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ABSTRACT

Modern biomedical diagnostics increasingly relies on multimodal imaging probes, but
developing a single nanocarrier that is stable, biocompatible, and effective across multiple
modalities remains challenging. This PhD. thesis aims to design polymer-modified nanocarriers
that offer two or more imaging modalities for potential use in biomedical diagnostics and
therapy. For the inorganic core, superparamagnetic iron oxide (Fe3O4) and lanthanide-doped
upconverting nanoparticles (e.g., NaYF4:Yb,Er or Gd(Tb)F3:Tb(Gd),Yb,Nd) were synthesized
as platforms for optical, computed tomography (CT), and magnetic resonance imaging (MRI).
Poly(N,N-dimethylacrylamide) (PDMA)-based copolymers were synthesized by reversible
addition-fragmentation chain-transfer (RAFT) polymerization with bisphosphonate anchoring
groups to bind to the hydrophobic particle surface; this ensured transfer of particles to water,
their colloidal stability, and biocompatibility. The copolymers were further functionalized with
either doxorubicin (Dox) via a pH-sensitive hydrazone linker, or a fluorescent dye for additional
imaging. Comprehensive particle characterization, such as dynamic light scattering (DLS),
transmission electron microscopy (TEM), Fourier-transform infrared (FTIR) and ultraviolet-
visible spectroscopy, thermogravimetric analysis (TGA), and nuclear magnetic resonance
(NMR), confirmed successful surface functionalization and long-term dispersion stability of
the polymer-coated nanoparticles. Fe3Os nanoparticles coated with an alendronate-
functionalized PDMA copolymer and covalently attached Dox were efficiently internalized by
U87 glioblastoma cells. Cell viability was substantially reduced, matching the cytotoxicity of
free Dox, while adding MRI contrast capability. Also, core-shell NaYF4:Yb,Er@NaYF4:Nd
nanoparticles were coated with positively charged PDMA-aledronate copolymers, which
ensured both colloidal stability and the cellular uptake. In addition, the copolymers significantly
slowed down the chemical dissolution of the nanoparticles demonstrating a protective effect.
Particles were also coated with an alendronate-functionalized PDMA copolymer and labeled
with a Cy7 dye to render them with three complementary imaging modalities: MRI, CT, and
near-infrared fluorescence. No acute toxicity was observed in the animals healed with the
particles during in vivo studies, demonstrating favorable biocompatibility. The application of a
polymer as a protective coating for particles increases not only their colloidal stability, but also
enables the introduction of additional modalities to develop a comprehensive diagnostic and

therapeutic system for future multimodal imaging.

Keywords: magnetic; upconverting; nanoparticles;  poly(N,N-dimethylacrylamide);

multimodal imaging.



ABSTRAKT

Moderni biomedicinska diagnostika se stale vice spoléha na multimodalni zobrazovaci sondy,
byt vyvoj samotného nanonosice, ktery by byl stabilni, biokompatibilni a G¢inny v nékolika
modalitach, zstdva nadale vyzvou. Cilem této doktorské prace je navrhnout polymerem
modifikované nanonosice, které¢ umoznuji dva ¢i vice zpiisobli zobrazeni pro potencialni pouziti
v biomedicinské diagnostice a terapii. Jako anorganickd jadra byly syntetizovany
superparamagnetické oxidy zeleza (Fe3O4) a lanthanidy dopované svétlo konvertujici
nanocastice (napi. NaYF4:Yb,Er nebo Gd(Tb)F3:Tb(Gd),Yb,Nd) pro optické, MRI a CT
zobrazovani. Do kopolymert na bazi poly(N,N-dimethylakrylamidu) (PDMA) syntetizovanych
adi¢né¢ reverzibilnim pienosem fetézce a fragmentaci (RAFT) byly zavedeny kotevni
bifosfonatové skupiny pro navazani na hydrofobni nanocastice; tim byl zajistén prevod castic
do vody, koloidni stabilita a biokompatibilita. Kopolymery byly déle funkcionalizovany
doxorubicinem (Dox) pomoci pH-citlivé hydrazonové vazby, nebo fluorescenénim barvivem
pro terapeutické nebo =zobrazovaci funkce. Komplexni charakterizace Ccastic, vcetné
dynamického rozptylu svétla (DLS), transmisni elektronové mikroskopie (TEM), infracervené
spektroskopie s Fourierovou transformaci (FTIR), ultrafialové-viditelné spektroskopie,
termogravimetrické analyzy (TGA) a nuklearni magnetické rezonanéni (NMR) spektroskopie,
potvrdily tspéSnou funkcionalizaci povrchu a dlouhodobou koloidni stabilitu polymerem
potaZenych nanocastic. Nanocastice Fe3O4 povlecené kopolymerem PDMA s alendronatovou
funkéni skupinou a Dox byly dobie internalizovany buiikami glioblastomu U87. Castice
podstatné snizily zivotaschopnost bunék, podobné jako volny Dox, a zaroveit umoZznily MRI
kontrast. Rovnéz NaYF4+:Yb,Er@NaYF4:Nd castice byly potazeny kladné nabitym
kopolymerem PDMA-aledronat, ktery poskytl koloidni stabilitu a podpofil internalizaci Castic
do bunék. Kopolymer také vyznamné zpomalil rozpousténi nanocastic ve vod¢€, coz potvrdilo
jeho ochranny ucinek. Byly-1i Gd(Tb)F3:Tb(Gd),Yb,Nd castice potazeny kopolymerem PDMA
s aledronatovou funkéni skupinou a oznaceny barvivem Cy7, k dispozici byly tfi
komplementarni zobrazovaci modality: MRI, CT a fluorescence v blizké infracervené oblasti.
In vivo studie na zvifatech neprokazala zadnou akutni toxicitu Castic, coz ukazuje na jejich
dobrou biokompatibilitu. Vyuziti polymeru jako ochraného povlaku nanocéstic tak zvySuje
nejen jejich koloidni stabilitu, ale i umoZznuje zavadéni dalSich modalit pro vyvoj novych

