Wroctaw University
of Science and Technology

FIELD OF SCIENCE:
NATURAL SCIENCES

DISCIPLINE OF SCIENCE:
CHEMICAL SCIENCES

DOCTORAL DISSERTATION

Synthesis and characterization

of lanthanide ions doped materials
showing concurrent emission

in UV and NIR spectral ranges

Patryk Fatat, MSc Eng

Supervisor:
Dominika M. Wawrzynczyk, DSc, PhD, Eng
Associate Professor at Wroctaw University of Science and Technology

Keywords:
lanthanides, nanoparticles, microcrystals, up-conversion, down-conversion,
ultraviolet, visible radiation, near-infrared

WROCLAW 2025






Acknowledgments

First and foremost, I would like to express my deepest gratitude to my supervisor,
Prof. Dominika Wawrzynczyk, for introducing me to the fascinating world
of lanthanide-doped materials at the nano- and microscale, and their spectroscopic
properties. Your guidance, patience, and scientific creativity shaped my growth
throughout these doctoral years. I am especially grateful for the trust you placed in me

at the very beginning of this scientific journey.

I would also like to acknowledge the support of the institutions that made this work
possible: the National Science Centre of Poland for funding the SHENG project
(2018/30/Q/ST5/00634), the Polish National Agency for Academic Exchange
(NAWA) and the Doctoral School of Wroctaw University of Science and Technology
for enabling my research stay at Utrecht University through the InterDocSchool program.
I am also grateful to the German Academic Exchange Service (DAAD) for giving me

the opportunity to explore new research ideas in Germany.

A special thank you goes to Prof. Andries Meijerink from Utrecht University
in the Netherlands for warmly welcoming me into his group and allowing me to work
in his optical labs during two short-term research stays in 2023. Your insights into
electronic transitions and energy transfer processes between lanthanide ions have been
incredibly valuable, and I am grateful for the time and attention you dedicated to

my work.

To my colleagues — Ivy Tsang, Magda Antoniak, Szymon Zelewski, and Piotr Kuich
— thank you for your help, advice, and for making the long hours in the lab easier

and more enjoyable. It was great to have your support along the way!

Most importantly, I want to thank the amazing people who have been there for me since
the very start — my family, friends, and the loved one. Your constant support and belief
in me helped me get through everything. This accomplishment is as much yours

as it is mine.

And now, finally, when someone asks me “When will you finish writing your PhD?”,

I can smile and say — “I already have.”






Abstract (English version)

This doctoral dissertation is focused on synthesis, physicochemical characterization,
and validation of potential application of inorganic phosphors, doped with lanthanide
ions, particularly Pr**, Tm*, Gd*", Yb**, and Nd*" ones. These materials, prepared
in the form of colloidal nanoparticles (NPs) or microcrystals (MCs) powders
were engineered in a way to emit both ultraviolet (UV) and near-infrared (NIR) radiation.
The spectral regions of interest are of great importance for biomedical applications
due to their utility in non-invasive high-contrast in vivo bioimaging, deep-tissue
penetration, light-triggered disinfection, or photodynamic therapy. Within the research,
I explored various strategies to enhance the luminescent properties of these materials,
all aimed at improving the efficiency and versatility for advanced biomedical
applications. The materials were synthesized under controlled conditions using thermal
decomposition, hydrothermal, and solid-state synthesis methods, tailored to achieve
specific size and structure. The characterizations of structure, morphology, and elemental
composition were performed using X-ray diffraction (XRD), scanning and transmission
electron microscopy (SEM, TEM), and energy-dispersive X-ray spectroscopy (EDS),
respectively. Optical properties were investigated with the means of photoluminescence
(PL) spectroscopy, with the main focus on emission intensities in UV and NIR regions

of radiation, and luminescence lifetimes (LTs) registration.

In particular, I developed and optimized Pr**,Yb**-co-doped B-NaYFs NPs and LiYF4
NPs with bimodal optical properties for biomedical use. Under 447 nm excitation,
they exhibited intense Visible(Vis)-to-UV up-conversion (UC) luminescence,
the resultant UV-C radiation was sufficiently strong to damage double-stranded DNA
(dsDNA). On the other hand, their NIR-to-NIR emission, occurring under 980 nm laser
excitation and peaking at ca. 1320 nm, enabled effective imaging in an oral-cavity-
mimicking model. To further enhance upconverted UV emission, I employed co-doping
with another UV-emitting lanthanide ion, i.e., Gd*', and synthesized core@shell
nanostructures. These modifications improved UV-C emission from Pr** ions and reduced
surface quenching, respectively. Transferred into aqueous phase, the materials in the form
of suspensions served as effective UV-emitting disinfectants, capable of inactivating
human virus species under Vis irradiation. Furthermore, in order to minimize parasitic
energy migration processes occurrence, I designed and synthesized core@multi-shell

nanostructures in which optically active ions were spatially separated from each other.
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This approach enabled the maximization of emission intensity in both the UV and NIR
regions, strongly required for theranostic applications. In the next step, I explored Pr**
co-doping in Tm>*-based B-NaYF4 MCs. By utilization of this lanthanide ions pair,
I generated the enhanced both UV-C and NIR emissions, compared to solely Tm**-doped
material, due to efficient energy transfer (ET) between ladder-like energy level structure
of lanthanide ions. Lastly, I conducted investigation on Pr’*-doped Y»Si>O7 crystalline
powders for light-triggered antimicrobial applications. The results showed that tuning
the optically-active lanthanide dopants improved the efficiency of the material
in inactivating widespread bacteria and fungi, simultaneously presenting a safer

alternative to conventional UV-based disinfection methods.

The presented research introduces innovative strategies for enhancing luminescence
performance of lanthanide-doped colloidal NPs and MCs powders in both UV and NIR
spectral regions. Their successful use in proof-of-concept applications — ranging from
NIR-guided in vivo bioimaging to visible light-induced inactivation of viruses, bacteria,
and fungi based on UV emission generation — demonstrates their strong potential for real-

world biomedical use.



Abstract (Polish version)

Niniejsza praca doktorska dotyczy syntezy oraz fizykochemicznej charakteryzacji
luminoforéw nieorganicznych, domieszkowanych jonami lantanowcow (w szczegolno$ci
Pr**, Tm**, Gd**, Yb*" i Nd*"), a takze weryfikacji ich skutecznoéci w potencjalnych
zastosowaniach biologicznych. Materiaty te, otrzymane w formie koloidalnych
nanoczgstek lub proszkow mikrokrysztatéw, zostaty zaprojektowane tak, aby emitowac
promieniowanie zardwno w zakresie ultrafioletu (UV), jak i bliskiej podczerwieni (NIR).
Te zakresy spektralne s3 niezwykle wazne, jesli chodzi o zastosowania biomedyczne,
poniewaz sg wykorzystywane np. w nieinwazyjnym bioobrazowaniu in vivo, dezynfekcji

promieniowaniem UV oraz terapii fotodynamiczne;.

W ramach badan wykorzystano rézne strategiec majace na celu poprawe wihasciwosci
luminescencyjnych otrzymywanych materiatow w zakresach UV i NIR, aby zwigkszy¢
ich efektywno§¢ w potencjalnych zastosowaniach biomedycznych. Materiaty zostaty
zsyntetyzowane w kontrolowanych warunkach, przy uzyciu takich metod jak termiczny
rozktad prekursorow w mieszaninach surfaktantéw o wysokiej temperaturze wrzenia,
metoda hydrotermalna oraz synteza w stanie statym. Dzigki nim nanoczastki
1 mikrokrysztaty wykazywaly pozadane struktur¢ krystaliczng, morfologi¢ oraz sktad
chemiczny, co zostalo potwierdzone przy pomocy odpowiednio dyfrakcji rentgenowskie;j
(XRD), mikroskopii elektronowej (SEM, TEM) oraz spektroskopii rentgenowskiej
(EDS). Wtasciwosci luminescencyjne zbadano za pomocg spektroskopii fotolumines-
cencyjnej, koncentrujac si¢ na emisji w zakresie UV i NIR oraz pomiarze czaséw zycia

luminescencji.

W ramach badan opracowano i zoptymalizowano seri¢ nanoczastek B-NaYF4:Pr’*,Yb**
oraz LiYF4:Pr*" Yb*', ktore pod wplywem wzbudzenia faly o dlugosci 447 nm
wykazywaly intensywna emisje w zakresie UV, bedaca skutkiem kombinacyjnej
konwersji energii fotonow w goére. Uzyskane promieniowanie z zakresu UV-C
bylo wystarczajaco silne, aby uszkodzi¢ podwdjne nici DNA. Z kolei klasyczna
Stokesowska emisja w zakresie NIR, zachodzaca przy wzbudzeniu laserem o dlugosci
fali 980 nm i osiggajaca maksimum przy okoto 1320 nm, umozliwita skuteczne
obrazowanie kanatu zgba, pokrytego tkanka migsniowg. Nastepnie, w celu zwigkszenia
intensywnos$ci emisji w UV, zastosowano domieszkowanie innym jonem lantanowca,

rowniez emitujgcym w UV, tj. Gd**, oraz zsyntetyzowano nanostruktury typu



rdzen@powtoka. Te modyfikacje w znaczacy sposob poprawity emisje w zakresie UV-C,
pochodzaca z jondéw Pr’’, oraz ograniczyly wystepowanie wygaszania luminescencji
poprzez oddzialywanie z defektami powierzchniowymi. Po transferze z fazy organicznej
do fazy wodnej, materialy te w postaci koloidalnych zawiesin okazaly si¢ skutecznymi
dezynfektantami emitujagcymi promieniowanie z zakresu UV pod wplywem
promieniowania z zakresu widzialnego, zdolnymi do unieszkodliwiania ludzkich
wirusow. Ponadto, aby zminimalizowa¢ wystepowanie niepozadanych proceséw migracji
energii, zaprojektowano 1 zsyntetyzowano nanostruktury typu rdzen z wielowarstwowg
powtoka, w ktorych optycznie aktywne jony byly wzgledem siebie rozdzielone.
Takie podejscie pozwolilo na maksymalizacje intensywno$ci emisji w obu regionach UV
1 NIR, co jest istotne przy zastosowaniach teranostycznych. Nastepnie, zbadano
mikrokrysztaty wspotdomieszkowane B-NaYF4:Tm>",Pr**. Dzieki potaczeniu takiej pary
lantanowcoéw uzyskano wzmocnienie emisji zaréwno w zakresie UV, jak i NIR,
w poréwnaniu do materialu domieszkowanego jedynie jonami Tm**, co byto skutkiem
efektywnego transferu energii pomiedzy poziomami energetycznymi tych jonow.
Na koniec przeprowadzono badania krystalicznych proszkow Y2S1,07 domieszkowanych
jonami Pr** ktére po domieszkowaniu jonami Tm** oraz Yb** okazaly si¢ by¢ skuteczne
w zwalczaniu bakterii oraz grzybow, jednocze$nie stanowiac bezpieczniejszg alternatywe

dla konwencjonalnych metod dezynfekcji UV.

Przedstawione badania wprowadzaja innowacyjne strategie na zwigkszenie
intensywnos$ci luminescencji koloidalnych nanoczastek oraz mikrokrysztalow w formie
proszkéw domieszkowanych jonami lantanowcow, emitujacych w  zakresie
promieniowania UV 1 NIR. Ich skuteczne zastosowanie w testach funkcjonalnych,
obejmujacych m.in. obrazowanie in vivo z wykorzystaniem promieniowania NIR
oraz unieszkodliwianie wirusow, bakterii i grzybéw promieniowaniem UV generowanym
pod wplywem promieniowania z zakresu widzialnego, potwierdza ich wysoki potencjat

do praktycznych zastosowan biomedycznych.
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C NPs
CFU
CPE

CS NPs
CSS NPs
CSSS NPs
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Cw

DC
DCFDA
DMEM
DNA
dsDNA
EDS
EDTA
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ET

ETU
FADU
FBS
FT-IR
HAdV-C5
HSV-1
ICDD PDF
ICSD

IR

LED

LT

MCs
MCS

Activator

American Type Culture Collection
Core nanoparticles

Colony forming unit

Cytopathic effect

Core@shell nanoparticles
Core@shell@shell nanoparticles
Core@shell@shell@shell nanoparticles
Co-operative up-conversion
Continuous-wave

Down-conversion
2'.7'-dichlorodihydrofluorescein diacetate
Dulbecco’s Modified Eagle’s Medium
Deoxyribonucleic acid
Double-stranded DNA
Energy-Dispersive X-ray Spectroscopy
Ethylenediaminetetraacetic acid
Excited state up-conversion

Energy transfer

Energy transfer up-conversion
Fluorescence analysis of dsDNA unwinding
Fetal bovine serum

Fourier transform infrared spectroscopy
Human Adenovirus type C serotype 5
Herpes Simplex Virus type 1
International Centre for Diffraction Data Powder Diffraction File
Inorganic Crystal Structure Database
Infrared region

Light-emitting diode

Luminescence lifetime

Microcrystals

Multichannel scaling



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

NIR Near infrared region

NIR-I First near-infrared biological window
NIR-II Second near-infrared biological window
NIR-III Third near-infrared biological window
NPs Nanoparticles

PBS Phosphate buffer saline

PCM Polish Collection of Microorganisms
PLE Photoluminescence excitation

PMT Photomultiplier tube

QC Quantum cutting

RE** Rare-earth ion

RNA Ribonucleic acid

ROS Reactive oxygen species

SEM Scanning electron microscope

SEN Sensitizer

ssDNA Single-stranded DNA

SWIR Short-wave infrared region

TEM Transmission electron microscope
ucC Up-conversion

uv Ultraviolet

UV-A Ultraviolet type A

UV-B Ultraviolet type B

UV-C Ultraviolet type C

Vis Visible

WHO World Health Organization

XRD X-ray diffraction
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Electric field
Magnetic field

Velocity

Absorbance

Arbitrary unit

Speed of light in vacuum
dsDNA concentration

Interplanar spacing of the crystal lattice

Following excited energy state of a lanthanide ion

Ground state of a lanthanide ion
Quantum of light

Phonon cut-off energy
Integrated intensity

Kilobase pairs

Optical path length

Order of diffraction

Molar absorption coefficient
Bragg angle

Wavelength

Emission wavelength
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Luminescence lifetime value
Short component of luminescence lifetime

Long component of luminescence lifetime
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Chapter 1
Introduction

1.1. Problem statement and objectives

The field of lanthanide-doped inorganic phosphors has experienced significant advances
over the last few decades, with the strong focus on the development of nano-
and microcrystalline materials. Thanks to their small size, they have shown great potential
for a variety of applications, particularly in biomedical and technological fields.
Despite these advances, challenges remain — particularly in achieving high-intensity
emission in ultraviolet (UV) and near-infrared (NIR) spectral ranges. These limitations
still prevent the materials from being used efficiently in real-life applications, including
in vivo bioimaging, photodynamic therapy, and light-triggered disinfection. As a result,
the core of ongoing research is the design and synthesis of materials capable of efficient

emission in both regions of interest.

Within the presented doctoral dissertation, I focus on the development and fabrication
of lanthanide-doped nanoparticles (NPs) and microcrystals (MCs), along with a detailed
investigation of their luminescent properties in UV and NIR spectral ranges. My main
goal is to explore how different co-doping ions and adjustments to the size, structure,
and architecture of these materials can enhance the efficiency of both Stokes (down-
conversion, DC) and anti-Stokes (up-conversion, UC) emissions. Furthermore, some
of the materials are tested in proof-of-concept experiments, demonstrating their potential
for use in real-life biomedical applications. The specific aims of the doctoral dissertation
include:

e development of lanthanide-doped colloidal NPs which can be utilized as bimodal
optical nanoplatforms for theranostic purposes, since they are capable to emit
concurrently in UV and NIR spectral regions;

e design and implementation of a proof-of-concept experiment allowing me
to demonstrate both qualitatively and quantitatively the ability of the upconverted
UV radiation emitted by the manufactured materials to degrade double-stranded
DNA (dsDNA);

e design of a proof-of-concept experiment demonstrating the potential

of the synthesized materials for in vivo bioimaging;
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e experimental exploration of various strategies to enhance the up-converted
UV emission materials at the nano- and microscale for light-triggered eradication
of human virus species;

e implementation of organic-to-aqueous phase transfer of the oleic-acid-capped
NPs for light-triggered eradication of human virus species;

e design and fabrication of complex core@multi-shell NPs to engineer the spatial
distribution of dopants within distinct layers of a single NP to enhance emission
in divergent spectral regions, simultaneously minimizing quenching effects;

e synthesis of lanthanide-co-doped inorganic phosphors in the form of crystalline
powders to get a better insight into photon management processes leading
to the concurrent emission enhancement in UV and NIR spectral ranges upon
Visible (Vis) laser excitation;

e engineering of the upconverted UV emission output by manufacturing triply-
lanthanide-co-doped powders and their performance validation in light-triggered
germicidal action against commonly known bacteria and fungi as plankton

suspensions and biofilms.

In the presented doctoral dissertation, I do not only focus on the synthesis and optical
characterization of these lanthanide-doped materials, but I also highlight the strategies
utilized to tailor their luminescence behavior for specific applications, such as simul-
taneous light-triggered therapy and in vivo bioimaging within UV and NIR spectral
ranges, respectively. The research I present here aims to contribute to the growing field
of multifunctional inorganic lanthanide-based colloidal NPs and MCs as well as powders,
and their potential use in biomedical applications, in which their ability to convert lower-
energy light into higher-energy emissions can significantly enhance the sensitivity

and effectiveness of diagnostic and therapeutic tools.

1.2. Dissertation overview

This doctoral dissertation is organized into nine chapters. In Chapter 2, I acquaint
the Reader with the current state of the knowledge in physicochemical properties
of lanthanide-doped materials. I mainly describe light-matter interactions within
the ladder-like energy level structure of lanthanides, focusing on the importance
of the UV and NIR spectral ranges for biological applications. I also briefly describe
how the choice of host matrix and its form (i.e., as colloidal NPs or MCs powders)

can influence on the spectroscopic behavior of the material. Chapter 3 outlines various

18



synthesis methods, leading to NPs (thermal decomposition reaction of precursors
in high-boiling-point surfactants), MCs (microwave-assisted hydrothermal synthesis
and solid-state synthesis), and powders formation (sol-gel method). Moreover, I briefly
describe the characterization methods of the manufactured lanthanide-doped materials,
with the particular focus on structural analysis and spectroscopic features investigation.
In Chapter 4, I synthesize and investigate Pr**,Yb**-co-doped p-NaYF4 and LiYF4 NPs
for their bimodal optical potential in theranostics, including UV-C disinfection
and NIR in vivo bioimaging. I present results of the proof-of-concept experiments,
demonstrating their ability to exhibit both functions effectively under appropriate
excitation. Chapter 5 is devoted to strategies leading to the up-converted UV-C emission
enhancement of Pr**-based B-NaYF4 and LiYF4 NPs (i.e., passivation of the optically
active core with the optically inert shell or co-doping with another type of lanthanide ions,
i.e.,, Gd*"), optimizing them for light-triggered disinfection. In this chapter, I highlight
the successful utilization of these materials in inactivating common human viruses
(adenovirus and herpes simplex virus), which supports their prospective utilization
for biomedical applications. In Chapter 6, I present the careful engineering of complex
core@multi-shell B-NaYFs nanoarchitectures. Within this chapter 1 examine
the enhancement of emission in both UV and NIR spectral ranges for theranostic
purposes, particularly for medical treatment and in vivo bioimaging, accordingly.
In Chapter 7, 1 explore how co-doping Tm**-based B-NaYFs MCs with Pr’* ions
improves their luminescence properties. The improved performance is linked to
the efficient energy transfer between the dopants, offering a promising approach
for tuning optical output in materials designed for light-triggered disinfection and in vivo
bioimaging. In Chapter 8, I explore Pr**-doped Y2Si,O7 crystalline powders for light-
triggered antimicrobial applications, harnessing both Vis-to-UV and NIR-to-UV UC.
By varying the optically active lanthanide dopants, I show that the UV emission output
can be tuned, significantly enhancing the effectiveness of the material against bacterial
and fungal pathogens and offering a safer alternative to conventional UV-based
disinfection methods. Finally, Chapter 9 summarizes the main findings of this doctoral
dissertation and outlines potential future directions in the field of lanthanide-doped
inorganic phosphors. It emphasizes how the materials developed throughout
the conducted research could contribute to advancing multifunctional platforms
for theranostic applications, particularly in the areas of targeted bioimaging and light-

activated therapy.






Chapter 2

Theoretical framework

The optical behavior of lanthanide-doped materials is strongly governed by fundamental
principles of light-matter interactions. To deeply analyze their luminescence properties,
it is thus essential to understand the electromagnetic spectrum as the light of specific
wavelengths interacts with their ladder-like energy level structure. Particular attention
within the framework of this doctoral dissertation must be given to the UV and NIR
regions as photons within these spectral ranges can be of critical importance for bio-
related applications, such as light-based disinfection, cancer treatment, and deep-tissue

imaging.

Since lanthanide ions cannot exist freely as solid materials due to the charge conservation
principle, they must be incorporated as doping ions into crystalline host matrices.
The careful selection of hosts, preferably those with low phonon energy in their crystal
lattice, is crucial to minimize non-radiative energy losses and optimize photolumi-
nescence (PL) intensity. Furthermore, lanthanide ions, doped within the selected
materials, facilitate various photon management processes, including ET, UC, and DC,
by absorbing and emitting photons across different energy levels. In addition to the choice
of host material, the physical dimensions of the material significantly influence
its luminescence performance. NPs and MCs, in form of colloids or powders, exhibit
variations in surface related effects, energy migration processes available, and defect

states, all of which impact the overall emission characteristics.

This chapter introduces the key concepts necessary for the scope of this research, focusing
on the luminescent features of lanthanide-doped materials. It familiarizes the Reader
with the fundamental principles discussed above and provides a solid foundation
for the experimental investigations presented in the following chapters of the doctoral

dissertation.
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2.1. Electromagnetic spectrum

Electromagnetic radiation is defined as the oscillating electric (E ) and magnetic (1\7 ) fields
that are perpendicularly aligned to each other as well as to the direction
of their propagation, indicated as v in Fig. 1 [1]. As a consequence, electromagnetic waves
are formed, which consist of photons, massless and chargeless particles exhibiting
corpuscular-wave duality. Phenomena such as interference and diffraction support
the wave hypothesis, whereas the photoelectric and Compton effects demonstrate
the particle nature of light quanta. In vacuum, such waves travel at the speed of light
(c = 3-10 m s™') and are capable to undergo reflection, refraction, and diffraction

phenomena [1,2].

Fig. 1. The graphical representation of an electromagnetic wave
(reprinted with the permission from reference no. [2], Copyright © 2017 Elsevier Ltd)

When electromagnetic waves are classified with respect to wavelengths (4), understood
as the distance between two repeating points in a wave, the formed sequence is named as
electromagnetic spectrum (Fig. 2). Even though it spans roughly 15 orders of magnitude
and is continuous with no sharp boundaries, several radiation ranges can be distinguished.
Each of them has unique properties, including the way of generation and its interaction
with matter [1]. Understanding these processes allows for developing novel materials and

technologically advanced devices that can harness and process electromagnetic waves.

Visible Light
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Radio waves Microwaves Infrared Ultraviolet X-rays Gamma
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Fig. 2. Electromagnetic waves spectrum
(veprinted with permission from reference no. [3], Copyright © 2019 Elsevier Inc)
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The ability to generate and control radiation of specific wavelengths has led to
the development of innovative solutions, e.g., in spectroscopy, remote sensing,
and quantum computing. Research into the influence of electromagnetic waves
on biological systems has also opened new possibilities for medical treatment
and diagnostics. As provided in the doctoral dissertation, prospective applications
of radiation-emitting materials can still emerge, simultaneously demonstrating
the importance of the light-matter interactions in modern science and state-of-the-art

technology.

Since the presented research focuses on the UV and NIR spectral regions, their brief

overview is provided to familiarize the Reader with their relevance in the field.

2.1.1. Ultraviolet (UV)

UV radiation is the part of the electromagnetic spectrum spanning between 100400 nm.
The photons associated with this spectral range are of high enough energy, which
is sufficient to induce electron transitions in high-bandgap semiconductors or in organic
dye molecule, resulting in charge separation or fluorescence [4,5]. In terms of biology,
UV radiation is known to strongly interact and potentially damage biological soft matter,
like nucleic acids, proteins or membrane cells. However, since it is robustly emitted
by the Sun, it has also been proven to have a beneficial impact on human health
due to mediation of vitamin D and endorphins synthesis in human body [6,7].

Within the UV spectral range, one

SOLAR RADIATION

can distinguish three sub-regions, UVA UVB uve
namely UV-A (320400 nm), #00m 320 0m 280 mm 100
UV-B (280+320 nm), and UV-C
(100+280 nm) (Fig. 3). Each of s

— Epidermis

them has its own key properties,
thus they exhibit different effects

Dermis

on biological tissues [8]. Under-

standing these mechanisms is im- | -

Hypodermis

portant for the development of new

materials for light-triggered disin- Fig. 3. UV penetration into the layers of the skin

fection or prospective in vivo (reprinted from the reference no. [6]
under Creative Commons Attribution (CC BY) license)
cancer treatment.
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UV-A radiation constitutes around 95% of the UV rays passing through the Earth’s
atmosphere and reaching its surface. Spanning between 315+400 nm, it is the least
energetic type of UV radiation. However, it penetrates through human skin up to 1 mm,
causing long-term damage of dermis, associated with premature aging and risk of
melanoma development [9]. In bacteria, fungi, and viruses, UV-A photons sensitize
endogenous protoporphyrins, leading to the oxidative stress increase, by generating
reactive oxygen species (ROS) such as free radicals and H»>O,, and damage

deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), proteins, and lipids [10,11].

On the contrary, roughly 5% of the UV radiation emitted by the Sun and reaching
the Earth is UV-B (280+320 nm), primarily due to strong absorption by the ozone layer
and scattering by atmospheric particles (Fig. 3). UV-B photons barely penetrate human
tissues, however, the prolonged exposure can lead to severe sunburns [12]. Although only
a small portion of UV-B traverses epidermis, its photons have higher energy compared to
UV-A, which allows them to directly damage nucleic acids at the cellular level.
The degradation occurs through the formation of mutagenic photolesions, such as

thymine or uracil dimers and 6-4 photoproducts [13].

Among all UV subregions, UV-C (100+280 nm) is the most energetic, but is largely
absorbed by the ozone layer (Fig. 3), which limits its direct impact on living organisms
on Earth. UV-C photons do not only disrupt microbial DNA and RNA, preventing cell
replication, but can also destroy cell walls and membranes, ultimately leading to death
of cells [14]. Therefore, it can be utilized for localized cancer treatment. Besides that,
it is the most effective UV radiation type for disinfection purposes, since it kills a broad
range of pathogens, including antibiotic-resistant bacteria, viruses, and fungal spores.
Due to severe health hazards, artificial sources of UV-C, such as high-power lamps
or light-emitting diodes (LEDs), are only used for disinfection when no one is
in the irradiated area. Beyond healthcare, UV-C is also used in water purification,

air sterilization, and food processing to ensure microbial safety [15-17].

2.1.2. Near-infrared (NIR) radiation

NIR radiation refers to electromagnetic waves with wavelengths spanning between
7002500 nm, which are not visible to humans. Compared to UV, NIR is easier
to generate as laser radiation, making it an ideal source for modern technologies.

It is commonly utilized in spectroscopy, imaging, and optical communication due to

24



its ability to penetrate various materials while minimizing scattering and absorption
losses [18]. Many organic and inorganic compounds exhibit characteristic vibrational
overtones in the NIR region, which makes this radiation applicable for chemical
identification and analysis [19]. Unlike ionizing types of radiation such as gamma rays
or X-rays, NIR does not cause molecular damage. Therefore, it is suitable for biomedical
applications, e.g., tissue oxygenation monitoring [20]. In telecommunications,
NIR wavelengths are preferred due to minimal signal attenuation in silica-based fibers.
Additionally, they are extensively applied in remote sensing, night vision technology,

and real-time industrial process monitoring [21].

(a) First Second (b)
window window

L)rﬂ,wu-vnh-d whole blood
: eoxygenated whole blood
:
:

uv

Depth

Effective attenuation coefficient
(em”

200 600 1000 1400 1800 Voo Teseoo g

Wavelength (nm)

Fig. 4. (a) Effective attenuation coefficients plotted against wavelength for oxygenated blood,
deoxygenated blood, skin, and fat with marked areas for the first (in pink) and second (in grey)
window of biological tissue transparency, (reprinted with the permission from reference no. [22],
Copyright © 1969, Springer Nature Limited), (b) A scheme presenting the penetration depth of UV, Vis,
NIR-1, and NIR-II radiation within a human tissue (reprinted with the permission from reference no. [23],
Copyright © 2013, Royal Society of Chemistry)

Within the NIR spectrum, three interesting subtypes can be distinguished:
NIR-I (7001000 nm), NIR-IT (1000+1400 nm), and NIR-III (1500+1800 nm).
They partially overlap with the so-called first, second, and third optical transmission
windows of biological tissues, respectively. This means that waves within these spectral
ranges can deeply penetrate complex biological tissues as the effective attenuation
coefficients for deoxygenated and oxygenated whole blood, fat, and skin reach their
minima (vide Fig. 4a) [22]. NIR is only weakly absorbed by water, the major component
of biological tissues, which further enhances its penetration depth [24]. Moreover,
NIR-affected live cells experience minimal photodamage. Due to these properties,
light from NIR-I, NIR-II, and NIR-III wavelength regions are widely employed in bio-

related applications, such as in vivo material excitation and high-contrast bioimaging,
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which are particularly relevant to this doctoral dissertation [25]. However,
due to increased scattering and potential autofluorescence from flesh, bones, and body
fluids, NIR-I exhibits a more limited penetration depth in living organisms compared to
NIR-IT and NIR-III radiation types (Fig. 4b) [23]. NIR-II, operating within the second
window of biological tissue transparency, is particularly advantageous for in vivo
bioimaging as it provides significantly enhanced spatial image resolution and signal-to-
noise ratios. This enables superior visualization of blood vessels, tumors, and tissues
up to several millimeters deep [18]. Furthermore, NIR-II time-gated imaging techniques
are commonly applied to suppress autofluorescence, thereby increasing the contrast of

captured images [26,27].

2.2. Lanthanide ions

The lanthanide series (also referred as rare-earth metals) is a set of 15 elements with
atomic numbers ranging from 57 (lanthanum, La) to 71 (lutetium, Lu), which are located
in the f block of the periodic table of elements (Fig. 5). They are characterized by
the progressive filling of the 4f orbitals, which are shielded from external interactions by
the 5s and 5p electrons, making the 4f electrons relatively inert in chemical reactions. The

+3 oxidation state dominates for the majority of rare-earth ions (RE*") in compounds [28].

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 [H] He|
2 |L1|Be B|{C|N|O|F |Ne
3 |NaMg Al|Si| P | S |Cl|Ar

4 |K|Ca|Sc|Ti| V|CrMn| Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
5 |Rb|Sr| Y | Zr [NbMo| Tc|Ru|Rh|Pd[Ag|Cd| In [Sn|Sb|Te| I |Xe
6 |Cs|Ba|La|Hf| Ta| W |Re|Os| Ir | Pt |Au|/Hg| T1|Pb|Bi|Po|At|Rn
7 | Fr [Ra|Ac|Rf|Db|Sg|Bh|Hs|Mt Ds|Rg|Cn|Nh| F1 |Mc Lv| Ts |Og

Lamawes | Ce| Pr|Nd|{Pm|Sm|Eu|Gd| Tb|Dy|Ho| Er [Tm|Yb|Lu
scmvoes | Th|Pa| U |[Np|PulAm/Cm|/Bk| Cf| Es|[FmMd No| Lr

Fig. 5. The periodic table of elements with lanthanides highlighted in red

Consequently, lanthanides exhibit unique physical and chemical properties that
are invaluable for advances in technology, e.g., manufacturing of artificial light sources
of tunable power density [29]. The photoluminescent properties of lanthanides result
from the intrashell f-f transitions, which are generally forbidden by the Laporte parity
selection rules stating that electric dipole transitions cannot occur between states

of the same parity [30]. However, mixing of opposite-parity configurations can weaken
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those selection rules, allowing for otherwise forbidden electric dipole transitions.
In an asymmetric crystal field, the probability of these transitions increases significantly.
Hence, modifying the crystal structure to lower symmetry around lanthanide ions

can enhance luminescence emission intensity [31].

The reduced perturbation by the host crystal field implies that lanthanide ions in crystals
have 4f electronic states that are relatively discrete and differ little from those of the same
ions in vacuum. Therefore, the approximate 4f excited state positions of rare earth ions
in any material can be foreseen with help of the Dieke diagram (Fig. 6) [28,32,33].
It was created in the 1950s by G.H. Dieke to organize the vast amount of spectroscopic
data collected up to date, and nowadays serves as an important tool to understand
the robust ladder-like energy level structure of trivalent lanthanide ions and to predict
absorption and emission transitions within and between lanthanides. Thanks to their
unique physical character, lanthanide ions are also named as photon managers,
as they enable engineered control and manipulation of the number of excitation
to emission photons ratio. In fact, rare-earth-doped materials can be used as efficient

converters of excitation light into PL at almost any desired wavelength [34].
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Fig. 6. Dieke diagram showing 4f energy levels of the trivalent lanthanide ions
(veprinted with the permission from reference no. [32], Copyright © 2011 Elsevier B.V.)
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2.3. Photon management processes in lanthanide ions

As provided in the Dieke diagram in Fig. 6, lanthanide ions exhibit ladder-like structure
of well-defined energy levels. Since they are only to small extent influenced
by the surrounding matrix, fine-tuning of their emission wavelength is challenging.
Besides, they demonstrate intraconfigurational transitions with low extinction coeffi-
cients, around 1 M™' cm™', and narrow bandwidths [27,35]. On the other hand,
the difference in position and narrow character of absorption bands between various
lanthanide ions makes it challenging to effectively excite multiple activators

with a use of single wavelength.

However, some of rare-earth ions are characterized with long luminescence lifetimes
(LTs), usually measured in the ps or ms range [36]. Therefore, they are ideal candidates
for the realization of various photon management processes, allowing for manipulation
with the spectral properties of incident photons. The Reader of the presented dissertation
becomes acquainted with three major processes — energy transfer (ET), photon
up-conversion (UC), and down-conversion (DC) — which are highly important within
the research scope. Their simplified mechanisms were presented in Fig. 7a-c, respectively,
where G stands for the ground state of RE** ions, whereas E; and E: for their following
excited states. The efficiency of photon management processes in lanthanide-doped
systems can be fine-tuned mainly by the careful selection of dopants type, and their

concentrations optimization, with an additional quite weaker effect of host matrices.

(a) 27T (b) (c)
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Fig. 7. The schematic representation of photon management processes within the ladder-like energy level
structure of lanthanide ions (RE**, RE, and RE?"): (a) ET, (b) UC, (c) DC.
G stands for the ground state of RE*" ions, whereas E; E for their following excited states.
Full arrows represent radiative processes whereas the dashed represent non-radiative ones

2.3.1. Energy transfer (ET) between lanthanide ions
ET processes occur in a system where absorption and emission happen in separate

lanthanide ions, with some energy levels in their electronic structures overlapping.
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In this situation, a sensitizer (SEN) absorbs incident photons and radiatively
or non-radiatively transfers the associated energy to an emitting lanthanide ion,
1.e., an activator (ACT). The process is dependent on the distance between ions in the host
matrix, with ET becoming less probable as the ions are further apart [37]. Consequently,
certain lanthanide ions are able to emit radiation even when the excitation energy does

not precisely correspond to their electronic transitions [36,38].
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Fig. 8. ET processes between two lanthanide ions: (a) resonant non-radiative transfer,
(b) resonant radiative transfer; (c) cross-relaxation, (d) phonon-assisted non-radiative transfer.
G stands for the ground state of RE*" ions, whereas E; E.,... — for their following excited states.
All ACT energy levels were additionally denoted with an apostrophe. Doubled arrows symbolize
the Coulombic interaction (adapted based on: [39])

One can distinguish four following ET processes: resonant non-radiative ET, resonant
radiative ET, cross-relaxation (CR), and phonon-assisted non-radiative ET, for which
simplified schemes were presented in Fig. 8a-d. Resonant non-radiative ET (Fig. 8a)
involves direct energy exchange between SEN and ACT without photon emission.
The distance between lanthanide ions participating in resonant non-radiative ET is usually
1+3 nm, since the spectral overlap is required [34]. It strongly depends on SEN and ACT

concentration and their spatial distribution in the investigated material. On the contrary,
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resonant radiative ET (Fig. 8b) happens as SEN ions emit photons from E; energy level,
which are then absorbed by ACT ions, being in their G’ state. The process occurs between
SEN and ACT located close to each other, but the distance can reach up to a few um [34].
Interestingly, non-radiative ET can also contribute to concentration quenching through
CR (Fig. 8c). The excited ions exchange the energy with the neighbor ions in their G’
state, which can have either beneficial or negative impact on emission intensity,
depending on the electronic transitions involved. It happens particularly when identical
ions are incorporated into host matrix at high concentration, i.e., SEN and ACT
are the same rare-earth ion. Lastly, phonon-assisted non-radiative ET (Fig. 8d) occurs
when energy is transferred through phonon interactions, facilitating transitions between

energy levels in the presence of vibrational modes [39].

By careful selection of lanthanide dopants, their concentration and spatial distribution
in the chosen host matrix, one can optimize ET mechanisms, which eventually assure

the emission peaking at a specific wavelength as intense as possible.

2.3.2. Photon up-conversion (UC)

Photon up-conversion (UC) is an optical process in which two or more low-energy
photons are sequentially absorbed within ladder-like energy level structure of lanthanide
ions, resulting in one higher energy photon emission. Such an anti-Stokes process
was first theoretically predicted by N. Bloembergen in 1959 and experimentally
confirmed in 1966 by F. Auzel in Er**,Yb**- and Tm?",Yb**-co-doped materials [40,41].
Initially, research was focused on bulk glass or crystalline materials until the late 1990s,

when nanotechnology became popular worldwide [36].

