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ABBREVIATIONS 
 

@  coated with 

APTES  (3-aminopropyl) triethoxysilane 

ATP  adenosine triphosphate 

BHMT  bis (hexamethylene)triamine 

ChR2  channelrhodopsin-2 

CD  cyclodextrin 

DC  dendritic cell 

DCM  dichloromethane 

DMF  dimethylformamide 

DOX  doxorubicin 

dSiO2  dense silica 

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

FRET  Förster resonance energy transfer 

ICG indocyanine green 

IR  infrared 

LbL  layer-by-layer assembly 

Ln / Ln3+  lanthanides 

mSiO2  mesoporous silica 

NHS  N-hydroxysuccinimide 

NIR  near-infrared 

PA  polyacrolein 

PAA  polyacrylic acid 

PDT  photodynamic therapy 

PEG  polyethylene glycol 

PEI  polyethylenimine 

PI  propidium iodide 

PMAO  poly(maleic anhydride-alt-1-octadecene) 

PS  phosphatidylserine 

PVP  polyvinylpyrrolidone 

QD  quantum dot 

ROS  reactive oxygen species 

TEOS  tetraethyl orthosilicate 

UC  upconversion 

UCL  upconversion luminescence 

UCNP  upconversion nanoparticle 

UV  ultraviolet 

VIS  visible 
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STRESZCZENIE 
 

Jakościowe i ilościowe metody takie jak mikroskopie czy spektroskopie, są jednymi z 

najbardziej popularnych technik wykorzystywanych we współczesnej biologii. W ostatnich 

latach nanocząstki konwertujące energię wzbudzenia w górę (ang. upconverting nanoparticles, 

UCNPs), domieszkowane jonami lantanowców, stały się przedmiotem intensywnych badań w 

ciągle rozwijającym się polu poszukiwań nowych i wydajnych metod obrazowania oraz 

detekcji struktur biologicznych. 

Proces konwersji energii wzbudzenia w górę (ang. upconversion, UC)  został odkryty już 

w latach 60-tych XX wieku, a w latach 2000-tych opracowano metody syntez chemicznych 

pierwszych domieszkowanych mikro- i nanocząstek opartych o matrycę NaYF4, o wydajności 

kwantowej wyższej niż poprzednie materiały UC. Zjawisko UC polega na absorbcji dwóch lub 

więcej niskoenergetycznych fotonów, zazwyczaj z zakresu podczerwieni, i emisji fotonów o 

wyższej energii, zazwyczaj z zakresu widzialnego lub ultrafioletowego. Zjawisko to 

wykorzystuje przejścia elektronowe 4f-4f zachodzące w jonach lantanowców.  

Dalsze wzmocnienie luminescencji nanocząstek UC można uzyskać poprzez 

zaprojektowanie tak zwanej aktywnej powłoki. Powłoka ta, poprzez konkretne jony 

lantanowców, jest zdolna do pochłonięcia dodatkowej energii fotonów i przekazania jej do 

rdzenia, w którym zachodzi zjawisko UC. 

Nanocząstki NaYF4 mają jednak istotną wadę w postaci niskiej wydajności kwantowej. 

Wzbudzenie w widmie IR wymaga intensywnego źródła tego światła. To generuje znaczną 

ilość ciepła w układzie, które jest szkodliwe dla struktur biologicznych. Problem ten próbuje 

się rozwiązać poprzez zastosowanie tak zwanych powierzchniowych anten uczulających. 

Antena pochłaniając promieniowanie IR, przekazuje energię bezpromieniście do jonów 

lantanowców w strukturze nanocząstki. Ta dodatkowa energia zwiększa intensywność zjawiska 
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UC. Cyjaninowe barwniki organiczne pochłaniające w widmie bliskiej podczerwieni (NIR) 

takie jak IR-806, lub kropki kwantowe są przykładami aktualnie badanych kandydatów do roli 

tychże anten. 

Oferując właściwości takie jak możliwość wzbudzania w głębszych fragmentach tkanki, 

niższy szum tła i wyższą stabilność, nanocząstki NaYF4 stały się przedmiotem badań nad nową 

grupą znaczników luminescencyjnych zdolnych do zastąpienia klasycznych znaczników takich 

jak związki organiczne czy białka fluorescencyjne. 

Istnieją trzy główne metody syntezy nanocząstek NaYF4. Metoda Ostwald-ripening, 

synteza hydrotermalna oraz najbardziej znana metoda dekompozycji termicznej - termolizy. 

Metoda dekompozycji termicznej pozostawia na powierzchni nanokryształu ligandy kwasu 

oleinowego. Właściwości hydrofobowe nanocząstek NaYF4 opłaszczonych tymi ligandami 

znacząco ograniczają zastosowanie biologiczne, z tego względu konieczne jest 

przeprowadzenie modyfikacji powierzchni nanokrystalitów, która pozwala uzyskać 

właściwości hydrofilowe. Te modyfikacje można przedstawić w następujących kategoriach: 

wymiana ligandów, przyciąganie ligandów, utlenianie ligandów, usuwanie ligandów, 

powlekanie powłoką polimerową, powlekanie metodą layer-by-layer, metoda oddziaływań 

host-guest oraz powlekanie nanocząstki warstwą powłoki krzemionkowej. 

Nanocząstki ze zmodyfikowaną powierzchnią mogą być wykorzystywane w szerokiej 

gamie badań biologicznych, które można podzielić na kategorie takie jak: obrazowanie, 

detekcja związków i zjawisk, śledzenie dynamiki związków i procesów biologicznych, 

transport oraz dostarczanie leków lub innych cząsteczek chemicznych, terapia fotodynamiczna 

a także optogenetyka. 

Podczas gdy wzbudzanie promieniowaniem z zakresu nadfioletowego i widzialnego 

ogranicza wysokie pochłanianie fotonów z tych zakresów, spektrum podczerwieni zapewnia 

kilka potencjalnie efektywnych tak zwanych okien optycznych w ramach których do około 90% 
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światła jest w stanie przeniknąć tkanki na głębokość 2 centymetrów i więcej. Perspektywa 

przenikania do tak głębokich warstw pozycjonuje wykorzystanie znaczników UC jako ważną 

alternatywę w obserwacji struktur wielokomórkowych, takich jak tkanki czy całe organizmy. 

Cytotoksyczność i inne szkodliwe efekty uboczne nanocząstek NaYF4 to pole debat i wielu 

prac badawczych. Obecnie ogranicza to ich zastosowanie. Prace w dziedzinie tych materiałów 

wskazują, że nanocząstki NaYF4 ulegają rozpadowi w płynach ustrojowych uwalniając jony 

lantanowe i fluorkowe do otoczenia. Ze względu na swoją wielkość, nanocząstki typu core- i 

core@shell mogą bez problemów przenikać przez błonę komórkową bez udziału aktywnych 

mechanizmów endocytozy i akumulować się w cytoplazmie. Nanocząstki o większych 

rozmiarach, wynikających z potencjalnych modyfikacji powierzchniowych, są internalizowane 

na drodze endocytozy zależnej od kaweolin lub klatryn. Konieczność ścisłego przebadania tych 

nanocząstek wynika z faktu, że endocytoza zależna od kaweolin i klatryn  jest ściśle powiązana 

z wieloma szlakami apoptotycznymi. Dodatkowym argumentem przemawiającym za 

koniecznością prowadzenia szeroko zakrojonych badań w tej kwestii są doniesienia 

wykazujące wysoki poziom akumulacji nanocząstek NaYF4 w konkretnych narządach. 

Podsumowując, materiały oparte o nanokryształy NaYF4 wymagają w dalszym ciągu 

szeregu badań. Wymagają także pewnego stopnia indywidualnego podejścia dla różnych 

rodzajów materiałów różniących się między sobą składem chemicznym, rozmiarem 

nanocząstki, obecnością rożnych modyfikacji powierzchni, mogących przekładać się na 

diametralnie różną odpowiedź ze strony całego organizmu lub konkretnie układu 

odpornościowego. 

W niniejszej rozprawie przedstawiono wyniki wstępnych badań nad zasadnością 

zastosowania nanocząstek core@shell typu β-NaYF4: Er3+, Yb3+ @ β-NaYF4: Nd3+, Yb3+, o 

wielkości 55 nm i 96 nm, pokrytych warstwą porowatej krzemionki będącej platformą 

nośnikową dla potencjalnych środków terapeutycznych oraz wcześniej opisanych 
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wzmacniających luminescencję anten uczulających, takich jak barwnik IR-806 wykorzystany 

w przedstawianych tutaj badaniach. 

Nanocząstki β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ o wielkości 

28 nm, których syntezę przeprowadził zespół w Instytucie Niskich Temperatur i Badań 

Strukturalnych im. Włodzimierza Trzebiatowskiego PAN we Wrocławiu, zostały pokryte 

warstwą krzemionki poprzez zmodyfikowaną metodę Ströbera u podstaw której leży 

kondensacja krzemionki na drodze chemicznej degradacji prekursorowego związku TEOS w 

środowisku zasadowym. 

Potencjalne właściwości ochronne powłoki krzemionkowej badano pod kątem trzech 

aspektów. Pierwszym był wpływ na ogólną stabilność chemiczną IR-806 w czasie. Porównano 

barwnik w roztworze i barwnik zaadsorbowany do krzemionki. W po dwóch tygodniach, 21% 

optycznie aktywnego IR-806 zostało w roztworze wodnym, podczas gdy 74% barwnika 

pozostało w krzemionce. Dodatkowe siedem miesięcy przechowywania w ciemni pokazuje, że 

16% barwnika osadzonego na krzemionce było nadal aktywne, podczas gdy tylko około 1% 

pozostającego w formie roztworu. Analogiczne eksperymenty, badające degradację pod 

wpływem działania światła, przeprowadzono poprzez naświetlanie promieniami UV o długości 

254 i 366 nm. Po 200 minutach naświetlania cała populacja cząsteczek IR-806 w wodzie uległa 

degradacji, podczas gdy około 27% molekuł barwnika pozostało niezdegradowane wewnątrz 

porowatej warstwy krzemionkowej. Ostatnim badanym aspektem degradacji była ocena 

skuteczności w zapobieganiu utleniania IR-806 przez nadtlenek wodoru jako przedstawiciela 

grupy reaktywnych form tlenu. Eksperymenty sugerują, że powłoka krzemionkowa nie chroni 

cząsteczek IR-806 przed działaniem H2O2, gdyż szybkość degradacji jest stosunkowo podobna 

pomiędzy barwnikiem zaadsorbowanym do krzemionki i barwnikiem w roztworze wodnym. 

Do eksperymentów badających cytotoksyczność użyto komórek linii makrofagowo-podobnych 

THP-1, linii komórek nabłonkowo-podobnych MDA-MB-231 i nabłonkowo-podobnych 
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komórek linii A375 od pacjenta z przerzutowym czerniakiem. Zastosowano nanocząstki NaYF4 

pokryte krzemionką o różnej grubości jak też nanokryształy NaYF4 z usuniętymi ligandami 

oleinowymi i bez otoczki krzemionkowej. W przypadku makrofagowej linii THP-1 mniejsze 

nanocząstki typu core zwiększały proliferację komórek. Wzrost proliferacji w przypadku 

nanocząstek typu core@shell także był obserwowany, nawet wyższy niż w przypadku NPs typu 

core. Dla nabłonkowo-podobnej linii MDA-MB-231 nie zaobserwowano właściwości 

stymulujących zarówno dla nanocząstek typu core, jak i core@shell. Stymulacja nanocząstkami 

NaYF4 pokrytymi krzemionką pokazuje znaczną toksyczność tych nanocząstek. Żywotność 

hodowli THP-1 spadła do 16% grupy kontrolnej, natomiast przeżywalność linii MDA-MB-231 

obniżyła się do 49%. Następnie, linie THP-1 i A375 zostały wybrane do eksperymentów 

mających na celu ocenić wpływ różnej wielkości powłoki krzemionkowej oraz potencjalną 

cytotoksyczność barwnika IR-806. W przypadku nanocząstek pokrytych krzemionką o 

średnicy 96 nm nie zaobserwowano istotnego efektu cytotoksycznego. Podobnie jak w 

przypadku wyników eksperymentów z liniami THP-1 i MDA-MB-231, nanocząstki pokryte 

krzemionką o średnicy 55 nm istotnie zmniejszały żywotność komórek, jednocześnie nie 

zaobserwowano żadnego dodatkowego efektu cytotoksycznego próbek nanocząstek z 

barwnikiem osadzonym w krzemionce. Barwnik IR-806 rozpuszczony w medium hodowlanym 

nie wpłynął na żywotność hodowli komórkowej. Analiza cytometryczna żywotności komórek 

pokrywa się z wynikami cytotoksyczności, jednocześnie wskazując na indukcję szlaków 

apoptozy w hodowlach komórkowych prowadzących do znacznej śmierci populacji komórek 

po upływnie 48 godzin od rozpoczęcia stymulacji. 

Uzyskane wyniki, wraz z danymi literaturowymi, sugerują istnienie przedziału wielkości 

nanocząstek w zakresie którego są one wysoce cytotoksyczne dla linii komórkowych. 
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ABSTRACT 
 

Qualitative (microscopy) or quantitative (spectroscopy) optical methods are one of the most 

prominent techniques in biology. In recent years rare-earth element doped upconversion 

nanoparticles have become a new subject of research in an ever-growing field seeking new and 

efficient methods of imaging and detection. 

The upconversion process was discovered in the 1960s and by the 2000s, the first lanthanide-

doped NaYF4-based micro- and nanoparticles, with enhanced luminescent properties, were 

synthesized. These upconverting materials absorb two or more low-energy photons, typically 

from the infrared spectrum, and throughout 4f-4f transitions on the lanthanide ions they emit 

one higher energy photon, generally in the visible or ultraviolet spectrum. 

Further enhancement of luminescence can be done by engineering an active shell capable of 

absorbing additional energy and transferring it into the active luminescent core. 

Upconverting NaYF4 nanoparticles suffer from a low quantum yield efficiency. Excitation 

at this spectrum generates considerable heat, which significantly rises the temperature of the 

system, to the point of being harmful to biological structures. This problem could be possibly 

mitigated by sensitizing antennas. An antenna would non-radiatively transfer the harvested 

energy to upconverting nanoparticle increasing the luminescence intensity. NIR-absorbing 

organic dyes (like IR-806) or quantum dots show promise as viable candidates for that role. 