komplexnich diagnosticko-terapeutickych systémd.

Kli¢ova slova: magneticky; svétlo-konvertujici; nanocastice; poly(N,N-dimethylakrylamid);

multimodalni zobrazovani.
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1. INTRODUCTION

Bioimaging is vital for visualizing internal body structures enabling early disease detection,
accurate diagnosis, treatment planning, and monitoring of therapeutic efficacy. It enables
precise and non-invasive assessment of tissues or organs at molecular and cellular levels,
facilitating advances in personalized medicine and improved patient care. The most widely used
non-invasive clinical imaging techniques are magnetic resonance imaging (MRI), computed
tomography (CT), positron emission tomography (PET), single photon emission computed
tomography (SPECT), ultrasound imaging, and optical imaging!?>. However, one single-
imaging technique cannot ensure complete information about a patient’s health and while
choosing an imaging modality, healthcare professionals select the most appropriate method
based on the specific case, the information needed for further treatment, and/or the level of
radiation exposure.

MRI uses magnetic fields and radio waves to generate detailed images of soft tissues
and organs. CT combines X-rays and computer technology to create detailed images of the
body’s internal structures. PET measures metabolic activity in tissues using radioactive tracers
and identifies abnormal activity in the body. SPECT is similar to PET, but uses a different type
of a radioactive tracer, and is commonly used for cardiac imaging to assess blood flow, bone
scans, and evaluation of brain functions. Ultrasound imaging, a safe tool, uses high-frequency
sound waves to produce real-time images of soft tissues, organs, and prenatal visualization.
Optical imaging techniques apply visible light and near-infrared light (NIR) to visualize tissues,
cells, and structures within the body. Despite unique properties of these methods, each of them
also has its own disadvantages, e.g., high cost of equipment and analysis, time-consuming
evaluation, limited soft tissue differentiation, level of radiation exposure, low spatial resolution,
confined use in pregnant women, and limited penetration depth in tissues>.

A combination of several imaging techniques or modalities in one can reduce diagnosis
time and the disadvantages of each method. Multimodal molecular imaging is used to obtain
comprehensive information about tissues, the body’s structures, and functions without an
invasive intervention*. Multimodal imaging thus opens new avenues in medicine to gather a
complete set of data for an accurate diagnosis, clinical assessment, and therapy of different

diseases, such as cancer, neurodegenerative, and cardiovascular disorders, etc.>S.