The UC strongly relies on intermediate excited energy levels of rare-earth ions,
which should exhibit sufficiently long luminescence LTs to facilitate the sequential
absorption of the following photon. The ability of the optically active ion(s)
to sequentially absorb photons or accept energy through intermediate states is critical
as it allows for the capture of multiple photons over a longer timescale. Since the energy
can be step-wisely accumulated in the ions, light sources of moderate intensities,
e.g., unfocused continuous wave (CW), cheap, and widely available laser diodes,
can be used for excitation. For that reason, UC is pronounced as a more efficient process
of photon energy conversion, compared to second harmonic generation or two-photon

absorption, a third-order nonlinear process requiring extremely high photon flux,
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e.g., emitted by high power, expensive amplified femtosecond laser sources, since
non-stationary quantum mechanical states are involved, through which probability

of simultaneous two-photon absorption is extremely low [36].
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Fig. 9. The schematic representation of UC mechanisms: (a) excited state absorption (ESA),
(b) energy transfer UC (ETU), (c) cooperative UC (CUC). All ACT energy levels were additionally
denoted with an apostrophe. Adapted based on: [42]

In general, there have been three major UC mechanisms identified experimentally
(Fig. 9a-c), each of them involving the sequential absorption of at least two excitation
photons, followed by the emission of one photon of higher energy. Additionally,
these processes are shown to occur independently or in combination. Excited state
absorption (ESA, Fig. 9a), one of the least efficient UC mechanisms, relies on sequential
photon absorption by a single ion. When the energy of incident photons matches
the energy gap between G and E; states, an electron is promoted to E;. The sufficiently
long LT of E1, along with an energy match between the photons and a higher excited state
(E2), allows the lanthanide ion to absorb another photon. Upon radiative relaxation back
to G, the excited lanthanide ion emits a photon of higher energy (shorter wavelength)
than those absorbed. On the other hand, energy transfer UC (ETU, Fig. 9b), also named
by F. Auzel as addition de photon par transferts d’energie, is the most effective and
widely used UC mechanism, with the efficiency up to two orders of magnitude higher
than ESA. It follows the same principles as ESA, but differs by involving non-radiative
ET between neighboring ions. In ETU, both SEN and ACT ions initially occupy their
ground states (i.e., G and G’ respectively). SEN absorbs a photon and is excited to Ei. ET
from E; state of SEN to G’ state of ACT promotes ACT to its E;’ state. To enable
sequential ET, the E; and E;’ states in both SEN and ACT must possess sufficiently long
LTs. The second photon absorbed by SEN excites it again to Ei, followed by ET to ACT
(E1’ state), promoting it to a higher excited state (E>’). This ET occurs through dipole-

dipole interactions and depends on the overlap of the ions' electric fields. If the energy
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levels align, direct ET occurs, otherwise, phonon-assisted ET is needed. Interestingly,
a related mechanism — cooperative sensitization UC (CSU, Fig. 9¢) — also involves
the absorption of multiple photons by two or more SEN ions, but instead of sequential
ET, energy is cooperatively exchanged between SEN ions to directly excite the ACT

to a higher excited state, resulting in UC emission.

Despite significant progress in engineering of up-converting materials, several challenges
still remain in generating sufficiently bright radiation at desired wavelengths.
One of them is non-radiative energy loss in host matrices, thereby diminishing UC
efficiency. To mitigate it, low-phonon-energy hosts should be chosen as they facilitate
the process (more details are provided in Section 2.4). Additionally, if lanthanide ions
are incorporated into the host matrix at excessively high concentrations, ET can occur
between neighboring ions, leading to partial energy loss. Consequently, concentration
quenching reduces the intensity of up-converted radiation [37]. Interestingly, sequential
two-photon absorption presents less of a hindrance compared to multiple-photon
absorption. The total probability for two Vis photons UC into one UV photon is higher
than for the UC of three or more NIR photons [43]. To address all of these challenges,
researchers optimize lanthanide ions concentrations and synthesize various sophisticated
structures, sometimes preceded by in silico calculations through machine learning

approach [44].

2.3.3. Down-conversion (DC)

In contrast to UC, down-conversion (DC), commonly referred to as standard PL,
is a Stokes-shifted process in which a high-energy photon is absorbed and re-emitted
as a lower-energy photon. This energy loss occurs due to non-radiative relaxations
and ET processes within the ladder-like energy level structure of lanthanide ions.
Importantly, the number of emitted photons remains unchanged relative to the number
of absorbed photons. This inherent one-to-one photon process limits the overall energy
efficiency to values below 100%. The phenomenon has been employed for optoelectronic
solutions, e.g., solid-state lighting technologies, display manufacturing, and phosphor-

based coatings for efficient UV-to-Vis conversion [45].

Interestingly, quantum cutting (QC) can be considered as a special type of DC.
This process allows a single absorbed photon to be split into two or more photons of lower

energy through sequential ET or cascade emission, which may lead to quantum yield
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exceeding 100% [46-48]. Consequently, it is particularly useful for improving
the efficiency of solar cells as photons from the UV or Vis spectral ranges
can be converted into multiple NIR photons, which better match the absorption band

of silicon solar cells, thus improving overall power conversion efficiency.

Similarly to the UC process, both DC and QC efficiencies depend on the choice
of host matrix. Researchers strive to optimize the concentration of optically active ions
in synthesized materials to balance luminescence efficiency and quenching effect.
For solving the challenge, machine learning is more and more eagerly employed.

It helps predict the most efficient dopant-host combinations and ET pathways.

2.3.4. Electronic transitions investigated in the doctoral dissertation

As mentioned above in Sections 2.3.1-2.3.3, lanthanide ions undergo specific electronic
transitions that are fundamental for luminescent properties of the synthesized doped
materials. They are usually summarized in a form of graphs, as transitions within
the ladder-like energy level structure of the investigated ions. Therefore, for the better
clarity of the doctoral dissertation, I collected the energy level structures of all lanthanide
ions that I will discuss within the dissertation, i.e., Pr**, Tm*", Gd*", Yb*", and Nd*" (vide
Fig. 10). These graphical interpretations will be utilized to explain to the Reader various

processes leading to Stokes and anti-Stokes emissions from particular lanthanide ions.
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Fig. 10. Energy levels diagrams for Pr’*,Tm**, G&**, Nd**, and Yb** — lanthanide ions
utilized in this doctoral dissertation (adapted based on: [49])
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Moreover, to clarify the origin and interpretation of all registered excitation and emission
spectra, in each experimental chapter I prepared detailed energy level diagrams of the
investigated lanthanide ions, indicating both intra- and inter-level transitions leading to

the observed emission lines in UV, Vis, and NIR spectral ranges.

2.4. Host matrices

Due to the charge conservation principle, the overall charge of cations must be balanced
with the charge of anions. Therefore, lanthanide dopants in the ionic form cannot exist
on their own and there is a strong need to incorporate them into host matrices — crystalline
or vitreous ones. Hosts can also modify the intensity of optical transitions within
ladder-like energy level structure of lanthanide ions through lattice vibrations of small
magnitude —i.e., phonons. Therefore, to understand the optical behavior of rare-earth ions
in solid-state hosts in more detail, the Judd-Ofelt theory was proposed in the 1960s
[50,51]. It provides insight into how the local environment around the ion influences
the probability of f—f electronic transitions, which makes the theory particularly useful
when designing host lattices for efficient radiation emission. Materials with lower
symmetry and appropriate ligand fields can enhance specific transitions, thus improving

luminescent performance [52].

For biological applications, the considered host matrices for lanthanide ions incorporation
should exhibit long-term chemical stability to withstand aqueous conditions as well as
sufficiently low phonon energies and/or ability to alter crystal lattice field to ensure high
luminescence efficiency. Since fluoride and silicate materials doped with lanthanide ions
have been widely studied in terms of their unique optical properties for real-life
applications, I decided to exploit them in my research, thus I describe them briefly

in the following sections.

2.4.1. Alkali-metal-based yttrium fluorides

In the literature, alkali-metal-based yttrium fluorides (AYF4, A = Li, Na, K) have been
identified among the most promising host matrices for co-doping with lanthanide ions
to ensure high efficiency of photon management processes such as UC, DC, and ET.
The low values of their phonon cut-off energy (Awrivrs = 425 cm™, Fwonayrs = 370 cm™!,
and hwkyrs = 328 cm™!) provide the information that these hosts suppress unwanted
photon-assisted non-radiative relaxation processes, thereby allowing most of the energy

absorbed by rare-earth ions to be efficiently converted into radiative emission [53].
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Furthermore, alkali metal ions expand the crystal lattice of host matrices, altering local
symmetry in a way that enhances ET between the incorporated ions and eventually
can increase luminescence intensity. In case of some ions, the high doping capacity allows
for nearly 100% substitution of Y*>* ions with some lanthanide ions, e.g., Yb**, Gd*
or Lu** [37]. Additionally, as discussed in Sections 3.1 and 3.2, well-established wet
chemistry and solid-state synthesis methods enable the manufacturing of such materials

with diverse sizes and morphologies.

Numerous research papers have shown the possibility to effectively tune the emission
color output by UC, DC, and ET processes with the largest interest in sodium yttrium
fluoride (NaYF4) and its derivatives (e.g., NaYbF4 and NaLuF4), obtained due to Y>" ions
substitution [37]. There are two polymorphs to be distinguished within this material,
the cubic a-NaYF4 phase and the hexagonal B-NaYFs phase. The cubic phase has
less ordered crystal structure with higher degree of symmetry, whereas the hexagonal
phase exhibits more structured arrangement within crystal lattice with reduced symmetry
[54,55]. This lowered symmetry creates in B-NaYF4 crystals an asymmetrical crystal field
around the dopant ion, which enhances electronic coupling between 4f energy levels,
hence it increases the probability of Laporte-forbidden f-f electronic transitions.
This portrays B-NaYFs as a host lattice with low affinity toward non-radiative energy
losses, thereby enhancing PL intensity [56]. Therefore, this structure is associated

with unique and enhanced optical properties.

Lanthanide-doped alkali-metal-based yttrium fluorides are additionally chemically inert
and resistant to degradation under various environmental conditions, ensuring the preser-
vation of the optical properties of doping lanthanide ions over prolonged time. This makes
them highly suitable for applications in harsh environments. When functionalized
with organic functional groups, such as -OH, -NH>, -COOH, or —SH, or encapsulated
in biocompatible polymers, e.g., ethylene glycol, poly(ethylene glycol), poly(vinylpyr-
rolidone), B-NaYF4 and LiYFs materials become non-cytotoxic, which positions them
as strong candidates for biomedical applications [57]. Once delivered into the body,
these materials remain intact, preventing the formation of harmful by-products.
The pronounced biocompatibility is particularly advantageous for in vivo bioimaging
and cancer treatment, enabling high-contrast visualization of complex biological
structures and facilitating targeted photodynamic therapies — all with no harm caused

to living organisms [58]. Beyond medicine, the non-toxic properties of alkali-metal-based
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host matrices are essential in antimicrobial and disinfection technologies as they can be
used in coatings and surfaces to prevent microbial growth without posing risks to human

health.

2.4.2. Yttrium silicates

Yttrium silicates, particularly Y2SiOs and Y2Si2O7, are among widely studied host
matrices for Vis-to-UV UC due to their structural versatility and ability to influence rare-
earth ion emissions. Although these materials exhibit a relatively high phonon cut-off
energy (how = 970+1000 cm™!), which typically suggests high non-radiative relaxation
rates of excited states, they simultaneously lower the host-dependent edge energy
of the 4f5d band of rare-earth ions [53,59]. This effect enables efficient UC under Vis
excitation, particularly when ET mechanisms between lanthanide ions are optimized.
With different polymorphic forms providing distinct local environments for lanthanide
ions, structural versatility of yttrium silicates is important for Stokes- and anti-Stokes
emissive properties. Despite their strong potential for photonic applications, there are still
some challenges regarding fine-tuning of crystal field effects to optimize rare-earth ions

interactions and maximize radiative emission efficiency.

Y2Si0s exists in two crystallographic phases (X1 and X2), both of which providing low-
symmetry sites that strongly influence optical transitions within the incorporated
lanthanide ions. This feature makes Y»SiOs particularly valuable for applications
requiring sharp emission lines, such as quantum memory and bioimaging [60,61].
The host matrix is commonly prepared via solid-state or sol-gel methods, which allow
for fine control over its chemical composition and facilitate targeted doping strategies
to enhance PL intensity in the region of interest while maintaining high crystal structure
purity. Characterized by high thermal stability and good mechanical properties,
the material is able to withstand harsh conditions, simultaneously preserving its optical

features [62].

On the other hand, Y»Si207 exhibits UC properties strongly dependent on its crystalline
phase. Among its four known polymorphs (o, B, y, and d), the a-phase is particularly
valued for its structural purity, which contributes to efficient UC performance. However,
achieving a single-phase material remains a challenge due to the tendency of different
polymorphs to co-exist, often influenced by synthesis conditions such as temperature,

precursor selection, and impurity levels. Phase control strategies, including optimized
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calcination procedures and doping modifications, are actively investigated to improve

homogeneity and optical properties of Y2Si207[63].

2.5. Material size and its influence on lanthanide ions luminescence
properties

Prospective applications impose size and morphology of inorganic lanthanide-ion-doped
phosphors. For instance, in order to introduce them into a living organism for cancer
treatment or bioimaging and to functionalize with specific chemical species for sensitive
biomolecules targeting (e.g., DNA, RNA, proteins or receptors), the ideal size
of materials should be below 50 nm [64]. However, technological solutions requiring high
emission intensity from lanthanide ions rely on bigger particles as they do not show high
numbers of surface defects, prone to quench PL. They are also easier in further
processing, e.g., to be integrated into polymeric surfaces without complex stabilization
strategies or to be compressed as pellets [65,66]. Therefore, to meet the presented
requirements for applications, well-developed and feasible synthesis protocols have been
developed to fabricate lanthanide-ion-doped at nano- and micro-scale, in the form

of colloids or powders.

2.5.1. Nanoparticles

According to the European Union standards, nanoparticles (NPs) are defined as particles
in which at least 50% have one or more dimensions ranging from 1 to 100 nm, exhibiting
unique features compared to bulk materials [67]. While materials at macroscale typically
show consistent physical properties regardless of their size, this is not always true
at the nanoscale, at which size-dependent properties emerge, able to enhance PL
emission. Furthermore, they form stable colloidal suspensions and their large surface
area, typically ranging 100-1000 m? g', provides opportunities for additional
modifications to meet the demands of specific applications, such as sensing, drug
delivery, and in vivo bioimaging [58,68]. In dried form, nano-sized phosphors can be
utilized for solid-state lighting, providing high packaging density within ultrathin layers
due to reduced number of voids between the particles, in contrast to the micron-sized

counterparts [69].
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2.5.1.1. Core nanoparticles
The term core nanoparticles (C NPs) typically refers to NPs in which rare-earth ions

are distributed throughout the entire volume. These nanomaterials gained significant
attention in the late 1990s and were recognized as a breakthrough in research
on lanthanide-doped materials, as nanoscale effects introduce several new features
that distinguish them from their bulk counterparts [27]. The unique optical properties
of lanthanide ions, which remain stable over time, are confined within particles no larger
than several ten nanometers, making them highly suitable for applications in deep-tissue
imaging, biological molecule sensing, and solar energy conversion [25,70]. Core-only
NPs offer good colloidal stability and their surface can be easily modified to improve
dispersibility in aqueous environments. They also serve as an alternative to organic
fluorophores, which are prone to photobleaching and degradation, making them highly

attractive for biological applications [71].

However, core-only NPs often suffer from reduced PL efficiency due to surface-related
quenching effects [27]. A significant proportion of dopant ions are located near the NPs
surface, where they interact with high-energy vibrational modes from surface ligands,
solvent molecules, and other external quenchers possibly present in the suspensions.
The presence of —OH and —NH, functional groups in capping ligands and solvents
introduces additional non-radiative relaxation pathways through multi-phonon relaxation
processes [53]. As a result, energy absorbed by dopants is often lost non-radiatively
instead of being emitted as luminescence, thus PL efficiency is substantially reduced,
compared to the corresponding bulk materials. The high surface-to-volume ratio of C NPs
amplifies these effects, particularly in smaller ones (<10 nm) [36]. ET occurring between
closely spaced dopant ions within C NPs can promote energy migration toward
the surface, where quenching centers dissipate the excitation energy. Another limiting
factor in the performance of core-only NPs is the presence of structural defects formed
during synthesis, which serve as additional non-radiative recombination sites [72].
While advances in synthetic chemistry have allowed for better control over particle size,
morphology, and surface properties, intrinsic defects remain a significant challenge
for optimizing PL intensity in C NPs. Therefore, within the ongoing research scientists
continue to explore various strategies for mitigating these effects, with particular focus
on developing more complex architectures, such as core@shell NPs or even systems

composed of multiple epitaxially grown shells (i.e., core@multi-shell NPs) [38].
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2.5.1.2. Core@shell nanoparticles
Lanthanide-doped core@shell NPs (CS NPs) are structures in which the lanthanide-doped

core is coated with an epitaxially grown shell, in the vast majority of cases made of
the same material as the host matrix. This modification is particularly beneficial for ultra-
small NPs (<10 nm), where high surface-to-volume ratios amplify quenching effects.
After passivation with the inert (i.e., undoped) shell, the PL intensity of CS NPs tends to
increase significantly due to a reduction of possible interactions between doping ions
and surface defects or quenching centers introduced by ligands and solvents. For instance,
studies have reported UC intensity enhancements ranging from several-fold to hundreds,
depending on factors such as core size, composition, and excitation power density [38].
Interestingly, advancements in wet chemistry synthesis techniques allow for precise
engineering of shell layers with tailored composition and thickness. However, excessively
thick shells (=3 nm) have been shown to limit efficiency gains by inhibiting

ET processes [62].

Initial designs featured undoped shells to reduce surface energy loss and enhance
PL intensity by minimizing non-radiative decay pathways. This protective shell
physically shields the core from surface quenchers, thereby preserving excitation energy
within the NP, thus improving PL efficiency. However, while undoped shells effectively
suppress quenching, they do not actively contribute to ET processes. Therefore, optically
active shells have been introduced, where dopant ions are incorporated into the shell itself
to fine-tune the excitation and emission properties of lanthanide-doped CS NPs.
By carefully selecting dopants concentration and spatial distributions, researchers have
achieved enhanced energy migration pathways [39,73]. Furthermore, this spatial
separation prevents unwanted energy losses and promotes efficient PL intensity,

ultimately enhancing the stability and performance of CS NPs across various applications.

In some systems, the shell is composed of different material than the core, and, resultantly,
heterogeneous CS structure is formed. This strategy can effectively suppress ion
migration from the core to the shell and minimize non-radiative losses at the interface.
Host matrices like SrF> and CaF» possess phonon energies of lower magnitude, compared
to NaYFs (hwsr2 = 290 ecm™, Awcar2 = 350 em™), which further reduces multi-phonon
relaxation processes [53]. For instance, it has been proven for NaYF4:Tb*", Yb**@CaF»

and NaYF4Yb*",Er**@SrF2 CS nanostructures, where the lattice mismatch and lower
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phonon energy of the shell material act as a physical barrier, improving PL efficiency

and stability in time [74,75].

2.5.1.3. Core@multi-shell nanoparticles
Although CS NPs provide substantial benefits, defects can still form at the surface

and core@shell interface. They can arise due to lattice mismatches, surface irregularities,
or incomplete shell coverage, all of which potentially leading to non-radiative losses,
thus reduced PL efficiency. To address these limitations, scientists have explored
core@multi-shell NPs, where multiple shells are epitaxially grown through layer-by-layer
coating process [38]. Such an approach allows for spatial separation of optically active
ions, which can lead to optimized ET processes. Additionally, divergent optical properties
can be exploited, combining multiple functionalities within a single NP, e.g., concurrent
emission in UV and NIR spectral ranges coming from separated lanthanide ions, which

can be applied for simultaneous in vivo cancer treatment and bioimaging [76].

Foremostly, efforts to limit concentration quenching in lanthanide-doped nanophosphors
have led to various strategies development, particularly in the research on efficient up-
converting materials. The active-core and active-shells architectures have been intro-
duced to minimize CR between lanthanide dopants. For instance, spatial distribution
of Yb*, Gd**, and Ho*" ions within core@multi-shell p-NaYFs NPs allowed for
the generation of UC emission of the lowest wavelength observed upon 980 nm
excitation, coming from Gd*" ions at 204 nm, which was never reported for NPs of simple
core architecture [77]. The observed UV-C emission was of low magnitude as it required
high-order multi-photon processes, including sequential absorption and ET between ions
in different layers. Nevertheless, the method has proven its effectiveness for multiple

optical processes combination within a single NP.

2.5.2. Microcrystals (MCs)

Microcrystals (MCs) doped with lanthanide ions are particles with relatively large sizes,
typically exceeding 1 pum in each dimension. Their morphology, homogeneity,
and crystalline phase purity can be easily tuned during simple and scalable synthesis
methods as capping agents [e.g., ethylenediaminetetraacetic acid (EDTA) or citric acid]
are usually required to mediate the growth within particular structures [78]. If no ligands
are intended to be utilized within the synthesis, solid-state method at elevated
temperatures or sol-gel method followed by calcination are conducted. However,

the formed powders consist of large particles with broad size distribution [59,70].
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Compared to the NPs co-doped with rare-earth ions at corresponding concentrations, MCs
possess fewer surface defects due to their reduced surface-to-volume ratio. As a result,
within their structure, quenching effects occur rather rarely, which leads to improved
and stable PL characteristics. Consequently, it makes MCs a valuable solution for various
photonic applications, but simultaneously though their larger size can limit their use

in vivo (e.g., bioimaging [64]).

When suspended, the MCs do not form aggregates, even after the removal of surface
ligands utilized during the synthetic procedure. However, due to relatively big size,
they tend to sediment, which is an important factor in terms of storing, handling,
and further processing. With the utilization of an appropriate method, they can be
embedded into solid host matrices, polymer coatings, and composite materials without
the need for additional surface modifications [65]. Such stability makes them ideal
for applications requiring long-term durability and consistent performance. This ease
of integration, combined with their high luminescence efficiency, makes them attractive

for solid-state lighting or light-triggered disinfection.






Chapter 3
Experimental methods

In the experimental section of this doctoral dissertation, I provide a brief overview
of the methods incorporated into the research strategy for the successful synthesis
and characterization of various lanthanide-doped materials, including colloidal NPs and
MCs in the form of powders. The synthesis procedures were conducted under controlled
and optimized conditions to achieve precise tuning of particle size, morphology,
and structural properties. By varying the stoichiometry of reagents, the effects

on crystallinity, phase composition, and optical behavior were systematically examined.

Structural characterization was performed using advanced analytical techniques,
such as XRD to determine phase composition and crystallographic properties as well as
electron microscopy methods, including SEM and TEM to analyze surface morphology,
particle size distribution, and internal structure at the micro- and nano-scale. Particular
attention was given to the luminescent properties of those synthesized rare-earth-doped
materials, investigated through spectroscopic techniques to examine excitation
and emission behaviors, including the LTs of selected excited energy levels. In addition,
I also present the examples of potential applications of the obtained materials, including
experiments on bacteria, fungi, and human virus species inactivation and fluorimetric

analysis of dsSDNA unwinding, performed by me within the research.

The step-by-step methodology presented in this study reveals how particle size
and lanthanide ions concentration affect spectroscopic properties. Understanding
these effects enables the fine-tuning of material characteristics for bio-related

applications, e.g., light-triggered disinfection or in vivo bioimaging.
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3.1. Methods of lanthanide-doped fluoride-based NPs
synthesis

The scientists performing research on nanotechnology and its prospective applications
have developed various chemical methods to synthesize nanocrystals of good chemical
and optical quality. In the literature, there are four commonly reported, well established
wet chemistry techniques: co-precipitation, hydro(solvo)thermal synthesis, thermal
decomposition, and microwave-assisted method [79—81]. Each of them, although leading
to the successful obtaining of lanthanide-doped fluoride-based NPs, has advantages

and disadvantages, which were briefly summarized in Table 1.

Table 1. Advantages and disadvantages of commonly utilized wet chemistry techniques for NPs
manufacturing (based on: [79-81])

Synthesis technique Advantages Disadvantages
o facile procedure e products are of high size
eno expensive equipment | and shape dispersibility
o required e annealing needed as post-
co-precipitation .
o fast NPs growth rate treatment to improve NPs
e high reaction yield crystallinity

e one-step facile method e prolonged reaction time
e relatively cheap reagents | e autoclave needed, resis-
e good control on NPs size | ting high pressure and
and shape temperature of solvents
epure crystalline phases | in their critical point
at lowered temperatures | ® low reaction yield

hydro(solvo)thermal
synthesis

¢ no post-treatment needed

e high quality not aggrega- | e air-sensitive precursors —
ted nanocrystals inert atmosphere needed
thermal decomposition e narrow size distribution | e toxic by-products formed
e relatively cheap reagents during the process
e low reaction yield

eshorter reaction time in | e needed autoclave or
comparison with hydro- | reactor with the micro-

microwave-assisted .
(solvo)thermal synthesis wave source

methods .
e synthesis is performed

at low temperatures

The research papers on lanthanide-doped nanophosphors focus on the relationship

between their size and the expected emission output, i.e., relative or integral intensity,
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luminescence LTs in the spectral region of interest. When the NPs size is below 10 nm,
their luminescence starts to strongly depend on the phonon confinement effect [82].
As the dimensions increase, it leads to lowering of the surface defects density, prone
to quench luminescence by interactions with the local surroundings (e.g., solvent
or ligand molecules) [82]. Additionally, it has been highlighted for biological applications
that inorganic nanophosphors ought to exhibit size below 50 nm with narrow size
distribution to target sensitive biomolecules, such as DNA, RNA, proteins or receptors
[83]. The chosen protocols for the synthesis should thus be reproducible, eventually
leading to the good repeatability of the investigated spectroscopic features of the obtained
materials [79]. These factors were of great significance for the successful accomplishment
of the performed research within the presented doctoral dissertation. Therefore, since
thermal decomposition reaction of precursors in high-boiling point surfactants fulfils
all of the aforementioned requirements, I decided to synthesize the lanthanide-doped

fluoride-based NPs concurrently emitting UV and NIR radiation with this technique.

Thermal decomposition reaction is based on heating of relatively inexpensive, simple
precursors of both corresponding lanthanides and host matrix elements in mixtures
of high-boiling-point surfactants (e.g., octadec-1-ene, Therminol® 66). Although the first
protocols were reported without organic capping agents, such as oleic acid, oleylamine,
or trioctylphosphine, nowadays, fluoride NPs formation by the decomposed reagents
is always by them mediated [79]. Their utilization is mandatory to promote the growth
of the NPs of particular crystal structure, size, and morphology, all of which having then
tremendous impact on the luminescent properties. Additionally, the presence of organic
ligands on the surface allows to stabilize the NPs not only in the reaction mixture,
but also in organic solvents for long-period storage as transparent, colloidal stock
solutions [79]. Such a form is extremely convenient to perform any further modifications
needed for prospective applications, e.g., functionalization, surface modification, ligand
exchange or organic-to-inorganic phase transfer [84]. Furthermore, the feasibility
of the method to manufacture sophisticated core@multi-shell nanostructures has been
proven, simultaneously allowing for the enhancement of specific spectroscopic features

in the spectral range of interest [85].

Primarily, rare-earth and alkali metals trifluoroacetates were used in the synthesis.
However, during their decomposition highly toxic fluorinated volatile side-products

are usually formed [86]. Consequently, the researchers decided to shift toward safer rare-
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earth acetates, usually obtained right before the synthesis from the corresponding oxides
and transformed in the subsequent step to rare-earth oleates. They react with NH4F
or alkali metal fluorides (like LiF or NaF) in a mixture of high boiling point surfactants
and capping agents, which ratio can easily be manipulated, eventually yielding NPs
with varying sizes and morphologies while maintaining monodispersity within the same
batch [79]. In the research I decided to utilize two protocols, allowing for the synthesis
of lanthanide-doped alkali-metal-based fluoride NPs of two different sizes,
i.e., ~20+30 nm and ~100 nm, however, the workflow is identical for both of them

(Fig. 11). They were presented in the following Sections 3.1.1 and 3.1.2.
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Fig. 11. The schematic representation of lanthanide-doped NPs synthesis workflow

3.1.1. Synthesis of lanthanide-doped alkali-metal-based yttrium
fluoride C NPs

The protocol described by Abel et al. and altered to my needs was utilized to synthesize
the C NPs [87]. I chose it as the NPs manufactured according to it are usually of small
sizes (ca. 20+40 nm, depending on the intended host matrix) and of narrow size
distribution. Furthermore, the possibility to use different alkali hydroxides and various
lanthanide dopants makes the synthetic procedure feasible to fabricate NPs of desired

spectroscopic features.

I utilized the protocol to synthesize the following NPs series:
e Pr’,Yb*-co-doped B-NaYF, of dual optical functionality, exhibiting concurrent
UC and DC emissions — for more precise information see Section 4.2.1 in

Chapter 4;
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e Pr*-based LiYFs, B-NaYFs, and NagsKosYFs C NPs for human naked and

enveloped virus species inactivation — more details in Section 5.2.1 in Chapter 5.

The anhydrous RE(CH3COO);3 salt (RE =Y, Pr, Gd, Tm, Nd) in the total amount
of 2.00 mmol was obtained by dissolution of the corresponding lanthanide oxides
in a small volume of the acetic acid and water mixture (1:1 v/v) at 100 °C under reflux.
The transparent solution was evaporated, followed by the powder-like precursor transfer
to a three-neck round bottom flask with a magnetic stirring bar. Then 30 mL
of octadec-1-ene and 12 mL of oleic acid were added. Heated at 120 °C under vacuum
to remove water and oxygen residues, the mixture was cooled down to 50 °C.
In the subsequent step, 10 mL of the methanolic solution of NH4F (8.00 mmol)
and the corresponding amount of alkali hydroxides (in total 5.00 mmol) was instilled
carefully. The cloudy mixture was stirred for 30 minutes under reflux and in nitrogen
purge to become homogeneous. Followingly, methanol, residual water, and oxygen
were evaporated from the system at 120 °C. Once the mixture stopped foaming,
it was heated swiftly to 300 °C (for B-NaYF4 and Nao.sKo.sYF4 host matrices) and 320 °C
(for LiYF4 host matrix), and left under reflux and constant nitrogen flow for 1 h.
The yellowish mixture was cooled down to room temperature naturally, quenched
with acetone and anhydrous ethanol (1:1 v/v), and centrifuged at 6,000 rpm for 10 min.
The supernatant was discarded and the precipitate was re-dispersed in small portions
of hexane, followed by washing three times with the mixture of acetone and ethanol
(1:1 v/v). The final dispersions were prepared by suspending the obtained oleic-acid-
capped NPs in 5 mL of chloroform. However, when shelling was planned to be conducted,
6 mL of C NPs dispersion in hexane was prepared — I mL was kept for the characterization
with regard to crystal structure, morphology, and the chosen spectroscopic features,

whereas the remaining 5 mL was used for further shelling.

3.1.2. Synthesis of lanthanide-doped alkali-metal-based yttrium
fluoride CS, CSS, and CSSS NPs

The protocol presented by Abel et al., which I described in Section 3.1.1, was also proven
to be handy for the synthesis of more complex nanostructures, even consisting of multiple
shells (i.e., core@multi-shell NPs) [87]. Grown epitaxially, each shell varied in both

lanthanide ion dopants and their molar concentration.
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The synthetic procedure reported below enabled me to obtain various NPs:
e Pr’’-based LiYF4 and B-NaYFs CS NPs for human naked and enveloped virus
species inactivation — more details provided in Section 5.2.1 in Chapter 5;
e complex Pr’*-based B-NaYFs CS, CSS, and CSSS NPs showing concurrent
emission in divergent spectral regions — more information available in Section 6.2

in Chapter 6.
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Fig. 12. The schematic representation of lanthanide-doped CSSS NPs synthesis workflow

Since the workflow of CSSS NPs synthesis is complex, I decided to summarize it
in Fig. 12 for the enhanced clarity. Briefly, the anhydrous RE(CH3COO); salt (RE =Y,
Pr, Gd, Tm, Nd) in the total amount of 2.00 mmol was obtained by dissolution
of the corresponding lanthanide oxides in a small volume of the acetic acid and water

mixture (1:1 v/v) at 100 °C under reflux. The transparent solution was evaporated,
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followed by the powder-like precursor transfer to a three-neck round bottom flask with
a magnetic stirring bar. Then 30 mL of octadec-1-ene and 12 mL of oleic acid were added.
Heated at 120 °C under vacuum to remove water and oxygen residues, the mixture
was then cooled down to 50 °C. Depending on the number of the shell to be epitaxially
grown, 5 mL of the stock dispersion of C, CS or CSS NPs was added drop-wisely
and the solution was left for 10 minutes for homogenization. In the subsequent step,
10 mL of the methanolic solution of NH4F (8.00 mmol) and the corresponding amount
of alkali hydroxides (in total 5.00 mmol) was instilled carefully. The cloudy mixture
was stirred for 30 minutes under reflux and in nitrogen purge to become homogeneous.
Followingly, methanol, residual water, and oxygen were evaporated from the system
at 120 °C. Once the mixture stopped foaming, it was heated swiftly to 300 °C
(for B-NaYFs host matrix) and 320 °C (for LiYFs host matrix), and left under
reflux and constant nitrogen flow for 1 h. The yellowish mixture was cooled down
to room temperature naturally, quenched with acetone and anhydrous ethanol
(1:1 v/v), and centrifuged at 6,000 rpm for 10 min. The supernatant was discarded
and the precipitate was re-dispersed in small portions of hexane, followed by washing
three times with the mixture of acetone and ethanol (1:1 v/v). The final dispersions
of CSSS NPs were prepared by suspending the obtained oleic-acid-capped NPs in 5 mL

of chloroform.

3.1.3. Synthesis of LiYF4 NPs in the size range of 100120 nm

The synthesis protocol adapted from the research paper by Chen et al. was introduced
to obtain the series of Pr**,Yb’"-co-doped LiYFs NPs of dual optical functionality,
exhibiting concurrent UC and DC emissions [25]. More comprehensive information can
be found in Section 4.2.1 in Chapter 4. According to the procedure, the size of the reported
NPs exceeded 100 nm. Nevertheless, I decided to follow it to obtain lanthanide-doped
LiYF4+ NPs of well-defined morphology, for which the density of surface defects
is relatively low. As a consequence, their influence on spectroscopic properties, especially

on Vis-to-UV UC emission, should be negligible.

Shortly, the anhydrous RE(CF3;COO); (RE = Y, Pr) and Li(CF;COO) salts
were simultaneously obtained by dissolution of the corresponding lanthanide oxides
(in total amount of 1.25 mmol) and 2.25 mmol Li;CO3 in a small volume
of the trifluoroacetic acid and water mixture (1:1 v/v) at 100 °C under reflux.

The transparent solution was evaporated, followed by the powder-like precursor transfer
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to a three-neck round bottom flask with a magnetic stirring bar. In the following step,
30 mL of octadec-1-ene and 30 mL of oleic acid were added. The mixture was heated up
to 120 °C under nitrogen purge, followed by evacuation of water and oxygen residues
for ca. 30 min. Having been dried, the solution was heated slowly up to 320 °C.
The reaction system was kept at this temperature for 1 h to react, under reflux and nitrogen
purge. After that time, the temperature was lowered to room temperature naturally,
the post-reaction mixture was quenched with acetone and anhydrous ethanol (1:1 v/v),
and centrifuged at 8,000 rpm for 5 min. The supernatant was discarded and the precipitate
was re-dispersed in small portions of chloroform, followed by washing twice
with the mixture of acetone and ethanol (1:1 v/v). The final dispersions were prepared

by suspending the obtained oleic-acid-capped NPs in 5 mL of chloroform.

3.2. Methods of lanthanide-doped fluoride-based MCs
synthesis

Lanthanide-doped fluoride-based MCs usually exhibit more intense and stable in time
luminescent properties than the corresponding NPs, which pictures them as more reliable
phosphors for the long-term implementation in optical and biological fields [64].
Regarding the targeted applications, their phase, size, morphology, and surface should be
carefully tuned during the manufacturing process. Up to now, various synthetic methods
have been investigated, including hydrothermal synthesis or solid-state synthesis, which

were briefly discussed in the following Sections 3.2.1 and 3.2.2, respectively.

3.2.1. Hydrothermal synthesis

Hydrothermal synthesis is a facile, low-cost method, in which high-quality crystalline
inorganic materials grow from water suspension of precursors at temperatures
significantly exceeding its boiling point. The process is usually conducted in a closed
system, capable to resist high pressures induced by solvent vapors (more than 1 bar),
e.g., in an autoclave or a reactor. At extreme conditions water enables the formation
of crystal structures with controlled morphology and size, which are difficult to achieve
through other methods. The compounds crystallization is commonly mediated
with help of such organic capping agents as EDTA or citric acid [88,89]. Hydrothermal
synthesis can also be conducted using various heat sources, e.g., in drying ovens
or microwave-assisted heating devices. The latter provide rapid and uniform heating

of the reaction setup, simultaneously accelerating the MCs nucleation, thus reducing
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the reaction time, depending on the type of the material, from days to hours or even
minutes [90].

3.2.1.1.Microwave-assisted hydrothermal synthesis of lanthanide-doped alkali-
metal-based yttrium fluoride MCs

In the research paper by Qiu et al. a facile manufacturing method of lanthanide-doped
LiYF4 MCs is reported [65]. The process can be easily adjusted for various alkali-metal-
based yttrium fluoride MCs fabrication. Therefore, within the research scope I utilized it
to obtain Pr’**-based LiYF4 and B-NaYFs MCs for human naked and enveloped virus
species inactivation. Since the size of the synthesized microphosphors falls
in the microscale region, defects present on the materials surface diminish their emission
intensity in much more smaller rate than in the case of NPs. It was a key factor
to manufacture up-converting materials at the microscale, tailored for the prospective
light-triggered disinfection. Additionally, the presence of organic ligands on their surface
allows for their further modification to e.g. embed them into polymeric surfaces.
More details on the synthesis conditions, regarding exact amounts of reagents,

were provided in Section 5.2.2 in Chapter 5.

The synthetic procedure was preceded each time with the precursor synthesis. Shortly,
RE>O3 (RE =Y, Pr, Gd) in the total amount of 3.75 mmol reacted at 100 °C with 20 mL
of the mixture of HNOj3; and water (1:1 v/v) for 1 h under reflux and nitrogen purge.
After that time the excess of acid and water was evaporated with the usage of a rotary
evaporator, and the powder-like nitrates were washed several times with distilled water.
When pH of the last portion was neutral, the dried precursor was dissolved in 10 mL
of distilled water along with 1.35 mmol of EDTA and then transferred to a Teflon vessel.
Simultaneously, 7.5 mmol of LiF or NaF and 22.5 mmol of NH4F were dissolved
in 10 mL of distilled water to form another solution, which was drop-wisely added
to the Teflon vessel. The mixture was vigorously stirred for 30 min to form homogeneous,
milky dispersion. The vessel was sealed and placed into the microwave reactor
(MAGNUM V2, ERTech, Poland) for 8 h (for LiYF4 host matrix) or 12 h (for B-NaYF4
host matrix) at 200 °C. The obtained MCs were centrifuged at 6,000 rpm for 5 min
and washed with the mixture of water and ethanol (1:1 v/v) three times, to be finally

suspended in 5 mL of distilled water.
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3.2.2. Solid state synthesis

Solid state synthesis is a versatile method of manufacturing various types of inorganic
materials, including fluorides. At elevated temperatures in advanced tube furnaces
and usually under inert gas flow, the mixture of finely ground, solid reagents undergo
a chemical reaction, in which a new compound is formed. The applied temperature
is high enough to assure the ions diffusion across the solid phases, but at the same time
does not exceed the melting point of its each component [70]. In order to manufacture
materials of high crystal phase purity, it is required to precisely control time
and temperature during the process, the crystallites morphology is not adjustable, though.
In the mixture there are no organic ligands promoting crystals growth along particular
crystallographic faces. Consequently, the formed microcrystalline particles

are of irregular shape.

3.2.2.1. Solid state synthesis of B-NaYF4+ MCs
The synthesis protocol presented in the work by Aarts et al. was used to obtain ligand-

free Tm** ,Pr’**-co-doped B-NaYF4 MCs [70]. The method was chosen to avoid organic
capping agents, which present on the surface of the materials could quench the emissive
properties in the regions of interest [91]. The materials were synthesized
for the investigation of ET processes occurring within and between the ladder-like energy
level structures of Tm®" and Pr’" ions, leading to the concurrent enhancement
of the Stokes and anti-Stokes emissions in NIR and UV spectral ranges, respectively.

The detailed specification was provided in Section 7.2 of Chapter 7.