These lanthanide doped NaYF4 nanoparticles have become a focus of study for new types of 

luminescent labels, which offer enhanced properties like excitation at deeper sections of the 

tissue, lower background noise, and higher photostability. 

There are three main NaYF4 upconversion nanoparticle synthesis approaches. These 

methods are the Ostwald-ripening method, hydrothermal synthesis, and the most prominent 

thermal decomposition, also known as thermolysis. 
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The thermal decomposition synthesis leaves oleic ligands on the surface of the nanocrystal 

which severely restricts biological applications. Hydrophilic properties can be gained by 

modifying the surface of the nanoparticle. These modifications can be presented in the 

following categories such as ligand exchange, ligand attraction, ligand oxidation, ligand 

removal, polymeric shell coating, Layer-by-layer assembly, Host-Guest self-assembly, and 

sialinization, which coats nanoparticles with a silica shell layer. 

Surface-modified nanoparticles can be utilized in a broad gamut of biological research, 

which can be classified into categories like bioimaging, biosensing, tracking, drug and molecule 

delivery, photodynamic therapy, and optogenetics. 

While UV and Vis excitations are restricted, the infrared spectrum provides few optical 

windows for efficient excitation within which around 50 to 90% of a signal can penetrate up to 

the depth of 2 centimetres or more for specific tissues. Deeper penetration into the layers of 

tissue could make utilization of upconverting labels as a valid strategy in observations of multi-

cellular structures like tissues or whole organisms. 

The uncertainty of cytotoxic and other potentially harmful side-effects of upconversion 

nanoparticles limits the use of lanthanide doped UCNPs. Reports show that bare NaYF4 

nanoparticles can degrade in bodily fluids. According to the current knowledge on the subject, 

due to the size, core- and core@shell-type nanoparticles can penetrate the cell membrane 

without the involvement of any active mechanisms of endocytosis. Nanoparticles of a more 

substantial size and with surface modifications are internalized by the cell through Caveolin- 

or Clathrin-mediated endocytosis. The necessity for thorough investigation stems from 

Clathrin- and Caveolin-mediated endocytosis being tightly related to the apoptotic pathways. 

The argument for extensive research into the subject of cytotoxicity is additionally 

strengthened by in vivo studies suggesting high rates of accumulation in certain organs for 

specific kinds of NaYF4 nanoparticles. 
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In conclusion, NaYF4 upconverting materials require more investigation and some 

degree of an individual approach to thoroughly investigate their viability. The subject of 

composition, size, surface modification, and response from the cellular or immune systems 

necessitates this individualized approach for each kind of lanthanide-doped NaYF4 

upconversion nanoparticle.  

This thesis presents the results of a preliminary investigation into the validity of the 

application of the 55 nm and 100 nm mesoporous silica-coated β-NaYF4: Er3+, Yb3+ @ β-

NaYF4: Nd3+, Yb3+ nanoparticles as carriers of therapeutic agents and emission-enhancing 

organic molecules such as IR-806 used as an example of a carried molecule. 

Synthesis of 28 nm β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ 

nanoparticles, was performed by a team in the Włodzimierz Trzebiatowski’s Institute of Low 

Temperatures and Structure Research, Polish Academy of Sciences in Wrocław. These 

nanoparticles were used as a template for a synthesis of the silica shell via the modified Ströber 

method of silica condensation by the means of degradation of TEOS compound in a basic 

environment. 

The protective properties of silica shells were studied in three different aspects. The 

impact of IR-806 on the overall chemical stability shows increased stability of the dye over two 

weeks from 21% for an aqueous solution to around 74% for silica-embedded IR-806. After 

seven months of storing this compound, it was shown that 16% of silica-embedded dye was 

still active while only around 1% remained in the soluble form. Analogous experiments 

concerned the study of light degradation by exposing to UV light of 254 and 366 nm. After 200 

minutes of exposition, all water-dissolved molecules of IR-806 degraded while around 27% of 

the dye was left within the mesoporous silica shell. The last studied aspect of degradation was 

the effectiveness of preventing reactive oxygen species in the form of hydrogen peroxide from 

oxidizing molecules and rendering them spectrally inactive. Silica shell did not protect IR-806 
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molecules from the reach of H2O2 and the rates of degradation are relatively similar between 

silica-embedded and aqueous dyes.  

The macrophage-like THP-1, epithelial-like MDA-MB-231 cell line and epithelial-like 

A375 cell line from a patient with malignant melanoma were used for cytotoxic experiments 

with MTT assay and flow cytometry. Different silica-coated, as well as uncoated NaYF4 

nanoparticles, were used. For the macrophage-like THP-1 cell line, smaller core-type 

nanoparticles increased proliferation. The increase in proliferation of the core@shell-type 

UCNPs was even higher. For the epithelial-like MDA-MB-231 cell line, stimulatory properties 

for both core- and core@shell-type nanoparticles were not observed. Stimulation with silica-

coated upconversion nanoparticles shows significant cell toxicity of these nanoparticles. The 

viability of the THP-1 cells decreased to 16%, while MDA-MB-231 dropped to 49%. THP-1 

and A375 lines were selected for the experiments involving various sizes of silica shell and the 

potential cytotoxicity of IR-806 dye. Nanoparticles of the same composition, with two different 

sizes of silica shells, were chosen. For the thicker 96 nm silica-coated NPs, there was no major 

cytotoxic effect observed. Similarly, to the results of THP-1 and MDA-MB-231 experiments, 

the 55 nm silica-coated nanoparticles reduced the viability of the cells, but there was no 

additional cytotoxic effect from the silica-embedded dye. The media solution of the dye didn’t 

impact the viability of the cell culture and any significant cytotoxicity of IR-806 was observed. 

Cytometric analysis of cell viability confirms MTT assay results and indicates induction of 

apoptotic processes in cells which leads to significant death of cells during 48 hours stimulation 

period.  

These results combined with literature data, indicate existence of a spectrum range of 

diameter in which NaYF4 nanoparticles are highly cytotoxic to the cells.   
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INTRODUCTION 
 

Optical methods, qualitative (microscopy) or quantitative (spectroscopy), are the most 

prominent techniques available to researchers in the field of biology. In recent years rare earth 

element doped upconversion nanoparticles (UCNPs) have become a new tool for this ever-

growing field which is constantly seeking new and efficient methods of study and observation. 

The upconversion (UC) process was discovered in the 1960s and as a result of decades-long 

attempts to create an efficient platform to utilize the UC phenomenon. By the 2000s, the first 

lanthanide-doped NaYF4-based micro- and nanoparticles were synthesized. 

Exhibiting anti-Stokes characteristics, these upconverting materials absorb two or more low-

energy photons, typically from the infrared spectrum, and throughout 4f-4f or 4f-5d transitions 

they emit one higher energy photon, generally in the visible or ultraviolet spectrum. 

These UCNPs have become a focus of study for a new types of luminescent labels. 

Upconverting nanoparticle offers enhanced properties like excitation at deeper sections of the 

tissue, lower background noise, and higher photostability. Presently lanthanide-doped UCNPs 

are the subject of extensive biocompatibility studies by various surface modification strategies. 

All these properties suggest that upconversion nanoparticles could provide a significant edge 

over traditional fluorescent markers like low molecular dyes, fluorescent proteins, or quantum 

dots. 
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■□□□ Upconversion Process and History of NaYF4 Nanoparticles 
 

While the upconversion (UC) process itself was known before, it was not until the mid-

1960s that prof. Auzel suggested a potential mechanism of energy transfers within two 

lanthanide ions.1,2 40 years later, the first physical basics for energy transfer in upconversion 

were proposed. By the 2000s various models for multiple-photon upconversion were 

discussed.3 

 

The upconversion process in lanthanide-doped crystals is achieved with an intertwined 

system of sensitizing and emitting ions in a rigid crystalline host lattice.4 Sensitizer (e.g. Yb3+, 

Nd3+) ions absorb the photons of light in the near-infrared spectrum (e.g. 808 and 980 nm),5 

and in the excited state transfer the energy to the emitting ions. That harvested and transferred 

energy allows the emitter (e.g. Er3+) ions to achieve an excited state higher than the usual state 

of excitation after the absorption of infrared photons.6 Subsequently, emitter ions release 

higher-energy photons that correspond with the visible (VIS) or ultraviolet (UV) spectrum. 

Anti-Stokes emission was introduced to the studies of colloidal solutions circa 2003 with the 

first phosphate-based lutetium (LuPO4) and ytterbium (YbPO4) nanosized crystals doped with 

different lanthanide ions, capable of emitting a broad spectrum (blue, green and red) of visible 

light after excitation with near infra-red wavelengths.7 

Phosphate-matrix (PO4
3-) was soon followed by sodium yttrium-fluoride (NaYF4) lattices 

(Figure 1).8 NaYF4 provides much higher quantum efficiency of the upconversion process 

allowing more energy to be transferred between ions.9 Among two of the crystal structures, 

cubic and hexagonal, the latter proved to have greater enhancement of energy transfer effect 

and thus higher emission intensity.10  
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Figure 1. Two structures of NaYF4 lattice | Depending on the type of synthesis, NaYF4 crystal can be synthesized 

in a) cubic and b) hexagonal systems. Reprinted with permission of the author of the publication.11 

 

 

The initial restriction of having to work only with dry powder of NaYF4 nanoparticles was 

overcome in 2006 when Mai et al. and Boyer et al. published results of the first colloidal cubic 

and hexagonal NaYF4 UCNPs obtained via the method of thermal decomposition. Suspension 

of nanoparticles capped with oleic acid ligands demonstrated high stability in non-polar organic 

solvents such as chloroform and hexane.12,13 

In the early 2000s, alongside the first phosphate-matrix nanocrystals, the development of 

core/shell architecture started. It was a response to the high surface area in relationship to the 

size, which is a disadvantage for these nanomaterials. The nanoparticle typically will have 

multiple defects in the crystal structure on its surface. This limits energy transfers needed for 

efficient upconversion emission.14 The core/shell architecture was designed to overcome that 

problem. Coating the luminescent core with an additional layer of material removes the negative 

effect on emission intensity.15 

Core/shell design (figure 2) was adopted for the development of nanoparticles based on the 

NaYF4 matrix. Some studies report that compared to the core-only structure, the UCNPs with 
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undoped with Ln3+ ions inert sodium yttrium-fluoride shell have shown a 30-fold increase of 

emission intensity.16  

   

 

 

Figure 2. Architectures of NaYF4 upconverting nanoparticles | Two architectures of NaYF4 nanoparticles. A) 

Core-type nanoparticle with a single hexagonal lattice with all ions uniformly spread throughout. B) Core@shell-

type of nanoparticle with two hexagonal lattices doped with different lanthanide ions. 

 

 

 

 

Further enhancement of UCNPs capabilities can be accomplished through doping the shell 

layer with sensitizing lanthanide ions like Yb3+, thus engineering an active shell capable of 

absorbing additional excitation energy and transferring it into the active core (figure 3). An 

active shell can further increase upconversion emission up to 10 times in comparison with an 

inert shell.17 Additional strategies of doping various segments with different activating ions can 

be deployed for achieving spectral characteristics as well as strengthening emission intensity to 

a greater extent.18 

 

 

 

A)        B) 
Core 

Shell 
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Figure 3. Energy transfer between the active shell and active core | Energy transfer between an active shell 

doped with neodymium and ytterbium ions and an active core doped with ytterbium and erbium ions. Nd3+ ions 

with a NIR absorption peak at 808 nm and Yb3+ ions at 980 nm, transfer the energy to the active core throughout 

Yb3+ ions to the erbium ions. Excitement of Er3+ ions causes emission at various wavelengths in the spectrum of 

visible light. Courtesy of dr Katarzyna Prorok. 

 

 

 

 

■□□□ Surface Modification of NaYF4 Nanoparticles 
 

There are three main NaYF4 upconversion nanoparticle synthesis approaches. These 

methods are the Ostwald-ripening method,19 hydrothermal synthesis, 20 and the most prominent 

thermolysis (thermal decomposition).9 

The thermal decomposition synthesis leaves oleic ligands on the surface of the nanocrystal.21 

While it provides excellent solubility in organic solvents,22 it severely restricts biological 

applications. Hydrophilic properties can be gained by a range of surface modification strategies 

and there are different ways to classify these modifications.4,23–25 These modifications can be 
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presented in the following categories: I) Ligand exchange, with replacing hydrophobic 

capping with other ligands (e.g. folic acid, dendrimers);26,27 II) Ligand attraction, by utilizing 

ligand hydrophobic interaction with another amphiphilic molecule;28 III) Ligand oxidation, 

throughout the chemical reaction and introducing chemically active moiety at the hydrophobic 

end of the ligand;20 IV) Ligand removal, by stripping hydrophobic ligands from the surface of 

UCNPs;29 V) Polymeric shell coating, with various polymers (e.g. PVP, PEG, glucose 

dehydrate);30–34 VI) Layer-by-layer assembly, of introducing consecutive layers of oppositely 

charged molecules or particles;35–37 VII) Host-Guest self-assembly, utilizing the spontaneous 

interactions between UCNPs ligands with a hydrophobic pocket of specific cyclic molecules;38 

VIII) Sialinization, which coats nanoparticles with a layer of silica shell;39–42 and other 

modifications that are less commonly used in the study of UCNPs, like ZnO-antimicrobial 

coating of NaYF4 that generates reactive oxygen species (ROS) against Staphylococcus aureus 

bacteria.43 

 

 

Ligand Exchange | Replacing hydrophobic ligands (figure 4) can be employed for procuring 

water-soluble upconverting nanoparticles. Replacing the oleic-capping of NaYF4 with a 

polyvinylpyrrolidone (PVP) layer can be accomplished in a DCM/DMF mixture.44 

Poly(amidoamine) (PAMAM) dendrimers are effective in displacing ligands on the NaGdF4 

nanocrystal surface.45 NaYF4 nanoparticle oleic-coating can be also replaced with (polyacrylic 

acid) PAA46 which is also efficient in achieving the same result for NaGdF4 nanocrystals.47 

Another polymer used for exchanging oleic ligands on NaYF4 NPs is polyethylenimine (PEI).48 

Replacing hydrophobic ligands can also be performed via the nitrosonium 

tetrafluoroborate (NOBF4) method, with inserting intermediate BF4
- ligands, which are 
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characterized by low binding affinity to the surface of nanoparticles thus allowing further 

replacement with other ligands.49,50  

Another approach to ligand exchange uses solutions akin to ligand removal methods. It 

involves an intermediate step of removing the original ligand in an acidic environment, allowing 

the introduction of a new ligand to the surface.29,51 These modifications provide enhanced 

colloidal stability in aqueous solutions for long-term storage.52 Ligand exchange techniques can 

be used to introduce chemical compounds such as glycine, cysteine, citric acid, biotin, AMPA, 

APTES, DHCA, MAEP, AEP, PAA, PVP or PEI.53,54 

 

  

Figure 4. Ligand Exchange | Schematic representation of the process of replacing oleic acid ligands on the surface 

of NaYF4 nanoparticle. 