10



1.1. Probes for multimodal imaging

In the past few decades, considerable attention has been devoted to designing novel multimodal
imaging tools, sometimes referred to as “contrast agents” or “imaging probes”, that can improve
disease detection, diagnostic information, and monitor treatment responses’. For multimodal
imaging, it is important to use imaging probes compatible with a range of imaging techniques,
such as contrast agents for MRI, radionuclides for PET and SPECT, fluorescent and
bioluminescent dyes for optical imaging, nanoparticles for multimodal imaging, and gas-filled
microbubbles for ultrasound visualization. For instance, iodine-based contrast agents, such as
iodixanol and iohexol, are widely used in CT and X-ray imaging for enhancing the visibility of
blood vessels and organs®®. Whereas fluorescent dyes, eosin and fluorescein, can be used in
optical and fluorescence microscopy’!°. Radioactive tracers found an application in nuclear
medicine imaging, such as PET and SPECT techniques, where radioactive isotopes are attached
to molecules that target specific tissues or organs, providing detection of metabolic activity!!.
Intravenous injection of microbubbles or encapsulated gas-filled particles is used to improve
blood flow visualization in ultrasound imaging'2. Multimodal imaging probes can be classified
by various features, like composition, properties, application mode, etc. Liposomal, polymeric,
small molecule probes and nanoparticles are the most described materials for multimodal

imaging (Figure 1).

SPECT imaging

PET imagin
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Small molecule probes
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Figure 1. Schematic illustration of various types of inorganic and organic nanoprobes and their

applications in imaging.
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Liposomal probes are spherical self-assembled lipid-based structures that can be loaded
with various hydrophobic imaging probes, such as radioactive isotopes, gadolinium-based
contrast agents, quantum dots, organic dyes, iron oxide, and gold nanoparticles, making them
vesicles for multimodal imaging and targeted delivery'*~'®. Hydrophilic moieties are commonly
localized in the aqueous layer, whereas hydrophobic moieties can be incorporated into the lipid
bilayer of liposomes. Despite the many benefits of liposomal probes, challenges can occur in
controlling their size and stability, complexity in synthesis, and high cost of specialized lipids.

Small molecule probes are small compounds applied for bioimaging of multiple targets
of interest, having the merits of structural tunability and good cell permeability!’. However,
their major drawbacks are rapid clearance from the body, which decreases time of application,
and limited target specificity, when small molecule probes can bind to multiple targets, leading
to false positive imaging signals. These materials can exhibit cross-modal interference due to
the presence of different modalities, which may lead to decreased sensitivity or reduced
efficacy, impacting overall imaging performance and leading to potential toxicity. Moreover,
small molecule probes may not provide as strong and sensitive signals as larger agents and
nanoparticles.

Polymeric probes refer to contrast agents consisting of biocompatible polymers, such as
poly(lactic-co-glycolic acid) or poly(ethylene glycol) (PEG), which have been approved by the
Food and Drug Administration (FDA) in USA for drug delivery in cancer and/or numerous
PEG therapeutics'®. Polymeric probes have become popular due to the diversity of modern
polymerization techniques, such as atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain-transfer polymerization (RAFT), and nitroxide-mediated
polymerization (NMP), providing a wide range of functionalities and architecture that can help
to adjust the pharmacokinetics/pharmacodynamics of drugs in vivo. For example, a well-
described polymeric carrier, which combines two modalities, imaging and drug delivery,
provides diagnostics and therapeutics in one, known as theranostics'®.

Among the diversity of materials, nanoparticles are of particular interest for scientists
working in the fields of material science, nanomedicine, and nanotechnology, finding broad
applications in multimodal imaging®®. Their unique properties, such as small size, high surface-
to-volume ratio, tunable surface chemistry, and the ability to provide various modalities, make
them ideal candidates for enhancing imaging contrast. Their size allows them to easily circulate
in the blood stream and reach the desired tissue. Nowadays, various materials, including gold,
iron oxide, quantum dots, silica, and polymers, are used to create particles with a diameter 1-

100 nm, occasionally up to 500 nm?!2,
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1.2. Magnetically responsive particles

Among nanoparticles, magnetic ones are very useful due to their unique properties, which allow
applications, such as contrast agents in MRI, targeted drug delivery, and controlled
hyperthermia treatment. This makes the magnetic particles a versatile tool for both diagnostic
imaging and targeted therapy. Magnetic nanoparticles are often composed of elements such as
iron, zinc, cobalt, or nickel, and their oxides. Although some materials, such as Co, exhibit a
higher saturation magnetization (Ms) than iron oxide, their use in biomedical applications is
limited due to the toxicity and the high susceptibility to oxidation?*. Iron oxide is considered a
biocompatible material due to its ability to degrade in the body in an acidic environment. The
formed Fe®" ions can be incorporated into natural iron storage in the liver (2.5-5 g of iron for
an adult)?*. Thus, the amount of dissolved iron is considered insignificant, when nanoparticles
are introduced at a dose in the range of mg/kg of body weight. Magnetic nanoparticles for
biomedical applications primarily consist of magnetite (Fe3O4) or maghemite (y-Fe2O3), which
have superparamagnetic behavior and low toxicity?>.