In brief, the total amount of 10.6 mmol of corresponding REF3 (RE =Y, Pr, Tm)
and 10.6 mmol of NaF were dried overnight at 120 °C in an oven under inert atmosphere
to evaporate any water traits. In the subsequent step, the dried fluorides were ground
collectively in an agate mortar with 13.5 mmol of NH4F. Transferred into a corundum
crucible, the mixed substrates were placed in a tube furnace along with an additional
crucible filled with the excess of (NH4)HF>. The synthesis was conducted in the constant
flow of N2/H> gas mixture (95:5 v/v) at 650 °C for 5 h. In the end, the obtained materials
were cooled down naturally and finely ground in a mortar with a pestle to form powders

for further studies.

3.2.3. Sol-gel method
Sol-gel method is a highly-reproducible technique for fabrication of inorganic materials

in the form of powders or thin films. The process is clamed as cost-effective since it does
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not require expensive reagents. Generally, the procedure involves hydrolysis
and polycondensation of precursors present in the initial solution (sol), leading to
a network of interconnected particles with trapped between them solvent molecules.
In the so-called gelation the sol becomes thicker and, as its temperature is sufficiently
high, the solvent evaporates, thus the gel is prepared. The final solid material with desired

properties is obtained after calcination at high temperatures, usually above 1000 °C.

By simple changes in the amount of starting reagents, it is possible to dope materials with
various lanthanide ions at chosen concentrations. Therefore, I synthesized the lanthanide-
doped Y2Si,07 crystalline powders for the photoactivated eradication of common bacteria
and fungi according to the protocol described by Cates et al. with slight modifications

[66]. For further clarification see Section 8.2.1 in Chapter 8.

In general, the total amount of 4.43 mmol of corresponding RE>O3 (RE =Y, Pr, Tm, Yb)
was dissolved in the mixture of nitric acid and water (1:1 v/v) in a three-neck round-
bottom flask under reflux and nitrogen purge for 1 h. The remaining acid and water
were evaporated with a rotary evaporator. Each time the obtained powder was washed
several times with distilled water until pH of the last portion was neutral. Having been
dried overnight on a hot plate at 130 °C in ambient air, the powdered precursor
was dissolved in 3.25 mL of ethanol and 1.02 mL of distilled water, followed by
the addition of 0.98 mL of tetraethoxysilane (TEOS). The solution was slowly stirred
and heated at 70 °C to form a clear gel, which was later dried in an oven in the air
for 17 h at 104 °C. The formed powders were finely ground in a mortar and transferred
into corundum crucibles and heated in a muffle furnace in ambient atmosphere for 3 h
at 1000 °C. The calcinated phosphors were cooled down naturally to room temperature

and ground for further studies.

3.3. Crystal structure and morphology characterization

3.3.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a fundamental technique for qualitative analysis of crystalline
structure of materials under X-ray radiation exposition. Its core principle is based on
the Braggs law [Formula (1.1)], describing the condition for constructive interference

when X-rays interact with a crystal lattice of the considered material:
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n A = 2d siné, (1.1)

where:
e 1 — order of diffraction;
e ) —incident X-ray wavelength (here the filtered CuKai, A = 1.54056 A);
e d— interplanar spacing of the crystal lattice (A);

e (— Bragg angle, measured between the incident X-ray and the lattice plane (°).

In a typical XRD experiment an X-ray tube generates X-rays, which are directed toward
the finely ground sample, evenly spread on a sample holder to minimize orientation
effects. As the monochromatic X-ray beam irradiates the specimen, it is diffracted
at specific angles that depend on the atomic arrangement of the crystal structure
and interplanar spacings. The X-ray detector moves along a fixed path to record
intensities of the diffracted radiation as a 26 function (the diffraction angle).
The measurement is typically conducted in Bragg-Brentano geometry, in which
the incident and diffracted beams remain symmetrical with respect to the sample surface.
Therefore, within the research scope an STOE X-ray diffractometer or Malvern

Panalytical Aeris benchtop powder X-ray diffractometer were utilized.

Since each crystalline material has its unique XRD diffraction pattern, also known
as crystallographic fingerprint, the obtained powder diffractograms are compared
with the ones deposited in standard reference databases, such as Powder Diffraction File
(ICDD PDF) or Inorganic Crystal Structure Database (ICSD). If the collected XRD
pattern of the powdered specimen indicates for the presence of two or more crystal phases,

Rietveld refinement is usually used to determine phase composition.

3.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging technique widely used in materials
science or biology to reveal fine surface details and structural properties. It uses a focused
beam of electrons, accelerated by high voltage reaching up to 30 kV, to scan a specimen.
While interacting with the sample, they cause the emission of electrons of lower energy
(e.g., secondary or back-scattered electrons), which are detected by dedicated detectors.
Consequently, the collected signals are converted into high-resolution images.
Since the clarity of the images captured by any microscope is limited by the diffraction

limit, determined by the wavelength of the radiation used for imaging, SEM allows for
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imaging with resolutions ranging in the nanometers range. This feature far surpasses
the capabilities of traditional light microscopes, which are limited to a resolution of about
200 nm. As a result, SEM is an essential tool for observing fine surface details
and nanostructures that conventional optical techniques cannot resolve. It also provides
a significant depth of field, allowing surfaces at different distances from the magnetic lens

to appear in focus.

SEM imaging is performed on samples that are capable to conduct electrons. However,
if the investigated specimen is not conductive (e.g., polymers or biological matter),
it is additionally coated with a thin layer of carbon, gold or platinum. It ensures that
the sample does not charge during measurements, otherwise the quality of captured
micrographs can be severely affected. The appropriately prepared specimen is then placed
in the high-vacuum chamber, where there are no air-suspended particles that could scatter
the electron beam, generated by the electron gun and focused with a set of magnetic
lenses. As the beam scans across the surface of the sample, the latter emits secondary
and backscattered electrons, which are detected and processed in order to generate
topographical imaging or compositional contrast. Within the research scope, the Jeol
JSM-6610LVnx SEM was utilized, being simultaneously connected to an Oxford Aztec
Energy X-ray energy dispersive spectrometer (EDS). This equipment allows for
conducting elemental analysis of samples in both qualitative and quantitative manner.
The method utilizes unique lines of X-ray radiation emitted by the elements present

in the specimen upon interaction with high-energy electrons.

3.3.3. Transmission electron microscopy (TEM)

Similarly to SEM, transmission electron microscopy (TEM) is another advanced imaging
technique utilizing electrons as a source for materials investigation at the nanoscale.
In comparison with the scanning method, the coherent high-energy electron beam
interacts with an ultrathin specimen (typically less than 100 nm thick) prepared on
a copper grid, which is placed in the vacuum chamber right behind the magnetic lenses.
While passing it through, the electrons are affected by the variations in density and atomic
composition of the sample. Consequently, high-contrast real-space image is created on
a fluorescent screen or a digital detector with extremely high resolutions, reaching a few
nanometers. Within the research scope of this doctoral dissertation, the TEM images
of the synthesized nanomaterials were captured using an FEI Tecnai G* 20 X-TWIN

electron microscope.
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3.4. Optical spectroscopy

3.4.1. UV-Vis spectroscopy

UV-Vis spectroscopy allows to analyze how strong UV and Vis radiation is absorbed by
a sample. The method’s basic principle relies on the capability of molecules to absorb
light, which simultaneously causes electronic transitions between molecular orbitals
of investigated compounds. These transitions typically involve the excitation of electrons
from lower-energy occupied orbitals (e.g., bonding or non-bonding orbitals) to higher-
energy unoccupied orbitals (e.g., anti-bonding orbitals), depending on the nature
of the molecule and its conjugated system. For instance, molecules with conjugated
n-systems, aromatic rings, or other chromophores exhibit characteristic absorption bands

within the UV-Vis region due to n—n* and n—n* electronic transitions.

The technique is commonly employed in research and industry laboratories worldwide
due to its simplicity, rapid data acquisition, and minimal sample preparation requirements.
A typical UV-Vis measurement is performed in a spectrophotometer, an instrument
consisting of two polychromatic light sources (deuterium lamp for UV and tungsten lamp
for Vis), a monochromator (diffraction grating or prism) to select specific wavelengths,
and a detector, typically a photodiode or a photomultiplier tube (PMT) to measure
the intensity of radiation transmitted through the sample. Typically, the monochromatic
radiation is split by a beam splitter — the halved intensity passes through a quartz cuvette
filled with a solution of the investigated substance, whereas the other one passes through

a quartz cuvette containing the corresponding solvent, serving as a reference.

Within specific concentration range, the intensity of absorbed radiation obeys

the Lambert-Beer law, provided as a linear Formula (1.2):

A= &cl, (1.2)

where:
e A — absorbance (a.u.);
e ¢ —molar absorption coefficient M em™);
e ¢ —molar concentration (M);

e /- optical path length (cm).
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As a consequence, having registered the calibration curve within the concentration range,
one can estimate the concentration of the substance in the investigated solution,

for which the absorbance was measured.

3.4.2. PL spectroscopy of lanthanide-doped materials

PL spectroscopy allows for the investigation of the optical properties of lanthanide-doped
materials by analyzing their emission spectra upon excitation with an external light source
of a specific wavelength, e.g., a xenon (Xe) arc lamp, a CW or pulsed laser,
and monitoring their temporal evolution. When the energy of the incident photons
matches the energy difference between electronic states, the ions transition
from the ground state to a higher excited energy level. Various ET processes occurring
within and between the ladder-like structures of rare-earth ions (e.g., UC, DC, CR)
as well as the local environment of the dopant ions, influence their emissive properties.
As aresult, the PL spectra and decay curves, collected as the material relaxes back to its

ground state, provide valuable insights into the electronic structure of the doped materials.

PL spectroscopy measurements are typically performed using a spectrometer on materials
in various forms — thin films, powders, solutions, and suspensions. A sample, in either
solid or liquid form, is excited by a Xe lamp, a CW or pulsed laser at a wavelength
selected based on previously collected absorption/excitation characteristics (for more
information, see Section 3.4.3). The excitation wavelength is set using a monochromator
(only for Xe lamps) and further modulated with short-pass or long-pass optical filters
(for both aforementioned light sources), ensuring that only the chosen wavelength reaches
the sample. The emitted photons are then collected by an optical system consisting
of lenses and mirrors, analyzed by another monochromator, and directed toward a detector
(e.g., PMT) to record the emission spectrum. PL decay curves are typically recorded using
the multichannel scaling (MCS) technique, which is based on detecting photon arrival

times in discrete time bins.

The data collected from these measurements provide key parameters, such as emission
band positions and excited-state LTs, revealing essential details about the photophysical
properties of the investigated materials. This information helps optimize their

performance in various applications, including bio-related ones.
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3.4.3. PL excitation (PLE) spectroscopy
PLE spectroscopy provides information on wavelengths capable to excite higher energy

states of lanthanide ions incorporated into luminescent phosphors or organic molecules.

As already mentioned in Section 2.2, f-f electronic transitions within robust energy level
structures of lanthanide ions are generally forbidden by selection rules in free ions,
but become partially allowed due to interactions with the host lattice. They appear in PLE
spectra as narrow, sharp spectral lines, being a result of the outer 5s and 5p orbitals
shielding effect, protecting 4f electrons from any external perturbations. Similarly,
organic molecules such as dyes, absorb radiation over a broad wavelength range, covering
UV and Vis regions. This behavior arises from the presence of chromophores in their
molecular structure. Such functional groups interact with light owing to their conjugated
n-electron systems. Upon irradiation, electrons in the chromophores are promoted
to higher excited states. Since vibrational relaxation occurs spontaneously as a non-
radiative energy loss, radiation at longer wavelengths is emitted, typically in the Vis
or NIR regions. The shift in emission wavelength compared to excitation is known
as the Stokes shift. Because emission can occur from different vibrational sublevels
of the excited state to various vibrational levels of the ground state, the fluorescence
spectrum of the dye appears as a broad band rather than a sharp peak, which strongly

contrasts with the emission behavior of lanthanide ions.

The majority of setups to measure PLE are based on the right-angle (90°) geometry
to minimize Rayleigh and Raman scattering of the excitation beam. The source of light,
usually a Xe lamp, is located perpendicularly to the detector. It emits a continuous
radiation spectrum (UV-Vis-NIR), from which a monochromator isolates selectively
a specific excitation wavelength. Only when the energy of incident photons matches
the energy difference between the ground state and a chosen higher excited state,
the excitation occurs. Followingly, the excited energy levels depopulate, which is

observed as emission bands peaking at its characteristic wavelengths.

Due to the need to meet specific experimental requirements, various measurement setups
were employed in this study. The detailed description of each setup is provided

in the particular chapters.
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3.4.4. Fourier transform infrared spectroscopy (FT-IR)

IR spectroscopy is a non-destructive method used to determine the structure of organic
molecules and identify their functional groups. It is based on measuring the absorption
of IR radiation, which induces molecular vibrations, including stretching, bending,
and twisting of chemical bonds. The specific frequencies at which a molecule absorbs
strongly depend on the type of the bonds and the atomic masses of the elements involved,
thus making IR spectroscopy a powerful tool for chemical identification in organic
chemistry and materials science. However, since the principle approach of dispersive
IR spectroscopy requires a few-minute-long measurement each time, Fourier transform
infrared (FT-IR) spectroscopy was developed to shorten the acquisition time needed
to capture the spectra within the broad span of IR frequencies. This method exploits
an interferometric approach, where an interferometer modulates IR radiation before
it reaches the detector. Instead of directly measuring absorption at individual frequencies,
FT-IR collects an interferogram, recording intensity variations as a function of the optical
path difference. As a consequence, the information from all IR wavelengths is recorded
simultaneously and then processed with Fourier transform. With the mathematical
formulas the collected raw data is swiftly converted into a conventional IR absorption
spectrum with absorption peaks corresponding to specific molecular vibrations, usually
denoted as characteristic fingerprints of different chemical compositions. IR spectra
are unique for each organic compound as molecules differ in the number of atoms
and their arrangement within molecular structure. This provides a valuable piece
of information whether the processes conducted on materials surface,

e.g., functionalization or etching, were completed successfully.

In the presented doctoral dissertation, the measurements were conducted with an FT-IR

vacuum spectrometer Bruker Optic GmbH Vertex70v.
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Chapter 4

Pr,Yb* -co-doped B-NaYF, and LiYF, NPs exhibiting
concurrent Vis-to-UV UC and NIR-to-NIR DC for
biomedical applications

In this chapter, I conduct a thorough evaluation of the application potential of
Pr**-co-doped B-NaYF4 and LiYFs4 NPs as dual optical functionality nanomaterials
for biomedical applications (Fig. 13). These NPs have the capability to emit radiation
concurrently in UV and NIR spectral ranges. Pr’* ions, incorporated into nanocrystalline
host matrices, exhibit Vis-to-UV UC emission under 447 nm CW excitation. The emission
was registered with a custom spectroscopic setup designed for UV radiation detection.
In two independent proof-of-concept experiments, I demonstrate that the up-converted
UV radiation can be utilized to photodamage dsDNA. Additionally, by measuring
the fluorescence of a dsDNA-labelling dye, I estimate the concentration of dsDNA
remaining in the solution after exposure to UV-C radiation. This approach facilitates
the identification of the most promising materials for prospective in vitro tests
of photoinduced viruses and bacteria eradication, which is presented in Chapters 5 and 8

of the doctoral dissertation, respectively.

Conversely, co-doping of the studied materials with Yb** ions allows the NPs
to be excited at 980 nm. ET between Yb’" and Pr** ions results in NIR emission
from the latter peaking at approximately 1320 nm, within the second window of
biological tissue transparency. Bioimaging experiments conducted on a bovine tooth and
chicken flesh provide solid evidence that NIR-to-NIR DC emission from Pr’* ions is
sufficiently intense and long-lasting to perform high-contrast and deep-tissue bioimaging,

thus opens up the possibility for their use in prospective in vivo bioimaging applications.

The studied Pr’*-co-doped P-NaYFs and LiYFs NPs offer dual optical functionality,
enabling germicidal action through the interaction of up-converted UV-C radiation
with DNA and RNA of bacteria, viruses, or other microorganisms of more complex
structure. Simultaneously, they exhibit high-contrast NIR-II emission of long
luminescence LTs which is suitable for bioimaging in both steady-state and time-gated
modes. Therefore, the synthesized nanomaterials could be utilized as bimodal optical

nanoplatforms for theranostic purposes in e.g., dentistry.
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4.1. Introduction to the scientific problem

Lanthanide-doped NPs have recently emerged as intriguing nanomaterials for multiple
biomedical applications. Owing to their unique optical properties stemming from a robust
energy level structure, precise manipulation of the excitation-to-emission photon ratio
is possible [92]. Hence, it allows for photon emission at any desired wavelength from UV,
Vis, and NIR spectral ranges [93-96]. Moreover, straightforward wet chemistry synthesis
methods of lanthanide-doped alkali-metal-based yttrium fluorides at nanoscale enable the
control over their shape and size, which are important parameters
for customizing the nanomaterials for specific bio-related applications, including targeted
functionalization toward molecules sensing [97,98], imaging of biological systems [99—

101], or microbial inactivation [102—104].

The vast majority of research papers on lanthanide-doped fluoride NPs for biomedical
applications present them as efficient, non-cytotoxic in vivo bioimaging nanoprobes,
some of which functionalized with antibodies to achieve targeted delivery [105-107].
The Yb**-, Nd**-, or Er**-doped NPs exploit emission bands in NIR-I and NIR-II,
corresponding to the first and second window of biological tissue transparency,
respectively. The radiation within these spectral ranges shows the feature
of deep penetration through tissues due to their insignificant autofluorescence
and reduced light scattering [108-110]. Additionally, NIR-II emission bands
from lanthanide ions are characterized by sufficiently long luminescence LTs,
which paves the way for high-quality images acquisition in both steady-state and time-
gated modes [111]. Nevertheless, the research on lanthanide-doped NPs development
exhibiting the NIR-to-NIR DC of the significantly increased yield is still ongoing.
Naturally, as fluoride host matrices are proven to incorporate trivalent lanthanide ions
without significant crystal lattice distortion due to matching ionic radii to the Y** ionic
radius, NPs based on two or even three optically active rare-earth elements are thoroughly

investigated [112,113].

For instance, the enhanced emission intensity in the NIR-II spectral region was shown by
Nunes et al. for the Pr**,Yb*>* ion combination in f-NaYF4 NPs. It was proven that due to
Yb*" ions sensitization at 980 nm, followed by ET to Pr’* ions, the NIR-to-NIR DC
luminescence from the latter occurs at approximately 1320 nm [113]. It implies that Pr**
ions are well-suited for bioimaging purposes. Nevertheless, the energy level structure

of Pr** ions includes 4f5d level, after which excitation the emission in UV-C range
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is attainable. This energy level can be also excited by sequential absorption of two
photons from 440+490 nm spectral range due to energy difference matching between
the levels, which eventually leads to Vis-to-UV UC emission [114]. It is noteworthy
that the research area of lanthanide-based UV-C up-converting nanophosphors
is yet largely undiscovered. Therefore, given the beneficial features of UV-C radiation
in pathogens inactivation, as thoroughly described in Section 2.1.1, there is a strong need
to investigate and engineer such nanomaterials for new and emerging biomedical

applications.

What is intriguing about the Pr**,Yb*" pair is its potential to provide the NPs or MCs
with dual functionality when incorporated into the nano- or microscale host matrix.
The concurrent emission in UV-C and NIR spectral ranges occurring within a single
lanthanide-doped NPs or MCs system has not been described in the literature.
Therefore, my motivation to conduct research on this topic stems from its possible
recognition as one of the significant contributions in the field of advanced luminescent
nanomaterials. I hypothesized that by leveraging various photon management processes
within Pr** Yb*"-co-doped B-NaYF4:Pr’*,Yb** and LiYF4:Pr’",Yb** NPs, the emission
bands could occur in both regions of interest when corresponding laser excitation
wavelengths are applied. Moreover, the prospective applications of such nanophosphors
could be expanded, especially for theranostic purposes at infection sites caused
by microorganisms. It implies that the UV-C radiation generated in situ could be
harnessed for remarkably selective and localized antimicrobial therapy, owing to
its capacity for targeted dsDNA degradation [115,116]. Meanwhile, the affected site could
be precisely imaged using NIR radiation, providing exceptionally high contrast [117].

4.2. Chemicals and materials used

4.2.1. B-NaYF4:Pr¥,Yb* and LiYF4:Pr**,Yb’" NPs synthesis

For the B-NaYF4 and LiYFs NPs synthesis the following chemicals were used: Pr203
(99.99%), Y203 (99.99%), Yb203(99.99%), NaOH (= 98.0%), NH4F (= 99.99%), Li2CO3
(= 90.0%), trifluoroacetic acid (reagent grade, > 99%), acetic acid (pure for analysis,
99.5+99.9%), oleic acid (technical grade, 90%), octadec-1-ene (technical grade, 90%),
methanol (99%), ethanol (99.9%), chloroform, and acetone. All reagents were purchased

from Sigma Aldrich and used without prior purification.
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The B-NaYF4:Pr’',Yb®" NPs series was prepared in accordance with the protocol
described in Section 3.1.1. The masses of the corresponding solid compounds used in

the syntheses were provided below in Table 2.

Table 2. Summary for the amount of solid compounds used to synthesize Pr3*,Yb*"-co-doped -NaYF 4:
Pt YB>" NPs series

Compound mass [g]
P-NaYFs NPs dopants |5 6. T 205 | Yb20s | NaOH | NHF
1% Pr¥*, 5% Yb* 0.4245 | 0.0394
1% Pr¥*, 10% Yb** 0.4019 | 0.0788
1% Pr**, 20% Yb** 0.0067 | 0.3568 | 0.1576 | 0.2000 | 0.2964
1% Pr¥*, 40% Yb** 0.2665 | 0.3153
1% Pr**, 60% Yb** 0.1761 | 0.4729

For the LiYF4Pr’",Yb’" NPs series the protocol from Section 3.1.3 was applied.
The masses of corresponding solid compounds used in the syntheses were charted below

as Table 3.

Table 3. Summary for the amount of solid compounds used to synthesize Pr’*,Yb’"-co-doped LiYFy:
Pr3*,Yb*" NPs series

. Compound mass [g]
AL NS Glaper S Pr203 | Y203 | Yb203 | Li2COs3
2% Pr3+, 2% Yb** 0.2710 | 0.0099
2% Pr’*, 5% Yb** 0.2625 | 0.0246
2% Pr3+, 10% Yb>* 0.0083 0.2484 | 0.0493 0.1663
2% Pr’*, 20% Yb** 0.2202 | 0.0985

4.2.2. dsDNA photodegradation with up-converted UV-C radiation
Salmon sperm dsDNA was purchased from Sigma Aldrich and used without further
purification. The dsDNA solution (concentration: 50 ug mL™") was prepared in Milli-Q
quality water (resistivity: 18.2 MQ cm™ at 25 °C) right before the measurements.

Hoechst 33258 dye was purchased from Sigma Aldrich and used without prior
purification. The stock solution of Hoechst 33258 at the concentration of 1 mg mL™' was

prepared in Milli-Q quality water (resistivity: 18.2 MQ cm™' at 25 °C).
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4.2.3. NIR-to-NIR DC-based bioimaging

To demonstrate the usability of the selected p-NaYF4:Pr’',Yb*" and LiYF4:Pr**,Yb*"
colloidal NPs, an oral cavity resembling model was applied. It consisted of two types
of biological tissues — a bovine tooth with a cavity drilled along its axis and a thin piece
of chicken breast. All animal tissues were handled with the utmost care
and in the accordance with the regulations introduced by the Administrative Panel
of Shenzhen University on Laboratory Animal Care and confirmed by the Animal Ethical
and Welfare Committee at Shenzhen University (approval no. SZUHSC-01).

4.3. Characterization methods

4.3.1. Crystal structure

The crystal structure of all synthesized B-NaYF4:Pr**,Yb*" and LiYF4:Pr**,Yb>" colloidal
NPs was investigated with an STOE powder X-ray diffractometer. The NPs suspensions
were drop-casted on the Si-wafer holder to form the uniform layer of solid residue
after chloroform evaporation. The Ge-filtered CuKo radiation operated in the 15-75°

26 range in the Bragg-Brentano geometry.

4.3.2. Morphology and size distribution

The TEM images were captured using an FEI Tecnai G? 20 X-TWIN TEM at the Faculty
of Chemistry at University of Wroclaw, Poland. Before drop-casting onto the carbon-
coated Cu grids, all colloidal suspensions were diluted in 2 mL of chloroform.
The NPs size distribution analysis was performed in OriginPro Software as the diameter

size of 100 NPs in the micrographs had been measured in ImageJ Software.

4.3.3. Spectroscopic features
The Vis-to-UV UC spectra of the samples drop-casted onto a glass slide and then air-dried

were recorded under ambient conditions with the custom setup assembled in the Institute
of Advanced Materials at Wroctaw University of Science and Technology, Poland.
The Vis-to-UV UC radiation was induced with either a 447 nm or 980 nm fiber-coupled
semiconductor laser diode (CNI MDL-XD-447 or CNI FC-W-980A, respectively).
The laser was focused with a 200 mm focal length lens so that the power density
at the focal point was ~2000 W cm™2. The emitted UV radiation was captured
with the UV-grade fused silica lenses. Additionally, into the optical path a set of filters

(two short-pass filters with cut-off wavelengths at 400 nm and 425 nm, respectively,
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and a UV band-pass filter) was inserted for blocking the scattered laser light
from reaching the detection setup. The Vis-to-UV UC spectra were analyzed
with a Horiba iHR320 grating monochromator (focal length — 320 nm, grating density —
1800 lines mm™, blaze wavelength — 330 nm), coupled with a pre-amplified PMT
(Hamamatsu H5784-04). The custom setup sensitivity enhancement was achieved
via synchronous phase-sensitive detection. Additionally, the laser light modulation
at 40 Hz using a mechanical chopper was introduced to enable the intensity enhancement.
Emission intensity was measured indirectly via monitoring the PMT output voltage

with a lock-in amplifier (EG&G 7260).

The Stokes PL spectra in Vis spectral range (lex = 447 nm) were recorded with
FLS980 Edinburgh Instruments spectrophotometer in Czerny-Turner configuration.
The NPs dispersed in chloroform were excited with a 450 W Xe arc lamp in ambient
conditions. Additionally, the anti-Stokes NIR-to-Vis UC spectra were captured, having

been induced with a 980 nm CW semiconductor laser diode (8 W, Spectra Laser, Poland).

The NIR emission spectra of the diluted B-NaYF4:Pr** Yb*" and LiYF4:Pr**,Yb** NPs
suspended in chloroform (concentration ~100 mg mL™') were recorded in ambient
conditions with a fiber-coupled, thermoelectrically cooled InGaAs CCD spectrometer
(Hamamatsu C9913GC). A two-lens optical system collected the PL emission
and coupled it to the fiber. Additionally, in order to cut off the scattered light,

a 1050 nm long-pass filter was introduced.

4.3.4. Qualitative validation of dsDNA photodegradation via up-
converted UV radiation

The potential applicability of the Vis-to-UV UC emission generated within
the synthesized B-NaYF4:Pr**,Yb*" and LiYF4:Pr*",Yb*" NPs was qualitatively validated
in a proof-of-concept experiment of dsDNA degradation. dsDNA is prone to absorb
UV-C radiation, which leads to the eventual bonds breakage between the strands [118].
As a consequence, the amount of dsDNA in the solution decreases. It was confirmed
that at the same time dsDNA absorbance, peaking at 260 nm, tends to increase [119].
Therefore, the idea of the proposed proof-of-concept experiment is based on observation
of the so-called hyperchromic effect via UV-Vis absorption spectra registration of dsDNA
solutions both non-exposed and exposed to up-converted UV-C radiation generated

by the synthesized nanomaterials.
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The setup utilized for dsDNA Vis-to-UV UC-based
photodegradation (presented in Fig. 14) included a fiber- (5(;j T.IZNr:L")
coupled 447 nm CW laser diode, a quartz cuvette
containing 0.5 mL of dsDNA solution (concentration:
50 ug mL ') and a thin layer of NPs drop-casted and dried
on a glass substrate. The glass slide was positioned in close

proximity behind the cuvette. During each experiment

the collimated laser beam with the power density

of ~11 W cm™? at the focal point traversed the solution

Irradiation time:

and reached the glass substrate. Under Vis irradiation Xzo il o X 40 il

the nanomaterials generated anti-Stokes UV-C radiation Fig. 14. 4 proof-of-concept

within the ladder-like energy level structure of trivalent experiment of Vis-to-UV
UC-based dsDNA denaturation

Pr*" ions incorporated into the host matrices as dopants.

The dsDNA solution was exposed to the backscattered up-converted UV-C radiation for

either 20 or 40 min; after that time its UV-Vis absorption spectra of the dSDNA solution

were collected with a JASCO V650 spectrophotometer (scan rate: 400 nm min™').

4.3.5. Quantitative validation of dsDNA photodegradation via up-
converted UV radiation

The method based on UV-Vis absorption spectra registration allows only to confirm
whether dsDNA denaturation occurs under exposition to UV-C radiation. However,
the amount of dsDNA damaged within the specified period of time remains unknown.
Nevertheless, this piece of information could be useful in order to compare the Vis-to-UV
up-converting materials efficiency and thus identify the most promising candidates
for further biological applications, such as Vis-to-UV UC-based bacteria and viruses
photoeradication. Hence, within the research scope of my doctoral dissertation
there was a strong need to utilize a method to quantitatively measure the dsDNA

concentration after exposition to the up-converted UV-C radiation.

For that purpose, I chose a well-described protocol of fluorescence analysis of dsDNA
unwinding (FADU) [120]. It requires the utilization of organic dye molecules which
are only fluorescent while intercalating dsSDNA and simultaneously not binding to its
photodegradation products, e.g., single-stranded DNA (ssDNA). The dye applied in
my studies was Hoechst 33258, widely used in molecular biology and biochemistry

as a dsDNA staining agent [121,122]. If only bound to the minor groove of dsDNA,
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it exhibits fluorescence peaking at ~460 nm when excited at the absorption maximum

of 365 nm. Additionally, the fluorescence signal tends to be strong, even though the dye

concentration in the investigated solution is ultralow, i.e., 1+10 ug mL™!. The chemical

structure, UV-Vis absorption spectrum,

were provided in Fig. 15a-b.

(a) o
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The general concept of quantitative validation of dsDNA photodegradation is derived

from the fluorescence spectra registration of the dye bound to dsDNA. The procedure

could be divided into 5 main steps, which are shortly described below:

e Step 1. Calibration curve preparation

Hoechst 33258 is fluorescent
only when attached to dsDNA
and its fluorescence intensity
increases linearly with the
concentration of dsDNA in the
solution. Therefore, fluores-
cence spectra for a series of
dsDNA solutions at specific
model  concentrations  (i.e.,
3.125, 6.25, 12.5, 25, 50, and
100 pg mL™") were registered
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Fig. 16. Calibration curve for establishing
the concentration of dsDNA remaining after the exposition
to upconverted UV-C radiation. cqspnais issued in ug mL™

before the start of the irradiation experiment. After their integration, the calibration

curve integrated intensity /i, vs.
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depicted in Fig. 16. Based on this calibration curve, the dsDNA concentration in
the irradiated solution was then estimated.

Step 2. dsDNA solution irradiation

The quartz cuvette containing 0.5 mL of dsDNA solution (concentrated at
50 ug mL!) was placed in the experimental setup for qualitative validation
of dsDNA photodegradation, described in Section 4.3.4. The exposition time to
up-converted UV-C radiation was either 20 or 40 min.

Step 3. dsDNA intercalation with the dvye

After the irradiation for specified time, 250 pL of the solution was sampled
and mixed with 2 mL of the Hoechst 33258 dye assay, prepared in accordance with
the protocol described by S.R. Gallagher [123]. To ensure that all dsSDNA molecules
remaining in the solution after the irradiation could be intercalated by
the dye molecules, the mixture prepared in a quartz cuvette was gently shaken.
Furthermore, within the procedure optimization it was established that the mixture
ought to be left for 2+3 min to allow the dye molecules to bind with dsDNA.

Step 4. Fluorescence registration

The quartz cuvette was placed in a Hitachi F-4500 fluorescence spectrophotometer.
The fluorescence of Hoechst 33258 bound to dsDNA was induced upon 365 nm
excitation, i.e., in the dye maximum absorption. The fluorescent emission
was measured from 385 to 635 nm with a scan rate 100 nm min ™',

Step 5. Data post-processing

The collected fluorescence spectra of the samples exposed to the up-converted
UV-C radiation generated by the synthesized nanomaterials was integrated.
Knowing /;,; and having the calibration curve from Fig. 16, I was able to the dsSDNA

concentration left in the solution after the irradiation.

4.3.6. NIR-to-NIR DC bioimaging application

The NIR-II PL bioimaging was performed with a short-wave infrared (SWIR) imaging

camera (Xeva-1.7-320, Xenics, Belgium) equipped with focusing optics (TECMS55MPW,

Computar, USA) for signal enhancement. The bovine tooth, filled with the selected NPs

samples and covered with thin chicken breast tissue, was irradiated with the unfocused

980 nm laser beam with power density of 100 mW cm™ (laser diode QSP-975-10,

QPhotonics, USA). Bioimaging was performed in accordance with the regulations
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introduced by the Administrative Panel of Shenzhen University on Laboratory Animal
Care and confirmed by the Animal Ethical and Welfare Committee at Shenzhen

University (approval no. SZUHSC-01).

4.4. Results and discussion

4.4.1. Crystal structure and morphology characterization

The utilization of standard thermal decomposition methods of precursors in high boiling
points surfactants resulted in formation of 3-NaYFs+ and LiYF4 NPs. They were doped
with a fixed low molar concentration of Pr**ions (1% or 2% to minimize the possibility
of concentration quenching and to maximize the Pr’* ions emission intensity
in all spectroscopic studies) and with Yb** ions in a broad range of molar concentration
(1%, 2%, 5%, 10%, 20%, 40%, and 60%). The XRD measurements (Fig. 17a-b) of the
dried samples revealed the matching peaks to those observed for undoped B-NaYF4
(space group: P-6) and LiYFs4 (space group: /4i/a) host matrices standard patterns
(ICSD #51916 and #27896, respectively). It is noteworthy that both host matrices
were prone to incorporate substantial amount of Yb*" ions along with low concentration
of Pr** ions without significant crystal lattices alteration. It is due to the similar ionic radii
of Y3*, Pr**, and Yb*" ions of ninefold coordination for f-NaYF4 host matrix (1.075 A,
1.179 A and 1.042 A, respectively) and of eightfold coordination for LiYF4 host matrix
(1.019 A, 1.126 A, and 0.985 A, respectively) [124].

(a) SNaYF, NPs: (b) LiYF, NPs:
= 40% Yb S (NS SN UL U (R
e Mt A 2% Pr**, 10% Yb*'
S 1% Pr*, 20% Yb®" ! | ST S RRTY
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) P | i A s " 4
1% Pr3* 5% Yb* 2% Pr, 2% Yb*"
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Fig. 17. XRD patterns of the synthesized Pr’*,Yb*"-co-doped (a) p-NaYF,and (b) LiYF,; NPs series,
with the theoretical patterns of undoped host matrices provided

70



(a) NaYF, : 1% Pr’* 5% Yb* NPs (b) NaYF, : 1% Pr®* 10% Yb* NPs (€) NaYF, : 1% Pr¥", 20% Yb** NPs

64.6 + 4.0 nm | 791+ 82nm 30.7+2.3nm
> ™ > >
g t g / 2
g L= g g
o> <L o o
£ £ 2
o o o
o L] L7
N N N
© © T
2 2 =
50 60 70 80 50 60 70 80 90 100 110 24 28 32 36 40
Diameter (nm) Diameter (nm) Diameter (nm)
(d) NaYF, : 1% Pr®, 40% Yb** NPs (e) NaYF,: 1% Pr", 60% Yb* NPs (f) LIYF, : 2% Pr**, 2% Yb*" NPs
91.1+£84nm & 07 543+ 3.4 nm 95.9 £6.5nm
3 [ ] g ] s X
< c <
L] | Q L]
3 3 3
o o g
2 £ &
3 3 3
N N N
© IS £
2 2 =
65 75 8 95 105 115 125 42 46 50 54 58 62 66 70 65 75 85 95 105 115 125
Diameter (nm) Diameter (nm) Diameter (nm)
(@) LiYF, : 2% Pr*", 5% Yb® NPs (h) LIYF, : 2% P, 10% Yb* NPs (i) LiYF, : 2% Pr*", 20% Yb* NPs
929+ 95nm ? 823 +8.3nm ] 89.3+7.7nm
OME® | f -
] ) (]
3
& 3 3
&= 2 &
o o o
o ‘EE -I'E
£ £ £
o
2 S 2
60 70 80 90 100 110 120 130 55 75 a5 95 105 85 75 85 95 105 115
Diameter (nm) Diameter (nm) Diameter (nm)

Fig. 18. Size distribution histograms of Pr’*,Yb**-co-doped (a-e) B-NaYFy and (f-i) LiYF, NPs series.
In the right corner of each histogram, as the inset, the corresponding TEM images were provided

After capturing TEM images of the synthesized NPs, I analyzed their mean size
distribution by plotting size distribution histograms and fitting Gaussian distribution
curves. An overview of the histograms, along with TEM images (added as insets of each
histogram) is provided in Fig. 18a-e for B-NaYF4Pr’*,Yb** NPs and in Fig. 18f-i
for LiYF4:Pr’",Yb>" NPs. All of the synthesized B-NaYF4:Pr’*,Yb** NPs batches
contained NPs of uniform size distribution, exhibiting hexagonal shape. The mean
diameter sizes were as follows: 64.6 + 4.0 nm (for B-NaYF4:1%Pr**,5%Yb*"),
79.1 + 8.2 nm (for B-NaYF4:1%Pr**,10%Yb*"), 30.7 = 2.3 nm (for B-NaYF4:1%Pr*",
20%Yb*"), 91.1 + 84 nm (for B-NaYF:1%Pr’*,40%Yb*"), and 54.3 + 3.4 nm
(for B-NaYF4:1%Pr**,60%Yb*"). On the contrary, the obtained LiYF4:Pr**,Yb*" NPs
were tetragonal, which is consistent with the LiYF4 NPs synthesized by Chen et al [25].
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The mean diameter size of LiYF4 NPs was as follows: 95.9 + 6.5 nm (for LiYF4:2%Pr*",
2%Yb**), 92.9 £ 9.5 nm (for LiYF4:2%Pr*",5%Yb*"), 82.3 + 6.3 nm (for LiYF4:2%Pr*",
10%Yb*"), and 89.3 £ 7.7 nm (for LiYF4:2%Pr**,20%Yb*").

4.4.2. Spectral characterization

In the next step, the spectroscopic properties of the synthesized B-NaYFa4:Pr**,Yb*"
and LiYF4:Pr**, Yb>" NPs were investigated. For the better chapter clarity, the energy level
diagrams of Pr** and Yb**, with all radiative and non-radiative transitions, were provided

in Fig. 19a-b.