 

 

Ligand Attraction | Exposed to the outside environment, hydrophobic chains of oleic 

ligands, can be utilized for another modification strategy – ligand attraction (figure 5).55 

Nanoparticles capped with oleic ligands can be coated with another amphiphilic molecule to 

produce a bilayer on the surface of NPs. Through van der Waals forces, both layers of molecules 

interact with each other to generate stable and water-soluble structures. Ligand attraction can 

utilize oleic acid molecules, modified with PAA-PEG to provide higher hydrophilic properties 

than the carboxylic moiety of oleic acid.56 Oleic-capped NaYF4 nanocrystals can be coated with 

Oleic acid 

     Replacement 

ligand 
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Pluronic F127 amphiphile.57 Another example of attraction is the use of poly(maleic anhydride-

alt-1-octadecene) (PMAO) cross-linked with bis (hexamethylene)triamine (BHMT).28 Yi et al. 

presented water-soluble nanoparticles synthesized by incubation of oleic-capped UCNPs with 

modified PAA.58 The same type of UCNPs can also attract PEG-modified molecules.55 

Attracting phospholipids to oleic ligands are studied as a biocompatible mimicry of cell 

membrane59 and other studies have shown an effective utilization of more than one type of 

phospholipid.60  

 
 

Figure 5. Ligand Attraction | Schematic representation of the process of attracting ligands capable of interacting 

with oleic acid ligands on the surface of NaYF4 nanoparticle. 

 

 

Ligand Oxidation | Oleic ligands on the surface of UCNPs can be targeted for chemical 

modification. Oxidation performed with a Lemieux-von Rudloff reagent generates carboxylic 

moieties at the end of a hydrophobic chain of the ligand (figure 6).20 Ozone steaming, combined 

with acetic acid and H2O2 or CH3SCH3 can respectively introduce carboxyl -COOH and 

aldehyde -CHO groups to the chains of the ligand.61 The double bond between two atoms of 

carbon in the middle of the ligand’s hydrophobic chain can be a target of epoxidation reaction 

with 3-chloroperoxybenzoic acid as an oxidizer and further functionalized with various 

monomers such as polyethylene glycol monomethyl ether.62 

Oleic acid 
Bilayer 
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Figure 6. Ligand Oxidation | Schematic representation of the process of oxidation of oleic acid ligands on the 

surface of NaYF4 nanoparticle. 

 

 

Ligand removal | If required, ligands on the surface of the nanocrystal can be simply 

removed, leaving water suspensible NaYF4 nanocrystal (figure 7). Ligand removal can be 

performed by mixing hydrophobic nanoparticles with a concentrated water solution of 

hydrochloric acid51,63, formic acid29, or SOCl2/DMF mixture.64 Although this method seems to 

be optimal since it is the most simple, the matter of instability of naked NaYF4 nanoparticles in 

specific conditions limits the utilization of this method.29 

 

 

 

Figure 7. Ligand Removal | Schematic representation of the process of removing oleic acid ligands from the 

surface of NaYF4 nanoparticle. 
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Polymeric shell coating | Coating nanoparticles with polymer materials is one of the most 

recurrent means of surface modification (figure 8).65 UCNPs can be layered with a neutral l(e.g. 

polyvinylpyrrolidone, PVP), positive (e.g. polyethylenimine, PEI), or negative (e.g. polyacrylic 

acid, PAA) charged polymers that will impact its water solubility and biocompatibility.66  

Various polymers can be applied for this type of surface modification. These can be 

polyethylene glycol (PEG), PAA,67 PEI,66 PVP,68 P(MEO2MA-co-SEMA) copolymers,69 

Pluronic F127,70 Polyacrolein (PA).71 

For the PVP modification, the pyrrolidone groups of the polymer coordinate with Ln3+ 

ions on the surface of the nanoparticle, stabilizing the structure,72 and for PAA-coated 

nanoparticles, the hydrophobic octyl and isopropyl groups of PAA interact with exposed oleic 

ligand chain achieving the same result.58 

 

 
 

Figure 8. Polymeric shell coating | Schematic representation of the process of replacing oleic acid ligand on the 

surface of NaYF4 nanoparticle with a layer of polymer. 

 

 

 

Layer-by-Layer assembly | The layer-by-layer (Lbl) assembly method (figure 9) utilizes 

electrostatic interactions between polymer materials. This approach involves coating 

nanoparticles with consecutive layers of oppositely charged polymers. Lbl-coating can be 

Oleic acid Polymer layer 
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engineered from negatively charged polymers like PMAO, dextran sulphate sodium salt (DSS), 

poly(D,L-lactide) (PLa), poly(lactide-co-glycolide) (PLG), poly(sodium 4-styrenesulfonate) 

(PSS) or poly(acrylic acid) (PAA); and with positively charged layers of poly(ethyleneimine) 

(PEI) or poly(allylamine hydrochloride) (PAH) in between.22,73 

Alternative approaches to Lbl assembly can utilize electrostatic adsorption properties of 

additional but smaller nanoparticles made from materials like colloidal gold. NaYF4 

nanoparticles coated in a silica layer can be further modified by adsorbing subsequent layers of 

small or big gold nanoparticles.74  

 

  

Figure 9. Layer-by-layer assembly | Schematic representation of the process of replacing oleic acid ligand on 

the surface of NaYF4 nanoparticle with Lbl coating.  

 

 

Host-Guest self-assembly | The method was derived from highly specific biological 

interactions occurring in nature.75 Bound to the surface of the nanoparticle, molecules of the so-

called “host” interact and tether the “guest” molecules without the need for any further chemical 

reactions (figure 10).75,76  

Two macrocyclic types of molecules, cyclodextrins, and pillararenes are commonly 

used for host-guest systems. One side of the cyclic structure binds the surface oleic ligand and 

creates the host component, the host-coated UCNP. The other side of the host molecule binds 

Oleic acid Lbl coating 
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various guest elements.77 Throughout its hydrophobic and lipophilic cavity, cyclodextrin (CD), 

binds various molecules with long hydrophobic chains or aromatic rings.78 Pillar[5]arene 

modification is another form of host-guest system and functions on the same principle as 

cyclodextrins.79,80 

 
 

 

Figure 10. Host-Guest self-assembly | Schematic representation of the process of replacing oleic acid ligand on 

the surface of NaYF4 nanoparticle with Host-Guest system. 

 

 

Sialinization | Another surface modification involves the coating the nanoparticle in an layer 

of amorphous silica (figure 11). Originally designed as an efficient method for the synthesis of 

silica particles, from micro- to nanosize, the Ströber method81 has become a starting point for 

coating nanoparticles in silica. In years following the development of the original methodology, 

further synthesis strategies like reverse microemulsion method82 and synthesis on polymer 

beads83 were developed. 

 
 

Figure 11. Silica coating | Schematic representation of the process of replacing oleic acid ligand on the surface of 

NaYF4 nanoparticle with a layer of silica.  
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Depending on the synthesis approach, two forms of silica layer can be produced, dense 

(dSiO2) and mesoporous silica (mSiO2).
84 Dense silica provides a rigid protective coating for 

the nanoparticle, while mesoporous silica has the characteristic porous structure, which is 

capable of adsorbing various compounds for enhancing the luminescent properties of the 

nanoparticle or having potential applications such as drug carrier for photodynamic therapy.85 

The mesoporous structure is obtained in the presence of a surfactant compound that 

generates a template for pores at the surface of the nanoparticle (figure 12).86–88 Silica growth 

can be manipulated to obtain the desired thickness of the shell. Very thin 5 nm,89 10 nm,90 20 

nm91 layers can be manufactured. Different factors involved in synthesis (e.g. temperature, 

solvents, surfactants, catalysts) can control silica growth.92 Pore volume can reach around 0.9 

cm3 × g-1 and surface area almost 1400 m2 × g-1.86 

Silica coating offers several beneficial qualities. It has high thermal stability of up to 

750°C.93 It offers good aqueous stability of colloidal silica.94 It is transparent to light, which 

makes it a good candidate for coating luminescent materials.95 There are caveats such as 

decreasing the quantum yield of luminescence due to strong absorption from functional groups 

like -NH2
96 or increasing distance between the luminescent core and outside elements, which 

could decrease the efficiency of potential FRET-based solutions. Silica is regarded as a highly 

biocompatible material. Previous reports have cited silica being absent of any cytotoxic 

properties (e.g. in case of dissolution in physiological fluids, it produces nontoxic soluble silicic 

acid species)97, however, additional research into the subject is required. 

The coating surface can be designed with further modifications in mind. The standard 

precursor for the synthesis, tetraethyl orthosilicate (TEOS), can be replaced with a derivative. 

These derivatives introduce specific moieties at the surface and are subsequently targeted in 

further chemical modifications. (3-Aminopropyl) triethoxysilane (APTES) is a commonly used 
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reagent for the synthesis of silica shell with amino groups on the surface.98 Use of 

carboxyethylsilanetriol (CTES) introduces carboxylic groups.99 Another derivative, (3-

glycidyloxypropyl)trimethoxysilane (GPTMS) generates the coating with epoxy groups.100 

 

 

Fig 12. Illustration of coating the nanoparticle in mesoporous silica | A schematic representation of the process 

of coating the upconverting nanoparticle in a layer of porous silica. CTAB incubated with UCNPs forms a micelles 

on the surface of the nanocrystal which then prevents TEOS from forming silica layer in these spots, thus forming 

a porous structure of the shell. 

 

 

 

■□□□ Application of Upconversion Nanoparticles 
 

Surface-modified nanoparticles can be utilized in a broad gamut of biological research 

(figure 13), which can be classified into categories such as I) Bioimaging of cells and tissues,30 

small101 or more complex102 multicellular model organisms; II) Biosensing of biomolecules,103 

potentially harmful compounds,104 metal ions,105 or protein interactions;106 III) Tracking, of 

molecule dynamics within cells or entire organism; IV) Drug and molecule delivery, that takes 

advantage of NIR radiation;107,108 V) Photodynamic therapy, with cytotoxicity activated 

throughout energy transfer from UCNP into photolabile drug precursor or free radical and 

reactive oxygen species generating molecule;109 and VI) Optogenetics, a newly emerging 
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technique of introducing light-induced genes to the control mechanism of studied biological 

processes.110 

 

 

 

 

 

Figure 13. Various biological applications of NaYF4 nanoparticles | A visual representation of the examples of 

lanthanide-doped upconversion nanoparticle biological application with different surface modifications. 

 

Outside the field of biology, studies of the non-biological application of Ln-doped 

UCNPs involve anti-counterfeit safeguards111, photovoltaic technologies112, and engineering of 

optical fibres113 or volumetric displays.114 
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Bioimaging | The evolutionary design of the human eye makes it an adequate tool for 

observation and analysis of the surrounding environment. It had paved the way for microscopy-

based imaging to become one of the most popular analytical methods available in biology. 

Bioimaging, with the use of the upconversion process, aims to replace the typical 

photolabile organic fluorophores with more stable dyes based on UC nanoparticles. Studies 

show potential application possibilities for almost all types of organisms, from single cell to 

multicellular organisms, as well as prokaryotic, eukaryotic, plant, or animal cells. 

Single-cell imaging is one of the common utilization method for upconversion 

nanoparticles.115–119 Staining eukaryotic cells is possible for various cancer lines like 

malenins,120 hepatocellular carcinoma (HepG-2),121 HeLa,89 or human pancreatic cancer (Panc 

1) cells,102 among many others. Combined with high-resolution microscopy, bioimaging in 

mammalian cancer A549 cell lines allows tracking single upconversion nanoparticles.122 Plant 

studies report successful intake of NaYF4 nanoparticles into the root cells of Arabidopsis 

thaliana.123 

 

Regarding single-cell imaging, prokaryotic cells can be labelled as well. Specific strains 

of Escherichia coli can be distinguished from other bacteria with the use of UCNPs.124 Common 

food pathogens (e.g. Staphylococcus aureus, Salmonella, Shigella fexneri) could be detected to 

improve food safety.125 Much smaller non-cellular infectious particles, like particular strains of 

avian influenza virus (AIV), can be detected via immunolabeling techniques of impure samples 

that renders commercial test less effective.126 

 

Infrared radiation can penetrate deeper into tissue layers than what is possible for visible 

or ultraviolet light.127 Therefore, moving the scope of imaging in the opposite direction is a 

valid strategy that sees the utilization of upconverting dyes in observations of multi-cellular 
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structures like tissues or whole organisms. Light scattering and absorption of living tissue, 

greatly decrease the penetration depth of most microscopic techniques based on UV and visible 

light imaging, even for advanced microscopic techniques such as multiphoton 

microscopy.103,128–130 For example, a highly absorbing pigmentation of the skin generates a 

significant in vivo autofluorescence signal which decreases the signal-to-noise ratio and 

decreases the resolution of imaging.131  

 

 

Figure 14. Optical windows in brain tissue of mouse and the absorbance at various penetration depths | 

Greyed-out areas are subsequent optical windows (650-950, 1100-1350, 1600-1870, and ~2200 nm). 50, 100, 150, 

and 200 µm represent the percentage of absorbance at respective depths of the mouse brain tissue. Based on Shi 

et al.132  

 

While UV and Vis excitations are restricted, the infrared spectrum provides few optical 

windows for efficient excitation within which around 50 to 90% of a signal can penetrate up to 

200 µm into the brain tissue (Fig 14).132 Other studies report bioimaging to depths of 2 

centimetres and more for other tissues.133,134 At the moment, four optical windows for possible 

imaging are defined: the first window at around 650 – 950 nm, the second at 1100 – 1350 nm, 

the third at 1600 – 1870 nm, and the fourth centred around 2200 nm.132,135 The first spectral 
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window between around 650 and 1000 nm is presently considered the most optimal for tissue 

penetration for luminescent materials available today.136 

The application of UCNPs in tissue imaging was reported for biostructures such as 

human skin,120 or mouse brain tissue cortical vasculature.27 Highly absorbing blood tissue 

(hemolyzed blood) could use UCNPs to overcome that issue by providing an excitation signal 

from the outside of the blood absorption spectrum.137 Pathologically changed tissues, such as 

tumors in mice can be observed with silica-coated UCNPs138,139 and zwitterion-coated 

nanoparticles.60  

Upconverting nanoparticles could also provide solutions for whole-organism imaging. 

