular, the nanoparticles can be suitable for 



 

41 
 

noninvasive short- and long-term in vivo imaging to monitor the fate of particles in the organism 

and can become a promising tool for photodynamic therapy in combination with an immobilized 

photosensitizer. Details about in vivo biodistribution studies of the radiolabeled upconversion 

nanoparticles can be found in the publication No. 6. 
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5. CONCLUSIONS 

UCNPs represent a novel class of photoluminescent nanomaterials, research on which is 

rapidly growing. After first discovery of UCNPs in the mid-2000s, increasing attention was 

devoted to their synthesis, surface modification and various applications. Currently, attention is 

focused on solving two major challenges, namely enhancement of upconversion luminescence 

and improved colloidal stability of UCNPs, which have to possess functional groups available 

for further modifications. This thesis contributes mainly to the latter issue with focus on (i) 

synthesis of the UCNPs with precisely defined morphology and size, (ii) surface modification to 

ensure colloidal stability not only in water, but also in phosphate buffered media, and (iii) 

investigation of biomedical applications.  

Size of the nanoparticles plays a crucial role in determination of cellular responses and 

fate in a living organism. Even a small change in nanoparticle size and morphology dramatically 

influences physical and/or chemical properties. Heterogeneously sized nanoparticles, in contrast 

to uniform ones, might be distributed unevenly and irreproducibly in the organism causing 

undesirable toxic side effects. Therefore, precise control of the nanoparticle size, uniformity, and 

reproducibility were main tasks in the first part of the work. Morphology, size and size 

distribution of UCNPs were controlled by varying synthesis conditions, in particular, by 

changing the precursor ratio. The reaction temperature showed also a great influence on the 

crystal structure and upconversion photoluminescence, which was highest for the particles 

prepared at temperatures ≥300 °C, when they adopted hexagonal crystalline phase. The 

nanoparticles intended for biomedical applications have to fulfil several requirements. Namely, it 

is crucial to have uniform size, smaller than 100 nm, therefore spherical 20-nm NaYF4:Yb3+/Er3+ 

nanoparticles with hexagonal crystal structure and bright luminescence were found to be the best 

candidate for subsequent biological experiments.  

Surface modification of the UCNPs was another main aim of the current work. 

Homogeneous silica shell of controllable thickness rendered the particles with water-

dispersibility and desirable functionality (silanol-, amino- or methacrylate-end groups). The 

functional groups allowed subsequent modification with various polymers, biomolecules and 

drugs. Even though, silica coating rendered the UCNPs with dispersibility in water, they 

irreversibly aggregated in the phosphate buffered media. This may cause huge problems if the 

particles are intended for application in living organisms. Very important discovery achieved in 

this work was application of new in-house synthesized PEG-Ner, which helped to overcome this 

drawback and allowed formation of UCNPs colloidally stable even in albumin-containing PBS.  

To target the UCNPs to specific organelles or sites within the body, the surface should be 

decorated with specific moieties, such as monoclonal antibodies or peptides preferably linked by 
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a covalent bond. In the present work, active targeting was designed using biorecognition cell-

adhesive RGD or cell-penetrating TAT peptide immobilized on the particle surface via Cu(I)-

catalyzed click reaction. Experiments with HeLa cells showed that the NaYF4:Yb3+/Er3+@SiO2-

RGD nanoparticles adhered to the cell plasma membrane, while the NaYF4:Yb3+/Er3+@SiO2-

TAT particles specifically penetrated into the cell cytosol. These nanoparticles represent a new 

generation of prospective biomimetic luminescent biomarkers, which are able to target cell 

membrane and/or nucleus. These unique features may be exploited in in vivo cell imaging and 

targeted drug delivery.  

To study the particle biodistribution, NaGdF4:Yb3+/Er3+@SiO2 nanoparticle localization 

was evaluated ex vivo in tumor, liver, and brain tissues of melanoma bearing mice after 

intravenous administration using the LA-ICP-MS. The blood vessels within the tumor were 

easily visualized. This technique proved to be highly efficient for visualization of even very 

small quantities of the particles (pico- to femtograms), thus facilitating sensitive (parts per 

billion) monitoring of the nanoparticle distribution inside a living tissue.  

The UCNPs combined with in-house synthesized Al Pc-COOH were investigated in this 

work to enable PDT of deep-seated tumors. The particles were used as NIR-to-visible light 

converter and activator of a PDT photosensitizer. Presence of carboxyl groups in the Al Pc-

COOH enabled its covalent attachment on the UCNP surface, which was preferable compared to 

physical adsorption that suffers from leakage of the photosensitizer. The pilot in vivo study 

demonstrated promising therapeutic efficiency of the particles against human mammary 

carcinoma in mice. After 980-nm irradiation of tumor site with intratumorally injected 

NaYF4:Yb3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles, necrotic areas developed in all five tested 

animals (two mice with complete curative effects and three mice with partial curative effects). 

The results showed great prospective of Al Pc-COOH-conjugated UCNPs as a novel NIR-

triggered PDT nanoplatform for deep tissue cancer therapy.  

In PBS colloidally stable and biocompatible 125I-labeled NaYF4:Yb3+/Er3+@PEG 

nanoparticles, which can be utilized as a dual-mode NIR optical and SPECT/CT contrast agent, 

were successfully designed. To bring a new insight on behavior of upconversion nanoparticles 

inside a living organism, in vivo biodistribution of the 125I-labeled NaYF4:Yb3+/Er3+@PEG 

nanoparticles was monitored in the non-tumor mice by noninvasive SPECT/CT imaging. The 

particles can be used as noninvasive short- and long-term in vivo contrast agent to tract fate of 

the nanoparticles in the organism.  
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