The magnetic properties of these particles are closely associated with their volume and
temperature, as these properties stem from the collective interaction of atomic magnetic dipoles.
Bulk magnetic materials, characterized by a multidomain structure, consist of regions with
uniform magnetization due to the alignment of magnetic moments, referred to as magnetic
domains separated by domain walls®. As the size of materials decreases to a critical value, the
particles transform from a multidomain state to a single domain state, when each particle acts

as a single magnetic domain (Figure 2). Further reduction in particle size leads to increased

thermal energy, causing rapid randomization of the magnetic dipoles®’.

>80 nm . 30-80 nm . <20 nm

Multidomain Single iSuperparamagnetic
state i domain state state

Magnetic behavior

Particle size

Figure 2. Size-dependent magnetic behavior and domain structures in nanoparticles.
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Unlike traditional magnets, superparamagnetic nanoparticles can be magnetized in the
presence of an external magnetic field, but they lose their magnetization once the external field
is removed?®. High saturation magnetization (M), along with minimal remanent magnetization
and lack of a hysteresis loop, allows these particles to be easily manipulated by a magnetic field,

avoiding aggregation and making them highly suitable for biomedical applications.

Superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs exhibit
superparamagnetic behavior, when their size is below a critical value known as the
superparamagnetic size limit, generally, this limit is below 20 nm. SPIONs are well-known for
medical imaging contrast enhancement. MRI contrast agents are categorized into two groups,
including longitudinal relaxation time 7} and spin-spin relaxation time 7>*. T} agents typically
contain paramagnetic ions, such as gadolinium, which have unpaired electrons that interact with
water protons, accelerating their return to the equilibrium state after being perturbed by a short
burst of radiofrequency energy, known as radiofrequency pulse. T agents (e.g., Magnevist®
and Omniscan®) can alter 71 of water protons, creating a bright positive signal intensity in
images and increasing cellular visibility. In contrast, 7> agents often contain SPIONSs, such as
Fe304or y-Fe;03, which create localized magnetic field inhomogeneities that cause faster water
proton dephasing®®. The use of T» agents (e.g., Ferucarbotran®) results in a dark negative
contrast on 7>-weighted MRI images, which can distinguish specific structures and
pathologies®!.

In addition, SPIONs not only enhance imaging of the pathological tissue, providing
better contrast and detail, when combined with optical microscopy, but also serve as a potent
contrast agent for cellular or molecular imaging in both in vivo and in vitro conditions. This
enables to visualize pathologies that were previously inaccessible through MRI alone?Z.
Significant research interest is focused on monitoring the in vivo cellular biodistribution,
encompassing aspects, such as cell migration and localization. SPION-based cellular imaging
has been widely used for application in imaging of macrophage activity, notably for tumor
staging in the liver and lymph nodes™.

Near-infrared (NIR) fluorescence using wavelengths above 1,000 nm is a promising
optical imaging method for visualizing deep tissues, which can provide a superior spatial
resolution that MRI imaging cannot attain. Since SPIONs lack intrinsic fluorescence,
incorporating a fluorescent dye is essential to impart fluorescent properties and create magneto-
fluorescent SPIONs. SPIONs functionalized with fluorescent probes that allow simultaneous

fluorescence and MR imaging is a promising agent for integrating anatomical information from
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MRI with the highly sensitive molecular imaging provided by fluorescence technique, which
can potentially enable surgeons to delineate cancerous tissues precisely>*. SPIONs coated with
fluorescent Cy5-doped mesoporous silica and loaded with CT-contrast iodinated oil provided a
trimodal MRI/CT/fluorescence imaging™. Iron oxide provided MRI contrast, whereas iodinated
compounds have been explored for the CT imaging. /n vitro imaging studies of aqueous
solutions containing these particles showed excellent contrast from bright fluorescence of CyS5,

followed by MRI, and the contrast sensitivity of CT>® (Figure 3).

Radionuclide
Targeting ligand (*Cu; =)

(e.g., antibody) \;

Drug payload
(doxarubicin)

Fluorescent dye
{Rhodamine B; Cy5)

Figure 3. Schematic representation of surface-engineered Fe3O4 nanoparticles for multimodal

imaging and theranostic applications.