It can be applied for relatively simple nematodes species of Caenorhabditis elegans101 as well 

as imaging of more complicated organisms like mice.102,140 

 

 

 

 

Figure 15. Penetration depth of the light | A visual illustration of the visible and near-infrared light penetration 

of the human skin tissue at different wavelengths. Figure based on Han et al.127 

 

Another potential benefit of UCNPs-based labels is the characteristics of their spectra in 

comparison to other luminescent labels (figure 16). By doping the nanoparticles with different 

lanthanides, the spectra can be more easily distinguished. The overlap of peaks between 

different lanthanide ions is lesser than the spectral overlap between fluorescent proteins, 
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quantum dots or carbon dots. This could allow utilization of multi-UCNPs systems with 

different nanoparticles designed for a different role at the same site.141 

 

Figure 16. Overlap comparison between different luminescent materials. | A graphical comparison of the 

overlap of spectral peaks between different types of potential luminescent labels such as: A) fluorescent proteins, 

B) CdS quantum dots, C) Carbon dots and D) lanthanide-doped NaYF4 nanoparticles. Reprinted with permission 

from Methods Appl. Fluoresc. 7 022002. Copyright© 2019 IOP Publishing Ltd.141 

 

 

Optical imaging can be combined with other methods like x-ray radiography,142 

computed tomography,143 magnetic resonance144 or photoacoustic imaging.145 This is the basic 

principle of a strategy called multimodal imaging.146 Combining various methods allows for 

the study of more than one aspect by utilizing additional upconversion material.147 

 

 

 

Biosensing | There are a number of studies investigating the use of tools based on lanthanide-

doped upconverting nanoparticles for the detection of biomolecules, and observation of 
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biological processes. Among these are assessments of the changes in pH levels for which having 

a tight control is crucial for cell metabolism,27 detecting of the activity of caspase-9 in studying 

the mechanisms of apoptosis process,148 antibody that has been conjugated with Mn2+- and Ln-

doped UCNPs for sensing biomarkers of developing tumor,149 dopamine neurotransmitter 

sensing during differentiation of stem cell into neurons,103 sensing of miRNA which play a 

major role in the regulatory mechanism of the cell,150 assessing protein conjugation via the 

method of EDC/NHS-chemistry151 or real-time monitoring of changes in ATP.152 

While being considerably bigger than some of the proteins,153 the nanoparticles can be 

utilized to image biological processes by labelling these vital elements of the cell. Biolabeling 

of interactions of proteins can be marked by antibody-conjugated upconverting 

nanoparticles.106 Targeting extracellular cell membrane proteins can also be used to study 

interactions between cells via important gap junction connections.154  

The umbrella term of biosensing and detecting also encompasses the detection of 

harmful elements and potential pathogens in the environment outside the cell but is equally 

critical for its functioning. Detection of harmful elements with UCNPs is possible for lead105 

and copper ions.155 Overuse of antibiotics in medicine, science, and industry generated 

problems of necessity (harmful side effects on animals) to monitor their concentration which is 

presently addressed by studies that report the use of upconverting nanoparticles in the detection 

of chloramphenicol.104 The ever-growing consumption of food within the rising global 

population could benefit from various UNCPs-based approaches for monitoring food quality 

and safety by the means of screening for specific metabolites secreted by microorganisms.156,157 
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Tracking | The goal of tracking aims at mapping the dynamics of biological processes, and 

observation of potentially significant changes. Given enough intensity of luminescence, this 

can involve tracking single molecules within the cytoplasm.122 Polymer (e.g. PMAO / PEG-

DGE) coated UCNPs are reported to exhibit stability of up to one hour in the bloodstream before 

being removed from circulation.30 UCNPs-stained transplanted stem cell movement can be 

monitored in live animals for assessing therapeutic properties for cryoinjured tissues158 and 

potential candidates for other types of cell therapies.159 Dendritic cells (DC) stimulated with 

antigen and labelled with upconverting nanoparticles are the subject of immunotherapy DC-

based vaccine research in which nanoparticles are used to observe migration into the lymph 

nodes.160 Upconversion luminescence of lanthanides shows potential in studying the 

degradation dynamic of hydrogels used in medicine for transplantation or drug delivery.161 

 

 

Drug (biomolecule) delivery | The use of highly toxic agents in cancer therapies cause 

significant off-site damage to the organism,116 hence it is most important to create a platform 

for very specific delivery and release of the aforementioned compounds. Drug delivery research 

for upconverting nanoparticles focuses primarily on two types of surface modifications, 

polymeric coating and sialinization. These provide a large surface area with a porous 

structure,162 that serves as an adsorption site for cancer therapy drugs and other molecules. 

Nanoparticles coated in a layer of mesoporous silica can host a number of different 

molecules such as antitumor drug doxorubicin (DOX), 163 curcumin,164 or ibuprofen.165 Silica-

coated UCNPs, conjugated with antibodies, are shown to be efficient platforms for siRNA 

delivery.166 Silica coating can be further modified by additional layers of polymers like PEG 



Introduction 
 

 
37 

 

and used to deliver DOX.167 Mesoporous SiO2 layer modified with pH-sensitive PAA polymer 

is an example of delivering doxorubicin to specific sites with acidic environment.168 

Another type of sialinization strategy that can be used for delivery is the synthesis of 

yolk-structured silica/PEG coating that carries molecules located in the space between the 

synthesized layer and the luminescent core.42 

 Nanoparticles coated with different polymers are investigated as intensively as silica-

coated counterparts.65 Nanoparticles coated with polyethylene glycol and C18PMH copolymer 

are studied for the delivery of DOX whose specificity is facilitated by folic acid conjugation.169 

Lanthanide-doped nanocrystals can be coated with a pH-sensitive layer (e.g. PAA-coat) and 

carry anti-tumour drugs which will be released upon a change of the pH.170 Compared to 

typically smaller drugs, much bigger molecules of siRNA can be incorporated into the structure 

of PAA@PEI polymer coating and delivered to the target site.171 Light-sensitive polymer of 

PEO-b-PBNMA is reported as a carrier for Nile Red dye.172 Jayakumar et al. presented NaYF4 

nanoparticles carrying photocaged DNA plasmids on the mesoporous silica. Then, treated with 

these nanoparticles, B16-F0 melanoma cancer cells were transplanted into the skin tissue of 

Balb/C mice. Upon exposure to NIR radiation, blue light generated by the upconversion process 

uncaged the plasmid from the porous surface of UCNPs, and expression of green fluorescent 

protein (GFP) encoded on it was observed.173 

Outside polymer or silica coating strategies, different methods of delivering drugs 

involve oxidation of surface hydrophobic ligands and introducing -COOH moiety at its 

hydrophobic chain, which later serves as a site for highly specific DOX conjugation reaction.174 
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Table 1. Examples of drug delivery systems | Table with examples of drug delivery systems, the types of NaYF4 

nanoparticles, their various coating, excitation and emission peaks, and the kind of molecules carried by them. 

Reprinted with permission from Biomacromolecules 2021, 22, 8, 3168–3201. Copyright© 2021 American 

Chemical Society.65 

 

 

Photodynamic therapy | Photodynamic therapy (PDT) is a relatively new strategy in modern 

medicine, which aims to replace standard and destructive chemotherapy.175 PDT utilizes 

photosensitive and photolabile compounds called photosensitizers (PS). Stimulated by light, 

these compounds generate toxic agents such as reactive oxygen species (ROS)176 and other free 

radicals.109 In other cases, the compounds undergo chemical rearrangement from non-cytotoxic 

into cytotoxic molecules.177 PDTs are intensively investigated for cancer studies and 

therapies178 as a safer replacement for the highly toxic drugs used for chemotherapy 
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treatments.179 These therapies typically use visible light, sometimes UV light,180 for activation 

of a therapeutic agent. Both UV and Vis photons have limited penetration depth, which could 

be enhanced by the use of an upconversion process that moves excitation into the infrared 

spectrum. Nanoparticle-based platform can be used as a means of delivering and a mean of 

activating the PDT agent. 

Silica-coated upconverting NaYF4 nanoparticles loaded with Merocyanine 540 

(MC540) and Zinc phthalocyanine (ZnPC) photosensitizers can be used to generate singlet 1O2 

oxygen out of triplet 3O2.181 Other similar types of NaYF4@mSiO2 system with 2 nm pores, 

show potential in bladder cancer therapies.88 Thin layers of mesoporous silica on NaYF4 

nanocrystals can be modified with APTES, subsequently providing -NH2 moieties for 

EDC/NHS chemistry and conjugating Chlorin e6 (Ce6) photosensitizer.180 Vitamin B12 is 

studied as a less toxic alternative to typical PS compounds for ROS generation against human 

breast cancer MDA-MB-231 cells.182 Mesoporous silica-coated UCNPs loaded with MC540 

photosensitizer and conjugated with ovalbumin shows low cytotoxicity against fibroblast L929 

cell line and strong cytotoxicity against colon cancer CT29 cells while irradiated under 980 

nm.179  Rose Bengal-loaded nanoparticles coated with silica/PEG shell are reported as an 

effective PDT solution for inhibiting the growth of highly resistant cancerous cells of HeLa 

line.183 Photodynamic therapy can be deployed in the fight against cancerous immune cells with 

mesoporous silica-coated UCNP carrying chlorin e6 photosensitizer which shows a capacity to 

selectively kill macrophage-like THP-1 cell lines upon laser excitation.184 Mixed 

NaYF4@NaGdF4@mSiO2 carrier shows efficacy against the HeLa cell line by utilization of 

hypocrellin A photosensitizer and folic acid as a ligand that facilitates crossing the cell lipid 

membrane.185  

The multimodal approach briefly discussed at the end of the Bioimaging subsection, 

finds some application in PDTs as well. Combined chemo-, radio- and photodynamic therapy 
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of another NaYF4@NaGdF4 nanoparticles coated in a mixed shell of dense and mesoporous 

silica with incorporated docetaxel (Dtxl) and hematoporphyrin (HP) photosensitizers inhibits 

cancer growth after injection into T1 tumour-bearing mice.186 

A less conventional approach to photodynamic therapy is antimicrobial treatment. 

Strains of Staphylococcus aureus and Escherichia coli bacteria are reported to be susceptible 

to singlet oxygen generated by silicon 2,9,16,23-tetra‑tert‑butyl‑29H,31H-phthalocyanine 

dihydroxide (SiPc) photosensitizer adsorbed into a mesoporous shell of cubic NaYF4 

nanoparticles. 187 Another unconventional angle is shown by reports suggesting photodynamic 

therapy as a potentially viable option for treating Alzheimer’s disease. Rattle-like upconversion 

nanoparticles, with mesoporous silica shell and loose core, are shown to disrupt amyloid beta 

aggregation into amyloid plaques by producing 1O2 via rose bengal dye.188 

 

 

Optogenetics | As mentioned in the brief introduction at the beginning of the Application 

Section, optogenetics is a newly emerging field that combines the physicochemical engineering 

of nanoparticles with genetic engineering. Genetic engineering provides a gene with a light-

sensitive protein product, while chemical engineering provides upconverting nanoparticles 

playing the role of inducers.  

Channelrhodopsin-2 (ChR2) is a photosensitive element used in optogenetics.110 The 

protein is a light-gated ion channel, which modulation by UCNPs doped with different Ln3+ 

ions, allows wavelength-specific control of the channel.189 Optogenetic control through ChR2 

protein involves flow of H+, Na+, K+, and Ca2+ ions through the cell membrane which 

subsequently modulate other Ca2+, Na+ and K+-specific ion channels, crucial for homeostasis 

of the cell.190 
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Figure 17. The principle of optogenetic method based on Channelrhodopsin-2 | Optogenetic method that 

utilize genetically modified cells transfected with ChR2 gene is based on induction on ions transport via membrane 

protein of ChR2. The change of ion concentration induces further signalling pathways within the cell. Based on 

Pliss et al.191 

 

Optogenetics is shown to be capable of manipulating the neurons which were 

genetically modified with adeno-associated virus (AAV) vector carrying channelrhodopsins 

ChR2 and C1V1 genes. These transduced neurons of adult rats showed a response to NIR 

radiation converted by NaYF4 nanoparticles into green light.192 Efficiency of such a system can 

be further enhanced by introducing IR-806 sensitizer dye that increases luminescent properties 

of NaYF4 nanocrystals used to modulate the activity of neurons transduced with red activable 

channelrhodopsin (ReaChR) gene.115 

NaYF4 upconverting nanoparticles are reported to efficiently modulate the influx of 

Ca2+ ions and thus manipulate other ion channels of cervical cancer HeLa cells, genetically 

modified with blue-sensitive ChR2 protein.191 

The movement patterns of the transgenic strains of small nematode species of C. elegans 

can be impacted by exposition to NIR radiation. Channelrhodopsin proteins introduced and 
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expressed in mechanosensory neurons of these strains of C. elegans can be stimulated by silica-

coated NaYF4 UCNPs converting 980 nm NIR into 450 nm light.193 

 

■□□□ Enhancing Luminescent Properties with Sensitizing Dye 

The wide variety of possible applications for nanoparticles, given all the benefits of 

infra-red upconversion and a variety of modifications to the NaYF4 nanocrystals, is diminished 

by the low quantum yield efficiency of the UCNPs.194 Registering the UCL signal requires 

strong near-infrared excitation radiation in the first optical window. This is further complicated 

by overlapping the water absorption bands with the 808 and 960 nm peaks of UCNP excitation.4 

Excitation at this spectrum generates considerable heat, which significantly rises the 

temperature of the system, to the point of being harmful to biological structures.195 

This problem could be possibly mitigated by sensitizing antennas on the surface of 

nanoparticles (figure 18).196 This method of enhancement is based on the Förster energy 

resonance transfer effect. Excited with NIR radiation, the antenna should non-radiatively 

transfer the harvested energy to upconverting particle increasing the luminescence intensity 

(figure 19).197 Dye emission must overlap with the absorption spectrum of sensitizing 

lanthanide ions.198 

 

 

Organic dye molecule 
Quantum dot 
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Fig 18. Potential strategies of enhancing luminescence with sensitizing antennas | Visual illustration of dye-

sensitized and quantum dot-sensitized core@shell-type NaYF4 upconverting nanoparticles. 