(a) (b)
4f5t ‘
s
ol '
: .
§‘ !
. i
!
Porz | h '
], m— o 2F 1
1y, | 111 1 5
2 HE E E
194—,—— _—— Fop
e = — — —
T T Fa
3 o
H, 3 34 | 12
Pt Pri* Yb Yb3+ Pr3+

Fig. 19. Energy level diagrams with radiative and non-radiative transitions occurring in Pr** and Yb>*
ions incorporated into f-NaYF 4 and LiYF4 NPs under (a) 447 nm excitation, (b) 975 nm excitation

Since Pr** ions exhibit strong absorption bands in 440+490 nm spectral range, I utilized
the 447 nm wavelength as the excitation wavelength in my research [125]. The radiation
emitted by either a Xe lamp or a laser diode induced *Hs—>P; electronic transitions
in the energy level structure of Pr’* ions. In the Vis-to-Vis Stokes PL spectra under
447 nm Xe lamp excitation for both types of NPs typical f-f emission lines from Pr** ions
peaking at ca. 478, 522, 555, 606, 639, 697, and 720 nm were observed (Fig. 20a-b).
These emission lines corresponded to *Po—>Ha, 'I6—>Hs, *P1—>Hs, *Po—>Hs, *Po—"F>,
3P1—3F3, and *Po—>F4 transitions, respectively, (for energy level structure of Pr** ions
see Fig. 19a) and were consistent with the ones reported for Pr**,Yb**-co-doped fluoride
phosphate glasses [126]. Within the B-NaYF4:Pr’*,Yb** NPs series the highest emission
intensity for all bands was registered for B-NaYF4:1%Pr**,5%Yb*" NPs, whereas within
the LiYF4:Pr**,Yb*" NPs series for LiYF4:2%Pr**,2%Yb** NPs. Additionally, Yb*" ions
concentration increase in the host matrix led to the overall emission intensity decrease,

which could be connected with ET from the excited Pr** ions to Yb*" ions in their ground
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state, as suggested by Borrero-Gonzélez et al [127]. The PL was strongly quenched
at lower Yb>" ions concentration (i.e., 20%) for LiYF4 host matrix, in which Pr*" ions
were co-doped at 2%, meanwhile this effect was observed for Yb*" ions at the concen-
tration of 40% in B-NaYF4 host matrix. Additionally, the same emission lines were
registered under 980 nm laser excitation (see Fig. 20c-d for spectra and Fig. 19b for
energy level structures of Pr’* and Yb** ions). It implies that after F7,—>Fs, transition
in Yb**, the ions were able to transfer energy to neighboring Pr** ions. The multiple ET
processes allowed by the match between NIR photon energy and energy difference
between corresponding energy levels as well as sufficiently long LTs of the excited states
in Pr’* ions resulted in the *P; excited states population, thus NIR-to-Vis UC emission
occurred. Primarily, for B-NaYF4:Pr*",Yb*" NPs the UC emission intensity increased
with the increase of Yb*" ions concentration to reach the maximum emission intensity
for B-NaYF4:1%Pr’",10%Yb** NPs. The further co-doping resulted in the UC of lower
magnitude for all emission bands, which is in good agreement for other Pr’*,Yb**-

co-doped materials, e.g., for yttria-stabilized zirconia single crystals [128].
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Fig. 20. Vis emission spectra of B-NaYF4:Pr3*, Yb>" (left column) and LiYF 4:Pr**,Yb>" NPs
(right column), dispersed in chloroform. (a),(b) Vis-to-Vis Stokes PL spectra (L=447 nm, Xe lamp)
(c),(d) NIR-to-Vis UC emission spectra (=980 nm, laser diode)

It is noteworthy that while Pr’**-doped MCs and bulk materials have been shown to emit
Vis-to-UV UC radiation, knowledge on nanomaterials exhibiting such functionality
remains scarce [59,129]. Therefore, I investigated the ability of the synthesized

B-NaYF4:Pr*",Yb** and LiYF4:Pr’",Yb** NPs, drop-casted onto glass substrates
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and air-dried, to sequentially absorb two 447 nm photons and emit up-converted UV-C
radiation (Fig. 21a-b). The first photon leads to the population of *P; states in Pr*" ions,
with the LTs of these excited states being long enough to allow the absorption
of the second photon. Consequently, the 4f5d excited state is populated. Its depopulation
resulted in UV-C emission band peaking at ca. 275 nm due to 4£5d—>H,/°F; transitions
(see energy level diagram of Pr’* ions in Fig. 19a). Spectral analysis revealed that
the optimal molar concentration of Yb>" ions in both investigated host matrices was 10%
and the sequential two-photon absorption was proven to be a convenient method
of inducing UV-C UC emission in Pr**-co-doped materials. Co-doping with higher
amounts of Yb*" ions reduced Vis-to-UV UC emission intensity from both host matrices,
especially for p-NaYFa, in which 40% mol or more of Yb** ions quenched UC emission.
On the contrary, sequential absorption of multiple NIR photons, aiming for NIR-to-UV
UC emission in the investigated NPs series (Fig. 21c-d) was not attainable, even though
ET between Yb>" and Pr’" ions was proven to occur (vide supra). The reason is connected
with the high value of energy mismatch between the 980 nm photon energy and the energy
difference between P and 4f5d excited states (see energy level diagrams of Pr** and Yb**

ions in Fig. 19b).
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Fig. 21. UC spectra of B-NaYF4.Pr3*, Yb?* (left column) and LiYF4:Pr3*, Yb’" NPs (right column)
(a),(b) Vis-to-UV UC emission, induced under 447 nm excitation (laser diode)
(c),(d) NIR-to-UV UC emission, induced under 980 nm excitation (laser diode)

Not only did the absorption of 447 nm photon induce Vis-to-Vis Stokes PL
from the synthesized NPs, but also emissions in NIR-I and NIR-II spectral regions
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(Fig. 22a-b). Whereas the latter occurred at ca. 1320+1325 nm within ladder-like energy
level structure of Pr’* ions (!Gs—>Hs transition, the bands were provided in insets
at the tenfold magnification of Fig. 22a-b, for the energy level structures of Pr** and Yb**
ions see Fig. 19a), the former was the result of ET from the excited *P; state of Pr*" ion
to *Fs energy level of Yb®" ion and consequently *Fs»,—>F7) transition was observed
as a band peaking at ca. 1000 nm. This constitutes the strong evidence on ET between
Pr’** and Yb*' ions, which could occur interchangeably, regardless of the excitation
wavelength and thus excited ionic species. The most intense emission bands within each
synthesis series were observed for B-NaYF4:1%Pr**,10%Yb*" NPs and LiYF4:2%Pr*",
20%Yb** NPs.

Furthermore, Yb>" ions sensitized under 975 nm excitation provided the NIR-II emission
from Pr** ions incorporated into both host matrices (Fig. 22¢-d). The 'Gs—>Hs transition
arose from the 2Fs;» (Yb*")—!Ga (Pr**) ET (see Fig. 19b for the energy level structures of
Pr’** and Yb>" ions) and, as a result, the emission band spanned between 12501450 nm
with the maximum intensity at ca. 1325 nm for the B-NaYF4:Pr’",Yb** NPs series
and ca. 1320 nm for the LiYF4:Pr**Yb>" NPs series. The similar findings were reported
for the 980 nm sensitized Pr’*,Yb* Ho*'-co-doped CSS PB-NaGdFs NPs, differing

in the spatial ions distribution in the core and shells [130].
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Fig. 22. NIR emission of B-NaYF4:Pr3*, Yb>" (left column) and LiYF 4:Pr**,Yb>" NPs (right column)
(a)(b) Vis-to-NIR DC spectra induced under 447 nm excitation (laser diode)
(c)(d) NIR-to-NIR DC spectra induced under 975 nm excitation (laser diode)
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Additionally, upon 975 nm pulsed laser excitation, the luminescence decay curves
for 2Fsp—2F7,, transition in Yb*" ions (Fig. 23a-b) and !Gs—>Hs transition occurring
in Pr** ions (Fig. 23c-d) were recorded for the synthesized P-NaYF4:Pr'fYb**
and LiYF4:Pr*",Yb*" NPs series. The former were registered at 1000 nm for both host
matrices, whereas the latter were registered at 1325 nm and 1320 nm for B-NaYF4
and LiYF4, respectively. All the curves were approximated with a single exponential
model to extract the LT values (7), which were summarized in insets of each Fig. 23a-d
as a function of Yb*" ions concentration. The Yb*":*Fs;, excited state LT was shorter
as more Yb>" ions were incorporated into B-NaYF4 host (Fig. 23a), the highest value was
extracted for B-NaYF4:1%Pr’',5%Yb*" NPs (171 ps) and the lowest one for
B-NaYF4:1%Pr’*,60%Yb** NPs (8 us). Such decrease in LT values could be connected

with concentration quenching between lanthanide ions [131].
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Fig. 23. Normalized luminescence decay curves induced under 975 nm pulse laser, registered
for (a)(b) Yb? °Fs) excited energy level at 1000 nm, corresponding to *Fs»—>F7 transition
(c)(d) Pr’*:'Gy excited energy level at 1325 and 1320 nm, corresponding to ' G4—>H; transition
for B-NaYF.:Pr3*,Yb>" NPs (left column) and LiYF4:Pr3*,Yb’" NPs (right column)
Insets: LT values as a function of Yb>" molar concentration
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4.4.3. The results of proof-of-concept experiments

For enhanced clarity, the nanomaterials chosen for the proof-of-concept experiments

are denoted hereinafter as B-NaYF4:Pr**,Yb*" NPs (for B-NaYF4:1%Pr**,10%Yb*" NPs)

and LiYF4:Pr**,Yb** NPs (for LiYF4:2%Pr*",

The UV-Vis absorption spectrum of dsDNA

solution peaks in  UV-C  region
at approximately 260 nm and partially
overlaps with the registered Vis-to-UV UC
emission spectra of B-NaYF4:Pr** Yb*
and LiYF4:Pr’",Yb’" NPs, as illustrated in
Fig. 24. The interaction of UV-C radiation
with dsDNA leads to bond breakage between
the strands and consequent unwinding
of the dsDNA molecule. In more complex

systems, such as microorganisms, the formed

photodegradation products are irreplicable.
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Fig. 24. The Vis-to-UV UC emission spectra of
LiYF PP, Y NPs (black line)
and B-NaYF;:Pr3*,Yb’" NPs (blue line)
under 447 nm laser excitation in the comparison
with dsDNA absorption spectrum (red area)

It implies that when exposed to UV-C

radiation, microbes are no longer able to reproduce, which ultimately leads to their death.

Therefore, the idea to expose dsDNA directly to UV-C radiation emerged, aiming to

demonstrate in a straightforward manner the capability of Vis-to-UV UC emission

to damage dsDNA.

The method based on hyperchromicity
effect observation allowed me to confirm
the  photodegradation  of  dsDNA
in a qualitative way, which I described
in more detail in Section 4.3.4. The results
summarized in 25-26

were Fig.

and the exact values of normalized
absorbance were provided in Table 4
for the enhanced clarity. The control
experiment conducted both in the absence
of NPs (Fig. 26a) and in the presence
of undoped nanocrystalline host matrix

(Fig. 26b) showed that the absorption
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Fig. 25. Normalized absorbance of dsDNA
solution at 260 nm after irradiation under 447 nm
CW laser diode for 0, 20 and 40 min in the
presence of glass substrate (denoted as blank),
undoped host matrix, p-NaYF 4 Pr3*,Yb*" NPs, and
LiYF4:Pr3*,Yb’" NPs
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spectra did not change after 20 and 40 min of irradiation, thus 447 nm CW laser radiation
did not affect dsSDNA molecules in the suspension. When B-NaYF4:Pr** Yb** and LiYFa:
Pr’*,Yb>" NPs were exposed to 447 nm wavelength for 20 min, the dSDNA absorbance
at 260 nm registered after 20 min increased by ca. 13% and 6%, respectively.
The observation of hyperchromic effect indicates that a significant amount of dsDNA
in the aqueous solution was unwound under UV-C up-converted emission from Pr** ions
incorporated into the investigated nanoscale host matrices. After the prolonged irradiation
time to 40 min, the dsDNA absorbance at 260 nm dropped to 1.094 + 0.054 a.u.
for B-NaYF4:Pr’",Yb** NPs whereas it slightly increased to 1.069 + 0.053 a.u.
for LiYF4:Pr’",Yb>" NPs.
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Fig. 26. UV-Vis absorption spectra of dsDNA solution after exposition to 447 nm CW laser diode
for 0, 20, and 40 min in the presence of glass substrate (denoted as blank), undoped host matrix,
B-NaYF,:Pr3t, Yb’" NPs, and LiYF.:Pri*,Yb>" NPs
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Table 4. Normalized absorbance of dsDNA solution at 260 nm after irradiation under 447 nm CW laser
diode for 0, 20 and 40 min in the presence of glass substrate (blank), undoped host matrix,
B-NaYF,:Pr’*,Yb*" NPs, and LiYF PP+, Yb’" NPs

Irradiation time (min)
0 | 20 | 40
Investigated sample Normalized absorbance (a.u.)
glass substrate (blank) 1.000 £ 0.050 0.989 + 0.049 0.969 + 0.048
undoped host matrix 1.000 £ 0.050 0.986 + 0.049 0.979 £ 0.048
B-NaYF4:Pr*,Yb* NPs 1.000 £ 0.050 1.133 £0.056 1.094 £ 0.054
LiYF4:Pr*",Yb*" NPs 1.000 £ 0.050 1.055 £0.053 1.069 £ 0.053

On the contrary, by the means of FADU, I was able not only to confirm dsDNA
photoinduced denaturation, but also to estimate the amount of dsDNA unwound.
The results were summarized in Fig. 27-28 and the exact values of dsDNA concentration

were provided in Table 5 for enhanced clarity.
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Fig. 27. Concentration of dsDNA solution
after irradiation with 447 nm CW laser diode
— the values were within the measurement Jor 0, 20 and 40 min in the presence
of glass substrate (denoted as blank),

uncertainty. It implies that dsSDNA does not  undoped host matrix, f-NaYFy:Pr’*,Yb’" NPs,
and LiYF 4:Pr3*, YD’ NPs

a significant change in dsDNA concentration

denature under exposure to blue radiation,

which is consistent with the aforementioned UV-Vis spectra registered for both the glass
substrate and the undoped host matrix (vide supra). The presence of the Pr’*,Yb*'-
co-doped NPs drop-casted onto the glass substrate and placed behind the quartz cuvette
significantly influenced dsDNA concentration — for B-NaYF4:Pr**,Yb>" NPs it decreased
by ~19% (to 40.27 £ 5.87 pg mL™!) and ~21% (to 39.67 + 3.07 pg mL™") after 20 and
40 min of the exposure to UV-C radiation, respectively, whereas for LiYF4:Pr** Yb** NPs
it decreased by ~21% (to 39.43 + 2.75 pg mL™!) and ~24% (to 38.05 £ 5.25 ug mL™),

correspondingly. Therefore, the dSDNA denaturation study provides strong evidence that
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Vis-to-UV UC exhibited by Pr**,Yb**-co-doped B-NaYFsand LiYF4 NPs could be used

for antibacterial and antiviral purposes.
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Fig. 28. Fluorescence spectra of Hoechst 33258 dye excited at 365 nm
and attached to dsDNA remaining in the solution afier exposition to 447 nm CW laser diode

for 0, 20, and 40 min in the presence of glass substrate, undoped host matrix,
B-NaYF,:Pr’*,Yb’" NPs, and LiYF:Pr’*,Yb>" NPs

Table 5. Concentration of dsDNA solution estimated with FADU procedure after irradiation with 447 nm
CW laser diode for 0, 20, and 40 min in the presence of glass substrate (blank), undoped host
matrix, B-NaYF4:Pr3*,Yb>" NPs, and LiYF.:Pr’*, Yb’" NPs

Irradiation time (min)
0 | 20 | 40
Investigated sample dsDNA concentration (ug mL™)
glass substrate (blank) 50.00 £ 6.61 51.87+£2.50 48.16 £5.23
undoped host matrix 50.00 + 2.85 52.73+1.26 47.94+£2.83
B-NaYF4Pr*tYb*" NPs 50.00 +5.51 40.27 £5.87 39.67 £3.07
LiYF4:Pr3",Yb*" NPs 50.00 + 2.48 39.43 £2.75 38.05+£5.25

The synthesized co-doped NPs are prone to emit NIR-II radiation peaking at
approximately 1320+1325 nm under 980 nm radiation, which falls within the windows
of biological tissue transparency, owing to ET from Yb*" to Pr** ions. I decided to have
a series of bioimaging experiments conducted for the selected B-NaYF4:Pr’',Yb*"
and LiYF4:Pr**Yb** NPs to assess their application potential. The transparency of both

dental enamel and the majority of compounds forming stains on teeth surface in NIR-I
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and NIR-II spectral regions is advantageous in dentistry applications [132].
Hence, bioimaging was performed using an oral-cavity-resembling model, consisting of
a bovine tooth with a cavity drilled along its axis and a 4 mm thick chicken breast tissue.
Initially, the NIR-to-NIR imaging capability of NPs suspensions in chloroform
in the Eppendorf tubes (concentration: ~100 mg mL™!) was assessed. As shown
in Fig. 29a, the -NaYF4:Pr** Yb?" NPs exhibited a higher signal-to-noise ratio compared
to LiYF4:Pr**Yb®* NPs, and thus were selected for further investigation.
A drop of the suspension was introduced into the drilled dental cavity, enabling
the visualization of its shape and depth in various modes (Fig. 29b-d), even after covering
the tooth with the chicken breast flesh (Fig. 29e-g). Therefore, the sufficiently long LT
of Pr** ions at 1320 nm, which is approximately 80 us, suggests that the NPs of choice
could be also utilized the time-gated NIR-II imaging. In this technique, the extended LT
allows for temporal separation of the short-lived luminescent signal from background
autofluorescence, thereby improving imaging contrast. It was proven that the delay
of only 1 ps between laser pulse and in vivo image acquisition can eliminate
autofluorescence [133]. The method was also effectively demonstrated for NIR-to-NIR
emitting NaGdF4:Nd** NPs exhibiting similar LT value (~100 ps for *F3,—*111,2 transition
in Nd** ions, peaking at ca. 1060 nm) [26]. In this case, the synthesized Pr’**-doped NPs
are a promising bioimaging nanoprobe, capable to provide detailed insights into complex

biological systems with high resolution.

IR-1l DCL mode

Fig. 29. NIR-to-NIR-1I bioimaging capacity verification of B-NaYF4.Pr’*,Yb’>" NPs
and LiYF4:Pr’",Yb’" NPs performed under 980 nm excitation: (a) bright field (up) and NIR-II (down)
images of the Eppendorf tubes containing the investigated NPs, (b) bright field image

of the bovine tooth, (c) NIR-II DC image of the drilled cavity with the NPs suspension introduced,
(d) merged (bright field and NIR-II DC) image of the bovine tooth, (e) BF image of the tooth covered

with 4 mm thick chicken breast tissue, (f) NIR-1I DC image of the tooth covered with 4 mm thick
chicken breast tissue, (g) merged (bright field and NIR-II DC) image of the tooth covered with 4 mm

thick chicken breast tissue
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4.5. Conclusions

In this chapter of the doctoral dissertation, I present the successful synthesis,
characterization and a series of the proof-of-concepts experiments regarding potential
bio-related application of Pr**,Yb*'-doped alkali-metal-based yttrium fluoride NPs.
These NPs exhibit Vis-to-UV UC under 447 nm laser excitation as well as NIR-to-NIR
DC emission under 980 nm excitation. The UV-C radiation, peaking at ca. 275 nm, leads
to a significant decrease in dsDNA concentration in the irradiated aqueous solution
due to dsDNA unwinding. This phenomenon was confirmed both qualitatively (through
hyperchromicity effect observation) and quantitatively (via fluorescent analysis
of dsDNA unwinding with Hoechst 33258 dye). Concurrently, the NPs
exhibit NIR-to-NIR DC emission at ca. 1320 nm, occurring after ET to Pr** to Yb>" ions,
sensitized under 980 nm excitation. The NIR-II emission renders the synthesized NPs
suitable candidates for bioimaging purposes in the steady state mode. With sufficiently
long luminescence LTs (~70 us for LiYF4:Pr’**,Yb** NPs and ~130 us for B-NaYFa:
Pr**,Yb>") their application could be extended to time-gated NIR-II bioimaging or even

to photoluminescence lifetime imaging.

Therefore, my thorough research provides solid evidence that bimodal
B-NaYF4:Pr*",Yb** and LiYF4Pr’*",Yb** NPs could be of great interest within
the emerging field of theranostics, integrating diagnosis and therapy in a single platform.
Their ability to up-convert Vis-to-UV radiation enables localized photodynamic
or germicidal treatment, whereas NIR-II emission provides non-invasive imaging.
Such materials offer a promising route toward targeted, light-triggered theranostic in vivo

solutions, minimizing side effects and enhancing clinical precision.

4.6. Acknowledgments and comments

This chapter is partially based on the data presented in the research paper Pr’*-doped
NaYF,and LiYF4 nanocrystals combining visible-to-UVC upconversion and NIR-to-NIR-
1l downconversion luminescence emissions for biomedical applications. M.Y. Tsang,
P. Falat, M.A. Antoniak, R. Ziniuk, S.J. Zelewski, M. Samo¢, M. Nyk, J. Qu,
T.Y. Ohulchanskyy, D. Wawrzynczyk. Nanoscale 14, 2022, pp. 14770-14778.

Within the research scope 1 synthesized the batches of B-NaYF4:Pr'fYb*
and LiYF4:Pr**Yb*" NPs with the invaluable help of M.A. Antoniak. I conducted
the Vis/NIR-to-UV UC emission measurements using the dedicated optical setup

82



assembled by S.J. Zelewski. The Vis-to-Vis Stokes emission and NIR-to-Vis UC emission
measurements were conducted on the courtesy of B. Cichy. The development of both
qualitative and quantitative methods to validate the efficiency of dsDNA
photodegradation through up-converted UV-C radiation was performed with
the assistance of M.Y. Tsang. Additionally, the Vis-to-NIR Stokes emission, NIR-to-NIR
DC spectra, and luminescence LTs curves were registered by R. Ziniuk

and T.Y. Ohulchanskyy along with the NIR-II bioimaging provided.



Vis-to-UV UC-BASED
HUMAN VIRUS SPECIES INACTIVATION

447 nm
unfocused
laser beam

NAKED VIRUS ENVELOPED VIRUS
INACTIVATION INACTIVATION

Fig. 30. The general concept of naked and enveloped human viruses photoinactivation experiment,
exploiting Vis-to-UV UC emission of Pr’*-co-doped alkali-metal-based yttrium fluoride NPs and MCs



Chapter 5

Vis-to-UV UC of Pr’**-co-doped alkali-metal-based
yttrium fluoride NPs and MCs for human virus species
inactivation

As provided in Chapter 4, Pr**-co-doped B-NaYF4 and LiYF4 NPs are capable to harvest
Vis photons in such a way that the emission falls in UV-C spectral range. This radiation
is of higher energy and interacts with dsDNA. When living cells are irradiated
with UV-C, the genetic material is destroyed and cannot replicate, which ultimately leads
to the death of the exposed microorganisms. For that very reason, there is a strong need
to improve brightness of Vis-to-UV UC emission so that the up-converting materials
could be used as highly-efficient disinfectants. Therefore, in this part of my doctoral
dissertation, 1 decided to focus on colloidal Pr**-doped alkali-metal-based yttrium
fluoride NPs and the possibilities to enhance their anti-Stokes emission in UV-C spectral
range through co-doping with Gd** ions and covering the optically active C NPs
with the inert shell, leading to the formation of CS NPs. Additionally, I compare their
emissive properties in the region of interest with the ones exhibited by the synthesized

MCs bearing corresponding lanthanide ions at selected molar concentration.

In accordance with the registered Vis-to-UV UC emission spectra upon 447 nm laser
excitation and the capability to degrade dsDNA within the particular timespan, I select
the most promising materials for a biological experiment of light-triggered human virus
species eradication (Fig. 30). Having been transferred from organic phase to water
through acidic etching, the chosen NPs and MCs are mixed with suspensions of the naked
adenovirus HAdV-C5 and the enveloped herpes simplex virus HSV-1, followed by
exposition to the unfocused 447 nm laser beam. Due to differences in both genome size
and morphology, these viruses are inactivated in a diverse way, thus photoeradication
efficiency rates are various. The results gathered in the conducted in vitro experiment
prove that nanophotonics-based solutions could be promising in terms of germicidal
action. Additionally, the designed Pr**-co-doped colloidal NPs and MCs are a versatile
class of materials that can be further processed with the ease to be utilized

in the fabrication of light-activated disinfecting surfaces and fabrics.
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5.1. Introduction to the scientific problem

As antimicrobial resistance was first discovered, it was not even thought that it would
become a severe issue which the modern world would be forced to struggle with. Initially
classified as a scientific trivia, it was over time recognized as a threat for humanity, mainly
due to the misuse of antibiotics for infections treatment and strong oxidizing agents
as surface disinfectants [134]. In the document Global Strategy for Containment
of Antimicrobial Resistance, issued in the beginning of 21% century, World Health
Organization (WHO) anticipated that the promoted cross-resistance would eventually
convert the vast majority of pathogens into super-resistant bacteria, superviruses,
and fungi populations [135]. As difficult as they are to be eliminated with traditional
chemical treatment, they could easily spread on frequent-touch surfaces. For instance,
some bacteria are prone to adhere to surfaces, where they can survive for an extended
period, even up to 3 months, reciprocating at the same time. On the other hand,
the survival time of virus particles outside the host can vary from a few hours to even
a few weeks. To illustrate, coronavirus SARS-CoV-2 particles, responsible for
the COVID-19 pandemic outbreak, were found to remain contagious for up to 24 hours
on fabric, but up to 48 hours on stainless steel [136—138]. Not to mention, the high
mutation rates of virus species also pose a serious health hazard to all members of society,
regardless of their medical conditions, as vaccine development and market release
are time-consuming processes. Therefore, there is a strong need to foster new solutions
for high-touch surfaces disinfection, e.g., at public transportation, healthcare facilities

or in commonly accessible sanitary rooms.

For these purposes, nanotechnology-based solutions show the great potential since
the number of validated applications has been constantly growing, in which the spread
of virus is inhibited [139]. Additionally, the physicochemical properties of nano-
and micro-size materials, such as high surface area, allow for their designed
and engineered modification. It results then in the enhancement of properties which could
be effectively utilized directly against virus species, e.g., photocatalytic activity,
ROS generation capability, or externally triggered UV emission. The last one seems
to be highly fascinating, since UV radiation is a factor proven in many experiments
to inactivate microorganisms, especially when the UV-C type of radiation is considered
(for more detailed information see Section 2.1.1). One of the possible ways to generate

the UV-C emission in inorganic materials is via sequential photon absorption
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in the ladder-like energy level structure of lanthanide ions, as already presented in
Chapter 4 of the doctoral dissertation for Pr’**-based LiYF4 and B-NaYF4 NPs [140].
In order to provide germicidal action of high efficiency, there is an urgent call to design
and synthesize up-converting NPs exhibiting this emission of the sufficient intensity.
Usually the research path toward it starts with finding a suitable configuration of various
lanthanide ions, of which the synergic effect after incorporation into the host matrix
and concentration optimization could result in the enhanced emission in the region
of interest. Not to mention, one of the universal strategies to enhance UC luminescence,
commonly reported in the literature, relies on manufacturing core@undoped-shell NPs.
As a consequence, the shell protects the emitting lanthanide ions from parasitic energy
migration processes and surface quenching. For example, such an approach allows
the NIR-to-Vis UC emission to be intensified [38]. In particular, Fischer et al.
demonstrated that precise tuning of the epitaxially grown inert shell thickness enables
both significant enhancement and further optimization of NIR-to-Vis UC and
NIR-to-NIR DC emission intensities within the core@undoped-shell nanostructure [141].

Taking into consideration the information mentioned above, in this part of the doctoral
dissertation I assume that Vis-to-UV UC emission could be of higher magnitude when
the Pr’*-based optically active C NPs are co-doped with an additional amount of Gd**
ions. These ions have been reported not only to alter the crystal structure of the host matrix
in such a way that Vis-to-UV UC is enhanced, but also to contribute to UV-B emission
under Vis excitation [59]. As a consequence, Gd** co-doping could be considered
as beneficial for anti-germ-oriented applications. In the next step, this effect is further
enhanced by passivating the C NPs with an inert shell made of the same host matrix type,
thus forming a CS nanoarchitecture. The presented research of mine also focuses on
finding the answer if the up-converted UV-C emission could be enhanced when
the lanthanide ions are incorporated into different alkali-metal-based yttrium fluoride
NPs, even alkali-metal-mixed ones. As the addition, I provide the comparison of
the emissive properties gathered for the synthesized MCs. To present the potential
application of the most promising materials at nano- and microscale, I decided to have
a biological experiment conducted, using common human virus species, which
are morphologically different, even though having dsDNA genome. According to
the European standards, the effectiveness of physical agents, like UV radiation, tends to

be similar for the viruses with similar shapes and structures [142]. In essence,
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the morphological characteristics often influences how these agents interact with
the virus, making them effective across related virus types. The non-enveloped virus
chosen for study, human adenovirus type C5 (HAdV-C5) can survive in harsh
environmental conditions. It usually causes mild respiratory infections such as sore throat
and bronchitis, as well as conjunctivitis and diarrhea, particularly in children
or immunocompromised people [143,144]. On the other hand, the enveloped herpes
simplex virus (HSV-1), around which genome the lipid bilayer is present, is prone to cause
a variety of illnesses, including oral or genital herpes (sore colds) and, in more severe
cases, encephalitis, leading to serious neurological complications. The lipid envelope
surrounding HSV-1 enhances its ability to interact with host cells and influences

its stability and sensitivity to environmental factors and antiviral treatments [145,146].

I am convinced that the materials synthesized in a well-controlled manner in both shape
and size at nano- and microscale via wet-chemistry-based techniques and emitting UV-C
radiation in the process of sequential two-photon absorption opens up the way to utilize
them as efficient emitters for light-triggered disinfection. Their ability to form stable
colloidal dispersions in various environments is surely advantageous from a technological
point of view, since it facilitates surface functionalization procedures for specific

applications, such as fabrication of antiviral photoactivated surfaces or fabrics.

5.2. Chemicals and materials used

5.2.1. Synthesis of Pr¥*-co-doped alkali-metal-based NPs

For the synthesis of Pr**-co-doped alkali-metal-based yttrium fluoride C and CS NPs
the following chemicals were used: Pr203 (99.99%), Gd203 (99.99%), Y203 (99.99%),
LiOH-H20 (99.99%), NaOH (= 98.0%), KOH (99.99%), NH4F (= 99.99%), acetic acid
(pure for analysis, 99.5+99.9%), oleic acid (technical grade, 90%), octadec-1-ene
(technical grade, 90%), methanol (99%), ethanol (99.8%), hexane, chloroform,
and acetone. All reagents were purchased from Sigma Aldrich and utilized without prior

purification.

All of the NPs were prepared in accordance with the protocol described in Sections 3.1.1
and 3.1.2. The masses of the corresponding solid compounds utilized in the syntheses

were provided below in Table 6.
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Table 6. Summary for the amount of solid compounds used in C and CS NPs syntheses

Compound mass [g]

Dopants Host LiOH

matrix Y:0; | Pr0; | G&:0s | ‘') | NaOH | KOH | NH.F
2% Pr* LiYF4 0.2766 | 0.0083 - 102098 - - 02964
2% Pr’", .
(59 G- LiYF, 0.2343 | 0.0083 | 0.0682 | 0.2098 | - - | 02964
2% Pr>* NaYF. | 0.2766 | 0.0083 - = 02000 - [0.2964
2% Pr’",
(5o ggi | NaYFa | 02343 | 00083 | 0.0682 | - | 02000 - | 02964
2% Pr** | NaopsKosYFa | 0.2766 | 0.0083 - = |70.1000 | 0.1404 | 0.2964
undoped LiYF4 0.2258 - - 02098 | - ; 0.2964
(shelling)
undoped NaYF. | 0.2258 - ] ; 0.2000 - 0.2964
(shelling)

5.2.2. Synthesis of Pr¥*-co-doped alkali-metal-based MCs

For the synthesis of Pr**-co-doped alkali-metal-based yttrium fluoride MCs the following
chemicals were used: Pr2O3 (99.99%), Gd203 (99.99%), Y203 (99.99%), HNOs
(63+65%), LiF (99.99%), NaF (99%), NH4F (= 99.99%), EDTA (= 99%), ethanol
(99.8%), and acetone. All reagents were purchased from Sigma Aldrich and utilized

without prior purification.

All of the MCs were prepared in accordance with the protocol described in Section
3.2.1.1. The masses of the corresponding solid compounds utilized in the syntheses

were provided below in Table 7.

Table 7. Summary for the amount of solid compounds used in MCs syntheses

Dopants Host Compound mass [g]
p matrix | Y,O; | Pr;O; | Gd;O; | EDTA | LiF | NaF | NH4F
2% Pr | LiYFs | 0.8299 | 0.0248 | - | 03945 | 0.1946 | - | 0.8333
0 3+
g;:g}; LiYFs | 0.7960 | 0.0248 | 0.0227 | 03945 | 0.1946 | - | 0.8333
2% Pr>™ .
o e | LiYEs [ 0.6265 | 0.0248 | 01362 | 03945 | 0.1946 | - | 0.8333
0
2% Pr" | NaYFs | 0.8299 | 0.0248 | - | 03945 | - | 03149 | 0.8333
0 3+
320{212(1; NaYF: | 0.6265 | 0.0248 | 0.1362 | 03945 | - | 03149 | 0.8333

5.2.3. dsDNA photodegradation with up-converted UV radiation

Salmon sperm dsDNA was purchased from Sigma Aldrich and used without further
purification. The dsDNA solution concentrated at 50 ug mL™' was prepared in Milli-Q
quality water (resistivity: 18.2 MQ cm™' at 25 °C) right before the measurements.
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Hoechst 33258 dye was purchased from Sigma Aldrich and used without prior
purification. The stock solution of the dye at the concentration of 1 mg mL~' was prepared

in Milli-Q quality water (resistivity: 18.2 MQ cm™! at 25 °C).

5.2.4. Organic-to-aqueous phase transfer
HCl1 (35+37%) was purchased from ChemPur (Poland) and used without further

purification to prepare the 2 M HCI solution. Ethanol (99.8%) obtained from Sigma
Aldrich was utilized for washing the etched NPs, which were dispersed in Milli-Q quality
water (resistivity: 18.2 MQ cm™ at 25 °C).

5.2.5. Cytotoxic properties of the synthesized materials

A549 (human lung carcinoma, CCL-185™, cancer cell line) and HeLa cell line (human
cervix carcinoma, CCL-2™) were obtained from American Type Culture Collection —
ATCC (Rockville, MD, USA). They were all cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(Capricorn Scientific, Germany) and 4 mM L-glutamine (Biological Industries, Israel),

100 pg mL™! of penicillin and 100 pg mL~! of streptomycin (Sigma Aldrich, Germany).

Human adenovirus 5 (HAdV-C5 — ATCC® VR-5™) and herpes simplex virus type 1
(HSV-1 — ATCC® VR-1493™) were delivered by ATCC (Rockville, MD, USA).
In the further step, the suspension for virucidal activity validation was incubated
with phosphate buffer saline (PBS), purchased from Sigma Aldrich, Germany,

as an interfering substance (pH = 7.2).

5.3. Characterization methods

5.3.1. Crystal structure
The crystal structure of all synthesized Pr**-co-doped alkali-metal-based yttrium fluoride
NPs and MCs were investigated with the STOE powder X-ray diffractometer, as already

described in Section 4.3.1.

5.3.2. Morphology and size distribution
The TEM images of the NPs were captured using an FEI Tecnai G* 20 X-TWIN TEM

at the Faculty of Chemistry at University of Wroclaw, Poland, in accordance with

the procedure aforementioned in Section 4.3.2. The NPs size distribution analysis
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was performed in OriginPro Software as length and width of 100 NPs in the micrographs

had been measured in ImageJ Software.

Since the synthesized MCs were expected to be of bigger size in comparison with
the NPs, they were investigated with a Jeol JSM-6610LVnx SEM. A drop of each
material’s suspension was deposited on a piece of carbon tape and evaporated before
putting the holder into the microscope chamber. The MCs size distribution analysis
was performed in OriginPro Software as length and width of 100 MCs in the micrographs
had been measured in Image] Software. Additionally, the system was coupled with
an Oxford Aztec Energy X-ray energy dispersive spectrometer (EDS), which allowed to

simultaneously record the elemental distribution maps throughout the samples.

5.3.3. Vis-to-UV UC emission spectra acquisition
Within the research scope presented in this chapter, the Vis-to-UV UC emission spectra
of the dried samples deposited on glass substrates were measured under ambient

conditions with the use of the setup described in Section 4.3.3.

5.3.4. Quantitative validation of dsDNA photodegradation via up-
converted UV radiation

As presented in Section 4.3.4 there was the setup assembled for dsDNA degradation via
Vis-to-UV UC emission generated by Pr’*-co-doped alkali-metal-based NPs and MCs.
In the next step, its remaining concentration in the irradiated solution was estimated
in accordance with the modified FADU procedure. The experimental protocol was

described in the detail in Section 4.3.5.

5.3.5. Organic-to-aqueous phase transfer

To perform the experiment in aqueous-based environment, the selected NPs needed to
be transferred from an organic (hexane) to aqueous phase, which was achieved by etching
oleic-acid-capped B-NaYF4 and LiYF4 CS NPs [147]. 5 mL of the dispersion of NPs
in hexane was stirred with 20 mL of 2 M HCI solution at room temperature for 2 h.
The mixture was then poured into a glass separator to isolate the inorganic phase.
The hexane layer was washed three times with distilled water to collect the NPs,
remaining after etching. After centrifuging at 9,000 rpm for 15 min and washing with
the water-ethanol mixture (1:1 v/v) twice, the pellet was redispersed in 5 mL of water.
The success of organic-to-aqueous phase transfer was controlled with a FT-IR vacuum

spectrometer Bruker Optic GmbH Vertex70v. The representative FT-IR spectra for
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the dried samples of PB-NaYFs and LiYFs NPs before and after acidic etching
were recorded in the range between 5004000 cm™' and with the resolution of 0.4 cm™.
The NPs concentration was estimated by weighing the solid residue after drying 20 uL

of each aqueous suspension, the estimation was performed in triplicate.

5.3.6. Cytotoxicity studies according to EN 14476 standard

Cytotoxicity studies were conducted in accordance with EN 14476 standard, which
allows to distinguish cytopathic effects (CPE) caused by a virus from cell damages
induced by test formulations [142]. The aqueous suspensions tested in this experiment

contained the selected Pr**-co-doped alkali-metal-based yttrium fluoride NPs and MCs.

For cytotoxicity assessment, A549 and HeLa cell lines at density of 4 - 10* cells mL™!
were seeded into 96-well polystyrene plates (ThermoFisher Scientific, USA)
and incubated for 24 h. Subsequently, a series of 10-fold dilutions (from 107! to 107%)
of the formulations at their initial concentration (100% concentrated) were prepared.
50 pL of each dilution was added to wells containing a monolayer of cells — 8 wells
per dilution were inoculated. Monitored once a day using an inverted microscope
(Olympus Corp., Hamburg, Germany; Axio Observer, Carl Zeiss Microlmaging GmbH)
for the observation of cytotoxic effect development, the plates were incubated for 4 days

at 37 °C in the atmosphere containing 5% COs.

5.3.7. Antiviral assays

5.3.7.1. Virucidal activity of the tested materials
The virucidal activity of the obtained Pr**-co-doped alkali-metal-based yttrium fluoride

NPs and MCs was evaluated against two various human virus types: HAdV-C5
(non-enveloped) and HSV-1 (enveloped). The assessment followed the procedure
described in EN 14476 standard in the section Phase 2/Step 1. Quantitative suspension
test for assessing virucidal activity in medical applications [142]. Accordingly,
a disinfectant can be pronounced as virucidal when it achieves a reduction of >4logio
in the viral titer (=99.99% inactivation) in comparison with the untreated control virus

within the specified exposure time.