There is a study>®, where SPIONs have found an application in theranostics, combining
their dual role as an imaging contrast agent and a carrier for a therapeutic payload within a
single nanomaterial platform (Figure 3). The lack of specificity in targeting cancer cells, along
with issues, such as short blood circulation time, low stability, and toxicity to healthy cells or
tissues, highlights the limitations of using drugs directly. The development of theranostics
addresses these challenges, enhancing the precision of anticancer targeting efficiency and
concurrently reducing toxic side effects®”**. Moreover, SPIONs functionalized with fluorescent
probes, drug payloads, or radionuclides illustrate the potential for creating multifunctional

theranostic systems.

Preparation of SPIONs. For designing SPION-based multimodal imaging probes,
several important aspects need to be considered, when selecting a synthesis method. These
include magnetic properties, size and shape (e.g., round, cubic, hexagonal, rod-like, octagonal,
nanoworm, and star-shaped), dispersity, and surface properties. All mentioned parameters can
vary widely based on the reaction parameters®>*’. The preparation of SPIONs can be performed

by three main routes: physical, chemical, and biological, each with its advantages and
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limitations. The synthesis method depends on the desired properties of the nanoparticles and
the intended application. The most frequently used methods of magnetic particle preparation
are described below.

Biological methods of iron oxide nanoparticle preparation involve utilizing natural
sources, such as plant extracts or microorganisms (bacteria, fungi, and algae)*'*>. These
microorganisms are cultivated in a suitable medium containing iron ions that are reduced,
promoting the nucleation and growth of SPIONs. Even though this method offers a green, cost-
effective, and sustainable approach to the synthesis of SPIONs, there are still challenges to
overcome, particularly in controlling particle size.

Coprecipitation method is one of the most widely used chemical approaches for
synthesizing SPIONs, which involves the coprecipitation of iron salts (such as FeCls and
FeSO4) in the presence of a base (e.g., NaOH or NH4OH) in an aqueous solution®. It is

llustrated on the Scheme 1.

Fe?'+2Fe* +8 OH — Fe304 + 4H,0

Scheme 1. Synthesis of Fe3O4 nanoparticles by coprecipitation method.

Typically, particle size is within a few nanometers to 20 nm, with the exact size being
influenced by adjusting reaction parameters, such as temperature, pH, and the concentration of
reactants. The reaction leads to the formation of iron oxide nanoparticles with good magnetic
properties and reproducibility. Despite coprecipitation is favored for its simplicity, at the same
time, controlling the morphology and crystallinity of synthetized magnetic nanoparticles can
pose challenges**.

Sol-gel synthesis is based on the formation of a colloidal solution (sol) as a result of
hydrolysis and condensation of a molecular precursor in solution, that undergoes a gelation at
room temperature (RT) to produce a solid material. Iron-containing precursors, such as iron
salts, are mixed in water or other solvents with a sol-gel solution and resulting gel is left for
growth and development of the nanoparticles within the gel matrix. The process is followed by
a subsequent heat treatment to remove the solvent. This results in a material with high
crystallinity and good control of particle size**¢. Nevertheless, in certain instances, this
approach may lead to contamination of the final product by the side reactions.

Hydrothermal synthesis involves the reaction of precursor materials in an aqueous
solution at elevated temperatures and high pressures. In this method, highly crystalline SPIONs

with a size range between 14 and 25 nm are formed through the hydrolysis and oxidation
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reactions. The size, morphology, and crystallinity are determined by the amount of solvents,
reaction time, pressure, and temperature. Hydrothermal synthesis provides a versatile and
scalable approach for producing SPIONs with controlled properties. However, due to the
necessity of high pressure and temperature, this procedure requires expensive equipment, such
as an autoclave, and accurate care*’.

Thermal decomposition technique is based on the decomposition of organometallic
precursors, such as iron oleate or iron acetylacetonate, at a high temperature in the presence of
a surfactant*. The molar ratios of the starting reagents, including organometallic compounds,
surfactants (oleic acid and oleylamine), and solvents, are crucial parameters for controlling the
size, shape, and stability of the resulting nanoparticles. At the specific high temperature
(typically in the range of 200 to 400 °C), the precursor undergoes thermal decomposition,
breaking down into metal atoms or ions. Then, the decomposed metal atoms nucleate to form
nanoscale particles. The growth of these particles is controlled by the temperature, reaction
time, and concentration of the precursor*. In comparison to other techniques, the thermal
decomposition method, as employed in this study, offers the advantage of producing uniform

iron oxide nanoparticles with controlled size and high crystallinity.