NIR-absorbing organic dyes (like IR-806)199,200 or quantum dots201 show promise as 

viable candidates for that role. The same dye-sensitized design is the subject of non-biological 

research into topics like solar cell technologies.194,202 

 

Infrared dyes | The idea to use organic infrared dye as a sensitizing agent was proposed by 

Zhang et al. in 2007. The group reported that tropolonate ligands can increase the luminescence 

lifetimes of NaYF4 nanoparticles.203 Following that work, in an early study on organic dye 

sensitization Zou et al. used a type of NaYF4: Yb3+, Er3+ nanoparticles sensitized with IR-806 

to observe upconversion luminescence (UCL) increase of ~3,300 times.204 

 

 

Figure 19. Energy transfer from sensitizing antenna | Energy transfer path between IR-806 sensitizing antenna, 

active NaYF4: Nd3+, Yb3+ shell, and luminescent NaYF4: Yb3+, Er3+ core. As previously described in figure 3, 

energy transfer between an active shell (green) doped with neodymium and ytterbium ions and an active core 

(grey) doped with ytterbium and erbium ions. Nd3+ ions with a NIR absorption peak at 808 nm and Yb3+ ions at 

980 nm, transfer the energy to the active core throughout Yb3+ ions to the erbium ions. Excitement of Er3+ ions 

causes emission at various wavelengths in the spectrum of visible light. Layer of sensitizing antenna (orange) 

harvest additional portion of NIR light and transfer the energy to the neodymium ions in an active shell. Courtesy 

of dr Katarzyna Prorok. 
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Studies have shown that a dye-sensitizing strategy can yield in intensities enhancement 

of emission up to 10-20 times for infrared organic dye like IR-806205 and IR-808206 or around 

17 times enhancement of luminescence for Cy7 dye.207 

Core-type Nd3+-doped NaYF4 nanoparticles suspended in DMF solution of indocyanine 

green (ICG), shows 6- to a 37-fold enhancement of UC luminescence.208 ICG-sensitized NaYF4 

nanoparticles with a 32x increase in UCL can be used in photoacoustic bioimaging.209 Size of 

the nanoparticle impacts the efficiency of sensitization. Upconversion enhancement with ICG 

dye is shown to be the most efficient for NaYF4 nanocrystals with a diameter of 19 nm.210  

 

 

Core/shell-type NaYF4:Yb3+, Er3+@NaYF4:Nd3+ nanoparticles with surface-conjugated IR-

806 dye demonstrate a 44-fold increase of upconversion luminescence in CHCl3 solvent.211 

Similar NaYbF4@NaYF4 nanoparticles sensitized with IR-808 dye achieve UCL intensity 

increase of 33x and more when UCNP is co-sensitized with both IR-808 and IR-820 dyes.199 

Saleh et al. showed water-soluble micelle-like NaYF4: Yb3+, Er3+ platform sensitized with 1859 

SL infrared dye that enhances UCL 21-fold.212 

High rates of photobleaching limit the application of the infrared dye when combined with 

lanthanide-doped UCNPs, which are not photolabile.213 Investigation focusing on embedding 

the dye in surface-modified UCNPs has shown to mitigate this problem to some extent. For 

example, a mesoporous shell of silica on the NaYF4 nanocrystals can protect the ICG dye from 

photobleaching.214 
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Quantum dots | Although the interactions between lanthanide-doped upconverting 

nanoparticles and quantum dots are investigated primarily by focusing on the transfer of energy 

from cubic5 or hexagonal215–217 NaYF4 nanoparticles to the quantum dot, the NIR-emitting 

Ag2Se QDs218 could be considered another class of sensitizers for upconverting nanoparticles. 

Initial reports by Song et al. show an 18-fold increase of UCL for small 18 nm NaYF4 

nanoparticles coated with 3-7 nm of size Ag2Se quantum dots. 201  

 

 

 

■□□□ Cytotoxicity and Biocompatibility of NaYF4 Nanoparticles 
 

Cytotoxicity and other potentially harmful side-effects of upconversion nanoparticles 

are still an ongoing debate. This uncertainty limits the wide-scale deployment of lanthanide-

doped UCNPs for any medical procedures that could benefit from their unique luminescent 

properties.  

 

 

 

 

Figure 20. Endocytic pathways for micro- and nanoparticles | Examples of cellular mechanism of absorbing 

particles depending on the size of such particle. Based on Schmid et al.219 
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Reports have shown that ligand-stripped NaYF4 nanoparticles can degrade in bodily 

fluids and biological buffers like phosphate-buffered saline (PBS).220 Introduction of an 

isolating barrier, in the form of one of the modifications described in the “Surface Modification 

of NaYF4 Nanoparticles” section is necessary to protect the stability of UCNPs. It also prevents 

nanocrystals from dissolving and leaking potentially harmful ions into organisms or the 

environment.221–223 

 

Due to the size, typical core- or core@shell-type nanoparticles are small enough to 

penetrate the cell membrane without the involvement of any mechanism akin to Caveolin- or 

Clathrin-mediated endocytosis (figure 20).219 

NaYF4 nanoparticles of approximately 10 nm are internalized without requiring any 

surface modifications and are reported to be relatively low cytotoxic by reducing cell viability 

to around 80% after 20 hours of stimulation.224 Investigation of doxorubicin-conjugated 

NaYF4:Yb3+/Tm3+ nanoparticles has shown that these 25 nm UCNPs do not induce death of 

L929 fibroblast cells.174 In vitro cytotoxicity of NaYF4:Tm3+/Yb3+/Gd3+ silica-coated 34 nm 

UCNPs in the MCF-7 breast cancer cell line are described as non-apoptotic-inducing as well, 

leading to the death of around 20% of the cell after 24-hour stimulation.91 
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Figure 21. Comparison of sizes between UCNPs and other structures | Size comparison of NaYF4 upconverting 

nanoparticles and other physical (e.g. atom, molecules) and biological (e.g. proteins, organelles, cells) structures. 

Relative sizes on a logarithmic scale. 

 

 

Nanoparticles of a more substantial size and with surface modifications, like polymer- 

or silica-coated Ln-doped UCNP are internalized by the cell through Caveolin-mediated 

endocytosis (CME).162,219 Studies show that bone marrow stromal and rat skeletal myoblast 

cells survive incubation with silica-coated core-type NaYF4 50 nm nanocrystals for 24 hours 

with cell viability of around 90%.225 

Clathrin-mediated endocytosis occurs when the size of UCNPs exceeds 100 nm, and it 

is reported that PEG- and PAA-coated NaYF4 nanoparticles utilize this internalization pathway 

without inducing apoptosis.66 

 

The necessity for a thorough investigation of all the different lanthanide-doped NaYF4 

nanoparticles and their variation with multiple surface-modifications stems from Clathrin- and 

Caveolin-mediated endocytosis being tightly related to the apoptotic pathways.226,227 

0.1 nm 1 nm     10 nm       100 nm         1 µm 10 µm 100 µm 1 mm 

Atom 

C60 

Lipids 

Protein 

Virus 

UCNPs 

Bacteria 

Mitochondria 

Red blood 

cell 

Animal cell 

Human egg 

Frog egg 



Introduction 
 

 
48 

 

 

Figure 22. Accumulation of Y3+ ions | Dynamic of accumulation of yttrium ions in rat organism after injection 

of 50 nm silica-coated core-type NaYF4 upconverting nanoparticles. Reprinted with permission from Biomaterials 

2008, 29, 30. Copyright © 2008 Elsevier Ltd.225 

 

 

 
 

Figure 23 Organ distribution of polymer-coated NaYF4 nanoparticles | An example of accumulation of ~30 

nm A) polyethylene glycol-coated and B) polyacrylic acid-coated NaYF4 nanoparticles in various organs of a mice. 

%ID/g stands for percentage of dose per gram of mouse tissue. Reprinted with permission from Nanomedicine 

vol. 6 no. 8. Copyright © 2011 Future Medicine Ltd67 
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The argument for extensive research into the subject of cytotoxicity is additionally 

strengthened by in vivo studies suggesting high rates of nanoparticle accumulation in certain 

organs like the liver or spleen.228,229 Smaller 30 nm polymer-coated NaYF4 upconversion 

nanoparticles are reported to be non-toxic for a mice organism but have a prolonged blood 

circulation time, and up to 3 months long retention in the spleen (figure 22).67 

Substantially bigger 50 nm silica-coated core-type NaYF4 nanocrystals are shown to be 

efficiently removed for rat organism within a period of 7 days after injection (figure 23).225 

 

□□□ Apoptosis and Necrosis 
 

In the context of NaYF4 upconverting nanoparticles, among many types of cell death,230 

apoptosis and necrosis are the two that  must be taken under the consideration while studying 

the subject of the application of UCNPs. 

 

 

Figure 24. Types of cell deaths  | Five types of cell deaths with a focus on the two discussed on the subject of toxicity of 

UCNPs. These are: apoptosis – the programmed cell death leading to the fragmentation of the cell, and necrosis – cell death 

leading to the disintegration of the cellular membrane and the release of the cell content into the environment. Other types of 

cell deaths are autophagy, entosis and various atypical processes.  Based on Krüger et al.230 

Other types of cell death: 

 

- Type II: Autophagy 

- Type IV: Entosis 

- Atypical cell death (e.g. mitotic death, 

pyroptosis, paraptosis) 

Type I: Apoptosis      Type III: Necrosis 
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Apoptosis is a programmed cell death. Apoptotic cell undergoes many steps that 

includes chromatin condensation at the early stages of the process with further fragmentation 

of entire cell into smaller vesicles called apoptotic bodies (figure 24).231,232 The process is 

crucial for the organization and survival of multicellular organisms.233 Apoptosis is tightly 

controlled process that involves cross-communication between cells of multicellular organism 

as well as a number of intracellular signalling pathways involving complex protein interactions 

including ubiquitination, proteolysis or protein phosphorylation within a single cell (figure 

25).232,234 Dysregulation of apoptosis is involved in the pathogenesis of many cases of cancer 

but also in diseases related to neurological or cardiovascular diseases or autoimmune 

disorders.235 

 

 

 

 

Figure 25. Regulatory mechanism of apoptosis  | The complexity of regulatory mechanisms of apoptotic 

processes which makes it a challenging subject on research. Based on Novis Biologicals promotional materials.236 
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Another type of cell death is necrosis. Typically the necrosis is an uncontrolled process 

involving the lose of the integrity of the cell, occurring due in the presence of a chemically toxic 

or physically destructive factor, but there are types of necrosis controlled by specific signalling 

pathways.237 In comparison to apoptosis, it is a far more impactful process for the overall 

condition of the organism as the loss of the integrity of cellular membrane leads to uncontrolled 

release of various dangerous intracellular components such as inflammation-promoting 

agents.238 Necrosis generates a severe inflammatory state.239 Additionally, necrosis can promote 

microenvironment changes that promote growth of tumour.240 Necrosis can also occur as a side 

effect of apoptotic bodies not being properly disposed by the phagocytic cells which can lead 

to secondary necrosis.241 

 

 

Because of the severe implications of both apoptotic and necrotic processes, the NaYF4 

nanoparticles and surface modified (e.g. with silica coating) UCNPs need to be thoroughly 

studied in the context of inducing these types of cell death. Particularly, the subject of chemical 

toxicity leading to necrosis must be assessed before adopting UCNPs as a new generation of 

highly stable luminescent labelling agents. 

 

 

In summary, upconversion nanoparticle-based materials for medicine require more 

investigation and individual approaches to investigate their viability as contrasting agents, 

therapeutic carriers, diagnostic labels, etc. The subject of the nanoparticle’s composition, size, 

surface modification, and thus response from the cellular or immune systems necessitates an 

individual approach for each kind of lanthanide-doped NaYF4 upconversion nanoparticle.  
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This thesis presents the results of a preliminary investigation into the application of the 

validity of mesoporous silica-coated β-NaYF4: Er3+, Yb3+ @ β-NaYF4: Nd3+, Yb3+ nanoparticles 

as carriers of therapeutic agents or emission-enhancing organic molecules. 
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THE AIM OF THE STUDY 
 

 

There are three main objectives of the study. First goal was to obtain a stable platform 

composed of NaYF4 upconversion nanoparticles coated in porous silica shell of various 

properties such as different diameter of the pores and thickness of the silica. This platform will 

be studied in a second objective as a potential system of delivering target molecules by 

assessing efficiency with which silica can protect a volatile compound in form of cyanine IR-

806 dye from chemical and photophysical degradation. Final goal will try to determine the 

validity of in vivo use of silica-coated NaYF4 nanoparticles by performing cytotoxicity tests on 

selected cell cultures. 

 

 

It will be done in following steps: 

 

1. Synthesis of various silica coatings on NaYF4 nanoparticles; 

 

2. Assessments of silica shell protective properties with IR-806 embedded in porous structure; 

 

3. Study of cytotoxicity of silica-coated NaYF4 nanoparticle on cell cultures. 
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MATERIALS AND METHODS 
 

■□□□ Chemicals and Cells 
 

Ytterbium oxide (99.99%), erbium oxide (99.99%), neodymium oxide (99.99%), acetic acid 

(99%), pure oleic acid, 1- octadecene (90%), hexadecyltrimethylammonium bromide (CTAB, 

≥98%), L-arginine (reagent grade, ≥98%), sodium hydroxide, IR-806 dye (90%), tetraethyl 

orthosilicate (TEOS, ≥99.0%), fetal bovine serum (FBS), L-glutamine, antibiotic antimycotic 

solution (Merck), thiazolyl blue tetrazolium bromide (MTT), and glucose were purchased from 

Sigma-Aldrich. Phorbol-12-myristate-13-acetate (PMA) was purchased form Pol-Aura, 

Poland. BD Pharmingen™ FITC Annexin V, Annexin V binding buffer, and BD Pharmingen™ 

Propidium Iodide Staining Solution were purchased from BD Biosciences Poland. Ethanol 

(96% pure p.a.), n-hexane (95%), acetone (pure p.a.), pyridine (pure p.a.), ammonia (30% pure 

p.a.), and chloroform were purchased from POCH S.A. (Poland). Phosphate-buffered saline, 

RPMI-1460 and Dulbecco's Modified Eagle media were obtained from the Laboratory of 

General Chemistry in the Institute of Immunology and Experimental Therapy. All of the 

chemical reagents were used as received, without further purification. THP-1, MDA-MB-231, 

A375, and SKOV cell lines, equivalent to American Type Culture Collection (ATCC) cell lines, 

were obtained from Polish Collection of Microorganisms (PCM) in the Institute of Immunology 

and Experimental Therapy. 