As per the protocol, one part of test virus stock dispersion (0.1 mL of HAdV-CS5 or
HSV-1), one part of interfering substance (0.1 mL of PBS), and eight parts (0.8 mL)
of the disinfectant (aqueous suspension of Pr**-co-doped NPs or MCs at their initial 100%

concentration) were mixed. After 1-hour-long direct contact, the aliquots were collected
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and serial dilutions of each mixture (up to 10°'?) were prepared, 8 wells per mixture.
In the next step, 50 pL of each dilution was added to a microtiter plate containing
a confluent monolayer of A549 cells for HAdV-C5 or HeLa cells for HSV-1. The plates
were incubated at 37 °C in the atmosphere containing 5% CO2 and observed daily
for 4 days under an inverted microscope to monitor the viral CPE development.

At the end of the experiment the residual infectivity was determined.

5.3.7.2.  Test of virucidal activity of the synthesized materials under the 447 nm
laser irradiation

The selected Pr’*-co-doped alkali-metal-based NPs and MCs in aqueous solutions
in a volume of 800 puL at the initial concentration (i.e., 100 %) were mixed in Eppendorf
tubes (ThermoFisher Scientific, USA) with 100 uL of PBS as the interfering substance
and 100 pL of either HAdV-C5 or HSV-1 virus suspension. In order to perform light-
triggered eradication of naked and enveloped virus species, a custom setup was assembled
(Fig. 31). It consisted of a 447 nm fiber-coupled CW laser diode (CNI MDL-XD-447)
with the output placed 12 cm above a 96-well polystyrene plate. To ensure that the laser
impact on virus species and culture cells is infinitesimal, a series of control experiments
was conducted to establish such parameters as laser power and exposure time. Finally,
the diode emitted the unfocused beam of blue radiation corresponding to
the ~1000 J cm™ light dose. After the irradiation, the samples were diluted from 107!

to 107!2 and the virucidal activity was tested in the same way as provided in Section 5.3.7.

I 447 nm laser beam

unfocused
'S ____ENVELOPED VIRUS + NPs/MCs

. ~._ SUSPENSIONS
12 cm

10:0000 W,

L

Fig. 31. A scheme of the experiment of virus inactivation via Vis-to-UV UC emission,
generated by Pr’*-co-doped NPs and MCs
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5.4. Results and discussion

5.4.1. Morphology and structure characterization

In order to optimize the Vis-to-UV UC emission, in this experiment I synthesized a series
of inorganic alkali-metal-based yttrium fluoride phosphors differing in size, co-dopants
concentration, and internal structure. I successfully obtained Pr**-based LiYFa, NaYF4,
and Nao sKos5YFs crystals at nano- and microscale — all of the materials were listed in
Table 8 along with their average size measured based on TEM and SEM images
(Fig. 33-37).

Table 8. List of the synthesized Pr’*-co-doped alkali-metal-based yttrium fluoride NPs and MCs with their
average size provided

Dopant concentration Host matrix | Size | Shell Length Width
2% Pr** no 19.9 £2.2 nm 16.9 1.9 nm
2% Pr¥*@NULL LivE yes | 325+4.1nm | 26.9+2.7nm
1Y g
2% Pr3*,15% Gd** no 19.8 £2.2 nm 15.1+1.5nm
2% Pr**,15% Gd* @NULL yes | 250+1.8nm | 21.6+1.3 nm
2% Pr** NPs | no 21.2+0.9 nm 16.7+1.3 nm
2% Pr" @NULL yes | 354=23nm | 21.1+1.7nm
B-NaYF;
2% Pr**,15% Gd** no 20.7 £ 1.4 nm 170+ 1.1 nm
2% Pr**,15% Gd**@NULL yes 37.8+ 3.8 nm 19.4+2.1 nm
2% Pr¥ Nay sKosYF4 no 195 +£20 nm 56.9 £ 6.5 nm
2% Pr3* no | 24.1+29um | 142+3.0 um
LiYF4
2% Pr**,5% Gd** MC no 492+6.1um | 31.8+4.7 um
s
2% Pr no | 873+0.46 um | 2.02+0.36 um
B-NaYF;
2% Pr’*,30% Gd** no 332020 um | 0.98 £0.18 pm

The registered XRD patterns of the synthesized NPs and MCs revealed that LiYF4 host
matrix formed tetragonal structure (ICSD #27986, Fig. 32a-b). On the contrary,
when Na' ions were utilized for the synthesis, hexagonal phase B-NaYF4 (ICSD #51916,
Fig. 32c-d) was obtained in every case, therefore, it is denoted hereinafter as ‘NaYF4’ for
the enhanced clarity of this chapter. The inert shells, epitaxially grown on the NPs surface
and marked in the text and in some graphs as ‘NULL’, formed the same crystal structure
as lanthanide-doped C NPs, since there were no foreign peaks in the collected XRD
patterns for CS nanoarchitectures. All of these findings imply that the synthetic protocol
developed by Abel and co-workers allows for the synthesis of C and CS NPs, regardless
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of alkali metal utilized during the process [87]. Furthermore, when 50% of Na" ions were
substituted with K* ions, the alkali-metal-mixed NaosKo.sYF4 host matrix was formed
(Fig. 32e). The XRD pattern resembled the one for B-NaYFs, which means that
substituting Na* with K" ions did not alter the Na-based crystal lattice. It is consistent
with the report published by Kale et al. on the influence of various Na'/K" molar ratios

in NaxKixYF4 on NIR-to-Vis UC emission enhancement [ 148].

(a) LiYF,NPs (D) LiYF,MCs
i P 2% Pr¥, 15% Gd* @ NULL 2% Pr*, 5% Gd*
A A NP PR U YN |
| 2% Pr @ NULL NP
’ s " 2% Pr* I. N L 5 B T I —_—
_JlL__ll: OO L ICSD #27986
| N i | " 1. TN A
15 35 55 75 15 35 55 75
26(°) 20(°)
(c) _NaYF,NPs  (d) NaYF, MCs

2% Pr**, 30% Gd**

i :
ULLJ el J A

2% Pr L

A‘ ICSD #51916
l Il J ICSD #51916
| Y P N l LI

[TH T h

=

15 35 55 75 15 35 55 75
26 (°) 20(°)

(e) Nag ;Ko 5 YF, NPs
JL—mﬂthld

ICSD #51916
1 nx l

15 75

26’( )

Fig. 32. XRD patterns of Pr’*-co-doped (a) LiYF4 NPs, (b) LiYF; MCs, (c) NaYF4 NPs,
(d) NaYF4 MCs, and (e) Nay.sK.sYF4 NPs provided with theoretical patterns
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Having confirmed the desired crystal structures of the synthesized materials, I examined
the formed NPs in terms of morphology and size distribution (Fig. 33-37), whereas
the elemental distributions maps were additionally captured for the MCs (see Fig. 36-37).
The TEM micrographs revealed that the utilization of the same protocol for the synthesis
of Nao sKos5YFs alkali-metal-mixed host matrix resulted in longer, rectangular-shaped
Pr’**-doped NPs (195 + 20 nm long and 56.9 £ 6.5 nm wide) (Fig. 33). For this type of
host matrix, both the similar NPs morphology and length-to-width ratio have been
reported elsewhere [148]. In the initial synthesis of C NPs monodisperse LiYF4 NPs
with tetragonal shape were manufactured, as well as nanorod-like NaYFs NPs.
The mean sizes (length x width) were as provided: 19.9 £ 2.2 x 169 = 1.9 nm
for LiYF4:2%Pr** NPs, 19.8 + 2.2 x 15.1 £ 1.5 nm for LiYF4:2%Pr**,15%Gd*" NPs,
354 + 2.3 x 21.1 + 1.7 nm for NaYF4:2%Pr*" NPs, and 20.7 + 1.4 x 17.0 £ 1.1 nm
for NaYF4:2%Pr**,15%Gd**. Followingly, as LiYF4 or NaYF inert shells were grown
around the lanthanide-doped C NPs to reduce energy quenching processes, significantly
larger CS NPs were formed. The inert shell grew uniformly in all dimensions
for LiYFs4 NPs, which resulted in LiYF4:2%Pr**@LiYFs NPs and LiYF4:2%Pr’",
15%Gd**@LiYFs NPs, with the mean size of 32.5 + 4.1 x 269 £+ 27nm
and 25.0 £ 1.8 x 21.6 = 1.3 nm, respectively (Fig. 34). On the other hand,
the inert shell growth around NaYFs C NPs led to the formation of rectangular
NaYF4:2%Pr*@NaYFs NPs and NaYF4:2%Pr**,15%Gd** @NaYF4 nanorods featuring
rounded edges, for which the average size was accordingly 35.4 £ 2.3 x 21.1 + 1.7 nm
and 37.8 + 3.8 X 19.4 = 2.1 nm (Fig. 35).

Na0 5Ko 5YF 2% Pr3

195 + 20 nm 156.9 £ 6.5 nm

= /
f-&"“nl% / |

140 160 180 200 220 240 260 40 48 56 64 72 80
Length (nm) Width (nm)

Fig. 33. TEM image (left column), length distribution histograms (middle column), and width distribution
histograms (right column) of Pr’*-doped alkali-metal-mixed Nay sKysYFs NPs
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(@) LiYF,:2% Pr3* @ LiYF, NPs
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(b) LiYF,:2% Pr3*,15% Gd3* @ LiYF, NPs
19.8+2.2nm 15.1+1.5mm

50 nm
Pr3*,Gd*@NULL 25. 0 +1.81m 216+1.3nm
10 15 20 25 3010 15 20 25 30
Length (nm) Width (nm)

Fig. 34. TEM images (left column), length distribution histograms (middle column), and width
distribution histograms (right column) of Li*-based CS NPs (a) Pr**@NULL (b) Pr**,Gd** @NULL
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(@) NaYF,:2% Pr3* @ NaYF, NPs
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Fig. 35. TEM images (left column), length distribution histograms (middle column), and width
distribution histograms (right column) of Na*-based CS NPs (a) Pr**@NULL (b) Pr’*,Gd** @NULL
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Fig. 36. SEM images and EDS elemental composition maps (upper rows) and length and width
(left and right column, respectively) distribution histograms (lower rows) of the synthesized MCs:
(a) LiYF1:2% Pr3", (b) LiYF4:2% Pr’*,5% Gd**
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Fig. 37. SEM images and EDS elemental composition maps (upper rows) and length and width
(left and right column, respectively) distribution histograms (lower rows) of the synthesized MCs:
(a) NaYF4:2% Pri*, (b) NaYF:2% Pri*,30% Gd**
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Since the synthesized Pr**-co-doped MCs were larger than the NPs, SEM technique was
utilized to analyze both their morphology and size, along with EDS elemental distribution
maps registration (Fig. 36-37). The obtained LiYF4 MCs exhibited the shape of tetragonal
bipyramid, with average dimensions of 24.1 £ 2.9 x 14.2 £+ 3.0 um for LiYF4:2%Pr*"
MCs and 49.2 + 6.1 x 31.8 £ 4.7 um for LiYF4:2%Pr**,5%Gd*>" MCs. In contrast,
the NaYF4 MCs resembled rods-like structure, measuring 8.73 + 0.46 x 2.02 = 0.36 um

in case of NaYF4:2%Pr** MCs and 3.32 = 0.20 x 0.98 + 0.18 um for NaYF4:2%Pr*",
30%Gd*" MCs.

5.4.2. Vis-to-UV UC emission spectra

Having successfully analyzed crystal structure and morphology of the Pr’**-co-doped
alkali-metal-based yttrium fluoride NPs and MCs, I registered the Vis-to-UV UC
emission upon 447 nm laser diode excitation (Fig. 38a-c). The up-converted emission
spectra collected from the dried samples of C NPs, CS NPs, and MCs allowed me to select
the most promising materials, which would be utilized for the biological experiment
focusing on human virus species inactivation. The energy level diagrams of Pr*" ions with

the relevant electronic transitions were provided in Fig. 38d.
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Fig. 38. Vis-to-UV UC emission spectra upon 447 nm laser excitation of the Pr’*-co-doped LiYF,, NaYF
and NasKosYFy (a) C NPs, (b) CS NPs, and (c) MCs. (d) Energy level structure of Pr’* ions with all
relevant electronic transitions
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Regardless of the size and host matrix chosen, all materials emitted a broad band spanning
between 255+275 nm, resulting from 4f5d—>H,/°F; transition in the energy level structure
of Pr’" ions (for details see Pr’" ions energy level diagram in Fig. 38d). The emission
from this energy level is feasible due to the sequential absorption of 447 nm photons
through Py energy level, which was already proven for these ions not only in Chapter 4
of the doctoral dissertation, but also in research papers focusing on other alkali yttrium
fluoride host matrices at the nanoscale, e.g., BaYFs [149]. Likewise, Gd** ions
incorporated into the host matrix could contribute to UV-C emission, based on reports
on up-converted UV-C radiation emission peaking at ca. 275 nm, ascribable to °I;—3S7,
electronic transition [48,77]. However, the type of host matrix can influence the
coordination environment of Y**, where subtle changes in atomic arrangement may
restrict the incorporation of Gd*" ions. The inert shell growth on lanthanide-doped C NPs
has been usually recommended to protect optically active centers from prospective
interaction with the surroundings, which could simultaneously diminish Vis-to-UV UC
emission intensity. Consequently, in case of the CS NPs fabricated by me, UV-C radiation
intensity upon 447 nm irradiation was highly likely to increase (Fig. 38a-b).
As the particles size was larger, i.e., MCs were considered (Fig. 38c), the registered
up-converted emission was not significantly enhanced, as it was expected. One
of the possible reasons could be the absorption of up-converted UV radiation by EDTA,

a capping agent used in MCs synthesis.

5.4.3. Quantitative validation of dsDNA photodegradation via up-
converted UV radiation

Since all studied Pr’**-co-doped alkali-metal-based yttrium fluoride NPs and MCs
demonstrated UV-C emission attainable through sequential absorption of two 447 nm
photons within the ladder-like energy level structure of Pr** ions, their prospective utility
in light-triggered eradication of naked and enveloped virus species was preceded
with a proof-of-concept experiment of dSDNA degradation. The results of the evaluation
conducted with FADU protocol were shown in Fig. 39a-c, however, for enhanced clarity

the values were also provided in Table 9.

The initial dSDNA concentration in each test cuvette was 50.00 £ 2.50 pg mL™".
Upon exposure to the collimated 447 nm CW laser beam, emitting blue photons
sequentially absorbed within Pr’" ions energy level structure, up-converted UV-C

radiation was generated. The dsDNA concentration decreased after 20 min for all
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of the irradiated C NPs (Fig. 39a), i.e., by 27.8% (36.11 + 1.81 pg mL™) for
LiYF4:2%Pr**, by 13.9% (43.07 + 2.15 pg mL™') for LiYF4:2%Pr** 15%Gd*",
by 16.5% (41.77 + 2.09 pg mL™") for NaYF4:2%Pr**, by 26.0% (37.02 + 1.85 ug mL™")
for NaYF4:2%Pr’*,15%Gd*", and by 25.1% (37.44 + 1.87 ug mL') for
NagsKosYF4:2%Pr*" NPs. The irradiation time extension up to 40 min did not
significantly change the concentration for LiYF4:2%Pr** (37.90 + 1.90 pg mL™),
NaYF4:2%Pr*",15%Gd*" (35.16 £ 1.76 pg mL™"), and NagsKosYF4:2%Pr’" NPs
(38.74 + 1.94 ug mL™"). In contrast, LiYF4:2%Pr>*,15%Gd>" and NaYF4:2%Pr>" NPs
further reduced dsDNA by 6.0% (down to 40.06 + 2.00 pg mL™") and 10.3% (down to
36.62 + 1.83 ug mL™"), respectively. Compared to the C NPs, the CS NPs caused
a more significant decrease in dsDNA concentration in the solution exposed to
the up-converted UV-C radiation (see Fig. 39b). Specifically, LiYF4:2%Pr",
15%Gd**@LiYFs and NaYF4:2%Pr’",15%Gd** @NaYFs NPs reduced dsDNA to
36.25+1.81 pgmL ™" and 41.81 +2.09 ug mL™" after 20 min, respectively, and further to
37.70 + 1.89 pg mL™! and 33.67 = 1.68 ug mL™! after 40 min, accordingly. However,
the inert shell growth on Pr’’-co-doped C NPs (forming LiYF4:2%Pr**@LiYF4
and NaYF4:2%Pr**@NaYF4) did not notably affect dsSDNA degradation. This suggests
that the enhancement of UV-C emissive properties of the nanophosphors was caused by

co-doping with Gd** ions.

The further conducted investigation on Pr**-co-doped MCs revealed differences between
LiYF4 and NaYF4 matrices (Fig. 39¢). LiYF4:2%Pr** MCs reduced dsDNA concentration
to 44.39 +£2.22 pg mL ! after 20 min, and 41.18 £ 2.06 ug mL! after 40 min. In contrast,
LiYF4:2%Pr’*,5%Gd*" MCs reduced it to 40.58 + 2.03 pg mL™' after 20 min,
with no further change after 40 min. For NaYF4-based MCs, the solely Pr**-doped sample
reduced the amount of dsDNA by 34.8% (32.62 + 1.63 pg mL™") after 20 min and 37.6%
(31.22 £ 1.56 ug mL™") after 40 min. However, NaYF4:2%Pr** 30%Gd*" MCs showed
the reduced performance, with dsDNA concentrated at 36.33 + 1.82 pg mL™! after
the 20-min exposure time and 34.96 + 1.75 pg mL"! after 40-min-long one. The reduction
in the efficiency was highly likely to occur due to concentration quenching and ET
between Pr’" and Gd*' ions, hindering Vis-to-UV UC efficiency and, consequently,

dsDNA degradation process.
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Fig. 39. Summary of quantitative dsDNA photodegradation validation via up-converted UV-C radiation —
dsDNA concentration in the solution after exposition to 447 nm CW laser diode
for 0, 20 and 40 min in the presence of the synthesized (a) C NPs, (b) CS NPs, and (c) MCs

104



Table 9. dsDNA concentration before and after its irradiation with a 447 nm CW laser diode in the presence

of the synthesized LiYF4, NaYFy, and Nay sKysYF4NPs and MCs

Irradiation time (min)
0 20 40

e o

LiYF,: 2% Pr®* NPs 36.% 71;25 81 37.?;)5%8;90
LiYF,: 2% Pr’* @ LiYF4 NPs 37-?[335{:6}89 37-%;4{:5%.86
LiYF4: 2% Pr**, 15% Gd*" NPs 43-([3536%1?-15 40-([)860%1?00
LiYFas: 2% Pr*, 15% Gd** @ LiYFs NPs 36-%;;‘:5;81 37-%;)5%4;89
NaYF,: 2% Pr™* NPs 50.[01% (ﬂ; (:)z].so 41 'ngsi'og 36.%32 83
NaYFs: 2% Pr’* @ NaYF4 NPs 39-?;9%9?-00 36.?793; 84
NaYFs: 2% Pr**, 15% Gd** NPs 37-([334%0%-85 35-% 760{:3%-76
NaYFu: 2% Pr**, 15% Gd* @ NaYFs NPs 4l '2[3%;3%6?-09 33-?27{:3;68
NaosKosYFa: 2% Pr’* NPs 37-?;‘4%9% .87 38.%;17{:5 94
LiYFs: 2% Pr** MCs 44?898%9?.22 41. % 88;:4?.06
LiYF4: 2% Pr, 5% Gd™ MCs 50.00 + 2.50 40'?88 1%2?03 40'%880%6?01
NaYF,: 2% Pr** MCs [100.0] 32-?25; 63 | 31 .%22{:4% 56
NaYFs: 2% Pr**, 30% Gd** MCs 36-%;;7;82 34-?29%9;75

Based on both the capability to emit intense up-converted UV-C radiation and how
efficient UV-C-induced dsDNA degradation was, I selected the most promising materials
for the experiment of human naked and enveloped virus species inactivation. All of
the synthesized CS NPs (i.e., LiYF4:2%Pr**@LiYF4, LiYF4:2%Pr**,15%Gd>*" @LiYFa,
NaYF4:2%Pr* @NaYFs, and NaYF4:2%Pr** 15%Gd* @NaYF4) were chosen due to
the generation of strong UV-C UC signal and higher amount of dsDNA degraded after
40 min of the irradiation with 447 nm CW laser beam, compared to the corresponding
C NPs. Among the synthesized MCs within the research scope, NaYF4:2%Pr** MCs
showed the greatest dSDNA degradation rate, even just after 20 minutes of up-converted

UV-C emission, therefore, this microphosphor was picked for further biological studies.
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5.4.4. Antiviral properties of selected Pr**-co-doped alkali-metal-based
NPs and MCs

The evaluation of antiviral properties of Vis-to-UV UC emission generated by
the selected Pr’*-co-doped alkali-metal-based NPs and MCs was decided to be conducted
on two common human virus species — HAdV-C5 and HSV-1. Although they have
the dsSDNA genome, its size is different (HAdV-C5 — 26+45 kbp, vs. HSV-1 — 152 kbp).
Additionally, the genome of HSV-1 is placed in lipid bilayer — the envelope. Infections
caused by HSV-1 are fairly ordinary, however, after the first one in the host’s organism
the virus particles remain latent permanently and the symptoms recurrence occurs
with any immune decline [150]. In contrast, HAdV-CS5 infects epithelial cells of the upper
and lower respiratory tracts, causes their lysis and thus allows progeny copies to spread
to neighboring cells [151]. For this study, different types of viruses were selected,
as according to European standards, similar effectiveness of a physical or chemical
disinfectant against viruses with comparable morphological characteristics can be

assumed [142].

Since the biological studies had to be performed in water, there was a need to transform
the earlier selected Pr**-co-doped CS NPs from organic phase to aqueous one. Therefore,
the experiment was preceded with acidic etching [147]. The resulting ligand-free CS NPs
were dispersed in distilled water to form stable suspensions. The concentration of
the materials estimated by the weight of dry solid residues was provided in Table 10 along

with the concentration of the diluted samples, used for the intrinsic cytotoxicity studies.

Table 10. Estimated concentration of the chosen Pr’*-co-doped LiYF4and NaYF,; CS NPs and MCs in water
suspension, provided in mg mL™

Estimated concentration [%]
25% of 50% of 100% of
Investigated material Size the initial the initial the initial
concentration | concentration | concentration

NaYF4:2%Pr’ " @NaYF4 NPs 7.5 15 30
LiYF4:2%Pr*",15%Gd** @LiYFs | NPs 8.75 17.5 35
NaYF4:2%Pr’*,15%Gd>* @NaYF, | NPs 9.25 18.5 37
LiYF4:2%Pr**@LiYF4 NPs 5.5 11 22
NaYF4:2%Pr** MCs 29.5 59 118
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Fig. 40. FT-IR spectra of the Pr’*-co-doped LiYF; and NaYF;NPs before and after
the organic-to-aqueous phase transfer

In order to verify the complete removal of organic ligands from the surface of the NPs,
FT-IR spectra were recorded (Fig. 40). Prior to surface functionalization (denoted in
Fig. 40 as ‘in chloroform’), NaYF4 and LiYF4 NPs exhibited two peaks at 2921 cm™!
and 2855 cm!, corresponding to the asymmetric and symmetric stretching vibrations
of the methylene (—CH>—) group in the long alkyl chain of oleic acid, a ligand utilized
during the NPs synthesis [152]. However, these characteristic peaks were no longer
observed in the FT-IR spectra after the NPs were transferred from the organic phase to
the aqueous one (denoted in Fig. 40 as ‘in water’). Therefore, their absence suggests
the oleic acid successful removal from the NPs surface, confirming the effective

displacement of the -HC=CH- group.

Further, in order to establish cytotoxic effects toward cell cultures, the non-colorimetry-
based method described in the EN 14476 standard was utilized. Within the study
one found the cytotoxic effects for all Pr’**-co-doped NPs and MCs used at the dilutions
up to 1072 The strong cellular toxicity was observed in the wells containing highly-
concentrated suspensions, whereas at further dilutions only a small fraction of cells was
destroyed. The reason for intrinsic CPE could be connected with the increased
concentration of H' ions, remaining after organic-to-water phase transfer, or, more likely,

in mechanical damage due to interactions occurring between particles and cells.

In the next step within the research scope, the capability of the selected Pr**-co-doped

NPs and MCs to inactivate HSV-1 and HAdV-C5 viruses was evaluated both before
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and after the irradiation with the 447 nm CW laser (Fig. 41, for exact efficiency rate
values see Table 11). All of the tested materials showed very high (99.99%) virucidal
efficiency against enveloped virus HSV-1, even as they were not exposed to laser
radiation. The reason supporting the immediate antiviral effect without irradiation could
be connected with simple physical contact between the enveloped virus particles
and the materials, regardless of their size. As far as the non-enveloped HAdV-C5 virus
was concerned, CPE was much weaker. Only NaYFs:2% Pr’* MCs exhibited
the inactivation efficiency at 99% when no radiation was utilized. On the contrary,
the selected NPs were not virucidal against this pathogen under the same conditions. Even
though both virus species have a dsDNA genome, HSV-1 was inactivated by all tested
materials at the highest level (=99.99%) without laser irradiation, while for HAdV-C5
the native cytotoxicity was not observed besides for NaYF4:2% Pr*" MCs. Such results
do not support the hypothesis that intrinsic virucidal activity is determined by the number
of genetic material strands. However, the lack of the lipid envelope might explain why
adenovirus was inactivation-resistant, while herpesvirus, an enveloped pathogen,
was relatively easy to eradicate even in the close contact with the materials. This idea
finds the support in yet another study, where virus species were classified into three main
categories, based on the increasing susceptibility to be neutralized by chemical
disinfectants: enveloped, large non-enveloped, and small non-enveloped [153].
Accordingly, herpesvirus could be ascribed to the first group, whereas adenovirus belongs

to the second one.
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Fig. 41. Virucidal properties of the tested water-suspended LiYF4 and NaYF4 CS NPs and MCs
before (green bars) and after (orange bars) the exposition to 447 nm CW laser radiation
(~1000 J cm™ light dose) against (a) HSV-1 and (b) HAdV-C5 virus species
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Table 11. Virucidal properties of the tested water-suspended LiYF4 and NaYF,; CS NPs and MCs before
and after 447 nm CW laser radiation exposition

Virus cytotoxicity Virus cytotoxicity
. . BEFORE AFTER
Investigated material . o L. . .

laser irradiation laser irradiation
HSV-1 HAdV-CS HSV-1 | HAdV-C5
NaYF, :2%Pr** MCs >99.99% 99% 99.9% >99.99%
LiYF4:2%Pr*' @ LiYF4 NPs >99.99% 0% 99.9% >99.99%
LiYF4:2%Pr*",15%Gd* @LiYF4 NPs >99.99% 0% 99% >99.99%

NaYF4:2%Pr** @NaYF4 NPs >99.99% 0% 99.9% 0%
NaYF4:2%Pr’*,15%Gd*> @NaYFs NPs | >99.99% 0% 99.9% >99.99%

The results were completely different when the 447 nm CW laser beam was utilized.
As already proven, the synthesized CS NPs and MCs were capable to emit UV-C radiation
due to the UC process occurring within the ladder-like energy level structure of Pr*" ions.
Consequently, it could interact with the selected naked and enveloped human virus
species. Since the water suspensions of CS NPs and MCs exhibited the cytotoxic effect
on HSV-1 virus, no significant difference was expected to be seen and, indeed, it was
experimentally confirmed. However, adenovirus irradiation with the 447 nm CW laser
in the presence of Pr’*-co-doped materials resulted in the virus mortality rate rocketing —
it increased to over 99.99%. Only the efficiency shown by NaYF4:2%Pr**@NaYF4 NPs

remained at constant level of 0%.

(a)

LiYF,: Pr¥* NPs LiYF,: Pr®*,Gd* NPs NaYF,: Pr®",Gd® NPs
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Fig. 42. The impact of the chosen suspensions on HAdV-C5 inoculated into A549 cells
(a) before laser irradiation, (b) after laser irradiation. The test formulations were exposed to the 447 nm
CW laser diode at ~1000 J cm™ light dose. Reproduced from Fatat et al [154]
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The provided results revealed that the synthesized CS NPs and MCs were capable to reduce
infectivity of naked virus species after the exposition to 447 nm CW laser radiation.
It is highly likely that UV-C radiation emitted via UC influenced on structure and morphology
of the virus, simultaneously blocking its interaction with the host cells which it was inoculated
onto. Consequently, as provided in the optical microscopy photos comparison for chosen NPs
(Fig. 42a — before and Fig. 42b — after the exposition to 447 nm laser radiation) neither
the cells rounding nor the detachment from the culture dish bottom induced by active virus
replication was noticed, which advocates for no CPE. The materials at the nanoscale exhibited
also better virucidal activity along with the intrinsic cytotoxic effect of lower magnitude
(see Table 11). The observed changes clearly indicated that Vis-to-UV UC process
in Pr’*-co-doped alkali-metal-based yttrium fluoride CS NPs and MCs could enhance their

germicidal action, even toward the viruses perceived as the most cumbersome to eradicate.

5.5. Conclusions

In this chapter I conducted a comprehensive optimization study on synthesis
of Pr’**-co-doped alkali-metal-based yttrium fluoride NPs and MCs, capable to generate
Vis-to-UV UC emission of sufficient brightness for commonly known human virus
species deactivation purposes. Using wet chemistry techniques, I successfully obtained
a series of NaYF4, LiYF4 and NaosKosYFs4 NPs, in some of which nanoarchitecture
two crucial components were distinguishable — the optically active Pr**-based core
and the epitaxially grown inert shell for enhancing emissive properties in the region
of interest. Some of these NPs were additionally co-doped with Gd** ions to improve
the up-converted UV emission. For comparison, the materials at microscale
were synthesized, bearing selected lanthanide ions at the corresponding molar
concentrations. Followingly, I registered the Vis-to-UV UC emission spectra of all
fabricated NPs and MCs. The band peaking at ca. 275 nm ascribable to the transition
occurring within the electronic structure of Pr’* ions was observed in all of them.
In the next step, I used the resultant UC luminescence to denature dsDNA in the aqueous
solution in order to select the most promising materials for the light-triggered inactivation
of naked and enveloped human virus species. For further studies I chose LiYF4
and NaYF4 CS NPs and NaYF4:2% Pr** MCs, as the up-converted UV-C radiation
generated within the 40 min exposure time to the collimated 447 nm CW laser beam
significantly reduced the dsDNA concentration. Since the biological tests required to be
conducted in water environment, I successfully transferred NPs from organic phase

to water by etching them with HCI solution.
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The biological experiment was performed on commonly known human virus species —
the enveloped HSV-1 and the naked HAdV-C5, both dangerous for human beings.
The results suggested that intrinsic virucidal activity was not based on the number of
genetic material strands, as both virus species have double-stranded genomes. The
intrinsic CPE caused by the selected materials was extremely high for HSV-1 (>99.99%),
even though they were not exposed to 447 nm radiation. The phenomenon could be
explained based on the interactions between the materials and the lipid bilayer forming
the envelope of herpesvirus. On the other hand, the dark cytotoxicity for the naked
adenovirus was not observed for the vast majority of Pr**-co-doped NPs. It is highly
probable then than Vis-to-UV UC affected the HAdV-CS5 structure, which reduced its
virulence toward the host cells. As a consequence, the investigated materials at the

nanoscale exhibited strong photoactivated virucidal activity, reaching the value of 99.9%.

The promising results of the biological experiment show the application potential of Pr**-
co-doped alkali-metal-based yttrium fluoride CS NPs and MCs as a source of
up-converted UV-C radiation, prone to provide photoeradication of virus species.
With well-established synthetic methods, they can be prepared in the form of dispersions,
ready to be modified for various purposes, e.g., development of self-disinfecting light-

activated surfaces or sterilizing wound dressings.
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CORE@MULTI-SHELL NPs DESIGN
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Fig. 43. The cross-section of core@multi-shell NPs synthesized and investigated in the chapter, consisting
of the NIR emitting/absorbing core (in red), the inert shell (in gray), and the UV emitting shell (in purple)



Chapter 6

Synthetic design of complex lanthanide-doped
core@multi-shell f-NaYF nanostructures for
concurrent emission in divergent spectral regions

My previous comprehensive studies unveiled that the synthesized B-NaYF4:Pr’*,Yb*"
and LiYF4:Pr**,Yb*" NPs exhibited an unusual feature of dual optical functionality
for concurrent Vis-to-UV UC-based dsDNA photodegradation and NIR-to-NIR
DC-based high-contrast bioimaging (vide Chapter 4). The epitaxial growth of
an additional inert shell on the Pr**-co-doped B-NaYF4and LiYF4 NPs resulted in the CS
NPs formation with the enhanced intensity of up-converted UV-C radiation, which was
successfully employed for human enveloped and naked virus species photoinactivation
(vide Chapter 5). Hence, having been provided with the promising spectral characteristics
of the Pr**-co-doped C and CS NPs in the wavelength regions of interest, in this chapter
I present the results on the advanced engineering of lanthanide-doped core@multi-shell
B-NaYF4 nanostructures exhibiting emission in both UV and NIR ranges, thus showing

significantly enhanced application potential for theranostics.

The novel approach to the scientific challenge of manufacturing materials
that demonstrate concurrent emission in UV and NIR spectral regions stems from
the spatial separation of optically active lanthanides. Through highly developed thermal
decomposition reaction methods, I synthesize the core@multi-shell B-NaYF4 nanoarchi-
tectures of well-defined size and shape, of which the cross-section scheme is presented in
Fig. 43. Doping the core with NIR-emitting and NIR-absorbing lanthanide ions, such as
Nd*, Yb**, or Tm*', effectively isolates them from parasitic quenching processes
as f-f transitions falling in the NIR range are more prone to be quenched by vibrational
modes of solvents or ligand molecules. Having been spatially isolated with the undoped
B-NaYF4 shell, the core@shell is covered with the Pr**-doped shell for Vis-to-UV UC-
based therapeutic purposes. The resulting nanostructures have yet another inert shell to
reduce the number of defects, depicted as PL intensity diminishing centers. Induced under
various excitation wavelengths (447 nm, 808 nm or 980 nm), the appearing UV and NIR
emission bands are highly likely to be utilized for antibacterial, antiviral or even

anticancer treatments and for optical bioimaging of high contrast, respectively.
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The conducted spectral analysis provides thus the solid evidence that lanthanide-doped
core@multi-shell B-NaYF4 NPs could be a significant step forward in the design of

nanomaterials with dual optical functionality for theranostic applications.

6.1. Introduction to the scientific problem

The intensive research on lanthanide-doped fluoride-based NPs and their broad potential
for application in cutting-edge technological solutions has spurred the development
of numerous synthetic protocols [155,156]. As briefly revised in Section 3.1, these
straightforward methods facilitate the formation of NPs varying in size, shape,
and elemental composition, simultaneously ensuring both low size dispersity within
the obtained batch and high reproducibility across multiple batches [64]. Furthermore,
thermal decomposition reaction of corresponding precursors enables the layer-by-layer
NPs synthesis, resulting in the formation of nanostructures of higher complexity,
1.e., CS structures. This opens up the possibility of obtaining various spatial distribution
of trivalent lanthanide ions within the NPs architecture and, consequently, investigating

its influence on their luminescent properties [157].

The initial reports on enhanced up-converted radiation (NIR-to-Vis UC) were provided
for core@undoped-shell NPs [38,141]. Later on, active-core(@active-shell nanosystems
were proposed for such purposes as enhancing UC efficiency [158], minimizing
undesired ET processes between trivalent lanthanide dopants [159], improving
the functionality of non-contact luminescence-based NPs for temperature and pressure
sensing [160], or shifting the excitation wavelength to better suit the prospective bio-
related applications in cells and tissues (e.g., changing the excitation source from 980 nm
to 808 nm to reduce the heating effect of water present in biological samples) [103,161].
Finally, core@multi-shell NPs were proposed to enable the spatial separation of doping
ions for engineering of various photon management processes [162]. For instance,
this approach to photon management processes was exploited by Su et al. to realize
the sequential absorption of six NIR-I photons, resulting in UV-C emission at ~254 nm
from Gd** ions incorporated into the host matrix forming the outer shell [163].
In the literature, significant emphasis is put also on inert undoped shells incorporated
amid the optically active segments of the nanoarchitecture, effectively inhibiting
unwanted CR processes between various lanthanide ions, thereby enhancing emissive
properties in the wavelength regions of interest [76]. Yet another approach employs

the heterostructures combining various host matrices (e.g., B-NaYF4 core and CaF; shell),
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which show low phonon energies and good structural matching in terms of UC emission

enhancement [74].

The depicted robust catalog of sophisticated internal fluoride-based nanoarchitectures
opens up the possibility of experimenting with photon management processes,
which could have a beneficial impact on luminescent properties in specific spectral
regions. Therefore, since I had provided the thorough analysis of B-NaYF4:Pr**Yb**
and LiYF4:Pr’*Yb®>" NPs luminescent properties in Chapter 4 and had proved the
enhanced up-converted UV-C emission of the Pr**-co-doped B-NaYF4 and LiYF4 CS NPs
in Chapter 5, I was fully motivated to investigate how the mutual separation and spatial
distribution of trivalent lanthanide ions within the engineered core@multi-shell NPs
influence Vis-to-UV UC and NIR-to-NIR DC emissions. I hypothesized that
the utilization of highly-developed method of thermal decomposition of corresponding
precursors in high boiling point surfactants enables complex [-NaYF4
core@shell@shell@shell NPs synthesis. Consequently, photon management processes
could be engineered to minimize the occurrence of parasitic ET processes between
various lanthanide ions, simultaneously leading to stronger emission signals in both UV

and NIR spectral regions.

My approach, which does exploit photon management processes engineering, is based on
synthesizing p-NaYF4 C NPs bearing 1% Nd**, 1% Tm>", or 10% Yb’" ions. In this way,
the complete separation of NIR-absorbing/emitting lanthanide ions from solvents
and ligand molecules is beneficial to eradicate any peristatic quenching processes [38].
Additionally, earlier optimized and reported in the literature, the molar concentration
of lanthanides was chosen to maximize emission intensity in the NIR range
and simultaneously reduce the probability of concentration quenching occurrence
between neighboring ions [140,164,165]. In the subsequent step, the first undoped shell
(depicted in the text and the figures as ‘NULL’) is epitaxially grown, leading to
the CS NPs formation and spatially separating the core from the second shell doped
with Pr** ions for Vis-to-UV UC (thus resulting in core@shell@shell NPs formation,
described within the text as ‘CSS NPs’). Finally, the last undoped inert shell is deposited
(core@shell@shell@shell NPs synthesis, marked within the text as ‘CSSS NPs’),
significantly reducing the amount of surface defects and thus protecting Pr** ions from

surface quenching. Resultantly, the following core@multi-shell nanostructures
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are formed (for enhanced text clarity the abbreviated forms are provided in the brackets
as they are utilized throughout this chapter):

e NaYF.:1%Nd** @NaYFs@NaYF4:1%Pr* @NaYF4 (Nd** @NULL@Pr** @NULL),

e NaYF.:10%Yb* @NaYFs@NaYF4: 1%Pr** @NaYFs (Yb* @NULL@Pr** @NULL),

eNaYF4:1%Tm @NaYFs@NaYF4:1%Pr’* @NaYF4 (Tm** @NULL@Pr " @NULL).
With regard to optical spectroscopy, the emphasis is placed on measurements in
the UV-C and NIR spectral regions to validate that the up-converted UV-C radiation
generation for prospective therapeutic purposes with the high-contrast NIR-II emission
for deep-tissue optical bioimaging could be combined within highly-advanced

core@multi-shell nanoarchitectures.