 

 

■□□□ Synthesis of Upconversion Nanoparticles and Structural Characterization 
 

β-NaYF4: 2% Er3+, 20% Yb3+ nanoparticles were obtained through a thermal decomposition 

reaction6 and were used as a luminescent core template for further synthesis. The core NPs were 

covered with a layer of β-NaYF4: 30% Nd3+, 20% Yb3+ shell via a modified version of a thermal 
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decomposition reaction. Uniform size and shape were confirmed with the use of a transmission 

electron microscope.  

 

Preparation of Lanthanide Acetate | Stoichiometric amounts of Tb2O3, Yb2O3, and Nd2O3 

lanthanide oxides were mixed with 50% aqueous acetic acid. The mixture was stirred and 

heated to obtain a clear and transparent solution. The final precursor was obtained by 

evaporation of solvents and further drying at 130 °C for 24 h. 

 

Synthesis of Core Nanoparticles | Lanthanide acetate, (CH3COO)3Yb and (CH3COO)3Tb, 

2.5 mmol, was added to the flask with 15 mL of oleic acid and 38 mL of octadecene. The 

solution was stirred and heated to 140 °C under vacuum for 30 min to form an Ln(oleate)3 

complex and to remove total oxygen and remaining water. Next, the temperature was lowered 

to 50 °C, and 10 mmol ammonium fluoride (NH4F) and 6.25 mmol sodium hydroxide (NaOH) 

dissolved in 20 mL of methanol were added to the reaction flask. The resulting cloudy mixture 

which was stirred for 30 min at 70 °C. Next, the reaction temperature was increased, and the 

methanol was evaporated. After removing methanol, the solution was heated up to 300 °C under 

a nitrogen atmosphere and kept in such conditions for 1 h. Next, the nanoparticles were 

precipitated using acetone and n-hexane, centrifuged at 10.000 rpm for 10 min, and washed 

with ethanol. Finally, the prepared core NPs were dispersed in chloroform. 

 

Synthesis of Core/Shell Nanoparticles | Lanthanide acetate, (CH3COO)3Yb and 

(CH3COO)3Nd, 2.5 mmol, was added to the flask with 15 mL of oleic acid and 38 mL of 

octadecene. The solution was stirred and heated to 140 °C under vacuum for 30 min to form 

the Ln(oleate)3 complex and to remove the total oxygen and remaining water. The temperature 

was lowered to 60 °C, and the reaction flask was placed under a flow of nitrogen. A solution of 
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core nanoparticles in CHCl3 was added to the solution. The solution was maintained at 80 °C 

until all the chloroform was removed. Next, the temperature was lowered to 50 °C, and 10 

mmol ammonium fluoride (NH4F) and 6.25 mmol sodium hydroxide (NaOH) dissolved in 20 

mL of methanol were added to the reaction flask. The resulting cloudy mixture was stirred for 

30 min at 70 °C. Next, the reaction temperature was increased, and the methanol was 

evaporated. After removing methanol, the solution was heated to 300 °C under a nitrogen 

atmosphere and kept in such conditions for 1 h. Next, the nanoparticles were precipitated using 

acetone and n-hexane, centrifuged at 10000 rpm for 10 min, and washed with ethanol. 

 

 

Synthesis of β-NaYF4:Er3+,Yb3+@β-NaYF4:Nd3+,Yb3+ nanoparticles presented in figure 23 was 

performed by dr Katarzyna Prorok in the Włodzimierz Trzebiatowski’s Institute of Low Temperatures and 

Structure Research, Polish Academy of Sciences in Wrocław.  

 

Structural characterization with the electron microscope was performed by dr Oleksii Bezkrovnyi in the 

Włodzimierz Trzebiatowski’s Institute of Low Temperatures and Structure Research, Polish Academy of Sciences 

in Wrocław.  
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Figure 26. Morphology of upconversion nanoparticles | Transmission electron microscopic images of 

core@shell-type β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ nanoparticles under different 

magnification. Scale bar in the left bottom of images. 
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■□□□ Synthesis of Silica Coating 
 

Core/shell nanoparticles with silica shell (UCNPs@mSiO2) were synthesized with a modified 

TEOS hydrolysis method in a surfactant solution.152 20 mg of hydrophobic UCNPs, suspended 

in chloroform, were mixed with an aqueous CTAB solution with a concentration of 36 g/l. The 

mixture was stirred vigorously at 55°C until the solution became transparent. By a series of 

centrifugations, CTAB-coated UCNPs were washed with water from the excess CTAB. After 

the last washing, the pellet was resuspended in another CTAB solution, with a concentration of 

8.2 g/l. The standard catalyst used for a reaction was 50 µL of 0.1 M NaOH. The solution was 

stirred for 30 min at 55°C. Various volumes of TEOS solution were added, depending on the 

size of the silica. Synthesis of the layer was performed for 4 h at 55°C. UCNPs@mSiO2 were 

collected by centrifugation and suspended in water. 

 

 

■□□□ Encapsulation of Inorganic Infrared Dye  
 

The aqueous suspension of UCNPs@mSiO2 and IR-806 dye solution were mixed and stirred 

for an hour at room temperature. Samples were centrifuged for 10 minutes at 15 000 RPM. A 

pellet with nanoparticles and supernatant with an excess of infrared dye was collected for 

further experiments.  

 

 

■□□□ Characterization of Nanoparticles 
 

Absorption measurements | Spectra were obtained with a Cary Varian 5E UV–VIS–NIR 

spectrophotometer. 
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Infrared spectra | The UV-VIS-NIR spectra were collected using the a Cary 5000 UV–VIS–

NIR spectrophotometer from Agilent Technology (Santa Clara, CA, USA). Raman spectra in 

the 500–4000 cm−1 range were measured using the InVia Raman spectrometer from Renishaw 

(Gloucestershire, United Kingdom) equipped with the confocal DM 2500 Leica optical 

microscope (Wetzlar, Germany), a thermoelectrically cooled CCD as a detector, and an AR+ 

laser operating at 488 nm. 

 

Electron Microscopy | The morphology of the samples was determined by transmission 

electron microscopy (TEM), using the Philips CM-20 Super-Twin instrument operating at 160 

kV and the FEI Tecnai Spirit G2 instrument at an acceleration voltage of 120.0 kV, respectively. 

 

 

 

■□□□ Cell Cultures, Cell viability Assays for Assessing Cytotoxicity and Flow 

Cytometry  
 

Cell Cultures | The cells were cultured in RPMI-1640 or DMEM medium, according to 

ATCC protocols. Media were supplemented with 10% fetal bovine serum (FBS), L-glutamine, 

antibiotic antimycotic solution, and glucose. Cultures were carried out at 37 °C in a humidified 

incubator under an atmosphere of 5% CO2. The medium was refreshed every 2-3 days. 
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Figure 27. Cell cultures used for toxicity assessment 

| Light microscope images of A) THP-1, a monocyte-

like cell line isolated from an acute monocytic 

leukemia patient, B) MDA-MB-231 epithelial-like line 

isolated from an adenocarcinoma patient, and C) an 

epithelial-like A375 line from a patient with malignant 

melanoma. 

 

 

 

 

Cytotoxicity assessment | Cell viability was assessed with modified MTT assay protocol.242 

with further modifications. Cells were seeded at a density of 1.0 or 4.0 × 105 cells per well in a 

volume of 100 or 400 μl. 24- and 96-welled plates (NeoLab Bionovo, Poland) were used. The 

THP-1 line was differentiated into a macrophage line by 72 hours of stimulation with phorbol-

12-myristate-13-acetate at a concentration of 200 ng/mL. Trypsinized MDA-MB-231 and 

SKOV cells were left for 72 hours to let the cells attach to the bottom of the well. Consequently, 

400 μl of fresh media containing different concentrations of upconversion nanoparticles were 

 A  B 

 C 
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added. Four types of UCNPs were used: core-type β-NaYF4: 2% Er3+, 20% Yb3+ nanoparticles, 

core@shell-type β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+, silica-coated 

β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ nanoparticles, and silica-

coated β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ nanoparticles with 

embedded IR-806 infrared dye. Concentrations of all nanoparticles ranged from 20 to 200 

μg/ml. Cells were stimulated for 24 hours and then 10 or 40 μl of 0.5 mg/ml thiazolyl blue 

tetrazolium bromide (MTT) was added to each well. Plates were incubated for 4 hours at 

standard culture conditions. 100 or 400 μl of solubilization solution (10% SDS 0.01 M HCl) 

was added and plates were left overnight. Absorption at 570 nm was measured on a plate reader 

(BioTek, United States). The data in the Results represent an average of three or four wells for 

each treatment. 

 

Cytotoxicity assessment via the MTT method is based on metabolic conversion of 

yellow dye thiazolyl blue tetrazolium bromide into the purple-coloured formazan derivative 

form of the chemical (figure 28). It is a reduction reaction performed by mitochondrial enzymes 

of living cells in the cell culture.243 

 

 

 

 

Figure 28. MTT conversion | The process of 

the chemical reduction and conversion of 

MTT into MTT formazan derivative 

compound by living cells in the cell culture. 242 

 

 

  

MTT                    MTT formazan 
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Flow Cytometry | Flow cytometry measurements were performed based on a modified 

protocol from Cold Spring Harbour Protocols.244 THP-1 cells at the density of 2×105 per 500 

µL were stimulated with 55 and 96 nm silica-coated nanoparticles of two sizes at a 

concentration of 90 µg/mL. Stimulation was carried out over a period of 24 and 48 hours. Cells 

were harvested into FACS tubes and centrifuged at a speed of 1500 RPM for 5 minutes. The 

pellet was suspended in 2 mL of Annexin V binding buffer. Cells were centrifuged at a speed 

of 1500 RPM for 5 minutes. The pellet was suspended in 100 µL of Annexin V binding buffer. 

Then, 0,3 µL of Annexin V-FITC (FITC) and 0,5 µL of Propidium iodide (PI) was added to 

each sample. After 1 minute and 30 seconds of incubation in the dark at room temperature, the 

samples were read using the Fortessa flow cytometer. The cells untreated with silica-coated 

UCNPs were used as the control group. The untreated cells as well as the UCNPs-treated cells 

stained with FITC and PI, both separately, were used for adjusting PMT voltage and ADP gains. 

Flow cytometry analyses were performed using a FACSFortessa with FACSDiva software (BD 

Biosciences, San Jose, CA, USA) and were presented as dot plots (figure 29) in the section 

Flow Cytometry (page 78). 

Flow Cytometry is a technique used for the rapid analysis of cells. Cytometry can be 

used to assess the size of the cells, sort the cells into specific groups or analyse the presence of 

specific biomarkers in the cell population.245 Historically, cytometry started as an analytical 

method of assessing one parameter – the size of the cell, but presently modern cytometer 

devices can analyse up to 20 different parameters.246,247 Flow cytometer performs visible light 

scattering and fluorescent measurements on each cell that is moving through the system in an 

accelerated flow of one cell after another.248 There are multiple types of flow cytometer devices 

and some are combined with different analytical methods such as mass spectrometry.247 

Phosphatidylserine (PS) is a membrane lipid that asymmetrically occurs in the internal 

layer of aforementioned cell plasma membrane. During the process of apoptosis this asymmetry 
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is disturbed. Phosphatidylserine molecules migrate into external membrane layer. The Annexin 

V is a protein that binds to the PS lipid. Its fluorescent dye-conjugated derivative (Annexin V-

FITC) can be used to observe apoptosis by detecting the presence of PS. Annexin V-FITC can 

also detect necrotic cells as the cell membrane disruption also occurs during this process, hence 

why the co-staining with propidium iodide (PI) that binds to nucleic acids is performed. 

Molecules of PI cannot permeate throughout the cell membrane so the dye does not stain genetic 

material of apoptotic cell which, although fragmented, sustains the membrane integrity.244 

 

 

Figure 29. Flow cytometric dot plot example | An example 

of dot plot graph obtained with flow cytometry technique. 

During the data analysis the dot plot is divided into four 

section representing Q4 – live cells (A-/PI-), Q1 – cells in 

early apoptotic state(A+/PI-), Q2 – cells in a late apoptotic 

state(A+/PI+) and Q3 – necrotic and dead cells(A-/PI+).  

(A+/- / PI +/-) means positive or negative signals from staining 

with Annexin V (A) and propidium iodide (PI). 
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RESULTS 

■□□□ Synthesis of Silica Shell 

β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ nanoparticles, with an 

average diameter of 28 nm, were used for the synthesis of the silica shell. A modified Ströber 

method of silica condensation by degradation of TEOS in a basic environment was chosen as a 

simple and widely applied method for coating various materials in a layer of mesoporous SiO2.  
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Figure 30. TEM images of unsuccessful synthesis attempts | Images of examples of unsuccessful attempts of 

synthesis of silica coating obtained via transmission electron microscope.  

In total around 194 synthesis attempts were carried out. Only about 21 attempts were 

successful, accounting for around 10% of all experiments. Examples of TEM images of 

unsuccessful synthesis attempts are shown on figure 30. Different catalysts were tried. 

Ammonia, NaOH, L-arginine, and pyridine. According to the reports, different catalyst can 

impact the diameter of the pores.92 As there was no observed synthesis efficiency increase for 

any specific catalyst, sodium hydroxide was chosen as the standard catalyst for most synthesis 

later during the production of silica-coated nanoparticles. This resulted in mentioned above 21 

successful syntheses in form of particles with distinct parameters allowing for further study. 

Different thicknesses of silica were obtained by changing the volume of added TEOS. 

Using 25 μl of TEOS yielded in silica shell of around 20 nm, and thicker shells of around 27-

30 nm were obtained with 50 μl of TEOS (figure 31).  

 

 

      

Figure 31. Morphology of silica shell | TEM images of mesoporous silica-coated nanoparticles synthesized under 

different volumes of TEOS. A) image of 20 nm thick silica obtained with 25 µl TEOS. B) image of around 27 nm 

thick silica shell obtained with 50 µl TEOS. 
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Out of the 20 mg of β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ 

nanoparticles, around 54 mg of 20 nm silica-coated UCNPs were obtained. For the thicker 27-

30 nm shell, around 33mg of the sample was collected for further experiments. 