6.2. Materials

For B-NaYF4 core@multi-shell NPs synthesis the following chemicals were used: Nd>O3
(99.99%), Pr203 (99.99%), Tm203 (99.995%), Y203 (99.99%), Yb203 (99.99%), NaOH
(= 98.0%), NH4F (= 99.99%), acetic acid (pure for analysis, 99.5+99.9%), oleic acid
(technical grade, 90%), octadec-1-ene (technical grade, 90%), methanol (99%), ethanol
(99.8%), hexane, chloroform, and acetone. All reagents were purchased from Sigma

Aldrich and utilized without prior purification.

All of the B-NaYF4 core@multi-shell NPs series were prepared in accordance with the
protocol described in Section 3.1.2. The masses of the corresponding solid compounds
utilized in the syntheses were provided below in Table 12 for Nd**@NULL
@Pr* @NULL, Yb** @NULL@Pr**@NULL, and Tm* @NULL@Pr**@NULL B-NaYF4
NPs, respectively.

Table 12. Amounts of solid compounds utilized to synthesize NPs in each step of the N&**@NULL@Pr* @
NULL, Yb**@NULL@Pr*@NULL, and Tm**@NULL@Pr**@NULL B-NaYF ; core@multi-shell
nanoarchitecture (RE stands for Nd, Yb, and Tm, where appropriate)

Synthesized Compound mass [g]
p-NaYF4 nanostructure RE;O; Y203 Pr;0; NaOH NHF
Nd* 0.0034 0.2236 —
Nd**@NULL — 0.2258 —
Nd**@NULL@Pr** — 0.2236 | 0.0033 0.2000 | 0.2964
Nd**@NULL@Pr** @NULL — 0.2258 —
Yb* 0.0394 0.2032 -
Yb*@NULL — 0.2258 —
Yb*@NULL@Pr** — 0.2236 | 0.0033 0.2000 | 0.2964
Yb*@NULL@Pr**@NULL — 0.2258 —
Tm** 0.0039 0.2236 —
Tm* @NULL - 0.2258 -
Tm* @NULL@Pr** - 0.2236 | 0.0033 0.2000 | 02964
Tm** @NULL@Pr** @NULL — 0.2258 —




6.3. Characterization methods

6.3.1. Crystal structure
The crystal structure of all synthesized C, CS, CSS, and CSSS B-NaYF4 NPs

was investigated with the previously described STOE powder X-ray diffractometer

(see Section 4.3.1).

6.3.2. Morphology and size distribution

The TEM images were captured using an FEI Tecnai G? 20 X-TWIN TEM at the Faculty
of Chemistry at University of Wroctaw, Poland. The procedure to image the NPs
was described in detail in Section 4.3.2. The NPs size distribution analysis was performed
in OriginPro Software as the diameter size of 100 NPs in the micrographs had been

measured in ImageJ Software.

6.3.3. Spectroscopic features
The Vis-to-UV UC spectra of the dried samples deposited on the glass substrates

were recorded under ambient conditions with the custom-assembled setup.

The measurement procedure was explicitly explained in Section 4.3.3.

The Vis-to-Vis Stokes emission spectra (induced by 447 nm Xe lamp excitation)
of the NPs dispersed in chloroform were recorded with the FLS980 Edinburgh
Instruments PL spectrometer, along with the luminescence decay curves at chosen
emission wavelengths. Additionally, the selected NPs were investigated in terms of
NIR-to-NIR DC under either 808 nm laser diode excitation (MDL-N-808 nm, 8.5 W)
or 975 nm laser diode excitation (MDL-N-975 nm, 8.5 W). The laser beam was guided

to the spectrometer through a 1 mm thick glass fiber employed with collimation optics.

6.4. Results and discussion

6.4.1. Crystal structure and morphology
Sampling small volumes of the intermediate products (i.e., C, CS, and CSS NPs) after

each synthetic step enabled me the thorough analysis of B-NaYF4 core@multi-shell NPs
formation process. Primarily, XRD measurements of all dried samples (Fig. 44a-c)
revealed that obtained diffraction peaks were in good agreement with the standard XRD
pattern for undoped B-NaYF4 host matrix (ICSD #51916), which exhibits hexagonal

symmetry and is known to have a beneficial impact on up-converting properties
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of lanthanide-doped fluoride materials [166]. Importantly, the sequential epitaxial growth
of additional layers did not alter the crystal structure of the synthesized nanoarchitectures,
thus demonstrating the feasibility of the selected synthetic procedure for obtaining
the high phase purity core@multi-shell B-NaYF4 NPs. Additionally, it is noteworthy
that within B-NaYF4 host matrix, Nd**, Yb**, Tm?", and Pr*" ions could be incorporated
at the selected molar concentration without significant alteration of crystal lattice.
It is possible due to the similar ionic radii of the ninefold coordinated Nd** (1.163 A),
Yb¥* (1.042 A), Tm*" (1.052 A), and Pr** ions (1.179 A), compared to the ionic radius
of Y** ions, which are substituted throughout the crystal lattice (1.075 A) [124].
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Fig. 44. XRD patterns of (a) Nd**-co-doped (b) Yb*"-co-doped, and (c) Tm**-doped core@multi-shell
p-NaYF,; NPs series monitored after each step of synthesis vs. theoretical pattern of f-NaYF s host matrix
(ICSD #51916)
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Parallelly, the morphology and mean length and width distributions were evaluated based
on the TEM measurements for the diluted samples. The TEM images and the mean size
distribution histograms were provided in Fig. 45-47 for the formation series
of Nd**-co-doped, Yb**-co-doped, and Tm**-co-doped core@multi-shell p-NaYF, NPs,
accordingly. From the outset, all synthesized NPs exhibited size anisotropy, even more
noticeable with the deposition of additional shells on the C NPs. The similar formation
behavior was reported for other lanthanide-doped core@multi-shell B-NaYF4 nanostruc-
tures. The explanation was attributed to the utilization of oleic acid as a capping agent,
which promotes the shell growth rather from the six lateral faces of B-NaYF4 host matrix
than along the ¢ crystallographic direction [167]. The length and width of C NPs
doped with Nd**, Yb**, and Tm** ions were 25.2 + 1.2 x 19.2 = 1.4 nm, 28.1 + 1.8 x
17.8 = 1.4 nm, and 17.2 = 1.2 x 14.4 = 1.3 nm, respectively. As the first inert shell
was deposited, there was no significant change in the mean length and width
of Nd**@NULL CS NPs (27.7 + 2.4 x 24.6 + 2.5 nm), whereas Yb>*@NULL
and Tm** @NULL CS NPs exhibited alterations (57.8 + 3.8 x 24.3 £ 2.5 nm and
28.4+ 1.8 x 17.0 £ 1.2 nm, accordingly). The epitaxial growth of the second shell, bearing
optically active Pr** ions for Vis-to-UV UC, promoted the formation of more elongated
nanostructures, even though with larger length and width NPs dispersion. The sizes
of the intermediate Nd** @NULL@Pr**, Yb** @NULL@Pr**, and Tm** @NULL@Pr**
CSS NPs were 43.8 + 3.1 x 31.5 £ 3.5 nm, 59.7 £ 46 x 40.5 £ 3.1 nm,
and 352 + 3.1x20.0 £ 1.6 nm, correspondingly. It is worth highlighting that
the Yb**@NULL@Pr** CSS NPs transformed temporarily from nanorods
to nanoellipsoids, highly probably due to acidic etching with oleic acid molecules,
occurring at high synthesis temperature [167]. The last deposited inert shell led to CSSS
nanorods formation with the average size of 63.7 = 3.2 x 33.3 + 2.5 nm for Nd** @NULL
@Pr** @NULL CSSS NPs, 64.5 + 4.3 x 44.0 + 3.8 nm for Yb** @NULL@Pr**@NULL
CSSS NPs, and 53.5 2.9 x 25.1 £ 2.1 nm for Tm** @NULL@Pr**@NULL CSSS NPs.

The detailed analysis of both crystal structure and morphology validates the effectiveness
of thermal decomposition protocol described by Abel et al. [§7] for synthesizing not only
core components, but also allowing for the sequential deposition of additional layers
of different elemental composition. Consequently, this approach results in successful

formation of lanthanide-doped core@multi-shell B-NaYF4 nanostructures.
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Nd**-based B-NaYF4core@multi-shell NPs formation
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Fig. 45. TEM images (left column), length distribution histograms (middle column),
and width distribution histograms (right column) of Nd**-co-doped C, CS, CSS, and CSSS p-NaYF; NPs
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Yb3*-based B-NaYF4+ core@multi-shell NPs formation
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Fig. 46. TEM images (left column), length distribution histograms (middle column),
and width distribution histograms (right column) of Yb**-co-doped C, CS, CSS, and CSSS p-NaYF; NPs
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Tm3*-based B-NaYF4core@multi-shell NPs formation
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Fig. 47. TEM images (left column), length distribution histograms (middle column),
and width distribution histograms (vight column) of Tm**-co-doped C, CS, CSS, and CSSS B-NaYF; NPs
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6.4.2. Spectral characterization

In the next step, I investigated how the designed internal nanoarchitecture, i.e., selection
of optically active trivalent lanthanide ions, their spatial distribution, and mutual
separation with the undoped B-NaYF4 shell, affects luminescent properties. Having
utilized various Vis and NIR excitation sources of different power density, I registered
emission spectra of the obtained core@multi-shell B-NaYF4 NPs in divergent spectral

regions, including UV, Vis, and NIR emission lines.

In the beginning, I characterized the capability of the CSS and CSSS B-NaYFs NPs,
containing Pr’" ions, to emit up-converted UV radiation upon Vis excitation
and the prospective influence of Nd**, Yb**, and Tm** core co-dopants on UV emission.
It is noteworthy that the Vis-to-UV UC spectra of CSS and CSSS B-NaYF4 NPs
(Fig. 48a-c) could only be interpreted in a qualitative manner, not a quantitative one.
Even though the experimental conditions (e.g., optical setup alignment, excitation power,
and acquisition time) were maintained during the measurements, I was not able to ensure
the equal NPs concentration while depositing them on the glass substrates,
thus the emission intensity changes are highly likely to derive from differences in samples
concentrations. In the registered emission spectra induced under the 447 nm laser diode
excitation, the dried samples deposited on the glass substrate exhibited a broad band
peaking at ~270 nm, which could be ascribed to 4f5d—>H,/’F) electronic transition
in Pr** ions, as depicted in the energy level diagram in Fig. 48g. These results
are consistent with my previous studies on Vis-to-UV UC of Pr’*-based B-NaYF.
and LiYF4 NPs, described in Chapter 4 [140]. As expected, the emission occurred after
the sequential absorption of two 447 nm photons generated by the laser diode. The first
photon excited P states in Pr’* ions, which was followed by the population of 4£5d level
due to another 447 nm photon absorption. Furthermore, the incorporation of Nd** or Yb**
ions into the core did not influence on the spectral characteristics of Vis-to-UV UC
of Pr’* ions (Fig. 48a-b). Since in the UV spectral range there is no overlay of Nd**
or Yb*" energy levels with the Pr** ones, one could imply that the process of sequential
two-photon absorption and the resultant 4fSd—>H,/°F; transitions were not affected.
However, the utilization of the Tm** ions bearing core led to interesting results (Fig. 48¢)
and the most possible explanation for this phenomenon is ET from Pr’** to Tm>" ions,
occurring across the inert B-NaYFs shell of the average thickness 4.9 = 0.9 nm.

As a consequence, 'Is and 'D» energy levels in Tm*" ions were excited, hence their
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depopulation resulted in emission at ~350 nm and ~366 nm, assignable to Is—>F4
and 'D,—>Hg electronic transitions, respectively (see energy diagrams of Pr** and Tm>"
ions in Fig. 48¢g). In general, the appearance of two additional emission bands in UV-A
range concurrently with UV-C radiation portrays Pr**,Tm>*-co-doped core@multi-shell
B-NaYF4 NPs as materials of highly developed photoinducible disinfecting properties.
It is worth recalling herein that the up-converted UV-C radiation generated by Pr** ions
damages dsDNA, which I have already confirmed in Chapter 4 of my doctoral
dissertation. On the other hand, UV-A radiation can stimulate endogenous
protoporphyrins present in bacteria and viruses to generate ROS, such as hydroxyl
radicals or H203, leading to the eventual apoptosis of pathogenic cells [10,11]. Therefore,
the combination UV-A and UV-C emission lines induced upon Vis-to-UV UC process
within the presented Tm**@NULL@Pr* @NULL pB-NaYFs NPs provides
anew insight into materials design for germicidal actions, exploiting various mechanisms
of bacteria and virus species inactivation. More information on this ion combination

in terms of light-triggered disinfection is also provided in Chapter 8.

As a next stage, I decided to characterize the Stokes emission of the Pr**-doped CSS
and CSSS B-NaYF4 NPs in Vis range, induced upon the exposition to 447 nm photons
emitted by the Xe lamp. In the measured spectra (Fig. 48d-f) the typical f-f emission lines
for Pr** bearing materials peaking at ca. 470, 483, 523, 540, 607, 640, and 722 nm were
observed, which could be ascribed to *P;—>Hy, *Po—>H4, 'I¢—>Hs, *P1—>Hs, *Po—>Hs,
3Po—>F, and *Po—>F3 4 transitions, respectively, as provided in the energy level structure
of Pr*" ions (Fig. 48g). The similar emission bands of Pr** ions were registered for other
compounds at the nanoscale, e.g., LaF3:Pr’* NPs [168]. Moreover, in the spectra
there were no additional peaks ascribable to the electronic transitions occurring
in trivalent lanthanide ions doped into the core, hence the inert shell successfully
suppressed the ET. The final shelling with the undoped protecting layer slightly enhanced
emission intensity in the spectral region of interest for all investigated samples,
with the highest for the Tm*'-based P-NaYFs CSSS NPs. For better insight into
Vis-to-Vis  Stokes emission occurring from the designed core@multi-shell
nanoarchitectures, I recorded luminescence decay curves for the emission bands peaking
at 483 and 607 nm and fitted exponential curves (Fig. 49a-f). The determined
luminescence LTs of Py energy level spanned between 20+30 us (see the exact values

in Table 13) and were in the similar time range as the ones reported for Pr**-doped
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fluorides [169—-171]. It implies that neither the materials nanoarchitecture nor the inert
shelling elongated the luminescence LTs. The exemptional LTs of the Py excited state
were however found for Tm**@NULL@Pr** B-NaYF4 NPs. Compared to the NPs with
the Nd**- and Yb**-based core, the shorter LTs values (15.270 = 0.039 ps registered
at 483 nm and 16.556 + 0.052 ps registered at 607 nm) suggest the high probability of ET
between Pr** and Tm** ions through the inert shell, which is consistent with the additional
1¢—F4 and 'D,—>Hp electronic transitions observed in the Vis-to-UV UC emission

spectra of Pr**, Tm>"-co-doped CSS and CSSS B-NaYF4 NPs.
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Fig. 48. (a-c) Vis-to-UV UC emission spectra and (d-f) Vis-to-Vis DC emission spectra
of Nd&**-co-doped (upper line), Yb?*-co-doped (middle line), and Tm**-co-doped (lower line)
CSS and CSSS p-NaYF 4 NPs
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Table 13. Calculated luminescence LTs of Pri*’Py excited energy levels, measured at 483 and 607 nm,

respectively for Nd*'-co-doped, Yb*'-co-doped,

and Tm*'-co-doped CSS and CSSS

p-NaYF; NPs

Investigated sample 7 at 483 nm [ps] 7 at 607 nm [ps]

Nd*@NULL@Pr** 25.439£0.013 27.050 £ 0.012
Nd&** @NULL@Pr** @NULL 28.701 +0.018 27.040 + 0.027

Yb** @NULL@Pr** 23.765+0.018 22.901 +0.031
Yb** @NULL@Pr** @NULL 22.151 + 0.044 23.936 + 0.045

Tm** @NULL@Pr** 15.270 + 0.039 16.556 + 0.052
Tm**@NULL@Pr**@NULL 29.100 + 0.027 29.829 + 0.055
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In the following step of spectroscopic studies I focused on the investigation whether
the synthesized core@multi-shell nanoarchitectures exhibit NIR-to-NIR DC, applicable
for bioimaging purposes. I was particularly interested to observe the NIR-II emission
at ca. 1320 nm, coming from Pr**ions (!G4—>Hs electronic transition) [140], which could
be associated with energy transfer from Tm?", Yb** or Nd** ions, doped into the core,
to Pr**ions, incorporated into the optically active shell. The NPs co-doped with Yb**ions
in the core irradiated with the 975 nm laser diode did not exhibit the emission in the region
of interest (emission spectrum not shown). On the other hand, the ET exhibiting
Tm**-based B-NaYF4 CSS and CSSS NPs did not show the emission bands in NIR-II
region when exposed to 808 nm laser diode irradiation (emission spectrum not shown).
In these NPs series, the prospective reason for the lack of ET to Pr’* ions could be linked
with the NIR radiation suppression due to the spatial separation of donor and acceptor
with the inert shell. For the investigated in the literature NaYF4:Tm*",Yb** @NaYFs@
NaYF4:Er** CSS NPs the analogous conclusions were drawn, in which the excited states
of Tm>" could not be deactivated through ET in NIR spectral region to Er** ions doped
into the outer shell [172].

However, the investigation revealed the noteworthy findings in the NIR region
for the Nd**-based core@multi-shell NPs (Fig. 50a). The 808 nm laser excitation induced
*1o9,—*Fsp electronic transition, commonly described in the literature for Nd** ions [173].
The non-radiative relaxation led to the *Fs» energy level population and, resultantly,
the intensive emission bands at ca. 860, 1050, and 1330 nm were recorded, corresponding
to ‘Fip—*on, “F3p—'lip, and “*F3p—*li3n electronic transitions, respectively
(for the detailed overview see the Nd*' energy level structure in Fig. 50b) [108].
Therefore, the Nd**-based P-NaYFs core@multi-shell NPs could be considered
as interesting candidates for bioimaging nanoprobes, since they were able to exhibit
NIR-to-NIR DC emission, favorable for high-contrast bioimaging of biological systems.
Such an application of the synthesized Nd**-based B-NaYFs CSSS nanoarchitecture
seems to be more appealing compared to Yb>*-based nanomaterials. It is due to the fact
the 808 nm excitation wavelength for Nd** ions is less prone to be absorbed by water
robustly present in cells than the 980 nm wavelength, commonly used to excite Yb*" ions.
Therefore, the utilization of Nd*" instead of Yb** for the preparation of nanomaterials

for bio-related applications allows to avoid the biological tissues overheating [17].
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Fig. 50. (a) NIR-to-NIR DC emission of the Nd*"-co-doped p-NaYF, core@multi-shell NPs series,
Inset: the emission band corresponding to *1o,—*Fs; electronic at 10-manifold magnification

6.5. Conclusions

In this chapter, I report successful design and synthesis of complex lanthanide-doped
B-NaYF4 core@multi-shell nanoarchitectures to realize various photon management
processes, resulting in concurrent emission in UV and NIR spectral regions.
The conducted spectroscopic analysis proves that Pr** ions, incorporated into the second
shell, are capable to generate UV-C radiation due to sequential absorption of two 447 nm
photons. Furthermore, the resulting UV-C emission is barely affected by peristatic
quenching processes, hence it could be effectively employed for light triggered
germicidal, virucidal, and even anticancer applications. It is worth highlighting that Tm?>*-
based -NaYF4samples provide additional up-converted emission bands in UV-A spectral
range. This fact portrays them as a compelling option among the robust collection
of UV-emitting phosphors as they simultaneously show UV-A and UV-C lines, having
completely different mechanisms of pathogens photoinactivation, which might provide
the enhanced therapeutic effect. As far as the luminescent properties in NIR-I and NIR-II
spectral regions are considered, the Nd*"-co-doped B-NaYF4 core@multi-shell NPs show
the best performance. When excited upon 808 nm, they exhibit emission lines in NIR-I

and NIR-II, appropriate for high-contrast bioimaging in biological tissues.

The thorough spectroscopic analysis of the synthesized core@multi-shell NPs provides
a broader insight on the luminescent properties of the utilized lanthanide ions and photon

management processes. Since Tm>*-based NPs exhibit the best performance in UV range
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whereas Nd**-based NPs — in NIR-II range, it is troublesome to designate
the nanoarchitecture of the optimal efficiency for prospective theranostic applications.
However, it is worth considering to combine the aforementioned Tm>" and Nd**co-doped
nanosystems and study it in detail as a whole. In Nd&**@NULL@Pr** Tm**@NULL
B-NaYFs4 nanostructure, bearing lanthanides of optimized molar concentration,
the Nd**-doped core would be utilized for NIR-to-NIR DC-based optical bioimaging,
while Tm*" and Pr’** ions would be co-doped simultaneously into the second shell
to enable more efficient ET, leading to UV-A and UV-C emission intensity enhancement

for synergic therapeutic effect against bacteria, viruses or even cancer cells.
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was conducted on the courtesy of B. Cichy. Additionally, under his guidance I registered
other spectroscopic features of the synthesized NPs, i.e., Vis-to-Vis Stokes emission,

NIR-to-NIR DC emission, and the kinetics of luminescence decay curves.
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Chapter 7

Photon management processes in Tm’ ,Pr-
co-doped f-NaYF4 MCs for concurrently enhanced
emission in biologically significant spectral regions

Within this part of the doctoral dissertation I focus on Tm*" ions — another lanthanide ions
type which is known for the ability to efficiently up-convert to UV radiation as well as
to down-convert to NIR radiation under blue Vis irradiation. However, Tm*'-based
materials, when intended for theranostic purposes, should exhibit strong PL signals
in both UV and NIR spectral ranges. Therefore, within this research I direct my attention
toward co-doping with another rare-earth ion as one of the possible strategies
to concurrently enhance Stokes and anti-Stokes PL intensity exhibited by Tm>"-based
B-NaYF4 MCs. To tune the emission intensity output, I opt for Pr** ions co-incorporation
into the host matrix, since their excitation wavelength matches the energy difference

between Tm**":*Hg and Tm>":'G4 energy levels.

I manufacture the microphosphors through solid state synthesis — a method facilitating
the formation of materials exhibiting brighter UC emission. The synthetic procedure does
not require organic ligands, which presence might diminish the up-converted UV
emission intensity. Although the resulting powder samples are easier to handle and utilize
compared to NPs suspended in organic solvents, they typically exhibit poorly defined
morphology, which is difficult to control during the synthesis process. 1 record
Vis-to-Vis/NIR DC and Vis-to-UV UC emission spectra for the Tm*" only doped
and Tm?",Pr**-co-doped samples (Fig. 51). With the aim of better understanding
of photon management processes emerging within and between the ladder-like energy
level structures of the simultaneously excited Tm** and Pr*" ions, I register PL decay
curves at chosen emission wavelengths falling in UV and NIR spectral ranges.
The presented methodology provides valuable insights into the synergistic
ET mechanisms occurring between Tm** and Pr’* ions, specifically in terms of their
excited-state dynamics. Moreover, it highlights the significant contribution of Pr*" ions
to the depopulation of long-lived excited energy levels of Tm?* ions, thus enhancing

the ET efficiency.
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7.1. Introduction to the scientific problem

As provided in Section 2.3, energy associated with the incident photons undergoes various
radiative and non-radiative conversion processes, having been absorbed within electronic
structure of lanthanide ions. It usually occurs at the same moment, therefore, the resultant
radiation output is registrable as narrow emission bands in a broad part of the electro-
magnetic spectrum, including UV, Vis, and NIR spectral ranges [157]. Depending on
the size of the considered materials, whether in the form of bulk, at the micro-
or nanoscale, the synthesized crystals could be employed for novel photonics devices
fabrication with the application potential in photovoltaics or telecommunication [174].
The concurrent emission in UV and NIR ranges appears also to be interesting regarding
manufacturing of theranostic devices [118]. The results presented in Chapter 4 for
Pr**,Yb*"-co-doped B-NaYFsand LiYF4 NPs clearly depict that the development of such
lanthanide-doped materials showing optical bimodality is strongly needed. Nevertheless,
the research on their capability to emit strong PL signals in both spectral regions of
interest still remains challenging, mostly due to lanthanide ions molar concentration
optimization and spatial distribution in hosts (crystalline or vitreous) to both minimize
the non-radiative processes occurrence, e.g., concentration quenching via CR,

and maximize the probability of ET processes needed, for instance, for efficient UC [175].

In the course of work to encounter a solution for the presented scientific challenge,
my attention was attracted by the robust ladder-like energy level structure of Tm*" ions
(vide Fig. 10), within which it is possible to realize a great number of photon management
processes [49]. Tm**-based materials exhibit Vis and NIR Stokes DC emission, resulting
from the depopulation of excited energy levels, usually preceded with partial energy loss
due to non-radiative relaxation processes. Additionally, when the requirements are met,
the sequential absorption of two or more photons is attainable, which leads to
the up-converted emission. In the experiments for solely Tm?'-doped materials,
Vis-to-UV and NIR-to-Vis UC emissions were registered after the absorption of two blue
Vis or NIR photons, accordingly [176,177]. However, exploring alternative approaches
to shift the excitation wavelengths and overcoming low absorption could be highly
beneficial, as it may broaden the application potential of these materials. One of
the possible solutions is to incorporate into the host matrix of choice another lanthanide
ion at optimized molar concentration, acting as a SEN and transferring a part of

the absorbed energy to an ACT, which eventually emits radiation at the desired
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wavelength. For instance, the Tm**Yb*" ions pair exhibits NIR-to-NIR, NIR-to-Vis,
and NIR-to-UV UC emission as Yb*>' ions are excited with 980 nm radiation, which
pictures it as one of the most efficient ETU optical systems. Furthermore, it can be
feasibly introduced into vitreous samples and crystalline matrices. The synthesis
of materials at the micro- and nanoscale unlocked in vivo applications, in which
NIR-to-UV UC of the complex multistep mechanism plays a crucial role [178-181].
In another case, the ions combination of Tm?" and Er’" was co-doped into
a vitreous host matrix. The 976 nm NIR photons could be harvested by Er’* ions,
transferring then energy to Tm** ions, which eventually emitted radiation at ca. 1800 nm
[182]. On the other hand, efficient lasing properties of solely Tm**-doped materials
for telecom applications at ca. 1500 nm are usually severely hindered due to self-
termination of the *Hs—>F4 electronic transition. It does not allow population inversion
to occur, which is caused by the extremely high value of Tm*":*F4 excited state LT
(depending on host matrix type, reaching even up to a several ms), one order of magnitude
longer than Tm*":*Hs energy level LT (tens or hundreds ps) [183,184]. Therefore,
yet another rare earth ions pair was proposed, namely Tm>*,Pr**. Owing to the comparable
values of Tm*"°F4 and Pr**’F, excited states energy (vide infia the energy level
structures of both ions in Fig. 54a), Pr** ions served as deactivators of Tm**:*F4 excited
state. It assured a high probability of ET occurrence, which led to the substantial emission
enhancement in the targeted spectral range due to PL LT reduction [185]. The described
combination was also studied in terms of UV sensitization of Tm>" ions, followed by ET
to Pr’* ions, resulting in Vis DC emission from the latter. However, in the literature the
influence of Pr** ions on anti-Stokes UV UC emission from Tm>* ions has been scarcely

reported.

Having taken into consideration the current knowledge status on luminescent properties
enhancement of Tm>" ions, in this chapter I decide to focus on the Tm?*,Pr** ions pair
and its capability for simultaneous improvement of UV UC and NIR DC emissions from
Tm?** ions. I opt for incorporating the selected ions combination into B-NaYF4 host matrix,
known for its low phonon energy and thus facilitating UC [166,186—188]. The MCs
are obtained through solid state synthesis, which according to the literature reports
enables manufacturing of materials of brighter UC emission in comparison
with hydrothermal methods [91]. The reason standing for it could be connected

with the absence of organic ligands on the surface of the material. Such capping agents
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as citric acid or EDTA could absorb the up-converted UV radiation, hence affecting
emission intensity of the microphosphors. In the subsequent step, I investigate them upon
466 nm pulse nanosecond laser, having confirmed that the excitation wavelength matches
the energy difference between not only Tm*":*He and Tm>":'G4 energy levels, but also
between Pr**:*Hs and Pr’*:3Py, 'Is [49]. The enhancement of Tm>" ions emission through
co-doping with Pr’* ions is attributed to efficient ET between the simultaneously excited
ions — a feature particularly valuable for practical applications, given the availability
of inexpensive and powerful LEDs emitting at 466 nm. To evaluate this effect, I record
Vis-to-NIR PL and Vis-to-UV UC spectra at varying laser power densities, along with
PL decay curves for the relevant intermediate excited states. Compared to singly Tm>'-
doped material, the Tm** Pr’**-co-doped B-NaYF4 MCs exhibit significantly enhanced
emissions in both the UV-C and NIR spectral regions. These results highlight their
potential of a single co-doped material to simultaneously support light-triggered
disinfection and deep-tissue bioimaging, paving the way for multifunctional real-life

applications.

7.2. Materials
In the synthesis of B-NaYF4 MCs the following chemicals were utilized: NaF (=99%),
YF3 (299%), PrF3 (99.9%) , TmF3 (299.99%), NH4F (>98%), and (NH4)HF> (95%).

All reagents were purchased from Merck Group and used as received.

The lanthanide-doped B-NaYFs MCs series was synthesized according to the protocol
described in Section 3.2.2.1. The masses of the utilized solid compounds were provided

below in Table 14.

Table 14. Summary for the amount of solid compounds used to synthesize the lanthanide-doped p-NaYF 4

MCs series
Compound mass [g]
Dopants NaF YF3 PrF; TmF3 | NH4F
1% Tm*" 1.5311 - 0.0239
5% Tm*" 0.4451 1.4692 - 0.1197 | 0.5000
1% Tm?*", 1% Pr** 1.5083 0.0210 | 0.0239
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7.3. Characterization methods

7.3.1. Crystal structure
In order to verify crystal structure of the synthesized lanthanide-doped B-NaYF4 MCs,

the ground materials were analyzed using a Malvern Panalytical Aeris benchtop powder
X-ray diffractometer. Each time the smooth layer of the MCs powder was prepared
in a sample holder. The filtered CuKa, radiation operated in the 15+75° 26 range
in the Bragg-Brentano geometry.

7.3.2. Morphology

The finely ground MCs were sprinkled onto a piece of carbon tape for morphological
examination, conducted with a Jeol JSM-6610LVnx SEM, equipped with the Oxford
Aztec Energy EDS for detailed elemental composition analysis (see Section 5.3.2

for the procedure).

7.3.3. Spectroscopy features

All spectroscopic studies were conducted using either Edinburgh Instruments FLS900
(for UV and Vis emission) or FLS920 (for NIR emission) spectrometers in ambient air
at room temperature. The samples were prepared on a brass holder with a drilled cavity
of small dimensions to ensure a consistent volume of each powdered material within
the excitation spot. During the measurement series no alterations in the setup
were introduced, thus allowing the collected spectra to be interpreted both qualitatively

and quantitatively by direct comparison of absolute intensities.

The PL excitation spectra were recorded using a Hamamatsu R928 PMT detector
with a 450 W Xe lamp as the excitation source. The Stokes DC emission in Vis and NIR
spectral ranges as well as the anti-Stokes Vis-to-UV UC emission were induced using
a tunable optical parametric oscillator (OPO) Opotek Opolette HE 355 II (pulse power:
10 mJ, pulse duration: 10 ns, repetition rate: 20 Hz — maximal excitation power density:
300 kW cm2), based on the third harmonic generation in YAG:Nd**. The setup operated
exclusively at the wavelength of 466 nm with the laser beam unfocused. UV and Vis
photons emitted by the excited samples were collected with a Peltier-cooled PMT
Hamamatsu R928, while NIR photons were gathered with an Hamamatsu R5509-72
PMT, cooled with liquid nitrogen. The appropriate filters, including short-pass,

band-pass, long-pass as well as power density filters were used when needed.
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The PL decay curves were registered using MCS method, which was already

implemented in both Edinburgh Instruments spectrofluorometers.

7.4. Results

7.4.1. Crystal structure and morphology

In this study, the lanthanide-doped B-NaYFs MCs capable to simultaneously emit
in UV and NIR spectral regions under Vis excitation were synthesized. The solely Tm?'-
doped B-NaYF4:1%Tm>" MCs and B-NaYF4:5%Tm?*" MCs, and the co-doped B-NaYFa:
1%Tm*",1%Pr** MCs were obtained through solid state synthesis. Quenching effects
through CR in the manufactured microphosphors were highly likely to impact
on their spectroscopic properties, therefore, the chosen Tm** and Pr** ion concentrations
were tailored in a way to avoid their occurrence [140]. The patterns of the performed
XRD measurements revealed diffraction peaks, ascribable to the ones for standard
undoped B-NaYF4 host matrix (ICSD #51916) (Fig. 52). It indicated that the selected
lanthanide ions could substitute Y>* ions with no disruption of hexagonal symmetry
of the host lattice, which is connected with the comparable ionic radii of ninefold-

coordinated Y>* (1.075 A), Tm** (1.052 A), and Pr** (1.179 A) ions [124].
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Fig. 52. XRD patterns of the synthesized lanthanide-doped p-NaYFy MCs.
All of the registered patterns were ascribed to the one of undoped p-NaYF4 host matrix (ICSD #51916)
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On the contrary, investigated under high-power electron beam (Fig. 53a-c, left column),
the finely ground MCs appeared structurally as similar to the already reported
and obtained in the same manner lanthanide-doped B-NaYFs MCs [91,189].
Not to mention, their size and shape were comparable, although solid state synthesis only
provides limited control on these parameters, as indicated in the literature.
The EDS elemental maps registration (presented in Fig. 53a-c, right column) confirmed
that all elements, which were intended to be incorporated into the host matrix,

were uniformly distributed across the samples.

(a) B-NaYF, : 1% Tm3* MCs

Na Ka1_2

(b) B-NaYF, : 5% Tm?3* MCs

(c) B"NEYF4 1% Tm?3*, 1% Pr3* MCs

Na Ka1_2

Fig. 53. SEM images (left column) and EDS elemental composition maps (vight column)
for the synthesized Tm>*-based materials: (a) f-NaYF4:1% Tm** MCs, (b) B-NaYF+:5%Tm>* MCs,
(c) B-NaYFy:1% Pr’*,1%Tm*" MCs
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7.4.2. Spectroscopic features

Since the synthesized lanthanide-doped powders were classified with regard to crystal
structure and morphology as B-NaYF4 MCs, I investigated them in terms of spectroscopy.
For better clarity of data analysis within the presented chapter of the doctoral dissertation,
the energy level diagrams of Tm’" and Pr** ions incorporated into B-NaYFs MCs
with all observed electronic transitions and possible pathways leading to emission

from the excited energy levels were presented in Fig. 54a-d.
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Fig. 54 Energy level diagrams of Tm>" and Pr’*ions with the excitation lines (466 nm)
and emission lines in UV, Vis, and NIR spectral ranges: (a) emission lines in Vis,
(b) emission lines in NIR, (c)(d) proposed pathways leading to the up-converted Vis-to-UV emission
Sfrom Tm*:'I5 and from Tm**:'D; energy levels

7.4.2.1. PL excitation spectra

The analysis of photon management processes emerging within the energy level
structures of the incorporated ions was preceded by the registration of PL excitation
spectra for singly Tm**-doped and Tm** Pr**-co-doped MCs in 250+550 nm spectral

range (Fig. 55a-b). The emission monochromator was fixed at 646 nm, since both ions
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tend to emit at this wavelength — Tm>" ions from Tm>":'G4 and Tm>":’D; energy levels

whereas Pr**ions from Pr**:*Pj energy level [140,190].
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Fig. 55. PL excitation spectra of the synthesized (a) B-NaYF;:1%Tm’* & B-NaYF 4. 5%Tm** MCs;
and (b) B-Na¥Fy:1%Tm**,1%Pr* MCs, monitored at 646 nm

For B-NaYF4:1%Tm*" and B-NaYF4:5%Tm*" MCs (Fig. 55a) the excitation bands peaked
at ca. 260, 275, 285, 360, and 466 nm, which indicated for *Hs—">P1, *Hs—>Po, *Hs—'Is,
3He—'D>, and *He¢—'G4 electronic transitions, accordingly. It stays in good agreement
with the bands observed for Tm?" ions, incorporated into such vitreous host matrices
as LiKB4O7 and potassium zinc aluminoborosilicate [191,192]. As far as the Tm?>",Pr*-
co-doped sample was considered, there were two additional bands observed in the
excitation spectrum, peaking at ca. 443, and 483 nm, possible to assign to the transitions
in Pr** ions from 3Ha ground state to >P2, and Py higher energy levels, correspondingly
(Fig. 55b). They were also registered as PL excitation lines for various Pr’**-doped
vitreous or crystalline materials in the form of bulk, at the micro- or nanoscale, e.g.,
germanate-based or fluorotellurite glasses, StF2:Pr*" powders or YF3:Pr** NPs [193-196].
The excitation band at 466 nm was the overlay of the *Hs—'G4 electronic transition in
Tm?" ions and the 3Hs—>P},'I electronic transitions in Pr’* ions, as already reported for
PbF, single crystal or LaxO; nanorods [197,198]. Therefore, as the simultaneous
excitation of two different lanthanide ions incorporated into the host matrix could reveal
interesting spectroscopic features connected with photon management processes in
Tm** Pr**-co-doped B-NaYF4MCs, I decided to proceed with the investigation utilizing
the 466 nm wavelength.

139



7.4.2.2.  Vis-to-Vis/NIR DC emission
In order to analyze photon management processes in the synthesized Tm?*"-based

B-NaYFs MCs, the first step was to register the VIS-to-NIR DC emission upon 466 nm
laser excitation (Fig. 56a-b).
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Fig. 56. Vis-to-NIR DC spectra of the synthesized (a) B-NaYFy:1%Tm*" & B-NaYF4:5%Tm**MCs,
(b) B-Na¥Fy:1%Tm**, 1%Pr* MCs upon 466 nm pulse laser excitation (power density: 200 kW cm™)

The corrected Stokes emission spectra in broad NIR range for both Tm>*-doped samples
(Fig. 56a) revealed bands at ca. 778, 802, 1166, 1220, 1285, 1457, and 1477 nm, to which
the following electronic transitions could be ascribed: 'Gs—>Hs, *Hs—>Hs, 'Gsa—>Ha,
3Hs—>Hs, *F3—>Hs, and *H4—>F4 (for better guidance see the energy level diagram
of Tm*" ions in Fig. 54a). The increase of the ions concentration from 1 to 5% led
to the intensity decrease by 50% as concentration quenching between neighboring Tm>"
ions appeared. For B-NaYF4:1%Tm>",1%Pr’* MCs the additional bands peaking at
ca. 857,874,943, 1015, 1083, 1308, 1389, and 1444 nm emerged (Fig. 56b), which were
ascribable to *P1—'Ga, *Po—'Ga, 'D2—°F;, 'D2—>Fs, 'Gs—>Hy, 'Ga—>Hs, 'D2—!Gy,
and *F4—3Hs electronic transitions within the energy level structure of Pr** ions
(see the energy diagram of Pr** ions in Fig. 54a), respectively. The Pr*" ions co-doping
into the host matrix was beneficial for NIR radiation enhancement. The possible
mechanism could base on the Pr’" ions capability to transfer energy to Tm>" ions after
466 nm laser excitation, i.e., resonant Pr’":’Po,'Ie»Tm>":'G4 and Pr’*:!Gy—Tm*":*H;
ETs could occur. It should be highlighted that the enhanced emissions at ca. 800
and 1230 nm could be efficiently utilized for in vivo bioimaging [199-201].

Consequently, the PL decay curves at two emission wavelengths were recorded in order
to gain a better insight into NIR emission kinetics: 802 nm (*Hs—>Hs electronic

transition, Fig. 57a-c) and 1166 nm ('Gs—>Ha electronic transition, Fig. 57d-f), followed

140



by fitting them with the chosen exponential models and extracting PL LT values

of Tm*":*Hy and Tm>":!G4 excited energy levels (see Table 15).
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Fig. 57. Luminescence decay curves observed upon ns-pulsed 466 nm laser excitation
for the synthesized B-NaYFy:1%Tm*", B-NaYF:5%Tm*", B-NaYFy:1%Tm*",1%Pr’* MCs,
registered at (a-c) 802 nm and (d-f) 1166 nm

Table 15. Calculated luminescence LT values for the chosen energy levels of Tm>" ions incorporated into
p-NaYF; measured at corresponding emission wavelengths in NIR spectral range

Dopants Energy level | Jew [nm] 71 [ns] 72 [ns]

1% Tm3* 1539 £ 7 -

5% Tm>" Ha 802 37.8+0.6 182.5+3.9
1% Tm3", 1% Pr** 90.2+ 1.3 755.7 + 6.9

1% Tm** 33.0+1.6 290.9 + 6.0

5% Tm** Gy 1166 56+0.3 546+ 1.4
1% Tm3", 1% Pr** 21.8+0.8 208.5+3.8
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The PL decay curve for the Tm**:*Hy excited state depopulation in B-NaYF4:1%Tm?"
MCs was approximated with a monoexponential fit. The extracted PL LT value
(t =1539.00 + 7.00 ps) is comparable to the ones measured for Tm>" ions incorporated
into other alkali-metal-based fluoride host matrices (txy3rio = 1.14 ms, z7;vr4 = 1.44 ms,
triurs = 1.34 ms or tgav2rs = 1.10 ms) [202]. As Tm?" ions concentration in the host
increased, the non-exponential decay was registered and approximated with
a bi-exponential function. The PL LT consisted of 7; and 7> components
(1= 37.8 £ 0.6 ps, 2= 182.6 = 3.9 us). The non-exponential character of the decay
can be explained by CR between neighboring Tm** ions. Furthermore, when
the Tm’',Pr’’-co-doped materials B-NaYF4:1%Tm?",1%Pr’* was investigated,
the non-exponential decay was also observed, which was highly likely a result of ET
and CR between the electronic levels structures of Tm** and Pr** ions. The conducted

bi-exponential curve fit gave 7;=90.18 + 1.30 ps, 2= 755.68 £ 6.92 ps.

The PL decay curves registered at 1166 nm were approximated with the bi-exponential
lines (Fig. 57d-f). Upon either increasing the concentration of Tm** ions or introducing
Pr*" ions through co-doping, the appearance of distinct 7; and 7, clearly indicated that,
in addition to radiative processes from this level, non-radiative ET and CR processes
also occurred. When Pr** ions were co-doped into the host matrix along with Tm** ions,
the luminescence LT values for Tm**:'G4 excited state decreased by approximately 33%
compared to MCs doped solely with Tm®" ions at the same concentration
(i.e., 1%Tm* MCs: 7;,=33.02 £ 1.58 ps, 72=290.87 £ 6.01 ps; for 1%Tm>*,1%Pr*" MCs:
7/ =21.77 £ 0.83 ps, 72=208.50 + 3.78 pus). The results demonstrated that the Tm**:'G4
energy level depopulated more rapidly in the co-doped sample in contrast to the one
containing 1% Tm?" ions only. For the 5% Tm**-doped MCs, the luminescence LT values
were determined to be 7; =5.62 + 0.29 ps and 7> = 54.57 £+ 1.36 ps. The reduction by 75%
could be attributed to CR between neighboring Tm** ions closely positioned in the crystal

lattice at higher concentration.

In the subsequent step, I recorded Vis-to-Vis DC emission spectra upon the pulsed
466 nm excitation (Fig. 58a-b). According to the literature, the first emission band
for the solely Tm** doped MCs at ca. 646 nm was very probable a convolution of two
electronic transitions from various excited energy levels, namely 'G4—>F4 and 'D>—>Hy4
(see energy level structure of Tm** ions in Fig. 54b). The phenomenon was already

reported for KZABS glasses, exposed to the same wavelength of choice [192]. Not to
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mention, other Tm>"-doped materials also exhibited such a combination, which was
experimentally confirmed with the means of time-resolved spectroscopy [203]. Whereas
the former transition was the outcome of the casual Stokes depopulation from Tm?*:!G4
excited state, the latter occurred prior sequential absorption of two 466 nm photons. The
Vis-to-Vis DC emission spectrum of the Tm>",Pr’**-co-doped MCs resembled the one
registered for the triply-co-doped Y2Si,07:Pr*", Tm** Yb*" silicate powder under 447 nm
laser diode irradiation (for more details see Chapter 8). While the peaks solely attributed
to Tm** ions emission at approximately 778 and 802 nm were clearly distinct, the
additional ones connected with Pr** ions were also observed. The bands peaking around
522,539, 592, 600, 677, 697, and 722 nm corresponded to *P;—3Hs, *Po—>Hs, *P;—>H,
3Po—>Hs, *P1—>F3, *Po—>F3, and *Po—>F4 electronic transitions, respectively (see energy
level structure of Pr** ions in Fig. 54b). The resultant emission at ca. 646 nm was then the
effect of three electronic transitions convolution, i.e., 'Ga—>F4 (Tm*"), 'D,—>Ha (Tm?"),
and *Po—>F> (Pr*"). Therefore, the PL decay curves have not been analyzed for both
Tm?**-doped and Tm*",Pr’**-co-doped MCs as the accurate separation at 646 nm would

be cumbersome.
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Fig. 58. Vis-to-Vis DC spectra of the synthesized (a) p-NaYFy:1%Tm*" & p-NaYF4:5%Tm>* MCs,
(b) B-NaYF:1%Tm**,1%Pr’* MCs upon 466 nm pulse laser excitation

7.4.2.3. Vis-to-UV UC emission

In the subsequent research phase, anti-Stokes Vis-to-UV UC emission under 466 nm laser
excitation in Tm**-based p-NaYF4 MCs was investigated (Fig. 59). The UV up-converted
emission spectra for all samples revealed three bands arising at ca. 288, 348, and 360 nm,
associated respectively with 'Ie—>Hs, 'Ie—>Fa4, and 'D,—>Hg electronic transitions
in Tm>" ions. The findings stay in good agreement with the results collected for B-NaYF4

materials, doped with very low amounts of Tm*" ions (i.e., 0.01% and 0.3%).
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Additionally, the bands were convergent even with the ones registered in UV spectral

range upon NIR excitation for B-NaYF4:Tm**,Yb** nanotubes [204,205].
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Fig. 59. Vis-to-UV UC spectra of f-NaYFy:1%Tm*", p-NaYF4:5%Tm’", and
B-NaYFy:1%Tm*",1%Pr’* MCs upon 466 nm pulse laser excitation

It is significant to mention that for all of the investigated MCs, the PL LT measured
at ca. 288 and 348 nm showed comparable values (Fig. 60a-f and Table 16), which
indicated that the emission was the result of the depopulation occurring from
the same Tm>":'ls excited state. Oppositely, the PL decay curves at ca. 360 nm
were different (Fig. 60g-1 and Table 16), thus the UC must have arisen from another
excited state, in this case Tm>":!D,. The presented conclusions align closely with
the mechanism standing for Vis-to-UV UC process in Tm**-doped materials proposed
by O’Connor et al, presented in Fig. 54c-d as Pathway no [ and Pathway no 2,
respectively [203]. In B-NaYF4:1%Tm?** MCs, the radiative PL component from these
energy levels was dominant as the captured PL decay curves followed a single-
exponential trend. The depopulation remained unaffected by parasitic non-radiative
energy migration processes (78" =952 + 0.4 ps, %™ = 88.6 + 0.9 us, and %" =
161 + 1 ps). As the higher concentration Tm>" ions was incorporated into the host matrix,
the PL decay curves for Tm>":'Is excited state required bi-exponential fitting.
For these materials, the short components values of luminescence LT were as follows:
7758 mm = 18.84 + 0.60 us, 7% ™ = 20.89 + 0.31 ps, and /7% "™ = 7.11 £ 0.18 ps,

with corresponding long components values of 7*% "™ = 6235 + 3.51 ps,

144



738 mm = 7435 + 3.18 ps, and 7°% ™ = 48.09 + 0.56 ps. The Pr** ions incorporation

as a co-dopant significantly shortened the Tm?®":'Is excited energy level LT

by approximately 40%, compared to -NaYF4:1%Tm>" MCs. The resulting values were:
728 mm = 6.65 £ 0.16 ps, 7% "™ =58.62 + 0.24 ps, /7% ™ = 6.83 + 0.30 ps,
7% = 57,08 £0.41 ps, 759" = 28.87 + 0.35 us, 127%™ = 99.34 + 2.11 ps.
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Fig. 60. PL decay curves observed upon ns-pulsed 466 nm laser excitation for the synthesized Tm**-based
p-NaYF 4 MCs, registered at (a-c) 288 nm, (d-f) 348 nm, and (g-i) 360 nm

Table 16. Calculated luminescence LT for the chosen energy levels of Tm>" ions measured at corresponding
emission wavelengths in UV spectral range

Dopants Energy level Aem [NM] 71 [ps] 72 [ps]

1% Tm?" 95.2+04 —

5% Tm* e 288 18.8+0.6 62.4+3.5
1% Tm*", 1% Pr** 6.7+0.2 58.6+0.2

1% Tm?" 88.6+0.9 -

5% Tm* e 348 20.9+0.3 74.4+3.2
1% Tm*", 1% Pr** 6.8 0.3 57.1+04

1% Tm?* 160.8+ 1.0 —

5% Tm* D, 360 7.1+0.2 48.1 £0.6
1% Tm*", 1% Pr** 289+0.4 99.3+2.1
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The Vis-to-UV UC emission spectra collected for Tm*'-based B-NaYFs MCs could be
interpreted quantitatively and absolute emission intensities can be directly compared,
since in each measurement the same amount of the synthesized material was investigated.
For the solely Tm®"-doped microphosphors, regardless of the lanthanide ion
concentration, the emission intensities at 288 and 348 nm were similar and independent
of dopant concentration. Contrastingly, for p-NaYF4:5%Tm?*" sample, the emission
peaking at 360 nm was slightly diminished. Interestingly, in the case of
B-NaYF4:1%Tm*",1%Pr** MCs, no upconverted emission bands originating from
Pr*" ions were observed. This indicates that neither the Pr**:'Sy nor the higher-lying
Pr’":4f5d excited states were populated — an outcome that contrasts with the behavior
of other Pr’*-based nano- and micro-materials discussed in previous chapters
of the doctoral dissertation. The likely explanation lies in the use of a 466 nm laser line
during my research stay at Utrecht University, which delivers slightly lower photon
energy than the 447 nm laser diode used at my home institution. Consequently,
it was insufficient to populate the Pr’*:'Sy and Pr’*":4f5d higher states and thus did not
trigger characteristic upconverted UV emissions from Pr** ions. Surprisingly, the up-
converted UV bands related to Tm>":'I excited state were four times more intense, while
the depopulation of Tm>":'D, excited state to the Tm>":*Hes ground state resulted
in the band of lower intensity. In other words, the trend was reversed, compared to
the solely Tm**-doped samples. To the best of my knowledge, such a phenomenon has
not been previously reported for Tm** Pr**-co-doping combination. The intense up-
converted UV bands lay within UV-B and UV-C ranges (280+320 nm/200+280 nm),
which suggests that the co-doped sample could have a considerable potential
for biological applications (for more details see Section 2.1.1). The wavelengths from
these spectral regions are prone to interact with dsSDNA or RNA, causing the formation
of photoproducts that prevent them from further replication [115]. Consequently, it makes
them possibly more effective for germicidal purposes compared to UV-A radiation
(320+400 nm), which only excites endogenous protoporphyrins generating ROS inside
the affected microorganisms [8]. Therefore, the enhanced Tm>":'Is UC emission intensity
suggests that B-NaYF4:1%Tm>",1%Pr** MCs are better suited for prospective germicidal
applications relying on Vis-to-UV UC emission than their singly Tm?*'-doped

counterparts.
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I decided to explain the observed phenomenon occurring in B-NaYF4:1%Tm?*",1%Pr>"
MCs, having gotten acquainted with two possible pathways leading to Vis-to-UV UC
in Tm>" ions, analyzed in the detail for B-NaYF4 polycrystalline material by O’Connor
and co-workers (see Fig. 54c-d) [203]. Both of them were claimed as ESA, however,
there are other reports showing that the sequential absorption of two photons within
the ladder-like energy level structure of a single Tm®" ions dominates only in materials
with low Tm** concentration. In the p-NaYF4 crystal lattice with 1% Tm** concentration,
ETU is likely the more efficient mechanism responsible for the observed UV emission.
The first absorbed 466 nm photon transferred the electron from Tm?*":*Hg ground state
to Tm>":'Gy4 excited state, which was followed by the radiative depopulation to Tm>":*Hy
or Tm**:*F4 electronic states, observed as 646 nm and 1166 nm photons, respectively.
Since the energy gaps between *Ha-'Is and *Fs-'D; energy levels in Tm>" ions correspond
to that between the *Hes and 'Ga levels, it is likely that the UV emission lines resulted from
ET processes, specifically Tm>":[’Hs,'Gs] — Tm*'['Is,’Hs] and Tm*":[’F4,'G4] —
Tm?":['D2,*Ha]. This match highly likely allowed for the absorption of an additional
photon, promoting electron transitions to higher excited states, however, time resolved

spectra should be captured to verify the hypothesis.

The UV UC arose from the sequential absorption of two blue photons, which
was verified for the synthesized materials by plotting the dependencies integrated
luminescence intensity (/i) vs. the percentage of maximal excitation power (%6Pmax)

in double-logarithmic representation (Fig. 61a-f), following the Formula (1.3):
Iint x (%Pmax)x’ (1-3)

where x slope in the linear fitting formula represents the number of photons involved,

yielding a value close to 2 for all materials and the selected wavelengths.

As both Tm*" and Pr** ions absorb 466 nm blue radiation, co-doping of B-NaYF4 MCs
with Pr** ions significantly altered the trends in the up-converted UV emission from Tm>"
ions. Due to higher absorption coefficient, Pr’* ions were highly likely not only to enhance
the number of excited Tm>" ions through the Pr**:*Py,'Is — Tm>":'Gs ET, but also
to contribute to ETU, populating Tm**:'Is and Tm?>":'D; states, from which the emission
occurred. As a result, the UV emissions from Tm>":'I¢ at ca. 288 and 348 nm were

more intense in the co-doped MCs than in singly doped B-NaYF4:1%Tm?**, likely due to

the lack of the Pr** ions excited states overlapping with the Tm**:*H4 excited energy level
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(Pathway no. 1, shown in Fig. 54c). In contrast, the UV emission around 360 nm from
Tm**:'Ds (Pathway no. 2 in Fig. 54d) decreased about threefold upon Pr** co-doping,
which could be attributed to quenching of the long-lived Tm**:*F4 excited energy state
through resonant ET to Pr’":’F; states [189]. As Tm**:*F4 is known for its long LT )
[183,184], it is able to act as an intermediate excited state for ESA or ETU, therefore, its

depopulation by Pr** ions suppressed Pathway no. 2, which explains the diminished UC

emission intensity at ca. 360 nm from Tm>*:'D; energy level.
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Fig. 61. Log—log plots of integrated emission intensity vs. excitation power with the linear fits
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7.5. Conclusions

In this part of the research, I revealed how co-doping with Pr** ions enhances the emissive
properties of Tm>"-based B-NaYF4 MCs in two spectral regions of biological importance:
UV and NIR. The microphosphors were synthesized through solid-state method
and thoroughly characterized in terms of crystal structure and morphology. The first part
of the research confirmed that simultaneous excitation of both Tm®" and Pr’* ions
with 466 nm photons is feasible, as indicated by their excitation spectra reflecting
efficient absorption within their ladder-like energy level structures. Subsequently,
the B-NaYF4+ MCs were exposed to 466 nm laser excitation, and emission spectra were
recorded under identical conditions for Vis-to-NIR DC and Vis-to-UV UC processes.
These experiments demonstrated that co-doping with Pr** ions into the B-NaYF4 host

matrix led to an enhancement of the emissive properties in both spectral regions.

The more intense Vis-to-NIR DC emission, especially within the biologically relevant
650+950 nm window, was attributed to efficient ET from the concurrently excited Pr’*
ions to Tm*>" ions. This enhancement holds particular significance for bioimaging
applications, given the superior tissue penetration capabilities of NIR light in this range.
In the case of Vis-to-UV UC, co-doping with Pr** ions resulted in the enhanced Tm**:'I¢
UV-C emission, while the Tm**:!D> UV-A emission was notably weakened. The stronger
16 emission is ascribed to additional absorption and ET from Pr** to Tm>" ions, providing
alternative excitation pathways. Conversely, the reduction in Tm>":'D5 emission intensity
is explained by the depopulation of the intermediate Tm**:*F4 excited energy state,
which plays a crucial role in sequential photon absorption processes leading to
the Tm**:!Ds state population. Resonant ET from Tm>":’F4 to Pr’*:’F, effectively disrupts
this UC pathway, thus diminishing the UV-A emission.

These findings provide valuable insights into the design of lanthanide-doped materials
and the ability to tailor their optical behavior for advanced photonic applications.
In particular, the demonstrated co-doping strategy supports the development
of theranostic materials capable of concurrent in vivo bioimaging (via NIR DC)
and germicidal action (via UV-C UC), opening new pathways for multifunctional optical

devices.
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chosen emission wavelengths and extracted luminescence LT values.
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Fig. 62. The general concept of common bacteria and fungi photoinactivation experiment,
exploiting enhanced Vis-to-UV UC of lanthanide-doped Y>Si>O7 phosphors



Chapter 8

Enhancement of photon management processes
in Pri*-doped yttrium silicates by Tm>* and Yb**
co-doping for photoactivated biocidal treatment

This chapter of the doctoral dissertation focuses on the following photon management
processes: Vis-to-UV UC, NIR-to-UV UC, and Vis-to-Vis DC occurring in lanthanide-
doped yttrium silicates (Y2Si207) powders and their performance validation in light-
triggered germicidal actions. In contrast to Chapter 5, where I thoroughly discuss
Pr**-doped nano- and micromaterials and their efficient utilization against both enveloped
and naked virus species, here 1 describe potential applications of Y2Si,0O7 powders,
obtained through sol-gel synthesis, toward widespread and contagious bacteria and fungi.
As these pathogens adhere to commonly-touched surfaces in healthcare facilities
and public transportation, they tend to remain biologically active for extended periods,
reciprocating at the same time. As a consequence, it poses a serious health hazard

to all members of society, regardless of their medical condition.

Within the research scope I foremostly analyze lanthanide co-dopants influence on UC
emission in UV range, exhibited by solely Pr’**-doped and Pr’**,Tm*",Yb** co-doped
Y2Si,07 powders. When incorporated into Y2Si>O7 host matrix, Pr** ions are prone to
sequentially absorb two 447 nm Vis photons and emit broad up-converted UV band
with two maxima peaking at ca. 278 and 308 nm (Vis-to-UV UC). An additional
up-converted UV-A band from the co-doped Tm>" ions is attainable due to ET to them
from Pr** ions, excited at 447 nm. Further incorporation of Yb*" ions unlocks the same
band, however, through the sequential absorption of several 980 nm photons,
i.e., NIR-to-UV UC occurs. This functionality introduced into the material considerably
improves its effectiveness in light-triggered eradication of such pathogens as
A. baumannii, S. aureus, and B. cereus bacteria as well as eukaryotic cells of C. albicans,
all of them incubated as both planktonic cultures and biofilms (Fig. 62). This kind
of behavior is most probably connected with endogenous protoporphyrins,
which triggered with UV-A radiation coming from the co-doped Tm** ions generate ROS

prone to interact with microbial cells.

153



A remarkable feature of the developed triply-co-doped phosphor is the mortality rate
of cells in microbial layers after the irradiation with Vis radiation at 500 J cm 2 light dose,
which is comparable in magnitude to that observed when the pathogenic cells
are irradiated with a UV-C-emitting lamp only. Consequently, these findings
are encouraging, since an efficient, localized antimicrobial treatment using lanthanide-
doped Vis-to-UV up-converting materials could offer a human-health-safe alternative

to applications based on direct UV light sources.

8.1. Introduction to the scientific problem

As already highlighted in Chapter 5, antimicrobial resistance occurs as a natural response
of viruses, bacteria, and fungi, toward which selected chemical agents are utilized during
eradication process, such as disinfectants, antibiotics, or even new types of metallic
nanomaterials. As a result, the affected microbes no longer respond to their increasing
doses, which leads to the development of multidrug resistant superbacteria, superviruses,
and antifungal-resistant strains of fungi [206—208]. This issue emerges as one of the most
serious challenges to be faced by modern medicine, which was emphasized by WHO
in Global Strategy for Containment of Antimicrobial Resistance [135]. Therefore, future-
oriented disinfection methods should be based on neither strong oxidizing chemicals
nor direct interactions between microorganisms and NPs, but rather on physical stimuli.
One of them is UV radiation, killing pathogens at high efficiency rate, which has been
confirmed in numerous studies conducted over the years [8]. As outlined in Section 2.1.1,
it can be divided into three distinct types, each of them providing different mechanism of
microbial cells inactivation. Nevertheless, lamps generating high-power UV radiation (ca.
100 W) wused worldwide tend to irradiate the whole room cubature
in order to efficiently disinfect biologically contaminated surfaces. They emit radiation
at 254 nm, which shows significant human health hazards. As a consequence,
in high-power mode they can operate only when nobody is present in the affected zones,

so their utilization is greatly limited due to the lack of site specificity [209].

In order to overcome this obstacle, the introduced solution could be based on Vis/NIR-
to-UV up-converting phosphors. The studies showing such spectroscopic features were
conducted on many lanthanide ions exhibiting sequential absorption of two Vis photons,
nevertheless, the great hope has been placed on Pr** ions [210]. They can generate

up-converted UV radiation with high efficiency, when incorporated into such host
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matrices as CazSi04, LiYF4, YBO3, Y2SiOs or Y2Si,07, just to name a few [211-213].
Interestingly, silicate host matrices (Y2SiOs and Y2S1207) were reported by Cates et al.
as one of the most efficient systems for Vis-to-UV UC emission generation [66,214].
Y2SiOs:Pr** polycrystalline films exhibited the sequential absorption of two Vis photons.
The resultant UV emission band, ranging between 260+360 nm and peaking within
the UV-C range, demonstrated significant influence on eradication -efficiency
of Pseudomonas aeruginosa biofilm bacteria and Bacillus subtilis spores [66].
On the other hand, the ceramic host matrix alteration from Y2SiOs to Y2Si207
considerably boosted the up-converted UV emission coming from Pr** ions [214].
Furthermore, the incorporation of suitable lanthanide ions into a host matrix at optimized
concentration allows to engineer the UV emission output, thus the simultaneous
combination of diverse emission lines could be essential to enhance light-triggered germs
inactivation. Indeed, it was shown for Gd** ions — their incorporation along with Pr**ions
resulted in an additional up-converted band at ca. 314 nm [66]. On the other hand,
the material co-doping with NIR-absorbing lanthanide ions facilitates NIR-to-UV UC
emission. The phenomenon occurs due to absorption of multiple (more than 2)
NIR photons, in the vast majority of cases followed by immediate ET to ladder-like
energy level structure of other lanthanide ions, capable to emit UV radiation
(e.g., Tm* Yb*" ion pair) [178-180]. In essence, it enables a shift in excitation
wavelength from Vis to NIR spectral range, which is crucial for potential in vivo
disinfection, as NIR photons can penetrate deeply through soft tissues and flesh [25].
However, up-converting three or more NIR photons within ladder-like energy level
structure of lanthanide ions require laser of higher powers, since their absorption cross-
sections in the NIR spectral region are of small magnitude, making the process less

probable [43].

Inspired by these findings and knowledgeable about energy level structure of lanthanide
ions, I decided to synthesize Pr’**-based Y2Si»O7 materials co-doped with Tm*" and Yb**
ions and investigate their emissive properties in terms of the potential enhancement
of UV-light-based disinfection. I hypothesized that the photoeradication process could
simultaneously employ two various types of UV radiation (i.e., UV-C and UV-A),
which interact differently with microorganisms. As a consequence, two different
mechanisms of UV inactivation would be utilized. Pr** ions would emit UV-C bands,

deactivating microbial cells through direct interaction with dsDNA, resulting
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in transcription-inhibiting photoproducts formation. On the contrary, Tm** ions could
generate the radiation from UV-A spectral range, exciting endogenous protoporphyrins
so that they could induce ROS generation in living cells [10,11]. The latter would only
occur if there was ET between Pr’" ions, sensitized with 447 nm radiation, and Tm*" ions
behaving in this pair as an ACT. Additionally, co-doping with Yb** ions has the potential
to enable the material excitation with NIR radiation, thus paving the way to NIR-to-UV
UC emission occurring in Tm>" ions only, since there is no energy match between
the energy levels in Pr’* and Yb®" ions. After the successful confirmation of the desired
spectroscopic features, the application potential of the synthesized materials should be
verified against commonly-found bacteria and fungi, being at the same time highly lethal
for patients with weakened immune system. Therefore, biocidal capability of
up-converted UV radiation is here verified in this investigation on three different bacteria
types: A. baumannii (responsible for hospital-acquired infections), B. cereus (causing
foodborne illness), S. aureus (leading to purulent and systemic infections) as well as

one eucaryotic type, C. albicans yeast (inducing thrush in various parts of human body).

8.2. Chemicals and chemicals used

8.2.1. Lanthanide-doped Y2Si,O7 synthesis

For the synthesis of lanthanide-doped Y2Si.07 powders the following chemicals delivered
by Sigma Aldrich were utilized: Y203 (99.99%), Yb203 (99.99%), Pr20; (99.99%),
Tm203 (99.99%), and TEOS (99.999%). On the contrary, ethanol (99.8%) and HNO;
(63+65%) were obtained from Avantor Performance Materials Poland S.A.

All of the chemicals were not purified before the usage.

The lanthanide-doped Y2Si07 powders were prepared in accordance with the protocol
described in Section 3.2.3. The masses of the corresponding compounds in the solid form

were charted below as Table 17.

Table 17. Amounts of solid compounds used to synthesize lanthanide-doped Y>Si>O7 silicates

. Compound mass
Synthesized phosphor Y,0, Pr2p03 Yb, olg,g] Tm,0;
Y,Si,05 1.0000 — — -
Y2Si,07: 1.2% Pr3* 0.9890 0.0165 — —
Y2Si207: 1.2% Pr**, 0.5% Tm**, 5% Yb*" | 0.9213 0.0165 0.0866 0.0077
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8.2.2. Microbial inactivation studies — planktonic cells and biofilm

In the study four various microbial species were utilized: Acinetobacter baumannii
(PCM 8740), Bacillus cereus (PCM 2021), Staphylococcus aureus (PCM 2024) —
obtained from Polish Collection of Microorganisms, and Candida albicans
(ATCC 10231) from ATCC. The Mueller—Hinton broth (purchased from Oxoid, UK)
was used to incubate the microorganisms in the form of either inoculum or biofilm.
Additionally, for C. albicans the growth solution was supplemented with 1% of glucose

(99.9%, Sigma Aldrich).

BacTiter-Glo™ Assay (Promega Corporation, USA) was used as received from

the supplier to assess the viability of planktonic cells.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and PBS (at
pH = 7.2) were purchased from Sigma Aldrich. Both chemicals were mixed to prepare
the MTT reagent at the final concentration of 5 g L™, which was further utilized for
the biofilm viability assessment. Isopropanol (99.9%, Avantor Performance Materials
Poland S.A.) and HCI (35+38%, ChemPur, Poland) were mixed at the ratio of 200:3 (v/v)

to obtain the solution of acidic isopropanol for the formed formazan crystals dissolution.

8.2.3. Intracellular ROS generation
2',"7'-dichlorodihydrofluorescein diacetate (DCFDA) (=97%, Sigma Aldrich) was applied

as a solution at the concentration of 50 uM to quantify the capability of the synthesized
lanthanide-doped Y2Si207 powders to generate intracellular ROS.

8.3. Characterization methods

8.3.1. Crystal structure & Rietveld refinement

XRD analysis of the synthesized lanthanide-doped Y2Si207 microphosphors was carried
out using a Bragg—Brentano geometry STOE X-ray diffractometer with CuKa; radiation,
operating within a 260 range of 10+80°. The crystal phases and lattice parameters of
the resulting materials were determined through Rietveld refinement in FullProf Suite

software.

8.3.2. Morphology and elemental analysis
SEM images registration and EDS analysis were performed using the SEM, conjugated

with the Oxford Aztec spectrometer. The utilized setup has already been briefly described
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in Section 5.3.2. The parameters of the conducted analyses remained unchanged

throughout the whole experiment.

8.3.3. Spectroscopic features characterization

The Vis-to-Vis DC emission spectra of the powdered samples were recorded with FLS980
Edinburgh Instrument, as indicated in Section 4.3.3. The powders were excited with
a 450 W Xe lamp in ambient conditions (Aex= 447 nm). The anti-Stokes NIR-to-Vis UC
emission spectra were captured under the 980 nm CW semiconductor laser diode

illumination (8 W, Spectra Laser, Poland).

The Vis-to-UV UC emission spectra of the powdered samples, deposited on glass
substrates, were recorded under ambient conditions with the custom-assembled setup,

for which the measurement procedure was thoroughly described in Section 4.3.3.

The Vis-to-UV UC luminescence LTs measurements were performed using the above-
mentioned experimental setup with a slight modification. The 447 nm CW laser diode
was modulated by the square wave generated by the lock-in amplifier. To ensure the high
dynamic range, the PMT signal was amplified by a 200 MHz high-impedance voltage
amplifier (Femto HVA-200M-40-F) and then measured with a digital oscilloscope
(Rohde & Schwarz RTB2K, 300 MHz bandwidth).

8.3.4. Microbial inactivation studies — planktonic cells

Before the start of the experiment planktonic cells of A. baumannii, S. aureus, B. cereus,
and C. albicans were prepared. A single colony from each species was inoculated into
5 mL of Mueller-Hinton broth; the medium for the C. albicans yeast inoculum contained
additionally 1% of glucose. The cultures were incubated in dark at 37 °C for 24 h.
After this time, they were centrifuged individually for 5 min at 6,000 rpm. The pellets
were resuspended in 5 mL of sterile PBS, each time resulting in the inoculum

with approximately 1+2 - 10° colony-forming units (CFU mL™).

BacTiter-Glo™ test [215], which was utilized to estimate the pathogens viability
in the planktonic form, is based on the quantification of ATP present in living cells
by its reaction with thermostable luciferase. The resultant luminescence signal is directly
proportional to the amount of ATP, thus at the same time being proportional to the number
of the viable cells currently present in the culture. The reduction in planktonic cell

viability can be calculated using the provided Formula (1.4):
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planktonic cell viability = .
I—'B

(1.4)

where:

I; — luminescence intensity of the initial sample (the standardized microbial suspension
which was neither exposed to the investigated microphosphors nor irradiated);

Iz— luminescence intensity of background (no cells);

Ir— luminescence intensity of the tested sample (the standardized microbial suspension

which was exposed to the investigated microphosphors, irradiated or irradiated in the

presence of the investigated microphosphors.

Therefore, the studies on photoeradication of the pathogens in the planktonic form
via Vis-to-UV UC emission were also preceded by:

e estimation of the light irradiation impact on the viability of the investigated pathogenic

cells:

100 pL of a standardized cell suspension of A. baumannii, S. aureus, B. cereus, or
C. albicans was added to each well of a microtiter plate (Thermo Scientific™). It was
then exposed to the unfocused CW laser beam with the peak-power wavelength
at 447 nm for 5, 7, and 10 min, which corresponded to the light dose of 250 J cm™2,
350 J cm™, and 500 J cm™2 respectively. The irradiated inoculum viability
was immediately evaluated by BacTiter-Glo™ test. The experiment was performed
in triplicate.

e dark cytotoxicity evaluation of the tested microphosphors against the microorganisms

in the planktonic form:

100 pL of a standardized cell suspension in each well of the plate was incubated
without shaking in dark at 37°C with 5, 15, or 30 mg of the lanthanide-doped yttrium
silicates. The cell viability was assessed using BacTiter-Glo™ test after 1, 4, and 8 h.

The experiment was conducted in triplicate.

The studies on the photoinactivation of the tested pathogenic cells in the planktonic form
were conducted by transferring 100 pL of a standardized cell suspension into each well
of a microtiter plate and adding 15 mg per well or 30 mg per well of undoped Y2Si207,
Y2Si:07:Pr*" or Y2Si207:Pr**, Tm?",Yb*" powder. These values were selected based
on the prior control experiments. In the next step, such an experimental setup was exposed
to the unfocused 447 nm CW laser beam for either 5 or 7 min, which corresponded

to the light dose of 250 J cm™2 or and 350 J cm2, respectively. After that time, the tested
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microphosphors were removed so that the planktonic cells viability could be determined
by BacTiter-Glo™ test. The untreated pathogenic inocula were incubated under the same

conditions and used as a reference. The whole experiment was conducted three times.

8.3.5. Microbial inactivation studies — biofilm

Before the start of the experiment, there was a need to develop the biofilm consisting
of the pathogenic cells. Therefore, 100 puL of a standardized cell suspension
of A. baumannii, S. aureus, and C. albicans was placed into each well of a pre-sterilized
flat-bottom polystyrene 96-well plate and incubated in dark for 4 h. After this time,
the supernatant containing non-adhered cells was discarded, and the wells were washed
with 100 pL of sterile PBS per well. In the next step, Mueller-Hinton broth was added
in the volume of 100 pL per well (the medium was additionally supplemented by 1%
of glucose for C. albicans yeast) and the plates were incubated at 37 °C for 24 h
in dark. In order to purify the developed biofilm, each well was washed with 100 uL
of sterile PBS.

The principles of MTT assay test [216], which was used to determine the viability
of the pathogens in the biofilm form, are based on the enzymatic conversion
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to water-
insoluble formazan products by dehydrogenases and oxireductases. These compounds
are only present in living cells, hence there is the direct linear proportionality between
the cell counts in the considered sample and the amount of formed formazan crystals.
In the next step, the crystals are dissolved in acidic isopropanol and the concentration
of such a solution can be obtained through absorption measurement at 570 nm.
As a consequence, the reduction in biofilm viability can be thus calculated using
the Formula (1.5) provided below:

(Aj—Ap)—(Ar—Ap)
Aj—Ap

biofilm cells viability = - 100%, (1.5)

where:
A;— absorbance of the initial sample (the biofilm before photoinactivation);
Ap— absorbance of background (no cells, 0.015);

Ar— absorbance of the tested sample (the biofilm after photoinactivation).
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Therefore, the studies on the biofilm disruption through Vis/NIR-to-UV UC-based
photoeradication were also preceded by:

e estimation of the light irradiation impact on viability of the formed biofilm:

the biofilms of A. baumannii, S. aureus, and C. albicans, developed in each well
of a microtiter plate, were exposed to the unfocused 447 nm (power density:
~800 mW cm™) or 980 nm laser beam (power density: ~500 mW cm2). The biofilm
was irradiated with the 447 nm wavelength for 5, 7, and 10 min, which corresponded
to the light dose of 250 J cm™2, 350 J cm™2, and 500 J cm™, respectively.
On the contrary, the 980 nm radiation illuminated the biofilm for 10 min,
hence the total light dose reached 300 J cm™2. The biofilm cultures viability
was evaluated by MTT test. The experiment was performed in triplicate.

e dark cytotoxicity evaluation of the tested microphosphors against the biofilm-forming

pathogens:
5, 15 or 30 mg of the tested lanthanide-doped Y2Si>0O7 powders was added into each

well of the microtiter plate containing the developed biofilm of A. baumannii,
S. aureus, or C. albicans. The plate was incubated without shaking in dark at 37 °C.
The biofilm cultures viability was evaluated by MTT test after 1, 4, and 8 h. The test

was performed in triplicate.

After a series of control experiments, the studies on the photoinactivation of the biofilm-
forming pathogens was conducted after adding 30 mg of the tested powders into each
well of the microtiter plate containing the developed biofilm of A. baumannii, S. aureus,
or C. albicans. In the next step, they were exposed to the unfocused 447 nm CW laser
beam (power density: ~800 mW cm2) for 10 min, which corresponded to the light dose
of 500 J cm™. In the separate experiment, the undoped and Yb**-co-doped Y2Si>O7
microphosphors were irradiated for 10 min with the unfocused 980 nm laser beam
(power density: ~500 mW cm™), which corresponded to the 300 J cm™ light dose.
After this time, the biofilm cultures viability was evaluated by MTT test. As a reference,
the biofilm developed under the same conditions and untreated with the radiation

was utilized. The whole experiment was conducted three times.

Additionally, there was a control experiment performed in order to compare the efficiency
of Dbiofilm photoinactivation through Vis-to-UV UC emission, generated
by the synthesized compounds. The biofilms developed by A. baumannii, S. aureus,

or C. albicans in each well of the microtiter plate were directly exposed to UV radiation,
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no lanthanide-doped microphosphors were added. The radiation of 254 nm wavelength
was emitted for 10 min by a 2-wavelength UV lamp Kamus LP254. After this time,
the biofilm cultures viability was evaluated by MTT test. As a reference, the biofilm
developed under the same conditions and untreated with the radiation was utilized.

The whole experiment was performed three times.

8.3.6. Intracellular ROS generation
The experiment principle is based on excitation of protoporphyrins with up-converted UV
radiation. Such a situation could occur due to the partial overlap of their absorption

spectrum with the UV radiation emitted by silicate Y2Si>O7:Pr**, Tm**,Yb** (Fig. 63).

£ “— S ~ Therefore, the S. aureus biofilm
. Protoporphiryn X~ ——Y,8L,0,Pr Tm* Yb* [ ~ 3 ' N
2 s 7 % & was developed in a pre-sterilized
8 s Q=
B > & flat-bottom polystyrene 96-well
R T g
%‘E ﬁ £ plate, In the next step, 30 mg
05 o <
%g % '% of Y2Si207, Y2SiO7:Pr’"  or
© L
§ = £ Y2SiO7:Pr,Tm*" Yb*"  powders
2 T T T T L}
260 280 300 320 340 360 380 was placed into each well, followed
Wavelength (nm) by the exposition to the unfocused

Fig. 63. The VIS-to-UV UC emission spectra of .
Y>8i,07:Pr3t, Tm?*, Yb*" silicate (black line) under 447 nm 447 nm CW laser beam for 10 min,

laser excitation in the comparison with on

protoporphyrin IX absorption spectrum (red area) which corresponded to the light dose

of 500 J cm™. After this time,
the irradiated biofilms were incubated with 50 uM DCFDA solution. The oxidative stress
was quantitatively measured with the spectrofluorimetric method using a SpectraMax

Gemini spectrofluorometer (lex = 485 nm, Aem = 520 nm) [217].