 

■□□□ Protective Properties of Silica Coating 

 Silica coating on β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ 

nanoparticles were studied as a potential carrier for small organic molecules and as a protective 

layer limiting the exposure of these molecules to potentially destructive environmental factors. 

Due to undergoing parallel experiments at the Institute of Low Temperatures and Structural 

Research, with cyanine IR-806 dye as a sensitizing antenna enhancing luminescent properties 

of these NaYF4 nanoparticles, the IR-806 was chosen as the carried molecule (figure 32). 

Spontaneous degradation over time, exposition to the physical factor of ultraviolet light, and 

effects of chemical oxidation with reactive oxygen species were studied in the following 

experiments. 

 

 

 

Fig 32. Silica-coating synthesis process and embedding IR-806 dye | Schematic illustration of the synthesis of 

mesoporous silica via the CTAB method and the embedding process of cyanine IR-806 dye used throughout this 

work. 
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□□□ Degradation over time  
 

Two series of samples, an aqueous solution and silica-embedded dye with an equivalent 

amount of IR-806, were studied concurrently with each other to limit any random factors and 

variations while preparing these samples. Measurements were carried out over time, starting 

with freshly prepared samples. Spectral properties were then investigated after 48 hours, 6 days, 

and 13 days (figure 33). Between the experiments, the samples were stored at 4ºC and kept 

away from light.  
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Figure 33. Stability of UCNPs@mSiO2 loaded with various amounts of IR-806 dye | Assessment of IR-806 

dye degradation in A-D) water solution and E-H) embedded in a silica shell. Aqueous solutions of standards: 7 

nmol, 10 nmol, 15 nmol, and 20 nmol were used as a comparison with silica-embedded counterparts. 

 

An aqueous solution of 7 nmol, 10 nmol, 15 nmol, and 20 nmol of IR-806 dye in 1 mL 

of water was chosen for the measurements. As well as an equal amounts of IR-806 dye 

embedded in 675 µg of UCNPs coated in a 20 nm silica shell. After 13 days, on average, about 

21% of the photoactive dye remained in the solution (figure 34). The values vary between 33% 

to 10,6% from the highest and lowest concentration of samples (figure 33). In comparison, the 

IR-806 embedded in a silica shell showed higher stability, with on average 74% of photoactive 

dye remaining in a sample after the same amount of time (figure 34). In the case of embedded 
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dye, the values vary between 77,1% to 64,1% from the highest and lowest concentration of 

samples (figure 33). 

 

  

 

 

 

 

Figure 34. Degradation average of IR-806 aqueous 

solution and dye-doped UCNPs@mSiO2 | Degradation 

rates of A) aqueous solutions of IR-806 dye; B) silica-

embedded IR-806 dyes; C) comparison of average daily 

degradation rate between series. 

 

 

 

Additional long-term studies of the degradation of dye solution and silica-embedded 

dye were carried out on separate samples. IR-806 was stored for up to 7 months. After this time, 

the IR-806 solution was almost completely degraded, leaving around 1% of absorbing dye in 

comparison to the absorbance of the freshly prepared sample. Analogically, on average, 

approximately 16% of a silica-embedded dye showed the capacity to absorb near-infrared light 

(figure 35).  
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Figure 35. The long-term impact of time on the IR-806 solution and silica-embedded dye | Absorption spectra 

of A) silica-adsorbed IR-806 dye, B) the same sample of silica-embedded IR-806 dye after 7 months, C) IR-806 

dye solution and D) the same sample of IR-806 dye solution after 7 months. For silica-absorbed dye, the values 

mean initial concentration of IR-806 used for incubation with upconverting nanoparticles.   

 

 

 

□□□ Ultraviolet light-induced degradation  

Light could be a major limiting factor for many photolabile organic compounds that 

could be utilized as therapeutic or diagnostic agents. The impact of silica shell on the 

photostability was studied by exposing samples of aqueous solution and silica-embedded IR-

806 dye to ultraviolet radiation. Additionally, the high rates of photodegradation of organic 

dyes249 can be a major obstacle to adopting IR dyes as stable sensitizing antennas.  

Samples were prepared and stored as in over-time degradation studies described in the 

previous section. UV lamp with two emissions, 254 and 366 nm, was used as the source of 

ultraviolet light. Samples were irradiated consecutively for 20, 60, and 120 minutes. In total, 

samples were exposed for 200 minutes (figure 36). 
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Figure 36. Dynamic of IR-806 degradation under UV light | Absorption spectra for A) 10 µM, B) 20 µM, C) 

80 µM solutions of IR-806 dye and UCNPs incubated with D) 10 µM, E) 20 µM, F) 80 µM solutions of IR-806 

dye. Samples were exposed to the 254 and 366 nm UV light for 20, 80, and in total 200 minutes. 
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 B
 

 C
 

 D
 

 E
 

 F
 



Results 
 

 
72 

 

 

 

Figure 37. Percentage degradation rates of IR-806 exposed to UV light | Chart presents the dynamic of 

degradation of dye under UV light for selected samples. A) degradation of 10 µM (green lines), 20 µM (blue lines), 

and 80 µM (red lines) aqueous solutions of IR-806 dye. Dark lines represent silica-embedded dye. Bright lines 

represent separated supernatant with a solution of the dye. B) Combined average dynamic of degradation under 

UV. Green line represents silica-adsorbed dye samples, red line represents an average of supernatant solutions. 

 

After the total exposition time, approximately 1% of photoactive IR-806 was left in all 

samples of water-dissolved IR-806 dye. Comparatively, after 200 mins of ultraviolet irradiation 

in the same conditions, around 27% of photoactive IR-806 remained embedded in the silica 

shell of upconversion nanoparticles (figure 37). 

 

 

 

 

 

□□□ Chemical degradation  
 

Reactive oxygen species (ROS) are destructive factors of biological structures and are 

generated by the metabolism of the cell itself, they are very abundant in extra- or intracellular 

environments.250 ROS are destructive towards organic dyes, reacting with structural elements 

involved in the absorption and emission of the given molecule.251 
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Silica coating was studied for its potential anti-oxidative properties. A series of samples 

of silica-embedded dye and a solution of dye were incubated with H2O2 as an example of 

reactive oxygen species present in the extracellular matrix and cytoplasm of the cell.252 Series 

of silica-embedded dye and the aqueous solution of the IR-806 were studied by incubation in 

the presence of hydrogen peroxide. 

 After 60 minutes of incubation at a higher concentration of 440 mM H2O2, around 33% 

of aqueous dye and 28% of silica-adsorbed dye remained spectrally active. Both solution and 

silica-embedded dye degraded at similar rates (figure 38), which suggests that silica does not 

protect against ROS, and subsequently other reactive chemical compounds.  

 

 

             

Figure 38. Chemical degradation of IR-806 exposed to high concentration of H2O2 | Absorption spectra of A) 

50 µM dye solution and B) UCNPs@mSiO2 silica-embedded dye incubated with 50 µM of dye solution. 

Experiments performed with 50 µl of highly concentrated 30% (440 mM) H2O2 solution. Experiments carried for 

two hours. 

 

 

Complementary studies with a physiological concentration of 1 mM to mimic upper 

limits in an extracellular matrix252 of concentration of hydrogen peroxide, were carried out 

(figure 39). As with high H2O2 concentration samples, degradation rates remained at a similar 
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level. Silica-embedded dye absorption decreased to 65,82% for the silica-embedded IR-806, 

and free dye solution decreased to 66,17% of the initial intensity of absorption. 

 

          

Figure 39. Chemical degradation of IR-806 exposed to extracellular levels of H2O2 | Absorption spectra of A) 

50 µM dye solution and B) UCNPs@mSiO2 silica-embedded dye incubated with 50 µM of dye solution. 

Experiments performed in 1 mM of H2O2 akin to the threshold of extracellular concentration of hydrogen peroxide 

for induction of apoptosis. Experiments carried for two hours. 

 

Samples of incubation with 1 mM H2O2 were then kept for the next 12 days at 4ºC, and 

in the dark, to investigate any potential long-term impact of reactive oxygen species on the 

payload embedded in pores of silica layer (figure 40).  

 

 

Figure 40. Long-term chemical degradation of IR-806 exposed to extracellular levels of H2O2 | Extension of 

experiment presented in figure 33. Absorption spectra of A) 50 µM dye solution and B) UCNPs@mSiO2 silica-

embedded dye incubated with 50 µM of dye solution. Experiments carried for additional 11 days. Experiments 

performed in 1 mM of H2O2 akin to the threshold of extracellular concentration of hydrogen peroxide for induction 

of apoptosis. 
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For the silica-embedded dye, about 32,25% of the IR-806 was left. In comparison 

around 9,81% of the dye in the solution was left. Considering the results of time-dependent 

degradation, the presence of hydrogen peroxide caused significant degradation of silica-

embedded dye. From 64,1% remaining after 12 days of storage, to 32,25% in parallel 13 days 

old sample with H2O2. A similar effect was observed for the free dye molecules in the solution. 

The remaining dye dropped from 33% of the original quantity to 9,81%. 

 

These results suggest that mesoporous coating of nanoparticles is not an efficient 

approach to protect, sensitizing agents, diagnostic compounds, therapeutic drugs, or other 

carried molecules, from a highly reactive environment. 

 

■□□□ Cytotoxicity 
 

THP-1, a monocyte-like cell line isolated from an acute monocytic leukemia patient, 

MDA-MB-231 epithelial-like line isolated from an adenocarcinoma patient, and an epithelial-

like A375 line from a patient with malignant melanoma, were obtained from the collection of 

Institute of Immunology and Experimental Therapy and were selected for the cytotoxic 

experiments. These cell lines correspond to original American Type Culture Collection (ATCC) 

lines. Different silica-coated, as well as uncoated core- and core@shell-type of NaYF4 

nanoparticles, were used for cytotoxic assessment. The concentration of nanoparticles ranged 

from 20 to 200 μg/mL across all experiments. Cells were stimulated for 24 hours. 

 

 

□□□ MTT assay assessment of cytotoxic effect of core, core@shell, and silica-coated 

UCNPS on the THP-1 and MDA-MB-231 lines. 
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For the macrophage-like THP-1 cell line, smaller core-type nanoparticles increased 

proliferation on average by 9% and up to 17% in the highest tested concentration in the 

experiments. The impact of the bigger core@shell-type UCNPs was higher, reaching on 

average 17% of increment over the control sample and up to 28% in the highest tested 

concentration (figure 41A). Before the stimulation, all monocyte-like THP-1 were treated for 

72 hours with PMA to stimulate macrophage-like differentiation of the cells. 

For the epithelial-like MDA-MB-231 cell line, stimulatory properties for both core- and 

core@shell-type nanoparticles were not observed (figure 41B).  

 

 

  

Figure 41. THP-1 and MDA-MB-231 viability after stimulation | Cytotoxic effect of core, core-shell, and silica-

coated nanoparticles on the A) THP-1 and B) MD-MB-231 cell cultures after 24 hours of stimulation with various 

concentrations of nanoparticles.  

 

Stimulation with 55 nm silica-coated upconversion nanoparticles showed significant 

cell toxicity of these nanoparticles (figure 41). Compared to the untreated control group, the 

viability of the THP1 cell culture decreases to 16% for the highest chosen concentration (200 

μg/mL), while MDA-MB-231 drops to 49% of the control group. 
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□□□ MTT assay assessment of cytotoxic effect of 55 nm and 96 nm silica-coated 

nanoparticles and IR-806 dye on a THP-1 and A375 cell line.  
 

The macrophage-like THP-1 cell line was selected for the cytotoxicity experiments 

involving various sizes of silica shell. Nanoparticles 55 nm and 96 nm core@shell-type NaYF4 

of the same composition, with two different sizes of silica shell, were chosen (figure 42). 

 
Figure 42. Nanoparticles used in cytotoxicity experiments | TEM images of uncoated and silica-coated 

nanoparticles used. 

 

The THP-1 cell cultures were stimulated for 24 hours with 55 and 96 nm silica-coated 

NaYF4 nanoparticles (figure 43). As seen with the results in the preceding section, the 55 nm 

nanoparticles exhibit highly toxic nature. Cell viability dropped sharply above concentration of 

around 40 µg/mL. In contrast, the 96 nm nanoparticles do not induce clear cell death during 24 

hours stimulation of cell culture with the concentration up to 200 µg/mL.  

 

 

The human melanoma A375 cell line was selected for additional cytotoxicity 

experiments involving various sizes of silica shell as well as assessment of cytotoxicity of IR-

806 dye used is studies as a potential luminescent enhancing antenna from UCNPs (figure 44). 

Cells were stimulated for 24 hours. Various volumes of stock suspension of 200 μg/mL silica-

coated NPs with 1.33 µM of embedded IR-806 dye were used for all experiments. In all 

samples, IR-806 is embedded into the mesoporous structure of the silica. The concentration of 

CORE@SHELL 55 nm UCNPs@mSiO2 96 nm UCNPs@mSiO2 
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embedded dye was chosen based on the loading capacity of mesoporous silica, to avoid the 

presence of any free molecules in the solution. layer.  

 

 

Figure 43. THP-1 cells viability after stimulation with different-sized UCNPs | Cytotoxic effect of 55 nm (blue 

line) and 96 nm (red line) silica-coated lanthanide-doped NaYF4 nanoparticles. 

 

 

 

Similarly, to the results of THP-1 and MDA-MB-231 experiments, the 55 nm silica-

coated upconverting nanoparticles reduced the viability of the A375 cells. There was no 

observed additional cytotoxic effect from the dye embedded in the silica layer (figure 44A and 

B). For the thicker coating on 96 nm UCNPs@mSiO2, there was no major cytotoxic effect 

observed in both, the dye-free nanoparticles and silica-embedded dye in nanoparticles. 

Media-dissolved dye did not impact the viability of cell culture (figure 44C). No 

significant cytotoxicity of IR-806 dye was observed in all samples up to the concentration of 

50 µM. 
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□□□ Flow cytometry  
 

MTT assay gives a general overview of the viability of the cells, stimulated with a 

potentially toxic factor, without distinguishing between types of the cellular death. It cannot be 

used to assess if NaYF4@mSiO2 nanoparticles induce necrotic or apoptotic processes. Because 

of it, a flow cytometry method was used. Experiments were performed on macrophage-like 

THP-1 cell line. Cells were incubated with 55 nm and 96 nm silica-coated NaYF4 nanoparticles 

at the concentration of 90 µg/mL based on the toxicity of THP-1 assay (figure 41, page 74). 

Cells, with silica-coated UCNPs, were incubated for 24 and 48 hours before the analysis. Table 

2 (page 80) presents statistical average from four separate experiments. 

 

 

Figure 45. Control group | Dot plots of THP-1 control samples after 24 (left) and 48 (right) hours. 

 

The control sample (figure 45) showed a healthy population of cells after 24 hours and 48 hours 

of culturing in flow cytometry tubes in the volume of 500 µL. The number of cells in the early 

and late apoptotic state as well as necrotic cells was low. After two days, around 87% of cells 

were not stained by Annexin V or propidium iodide, indicating that the control culture was in 

good condition. 
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Figure 46. Stimulation with 55 nm UCNPs@mSiO2 | Dot plots of samples of the THP-1 cells treated with 55 

nm silica-coated nanoparticles. Samples analysed after 24 (left) and 48 (right) hours. 

 

The 55 nm, in diameter, silica coated NaYF4 upconversion nanoparticles showed significant 

toxicity by inducing apoptosis after 24 hours of incubation (figure 46). On average 34% of cells 

stained positively for both Annexin V and PI indicating necrosis. Around 57% of cell 

population was in late apoptotic stage. Less than 10 percent of cells were both Annexin- and 

PI-negative. After 48 hours almost 60% of population was in the necrotic state while 39% 

exhibited late apoptotic features. 

 

The 96 nm, β-NaYF4: 2% Er3+, 20% Yb3+ @ β-NaYF4: 30% Nd3+, 20% Yb3+ @ mSiO2 

UCNPs exhibited toxicity as well, however, the toxicity exhibited was less than 55 nm 

counterparts in the first 24 hours of exposition. After 24 hours of incubation (figure 47), 

apoptosis was detected in around 57% of population, for both early and late stage apoptosis. 

About 37% of cells did not bind Annexin V or stained with PI, indicating integrity of the cells 

and an overall good condition. Only less than 6% of population showed signs of necrosis. On 

the other hand 48 hours of incubation presented a quite significant jump in toxicity. Less than 
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two percent of the cells showed non-necrotic or –apoptotic features. Around 88% of the cell 

population was in the late apoptosis stage while 10% exhibited necrotic markers. 

  

Figure 47. Stimulation with 96 nm UCNPs@mSiO2 | Dot plots of samples of the THP-1 cells treated with 96 

nm silica-coated nanoparticles. Samples analysed after 24 (left) and 48 (right) hours. 

 

Name of the group and time Stage 

Control groups Early apoptotic  Late apoptotic Necrosis Live cells 

24 hours 6,7% 13,3% 2,1% 77,8% 

48 hours 4,2% 6,2% 1,9% 87,6% 

     

Stimulation with 96 nm UCNPs@mSiO2 Early apoptotic  Late apoptotic Necrosis Live cells 

24 hours 8,8% 48,2% 5,9% 37,1% 

48 hours 0,4% 87,5% 10,3% 1,7% 

     

Stimulation with 55 nm UCNPs@mSiO2 Early apoptotic  Late apoptotic Necrosis Live cells 

24 hours 0,1% 57,2% 34,2% 8,5% 

48 hours 0,0% 39,5% 58,7% 1,7% 
 

Table 2. Average percent of population at different stages of apoptosis | Table presents the average percentage 

values of cells in different stages of UCNPs-induced apoptotic process. 
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□□□ Light microscopy imaging of UCNPs-treated THP-1 cells 
 

The morphology of THP-1 cells treated with 55 nm and 96 nm upconversion NaYF4 

nanoparticles was assessed with an inverted light microscope Nikon Eclipse Ti2. Images were 

captured with NIS-Elements software. 

 Cells were cultured at the density of 2×105 cells per 500 µL of media. Cells were 

stimulated with 55 and 96 nm UCNPs at the concentration of 90 µg/mL to mirror the 

cytotoxicity assessment done with the flow cytometry described in a previous section. 

 

      

      

Control group 

55 nm UCNPs 

24 hours 

24 hours 

24 hours 

48 hours 
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Figure 48. Microscopy images of THP-1 cells treated with NaYF4 nanoparticles | Microscope 

images of THP-1 cells. Samples were analysed after 24 (left) and 48 (right) hours. Control group (upper 

images), 55 nm (middle images) and 96 (lower images) nm silica-coated nanoparticles.  

 

 

Microscope imaging, presented in the figure 48, shows significant cellular membrane 

integrity disruption in all performed experiments in comparison to the control group untread 

with silica-coated nanoparticles. These results align with the results obtained with flow 

cytometry. After 24 hours of stimulation with both 55 and 96 nm nanoparticles, a clear cytotoxic 

effect can be observed. Both cell cultures contain significant amount of small bodies, 

presumably apoptotic bodies previously detected in flow cytometry measurements. The visual 

inspection with the microscope after 48 hours, showed that most of the cells treated with 55 nm 

UCNPs@mSiO2 fragmented into smaller bodies. For the simulation with 96 nm nanoparticles, 

a few structurally undisrupted cells could be still observed while most of the sample contained 

smaller vesicles. 

 

 

 

96 nm UCNPs 
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DISCUSSION 
 

A new tool, based on NaYF4 upconverting nanoparticles, for therapy and diagnostics (often 

combined in an emerging field of theranostics), bioimaging,30,101,102 biosensing, 103–106 and other 

applications4 mentioned in section Application of Upconversion Nanoparticles (page 27) could 

provide significant benefits over presently used fluorescent dyes, proteins, and other kinds of 

detection molecules.25 

 

The lack of a photobleaching effect present in many organic dye and fluorescent proteins 

makes the NaYF4 promising option for long-term imaging and observation of a studied subject. 

The cytotoxicity of the NaYF4 nanoparticles, given an adequate surface modification strategy 

applied, is less than of the other small fluorescent objects that gained traction on recent years, 

quantum dots.24,253 The upconversion phenomena displayed by the NaYF4 nanoparticles 

removes some of the background noise.131 The volume of noise generating visible light is 

limited to the light emitted by nanoparticles. The reduction stems from the usage of near-

infrared light which is absorbed less by the various cellular structures of a tissue.132 As 

previously mentioned, surface modifications, which were described in more details in the 

Surface Modification of NaYF4 Nanoparticles section (page 18), offer a wide scope of 

approaches in rendering the nanoparticles more biocompatible. Silica-coating is especially an 

interesting approach as the shell is resistant to chemical and physical factors and it can be 

designed with a porous structure that is capable of adsorbing various molecules.93,94 These 

molecules could include drugs, labelling agents and etc.163–166 

 

For all of the reasons listed above as well as other more specific properties of NaYF4 

upconverting nanoparticles and silica coating mentioned throughout introductory sections, this 
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work aimed to focus on preliminary assessment of silica-coated NaYF4 upconversion 

nanoparticles as a stable and reliable platform for delivering specific molecules. 

 

The 23 nm core- and core@shell-type of NaYF4 nanoparticles, doped with Er3+, Nd3+, 

and Yb3+ ions were synthesized following a previously established protocols by the group at 

the Włodzimierz Trzebiatowski’s Institute of Low Temperature and Structure Research in 

Wrocław. In this dissertation, the obtained nanocrystals were coated with a layer of porous 

silica via the modified Strober method of tetraethyl orthosilicate (TEOS) hydrolysis. The low 

success rate, of about 10%, of silica syntheses of the nanoparticles may suggest that TEOS is 

not a suitable precursor compound for this kind of surface modification, or the method of 

synthesis requires major evaluation and the investigation of alternative techniques that will 

ensure a more uniform coating in conditions of synthesis that can be easier manipulated. 

 

The pores of the silica structure were used to host infrared IR-806 cyanine dye. Potential 

protective characteristics of various factors were studied. In comparison to an aqueous solution, 

adsorption to the silica lowered the rate of the spontaneous degradation of IR-806 stored in dark 

and cold conditions. Active attempts of degradation by the utilization of UV light were 

performed. Investigation with UV source of light producing 254 and 366 nm UV wavelengths 

was chosen. As with the spontaneous degradation, silica-coating lowered the destruction of IR-

806 molecules embedded in the mesoporous structure. Opaque characteristics of suspension 

suggest that the silica coating may scatter the light and thus protect the load by reducing the 

number of photons reaching it. 
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Chemical-based degradation is the second major concern studied in the context of the 

protective properties of silica coating. Obtained experimental data shows that silica does not 

protect IR-806 molecules from reactive oxygen species. H2O2 was chosen as an example of 

ROS. The degradation rate remained similar to the degradation of water-dissolved dye, 

suggesting that silica-coating does not protect against these chemical factors. These results 

suggest that the silica shell should not be employed for payloads susceptible to chemical 

environment. 

 

The silica-based delivery system can be used for the protection of molecules susceptible 

to physical factors such as light-induced degradation, but it will not be as effective in a scenario 

where there are reactive molecules in the environment. 

 

Silica-coated NaYF4 nanoparticles of around 55 nm, could be suitable for biological 

application. The MTT assay results show a high cytotoxic effect of all tested cell lines. Within 

a 24-hour stimulation period, THP-1, MD-MB-231, and A375 cell cultures showed a major 

decrease in the number of living cells. The flow cytometry analysis showed that 55 nm 

UCNPs@mSiO2 induces apoptosis of macrophage-like THP-1 cell line in the first 24 hours of 

stimulation and by the 48 hour most of the population enters the necrotic stage. The cytotoxic 

effect could be a result of the internalization via the caveolin-mediated endocytosis pathway 

which subsequently induced some signals for apoptosis. However, this would require further 

investigation into the subject by employing antibody cytometry or Western-blot-based methods 

of to detect various apoptotic factors. Currently, the silica-coated UCNPs with diameter of 55 

nm induced apoptosis. An additional step, such as coating in a thin layer of polymer or specific 

protein corona, must be used to ensure a high biocompatibility necessary for the utilization of 

the nanoparticles in medicine. 



Discussion 
 

 
88 

 

 

 The lack of cytotoxic effect from the sub-20 nm nanoparticles, without silica coating, 

could come from the non-specific internalization of such small nanoparticles. Internalization 

without specific membrane and cytoplasmic proteins would not induce apoptotic signaling. 

Uncoated NaYF4 nanoparticles with their ligands removed, showed to induce cellular division 

of the THP-1, MD-MB-231 cancer-derived cell cultures. This would have to be further 

researched due to two puzzling aspects, the first being the induction of more frequent cellular 

division in comparison to the control group, and the second relates to the fact that as the 

nanoparticles could degrade there would be a release of lanthanide and fluoride ions that could 

negatively affect viability of the cultures. 

 

Substantially bigger nanoparticles of around 96 nm in diameter, showed neither a 

negative nor positive impact on the viability of the THP-1 and A375 cell cultures during the 24 

hour of stimulation with the MTT assay method. However, this could be a result of  the reduced 

toxic effect of the 96 nm UCNPs@ mSiO2 in comparison to their 55 nm counterparts. The flow 

cytometry study showed that after 24 hours, the population of THP-1 cells were still in a viable 

condition and were not expressing markers of late stage apoptosis or necrosis. Metabolically 

active cells in the early stages of apoptosis were shown to metabolize MTT.254 Flow cytometry 

results after 48 hours showed a clear induction of apoptotic pathway as the most population 

shows signs of late-stage apoptotic or necrotic state. Particles of around 100 nm in size are 

reported to penetrate the cellular membrane via the Clathrin-mediated endocytosis, with an ease 

that can be observed with their smaller counterparts.255 Further research into internalization 

would require a specialized microscope with a source of IR light for the detection of 

nanoparticles and assessing their presence or lack in the cytoplasm, as well as an inquiry into 
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changes in expression levels of the protein component of the clathrin-mediated endocytic 

system. 

 

 

 

These results align with other reports that showed a cytotoxic effect from smaller sub-

40 nm nanoparticles, where the viability of bone marrow-derived mesenchymal stem cells 

(BMSCs) and myoblast cells cultures, dropped below 70%, 66.8% for the BMSCs and 68.2% 

for skeletal myoblasts.225 Regarding the 10-100 nm size range of typical NaYF4 nanoparticles 

(figure 20), multiple reports have shown that ~80 nm UCNPs either do not cause cell death of 

L929 fibroblast cell line165 or that the cell cultures of L929 maintain 80% of cell viability after 

the period of 24 hours of incubation.256 

The results presented in this work, as well as reports cited throughout it, could indicate 

the existence of a cytotoxic peak for silica-coated NaYF4 upconversion nanoparticles, or 

nanoparticles in general, related to unspecified size-dependent cellular mechanism of 

endocytosis. That peak would exist somewhere around the diameter of 50 nm.  

 

Further inquiry into this subject is necessary for developing a viable diagnostic or 

therapeutic tool based of NaYF4 upconversion nanoparticles. 
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CONCLUSIONS 
 

1. 
Synthesis of the silica shell via TEOS condensation method in a basic 

environment is a suitable approach for an efficient coating of the kind of UCNPs 

used in this work, although the catalysis conditions need further improvements. 

 

 

2. 
Exposure to damaging UV radiation showed that silica-coating on nanoparticles 

protects photolabile IR-806 dye against light. 

 

 

3. 
Long-term storage in a cold environment without access to light showed that the 

mesoporous structure of silica-coating slowed down the spontaneous degradation 

of carried IR-806 dye. 

 

 

4. 
Silica-coating was not a suitable approach for the protection of carried molecules 

that are susceptible to reactive elements present in the environment. 

 

 

5. 

Cytotoxicity experiments showed that 55 nm nanoparticles coated in a silica shell 

caused the induction of apoptosis within the 24 hours-long stimulation period and 

by 48 hours cell population is mostly necrotic. In contrary to the 55 nm 

UCNPs@mSiO2, smaller uncoated nanoparticles did not show cytotoxic effects 

within 24 hours of stimulation. The 96 nm nanoparticles with a thicker silica coating 

exhibited a strong cytotoxic effect after 48 hours of stimulation. These results may 

suggest a range, centred around the diameter of 55 nm, in which the silica-coated 

NaYF4 nanoparticles are the most toxic to the cells and should be avoided while 

designing therapeutic tools. 
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