8.4. Results and discussion

8.4.1. Morphology and crystal structure

In the experiment a series of polycrystalline Y2Si207 materials co-doped with lanthanide
ions (i.e., Pr’*, Yb*", and Tm>") was synthesized. Morphology of the resultant white
powders was investigated with SEM technique. The undoped and Pr**-doped materials
exhibited highly fused crystallites (Fig. 64a-b), whereas the further concurrent co-doping
with Yb*" and Tm** ions promoted the formation of smaller crystallites (Fig. 64c).
For Y:Si,07:Pr** and Y2Si,07:Pr** Tm* Yb*>" EDS analysis was simultaneously

conducted, which revealed the homogenous distribution of lanthanide ions within
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the samples (Fig. 64b-c). As a consequence, morphology changes could be explained
based on crystal lattice alterations occurring due to Pr**, Yb* and Tm’" ions
incorporation. The challenging Rietveld refinement of the collected XRD patterns
(Fig. 65a-c) allowed to assign the crystal structure of all synthesized materials as Y2S1207,
which in the literature is described as the group of mixed anion silicates [218].
It is characteristic for this group of material that crystal structure usually exhibits low
symmetry and every atom has a uniquely defined site. Additionally, the substitution
at Y>' sites with ions occurs randomly. As a result, any dopant introduced into
the considered host matrix at very low concentration will affect both the reflexes position
in XRD patterns and their relative intensity [219]. In this case, X-ray scattering factors
of Y**, Pr**, Yb*', and Tm>" ions are of different values, thus the performed Rietveld
refinement on the theoretical structure models could only approximate the real structures.
Resultantly, the major intensity peaks in the analyzed XRD patterns (depicted
for the clarity with asterisks in Fig. 65a-c) do not coincide perfectly with the standard

patterns.

Nevertheless, based on Rietveld analysis, it was feasible to distinguish various
polymorphs present in the obtained powders. In the undoped material dominated
the polymorph of the triclinic phase P1 (~75%) upon the one with monoclinic P21/m
phase (~25%). As Pr’" ions were utilized for the synthesis, the P1 crystal phase
percentage reached ~90%, whereas only ~10% of the material crystallized
in the orthorhombic Pna2; crystal phase. In the recorded XRD patterns
the main reflections matched the theoretical pattern mp-581644 (see the Reference pattern
in Fig. 65a-b). On the other hand, incorporation of other rare-earth ions into the host
matrix resulted in the formation of pure Y2Si»O7 triclinic phase P1 only, which stays
in good agreement with the results reported earlier for e.g. Li" or Lu®" ions introduced
into oxide-based powdered phosphors [66,219,220]. The mechanism responsible for such
a behavior could be based on flux effect. It occurs as liquid phase appears at grain
boundaries, which allows the crystallite formation rate to increase significantly.
Therefore, the crystallites of higher crystal structure are likely to grow during
the annealing process [221]. It is worth mentioning that the calculated unit cell parameters
for all investigated materials (charted in Table 18) are of comparable values with other

related silicate materials, e.g., H02S1,07 or Dy»Si1,07 [222,223].
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Fig. 64. SEM images (left column) and elemental distribution maps (vight column)
of (a) Y2SiO, (b) Y>S8i:07:Pr’*, and (c) Y>Si:07:Pr3*, Tm?*, YB>" powders
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Fig. 65. XRD patterns of (a) Y2Si:07, (b) Y2Si:07:Pr", and (c) Y2Si07:Pr3*, Tm’", Yb**
with the theoretical patterns provided as references
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Table 18. Cell parameters of the studied undoped Y>Si;07, Y>Si:07:Pr3”, and Y2Si>07:Pr3*, Tm?*, Yb3*
powders calculated in Rietveld refinement

Y2Si207 Y2Si207: Y2Si207:
undoped Pr3* Pr3*, Yb3*, Tm3*
MP card no 581644 561551 581644a | 581644b 581644
Space group rP1 P21/m rP1 Pna2. rP1
a (A) 6.60208 5.04427 | 6.53164 | 6.61358 6.60242
b (A) 6.63591 8.08721 6.76527 6.66074 6.66096
c(A) 36.07779 7.3275 36.28017 | 35.15834 36.10046
a (°) 94.71056 90 94.98871 | 94.64206 94.53239
p©) 90.60159 | 108.5303 | 90.98531 | 90.72639 90.61315
7 (°) 92.00661 90 91.81551 | 92.04543 92.10380

8.4.2. Spectroscopic analysis

Followingly, the thorough spectroscopic analysis of lanthanide-doped Y>Si>O7 materials
was conducted. For better clarity of the chapter, the energy level diagrams of lanthanide
ions co-doped into Y2Si»O7 host matrix, i.e., Pr’*, Tm*', and Yb**, with all radiative

and non-radiative transitions, were presented in Fig. 66a-b.
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Fig. 66. Energy level diagrams with radiative and non-radiative transitions occurring in
(a) Pr’* and Tm’" ions under 447 nm excitation, (b) Yb*" and Tm’" ions under 980 nm excitation

Firstly, when exposed to 447 nm radiation, Y2Si>O7:Pr** exhibited Vis-to-Vis Stokes DC
with the bands peaking at ca. 490, 540, 610, 650, 710, and 735 nm, which were ascribable
to *Po—>Hy, ’Po—>Hs, *Po—>Hs, *Po—>F2, *Po—">F3, and *Po—>F4 electronic transitions
within the Pr** ion energy level structure, respectively (see Fig. 67a for the emission

spectrum and Fig. 66a for the energy level structure of Pr’* ions). Besides the emission
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from Pr’" ions (depicted in black), co-doping with Tm>" ions resulted in the emergence
of additional bands at ca. 470, 650, and 690 nm associated with 'Gs—>Hs, 'Gs—>Fy,
and !G4—>Hs4 transitions within the energy structure of Tm>" ions, accordingly
(see the emission spectrum in Fig. 67b with highlights in red whereas the energy level

structure of Tm** ions with the electronic transitions — in Fig. 66a).
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Fig. 67. Vis-to-Vis DC spectra of (a) Y2Si>07:Pr’* and (b) Y2Si:07:Pr’*,Tm*",Yb** phosphors
upon 447 nm excitation (Xe lamp)

The resultant emission lines from Tm?" ions were highly likely to be attainable due to ET
from the Pr**:*Py excited state to the Tm>":!G4 energy level (see energy level diagrams
in Fig. 66a). To confirm its occurrence, though, the emission kinetics at 610 nm
from the Pr**:*Py excited state was investigated (Fig. 68). Both luminescence decay curves
were approximated with the bi-exponential model and the calculated z; and 7> were
Y,Si,0;:Pr

Y, 8,0 PP Tm™ Yb>*

provided in Table 19. A significant

shortening of the Pr’*:*Py energy level
LT values was observed upon Tm>" ions
co-doping — the former was reduced by
almost 95% (from 46.22 + 0.18 ps
to 2.70 = 0.11 us), whereas the latter
by 90% (from 122.20 + 1.40 ps to e e ———————— VMUY
1456 + 0.12 us). Therefore, the T (ue)

Fig. 68 Luminescence decay curves for Pr’* 3Py excited
collected data strongly supports the energy level collected at 610 nm upon 447 nm excitation
for the Pr’*-based silicates. The fitted lines represent the

bi-exponential model

Aoy =447 nm
‘ Aem =610 Nm

Normalized intensity (a.u.)

hypothesis on ET between these ions.

Table 19. Calculated luminescence LTs for Pr’*3Pomeasured at 610 nm upon 447 nm excitation

Investigated phosphor 77 [us] 72 [us]
Y2Si,07: Pr3* 46.22+0.18 122.20 +1.40
Y2Si;07: Pr¥t, Tm3",Yb** 2.70+0.11 14.56 £0.12
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Fig. 69. NIR-to-Vis UC emission spectra for
YZSI'207.'PV3+, Tm3+, YZTH
induced upon 980 nm laser excitation

In order to prove ET from Yb*" ions to other
lanthanides in the sample, Y2Si,O7:Pr*,
Tm?>",Yb>" material was exposed to 980 nm
laser beam, inducing the only one electronic
transition possible in Yb** ions electronic
structure. The NIR-to-Vis UC emission
spectrum (Fig. 69) was collected, in which
three bands peaking at ca. 480, 650, and 790
nm were observed, ascribed to 'Gs4—>He,

'G4—3F4, and 3H4—>Hs electronic transitions

in Tm*" ions energy level structure (see Fig. 66b), respectively. Since under these

conditions there were no UC bands originating from Pr** ions, the excited Yb>" ions are

more susceptible to transfer energy to Tm*" than to Pr’* ions. It stays in fact in good

agreement with the published reports on UC in Tm**,Yb**-co-doped materials [178-180].
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Fig. 70. Vis-to-UV UC emission spectra of (a) Y2Si:07:Pr**and (b)Y2Si:07:Pr3*, Tm3*, Yb>" upon 447 nm
laser irradiation at the power of 1000 mW (left column). Integrated intensity of UV bands emitted by
the investigated phosphors (c) Y2Si:07:Pr’*and (d)Y>Si>O7:Pr*, Tm**, Yb3 upon 447 nm laser excitation
plotted against excitation power in log-log scale. The linear fits in red and slope values were provided
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As the Vis-to-Vis DC emission spectra were recorded and ET between Pr’* and Tm?" ions
was confirmed, the next step was focused on the Vis-to-UV UC emission spectra
acqusition upon 447 nm excitation (Fig. 70a-b). The Pr**-bearing samples emitted
in the 250390 nm spectral range two overlapping broad bands, with the maximum
emission intensity at ca. 278 and 308 nm, which stays in good agreement with the findings

reported by Cates et al. for Pr**-co-doped polymorph, Y2SiOs [66,114,214].

The peaks were the result of the two 447 nm photons sequential absorption, which was
also confirmed experimentally by the power dependence registration (Fig. 70c-d),
described with the dependency integrated intensity vs. excitation power, given as Formula
(1.3). When plotted in the log-log scale, the slope values were approximately 2 —i.e., 1.99
for Y2Si207:Pr** and 2.01 for Y2Si»O7:Pr**, Tm*",Yb** sample. The mechanism
is consistent to the one already described for Pr**-based B-NaYF4 and LiYF4 NPs and
MCs (vide Chapters 4, 5, and 6). Briefly, the first absorbed blue photon was capable
to populate the *Py energy level of Pr** ions, which was proven to show the LT values
at us range, which is sufficient to facilitate absorption of another photon, eventually
resulting in 45d energy level population. As 4£5d—>F,/°Hj; transition occurred, Pr** ions
generated photons falling in UV spectral range (see the energy scheme in Fig. 66a).
Additionally, the luminescence decay curves for the up-converted UV radiation emission
were registered at 278 and 308 nm for the Y2Si>O7:Pr** sample (see Fig. 71). The data
could be approximated with the single exponential model, resulting in the luminescence

LTs equaling 12.34 ps at 278 nm and 8.86 pus at 308 nm.
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Fig. 71. Vis-to-UV UC luminescence decay curves for Y2Si:07:Pr’* powder upon 447 nm laser excitation,
measured at (a) 278 nm and (b) 308 nm. The purple lines represent the single
exponential decay fitting model
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Fig. 72. NIR-to-UV UC emission spectra

for YaSi,07:Pr3*, Tm’*, YB3 induced upon
980 nm laser excitation excitation the up-converted emission fell only

in UV-A range, i.e., NIR-to-UV UC emission occurred (Fig. 72). The excited Yb** ions

spectral range, however, under the 980 nm

were capable to perform multiple ET to Tm*" ions, resultant in only one band at ca. 370 nm,
associated with 'D,—>Hj electronic transition (for the mechanism see energy level structures
of Tm*" and Yb*" ions in Fig. 66b). In this spectrum no emission coming from Pr*" ions
was observed due to the energy mismatch between the photons energy and corresponding energy
levels in these ions. The similar conclusion was provided for Pr* Yb*" co-doped LiYF4

and B-NaYF4NPs, which was thoroughly described in Chapter 4.

8.4.3. Microbial inactivation studies — planktonic cells

Since the spectroscopic measurements revealed the capability of lanthanide-doped Y»Si,O
silicates to generate UV emission upon Vis or NIR irradiation, the prospective application
for light-triggered disinfection was suggested. Therefore, their germicidal performance
was validated in a series of proof-of-concept experiments. For the first biological study four
different microorganisms in planktonic form were selected: 4. baumannii, B. cereus, S. aureus,

and C. albicans.

The control samples (exhibiting 100% viability) were the microbial inocula incubated in the dark
without the synthesized Y»Si»O7silicates (neither undoped nor lanthanide-doped). The experiment
was preceded with the cell viability evaluation upon the irradiation with the 447 nm laser beam.
The laser light dose of 350 J cm™ caused no significant cytotoxic effect in the studied microbial
cells (mortality rate did not exceed 15 £+ 3% for each cell culture). Therefore, it was chosen
as the maximal laser light dose to which the cells can be exposed. In the next step, the dark
cytotoxicity of the synthesized materials was validated. As presented in Table 20, the cytotoxic
effect against the planktonic cells incubated with the compounds, revealed by BacTiter-Glo™ test
[215], was in the vast majority of cases statistically insignificant — the mortality usually reached

up to 10+12%. Therefore, 30 mg was the highest amount of each material to be placed into wells.
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Table 20. Dark cytotoxicity studies of undoped Y2Si:07, Y>8i:07:Pr**, and Y>Si>07:Pr*, Tm**,Yb>" on B. cereus, A. baumannii, S. aureus, and C. albicans in planktonic form

B. cereus A. baumannii S. aureus C. albicans
Incubation
Investigated time [h]
Concen® 1 4 8 1 4 8 1 4 8 1 4 8
phosphor :
tration
[mg per well]
Joned 5 96+3 | 93+2 [ 91£3 | 96+2 | 94+2 | 94+2 | 934+3 | 90+£3 | 90+3 | 94+2 |92+2 |91+2
undope
YS'pO 15 92+3 | 91+2 | 89+3 | 92+2 | 91+£2 | 90+2 | 91+2 | 90+2 | 88+3 | 91+2 | 87+2 | 82+2
281207
30 90+3 | 89+2 | 86+3 | 90+3 | 88 +2 | 86+2 | 90+2 | 87 +2 | 86+2 | 90+2 | 87+2 | 86 +2
5 86+2 | 86+2 | 82+£2 [ 91 +£2 | 90+2 | 90+2 | 90+2 | 88+2 [ 86+£2 | 90+2 | 86+2 | 86 £2
Y>S8i,07:
3+ 15 84 +2 | 84+2 | 80+3 | 86+3 | 86+3 | 86+3 | 83+2 | 83+2 [ 84 +£3 | 90+2 | 86+3 | 85+2
30 80+2 | 80+2 | 80+3 | 84+2 | 84+2 | 82+2 | 82+2 | 80+2 [ 80+2 | 89+2 | 86+2 | 86 +£2
5 83+3 | 813 | 80+£3 |91 +2 | 91+2 |90+2 | 88 +2 | 86+2 | 84 +2 | 89+2 | 86+2 | 82 +2
Y>8i,07:
’ 15 803 | 79+3 | 76 +3 | 88+2 | 85+2 | 86+2 | 84 +2 | 82+2 | 81 +2 | 86+2 | 83+2 | 80+2
PP Tm?", Yb**
30 754+3 | 70+£3 | 70+£3 | 86+2 | 82 +2 | 81 +2 | 82+2 [ 80+3 | 80+2 | 82+2 | 80+2 | 80+3
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The planktonic cells photoeradication in the presence of Vis-to-UV up-converting
lanthanide-doped Y2Si207 powders (Fig. 73a-h) was carried out under the illumination
with the monochromatic 447 nm radiation generated by the unfocused CW laser diode
at the output power of 650 mW. There were two various laser light doses chosen,
estimated at 250 J cm2 and 350 J cm 2. The results were strongly dependent on the tested

material, its concentration in a well, and the irradiation time.

Primarily, the samples were shown to exhibit significant cytotoxic activity against
the planktonic culture of A. baumannii. With 15 mg of material in each well (Fig. 73a),
the exposure to 250 J cm™ reduced the bacterial cell viability by 53.0 + 1.6%,
29.5 = 0.9%, and 64.5 £ 1.9% for undoped Y2Si207, Y2Si207:Pr**, and Y»Si,O7:Pr*”,
Tm?*,Yb*", respectively. The exposure to 350 J cm™? raised the cell mortality to
63.0+1.9%, 39.0 = 1.2%, and 71.0 £ 2.1% for the corresponding silicates. In comparison
with 30 mg of the material per well (Fig. 73b), the irradiation with 250 J cm2 light dose
resulted in the reduction in bacterial cells by 85.7 +2.6% (undoped Y2Si207), 83.7 +2.6%
(Y2Si207:Pr*"), and 94.2 £ 2.8% (Y2Si207:Pr**, Tm*",Yb*"). However, the additional light
dose of 100 J cm™ (i.e., the total light dose reaching 350 J cm™2) increased cell mortality

to a small extent, i.e., to 88.8 £ 2.7%, 86.5 + 2.6%, and 98.4 £ 3.0%, correspondingly.

The positive photoeradication effect was also demonstrated on B. cereus planktonic cells.
With 15 mg per each well (Fig. 73c), the photoinduced treatment with the 250 J cm™ light
dose reduced the cell count by 53.0 + 1.6%, 40.5 = 1.2%, and 76.5 + 2.3% for Y2Si207,
Y2Si,07:Pr*", and Y2Si,07:Pr*", Tm*",Yb**, correspondingly, whereas the exposure
to the light dose of 350 J cm™ slightly increased the mortality to 63.5 £ 1.9%,
51.3 £ 1.5%, and 85.6 + 2.6%, respectively. On the contrary, the addition of 30 mg
of the chosen compounds per well (Fig. 73d) and the absorption of 250 J cm 2 light dose
yielded the mortality rates of 65.3 +2.0%, 42.1 + 1.3%, and 84.8 + 2.5% for the undoped,
the Pr**-doped, and the Pr’**,Tm*",Yb’"-co-doped silicates, respectively. The exposure
to the additional light dose of 100 J cm™ (i.e., 350 J cm ™ in total) further reduced the cell
counts by 68.5 +2.1%, 56.1 + 1.7%, and 95.1 + 2.9%, consequently.

Since the materials emitted UV radiation upon the exposition to Vis laser beam,
the inocula of C. albicans yeast cells were also partially annihilated. As 15 mg per well
was utilized (Fig. 73e), the 250 J cm? light dose laser treatment reduced the cell counts

by 33.5 = 0.6%, 18.7 + 0.6%, and 75.8 + 2.3% for the undoped, the Pr**-doped,
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and the Pr*",Tm*",Yb*"-co-doped silicates, respectively. The irradiation with the total
light dose of 350 J cm™ raised the cell mortality to 39.0 £ 1.2%, 21.0 £+ 0.9%,
and 80.9 + 2.4%, correspondingly. Additionally, when the materials in the amount
of 30 mg per well were used (Fig. 73f), the cell death rates at 80.4 + 2.4%, 19.7 + 0.6%,
and 77.5 £ 2.3% for undoped Y>Si»07, Y2Si207:Pr’*, and YSi>O7:Pr*",Tm**",Yb**
were achieved for the illumination with the 250 J cm™ light dose whereas the one with
the 350 J cm light dose led to the slightly elevated mortality rates of 81.1 £ 2.4%,
31.9 + 1.0%, and 81.0 + 2.4%.

Lastly, the impact of the Vis-radiation-triggered germicidal action on Gram-positive
S. aureus planktonic was shown. The cell reduction of 35.5 £ 1.1%, 22.0 £ 0.7%,
and 76.3 £ 2.3% for the 250 J cm™ light dose and of 40.0 = 1.2%, 20.0 + 0.6%,
and 80.3 £ 2.4% for the 350 J cm? light dose was observed, as 15 mg per well
of the undoped, the Pr**-doped, and the Pr** Tm**, Yb>"-co-doped silicates were utilized
(Fig. 73g). As 30 mg per well of these materials was used (Fig. 73h), the 38.5 + 1.2%,
22.5 + 0.7%, and 80.3 + 2.4% of the cells population was dead, having been exposed
to the laser light dose of 250 J cm™ in the presence of Y2Si»07, Y2Si,O7:Pr’,
and Y2Si,07:Pr**, Tm*",Yb*" powders. Extending the exposition to the total light dose
of 350 J cm™ led to the slight death rate increase, i.e., to 45.5 £ 1.4%, 27.5 + 0.8%,
and 86.0 £ 2.6%, respectively.

As provided above, photoeradication of bacteria and eukaryotic cells in the planktonic
form in the presence of lanthanide-doped Y»Si2Oy silicates is efficient. The gathered data
prove that the UV radiation generated through UC allows to destroy plankton.
Y2Si,07:Pr** phosphor operates well as a light-triggered disinfectant, emitting UV-C
radiation upon 447 nm excitation, however, the co-incorporation of Tm*" ions into
the host matrix significantly enhances the germicidal performance due to the emission
of an additional UV-A band. The remarkable performance of Y2Si»O7:Pr*", Tm**,Yb**
phosphor should be highlighted here, since 30 mg of this compound was capable
to inactivate almost 98% of A. baumannii cells present in the inoculum after

the exposition to 447 nm radiation with the total light dose of 350 J cm™.
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Fig. 73. The effect of the exposition to 447 nm CW laser at 250 J cm™ (orange bars)
and 350 J cm™? (green bars) on the viability of (a,b) A. baumannii, (c, d) B. cereus, (e, f) C. albicans
and (g, h) S. aureus in the presence of 15 mg (left column) or 30 mg (right column)
of undoped YSi>0;, Y2Si>07:Pr3*, and Y>Si:07:Pr3t, Tm3*, Yb3*
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8.4.4. Microbial inactivation studies — biofilm

In harsh conditions (i.e., lowered humidity, insufficient nutrients concentration,
or presence of toxic substances) planktonic microbes tend to transform to biofilm.
In such formation the cells are adhered to each other and embedded into a self-produced
extracellular polymeric material, which helps them to both attach to surface and survive
in the unfavorable environment. As a rule, the produced protective barrier hinders
the penetration of antibiotics and disinfectants through the system [224-226]. It makes
biofilm eradication more cumbersome in comparison with the one of planktonic cells,
hence this formation is more eagerly employed by scientists to study the nature

of microbial growth in various conditions [227].

Therefore, within the presented research scope, the synthesized lanthanide-doped
Y2S1207 silicates were also utilized in light-triggered germicidal action against three
different microorganisms — S. aureus, A. baumannii, and C. albicans, incubated in biofilm
form. The experiment was preceded with the cell viability evaluation upon the irradiation
with the 447 nm and 980 nm laser diodes. It was stated that the exposure to total laser
light dose of 500 J cm™ for 447 nm radiation and 300 J cm2 for 980 nm radiation caused
no significant photocytotoxic effect in all studied biofilm-forming cells (mortality rate
did not exceed 14 £+ 2% for each cell culture, the detailed results were not shown).
In the next step, the dark cytotoxicity of the synthesized materials was validated.
As presented in Table 21, the cytotoxic effect against the biofilms incubated with
the compounds, revealed by MTT test [216], was in the vast majority of cases statistically

insignificant — the mortality reached up to 12+14%.
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Table 21. Dark cytotoxicity studies of undoped Y2Si;07, Y>8i:07:Pr**, and Y28i,07:Pr3*,Tm’",Yb*" on A. baumannii, S. aureus, and C. albicans in biofilm form

A. baumannii S. aureus C. albicans
Incubation
Investigated time {h]
Concen® 1 4 8 1 4 8 1 4 8
EHOSRHUL tration
[mg per well]
5 97+3 | 97+£3 | 95+£3 | 96+2 | 95+£2 | 96+2 | 96+2 | 96+3 | 9443
undoped
Vo510 15 934+3 | 94+£3 | 93+£3|93+2 [96+£2 | 94+2|93+£3 [91+£3|92+3
251207
30 03 +£2 | 91+£2 |90+2 [ 92+2 | 91+£3|92+£3 |92+2 |92+2 | 93+3
5 934+2 | 93+£2 | 93£3 | 924+2 | 91£2 | 91+£3|91+2 |90+£2 |90+2
Y>8i,07:
3t 15 90+2 | 90+£2 | 90£2 | 9242 [ 92+£3 | 9242 | 91+2 [90+£3|90+3
30 86+2 | 85+£3 | 86£3 | 90+2 | 90+3 | 90+3 | 90+2 | 86+2 | 88+ 3
5 90+3 | 90+£3 | 90£3 | 90+2 | 90+£3 | 88+2 | 90+2 | 90+£3 | 90+2
Y>8i,07:
15 90+2 | 872 | 96£2 | 90+2 | 90+2 | 83+2 | 88+2 | 86+2 | 86+2
Pt Tm?* Yb**
30 890+3 | 86+£2 | 85+2 | 88+2 | 85+2 | 80+2 | 86+2 | 86+2 | 85+ 3
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Fig. 74. Biofilm cells viability (S. aureus, A. baumannii, and C. albicans) after exposition to laser diodes
(@) 447 nm, total light dose 500 J cm™ and (b) 980 nm, total light dose 300 J cm™ in the presence of
undoped YSi;07, Y28i:07:Pr3* and Y>Si:07:Pr3t, Tm3*, Yb>* phosphors (30 mg per well) and without them
(control represents non-irradiated cells viability, 100%). (c) Biofilm cells viability after the exposition for
10 minutes to a UV light emitting lamp (254 nm) was evaluated for the comparison

The control samples (exhibiting 100% viability) were the microbials incubated in dark
without the synthesized silicates (neither undoped nor lanthanide-doped). The biofilm
photoeradication in the presence of 30 mg per well of Vis/NIR-to-UV up-converting

Y2S1207 powders was conducted with the 447 nm laser radiation, delivering the total light
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dose of 500 J cm ™. As presented in Fig. 74a, the cytotoxicity rate strongly depended on
the tested material type. For the solely Pr**-doped powders the viability was noticeably
reduced (falling between 65+75% for each microorganism type), however,
the most significant was observed in the presence of Y2Si2O7:Pr*", Tm**,Yb** phosphor.
As it was utilized as a source of up-converted UV light, the viability dropped down
to 45.5 £ 2.5%, 39.0 £ 3.0%, and 36.5 £ 2.5% for S. aureus, A. baumannii,
and C. albicans, respectively. Interestingly, these values are really close to the ones
obtained after the direct irradiation with a UV-emitting lamp operating at 254 nm without
the studied silicate powders (Fig. 74c). The reduction in the number of viable biofilm-
forming cells dropped by 75.0 £ 2.0% (S. aureus), 58.0 = 2.1% (4. baumannii),
and 70.0 = 1.9% (C. albicans). It is concludable that the prolonged irradiation time
of Y2Si,07:Pr**, Tm**,Yb** with Vis radiation might significantly reduce the biofilm
viability. Therefore, this lanthanide-doped material could be applied in the self-sterilizing

photo-activated surfaces, simultaneously being safe for human health.

The enhanced germicidal action could be

N

the cause of the additional emission band

from Tm?" ions, peaking in UV-A

spectral range (~370 nm), which could

-
T

excite endogenous protoporphyrins to
generate ROS such as hydroxyl radicals
and H>O [10,11]. In order to verify this

Photoluminescence
intensity (104 a.u.)

0

. . . [ ] biofilm without irradiation Y,Si,0;
hypothesis, it was decided to conduct biofilm irradiation Y,8i,0, : PP*
7 v,80,0, : PP, Tm* Yb**

an additional experiment on oxidative
Fig. 75. Effectiveness of ROS generation in

stress detection in the bacterial cells after  biofilm irradiated by 447 nm CW laser diode
(power density: 800 mW cm™) in the presence of
the presence of undoped Y>Si>07, Y2Si>07.Pr’”,
dose of 500 J cm (Fig. 75). The yield and Y2Si07:Pr3*, Tm**, Yb** phosphors

irradiation with 447 nm of the total light

of generated ROS increased by 54 + 2%

for Y2Si>07:Pr** powder in comparison with the control sample (biofilm without
irradiation). It suggests that the photocytotoxicity of the Pr’*-only-doped material
combined dsDNA damage (by UV-C radiation) and ROS generation (by UV-A radiation),
with the significant predominance of the latter. The application of the Tm*"-co-doped

sample resulted in more intense ROS production within microbial cells (70 + 2%), which
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confirmed the reason standing for the enhanced Vis-to-UV UC-driven photoeradication

performance.

As already proven within the research scope, the concurrent incorporation of Yb*" ions
into Y2Si207 silicates opens up the possibility to exploit NIR photons instead of Vis
radiation for UC process to generate UV-A radiation. Such a shift could be utilized
for biological applications in which the incident radiation has to pass the tissue or flesh,
impenetrable by Vis photons [157]. Therefore, the NIR-to-UV UC-emission-driven
photoeradication of biofilm cells was conducted as a proof-of-concept experiment
(Fig. 74b). Since the 980 nm wavelength used in this experiment tends to be absorbed
by water, low excitation power density of ~500 mW cm™ was applied to avoid biofilm
heating. Consequently, the mortality rate of the tested biofilms in the presence
of Pr** Tm*",Yb**-co-doped material reached ~6%, which actually was comparable
with the measurement uncertainty. In other words, after the absorption of ca. 300 J cm™
NIR radiation dose no significant changes in biofilm cells viability was observed.
Such low efficiency of NIR-triggered disinfection could be connected with the fact
that NIR-to-UV UC requires multiple photons to be absorbed within the ladder-like

structure of lanthanide ions, which actually requires high-power radiation.

8.5. Conclusions

In this chapter, I synthesized and characterized a series of Pr’*’-based Vis-to-UV
up-converting Y2Si207 powders for prospective light-triggered antimicrobial inactivation
applications. The particular emphasis in the research scope was placed on investigation

how lanthanide-ions co-doping influences on spectral characteristics in UV range.

In sol-gel synthesis Tm** ions were incorporated into the silicate host matrix along with
Pr*" ions to enhance Vis-to-UV UC emission, while Yb*" ions were added to unlock NIR-
to-UV UC emission. Based on the Rietveld analysis of the collected XRD data, I assigned
the powders to the Y2Si»O7 host matrix, however, the synthesized materials were
the mixture of its polymorphs, since obtaining pure ones is reported in the literature
as cumbersome. The captured SEM images and EDS maps confirmed the homogenous
distribution of lanthanide ions throughout the samples. In the next step, I investigated UV
emission resultant from the sequential absorption of two Vis photons. The incorporation

of Tm** ions into Pr**-doped powder revealed the Vis-to-UV UC emission falling in both
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UV-A and UV-C spectral regions, contrarily to the solely Pr’**-doped one, exhibiting
emission exclusively in UV-C range. The emission of up-converted UV-A band at
ca. 370 nm from Tm>" ions was preceded with the ET from the already excited Pr** ions
to Tm>* ions in their ground state, which was experimentally confirmed by the shortened
values of the Tm**:*Py excited state LT. As Yb** ions were sensitized with NIR photons,
ET occurred only to Tm?" ions, leading to the aforementioned UV-A band emission
and no emission from Pr’* ions was revealed due to energy mismatch between energy

levels of both lanthanides.

The collected spectra showed the up-converted UV radiation enhancement
and the possibility to switch the excitation wavelength from 447 nm (Vis spectral range)
to 980 nm (NIR spectral range), as Y2Si207:Pr** Tm>",Yb>" was utilized. Knowledgeable
on both interactions of each UV radiation subtype with cell organelle and all possibly
induced damages, I decided to employ the synthesized phosphors in a series of
proof-of-concept biological experiments. Planktonic cells and biofilms of commonly
known and microbials (4. baumannii, S. aureus, B. cereus, and C. albicans), dangerous
for immunosuppressed people, were exposed in the presence of lanthanide-doped silicates
to the unfocused beams emitted by CW Vis or NIR laser diodes. Consequently,
the UV radiation generated in situ upon Vis excitation was able to damage
microorganisms not only in planktonic form, but also in the developed biofilms.
As previously noted, the incorporated Tm>" ions emitted UV-A radiation, which increased
the ROS concentration in the irradiated cells. This process led to a marked increase
in the mortality rates of all targeted microbial species, even to as low as 2%
for the planktonic cells of A. baumannii. On the contrary, NIR-to-UV UC-driven
photoeradication of biofilms was not successful as there was a scarce reduction
in the cells viability, comparable with the measurement error. Such low efficiency could
be connected with the nature of NIR-to-UV UC as the sequential absorption of multiple
photons within ladder-like energy level structure requires sources of higher power density
within the excitation spot (e.g., focused laser beams). Therefore, high efficiency of light-
triggered disinfection was more efficient for Vis-to-UV UC, in which only two photons

are needed.

It is worth noting that the mortality rate for the triply-co-doped compound exposed
to the 447 nm laser radiation of the 500 J cm™ light dose was comparable to

the one registered for biofilm eradication with a UV lamp emitting at 254 nm wavelength
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operating for 10 min. If the newly developed lanthanide-based powders exhibited the anti-
Stokes emission in UV range of higher magnitude, they would present strong competition
against UV lamps in real-life biocidal applications, especially in terms of human health
safety. For instance, the self-sterilizing surface created by embedding such phosphors into
non-toxic polymer matrix could be either perpetually triggered with low-intensity
ambient light or on-demand activated with the unfocused Vis laser light. Such
a non-chemical microbial inactivation method could be applied even in the presence
of humans, providing constant sanitizing effect. Therefore, these findings indicate that

the development of lanthanide-doped phosphors technology is strongly desired.
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Chapter 9

Final remarks and future perspectives

9.1. Conclusions

In the presented doctoral dissertation, I focused on the synthesis of lanthanide-doped
materials at the nano- and micro-scale, and on the characterization of their luminescent
properties for potential biomedical applications. I explored how these materials could be
tailored for advanced applications such as high-contrast deep-tissue in vivo bioimaging

and light-triggered disinfection that is safe for human use.

Firstly, 1 investigated Pr’**,Yb*"-co-doped B-NaYFs and LiYFs NPs, demonstrating
their dual functionality for Vis-to-UV UC-based dsDNA degradation and NIR-to-NIR DC
emission-based in vivo bioimaging. Under 447 nm laser excitation, the materials
exhibited strong up-converted UV-C emission from Pr** ions, intense enough to damage
dsDNA, as confirmed in proof-of-concept experiments using two independent methods.
Conversely, the NIR DC emission facilitated effective in vivo bioimaging of a channel
drilled in a bovine tooth and overlaid with muscle tissue. Interestingly, the high values
of LTs for the chosen Pr**,Yb**co-doped p-NaYF4 and LiYF4 NPs (ca. 100 ps), highlight

their prospective use in time-gated bioimaging.

In the next stage, I investigated various strategies to enhance Vis-to-UV UC luminescence
in Pr’**-doped B-NaYFs and LiYFs NPs and MCs. By co-doping with another type
of lanthanide ion, i.e., Gd*", and by constructing active-core@inert-shell nanostructures,
I significantly enhanced the up-converted UV-C luminescence intensity, making these
materials even more effective for light-triggered disinfection, as demonstrated using
the FADU assay. Furthermore, experimental evidence confirmed their ability to inactivate
human viruses (adenovirus HAdV-C5 and herpes simplex virus HSV-1) upon UV light

exposure, showing their utility in light-driven germicidal applications.

Later on, I extended my research to design and synthesis of core@multi-shell B-NaYF4
nanostructures. In this part, I investigated how the spatial distribution of optically active
lanthanide ions within nanomaterials of complex architecture can simultaneously enhance

emissions in both UV and NIR spectral regions. The results suggest that it is a promising
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approach for developing multifunctional nanoplatforms that integrate diagnostic NIR

bioimaging and UV-based therapeutic capabilities within a single nanosystem.

I also investigated how co-doping of Pr** ions into B-NaYF4:Tm>" MCs can influence on
their concurrent anti-Stokes UV and Stokes NIR PL emissions, occurring under Vis
irradiation. For this lanthanide ion pair, efficient ET between Pr** and Tm?>" ions occurred,
which led to a noticeable increase in emission intensity in the UV and NIR spectral
regions. This approach is valuable for designing lanthanide-doped inorganic phosphors

with the potential application in theranostics.

Finally, in the last part of my research, I turned my focus to the development
of Pr’**-doped and Pr**, Tm?*",Yb*'-co-doped Y2Si»O; powders, which showed great
promise for light-triggered antimicrobial applications. By harnessing VIS-to-UV UC,
these materials were effective in the inactivation of common bacteria and fungi,

responsible for hospital-acquired infections in immunosuppressed patients.

In conclusion, the research conducted within the presented doctoral dissertation shows
novel strategies for enhancing luminescent properties of lanthanide-doped colloidal NPs
and MCs in powdered form in UV and NIR spectral ranges. The successful utilization
in proof-of-concept experiments, i.e., NIR-based in vivo bioimaging or light-triggered
Vis-to-UV UC-based eradication of human viruses, bacteria, and fungi, portrays them

as suitable candidates for real-life biomedical applications.

9.2. Future perspectives

The findings in this doctoral dissertation provide a solid basis for potential
implementation of lanthanide-doped materials in advanced biomedical applications.
However, continued development is still desired to improve their performance and expand
their use in a wider range of fields. Future work should address the following areas:

e development of materials concurrently emitting in UV and NIR spectral regions,
co-doped with other lanthanide ions: while I mainly focused on Pr** and Tm*
ions, it is highly likely that there are other combinations of lanthanide ions that
could exhibit PL of higher intensity in spectral regions of interest, when
incorporated at optimized molar concentrations into host matrices. For instance,

addition of Ho>" or Er’* ions along with Pr** ions into the host matrix could be
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an interesting choice as ET processes leading to UV emission enhancement
may occur;

selection of other host matrices: the choice of host matrix for lanthanide ions
incorporation is crucial to obtain materials with luminescent properties
of high efficiency. Although B-NaYF4, LiYFs4, and Y2Si,07; were utilized in
this study — the hosts proven to facilitate UC, there are other matrices of lower
phonon cut-off energy, e.g., KPbXs (iw = 128 cm™). It is highly probable
that when co-doped with lanthanide ions at the same molar concentration, they
can exhibit more intense UV and NIR emission, compared to alkali-metal-based
yttrium fluorides counterparts;

preparation for light-triggered disinfection: the synthesized Pr**-doped NPs
and MCs exhibited promising results in light-activated bacterial and viral
inactivation. Since they were utilized in the presented research as water
dispersions, further processing is required to improve their functionality
and applicability in real life. For instance, one can fabricate photoactive polymeric
surfaces by embedding lanthanide-doped inorganic nano- and microphosphors,
capable of Vis-to-UV UC, into polymers of high transparency in the region of
interest. As a consequence, continuous, strongly localized antimicrobial effect
with no simultaneous harm for human health would be observed, even under
standard light sources (e.g., a halogen lamp or monochromatic LEDs).
Interestingly, I am going to develop this idea within the three-year research project
PRELUDIUM, funded by National Science Centre of Poland;

integration with other functional nanostructures: one of the promising direction
for future work is the co-doping or co-encapsulation of lanthanide-doped NPs
with other functional NPs. For instance, integrating with plasmonic nanoparticles,
such as Ag or Au NPs could enhance Vis-to-UV UC emission via plasmonic
effects. Similarly, hybrid systems combining lanthanide-doped NPs with quantum
dots (e.g., CdSe, CdS or CdTe) or magnetic NPs (e.g., Fe304) could create
multifunctional nanoplatforms suitable for theranostics;

design of multifunctional theranostic platforms: one could also explore
the possibility of integrating these lanthanide-doped NPs and MCs with other
therapeutic agents, such as photosensitizers for photodynamic therapy or targeted

drug delivery systems. By combining diagnostic and therapeutic functionalities

185



in a single platform, these materials could provide advances in personalized
medicine, offering more precise treatments with minimal side effects.
In conclusion, while the findings of this thesis lay a strong foundation for the development
of lanthanide-doped NPs and MCs phosphors with enhanced optical properties
for biomedical and photonics applications, there is still significant potential for further
innovation. Future research should focus on improving their multifunctionality,
optimizing their performance in biological environments, and exploring new composite

materials that integrate other nanomaterials with unique properties.
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