1.3. Upconverting nanoparticles (UCNPs)

Another material that has attracted a lot of attention for multimodal imaging in the last two
decades is represented by upconverting nanoparticles (UCNPs). These particles themselves can
be detected through multiple modalities, which don’t necessarily require the incorporation of
different molecular species providing various functionalities.

UCNPs consist of a host matrix, like sodium yttrium fluoride (NaYF4), doped with
specific rare-earth ions that act as sensitizers and activators *°. Typically, Yb*" ions are used as
a sensitizer, absorbing lower-energy photons and transferring the energy to the adjacent
activator ions (Er** and Tm*") in the crystal lattice. This energy transfer occurs through a non-
radiative process known as cross-relaxation. Er** or Tm** ions, having received energy from
Yb**, become excited to higher energy states. The specific energy levels depend on the
electronic structure of the dopant ions. The excited Er** or Tm®" ions then undergo radiative
transitions, emitting visible or ultraviolet light. While Er** ions are responsible for the green
and red upconversion emission, Tm*" ions contribute to the blue and red upconversion

emission.
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Optical properties. The primary optical property of UCNPs is upconversion
luminescence. This involves the interaction between incident photons of near-infrared (NIR)
light and the long-lived intermediate state, which can be ascribed to an anti-Stokes
mechanism>. The application of NIR light has several advantages over the UV and visible light.
NIR light (typically in the 700—1,000 nm spectral range) wavelengths fall into the so-called
“biological transparency window”, where light is not harmful to the tissue and has maximum
depth of penetration (up to 5 cm), resulting in a reduction of photodamage and phototoxicity>'.
Moreover, using NIR light can help to eliminate undesirable effects, such as light scattering and
autofluorescence®®>*. The upconversion process results in a low background signal, as the
emission occurs at higher energies than the excitation, enhanced signal-to-noise ratio, and high
sensitivity in the detection®*. The emission bands of UCNPs are often sharp and well-defined.
This spectral precision allows for distinct and accurate imaging or detection of specific targets.
UCNPs exhibit high photostability, meaning they can withstand prolonged exposure to
excitation light without significant degradation®. This property is essential for long-term
imaging and sensing applications. UCNPs can emit light at multiple wavelengths, leading to
multicolor emission, serving as excellent contrast agents for various imaging modalities>®>’.
This property is advantageous for applications, such as bioimaging and sensing, where different
colors can be used to label and distinguish various biological targets simultaneously>®.

Recently, UCNPs have become an attractive agent in the applications for photodynamic
therapy (PDT)®. UCNPs have also emerged as a versatile tool for multimodal imaging, offering
unique advantages in the realm of biomedical research and diagnostics, enhancing imaging
capabilities beyond traditional contrast agents®. For instance, UCNPs doped with gadolinium
ions have been employed to augment the 77 contrast in MRI, providing improved signal
intensity in Ti-weighted images®. The simultaneous utilization of UCNPs for upconversion
luminescence and MRI not only enhances anatomical visualization, but also enables
multimodal imaging with improved sensitivity and specificity. In addition, UCNPs can serve
as an efficient contrast agent in CT scans®'. An illustrative application involves the design of
UCNPs with a high X-ray attenuation coefficient, such have bismuth-doped UCNPs. The
incorporation of bismuth into UCNPs not only boosts their CT contrast performance, but also
opens avenues for bimodal imaging, combining the strengths of CT and upconversion
luminescence®. This synergistic integration of UCNPs into CT imaging holds great promise
for advancing diagnostic precision, particularly in scenarios, where improved soft tissue
contrast and simultaneous molecular imaging are crucial for comprehensive disease

characterization.
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Compatibility with other imaging techniques, such as MRI, CT, NIR thermal imaging,
upconversion luminescence, and photoacoustic imaging, positions UCNPs as a promising tool
for multimodal imaging®. Additionally, the capacity to functionalize UCNPs for targeted drug
delivery and incorporation into theranostic platforms further enhances understanding of
biological processes and improves diagnostic accuracy in complex biological systems®*%4,
Despite the advantages of UCNPs, they are characterized by a relatively low quantum yield that
must be improved for further applications>?. There are several approaches to improve the
upconversion efficiency and increase the quantum yield®. Initially, the process involved the
incorporation of co-doping sensitizer ions along with activator ions that exhibit a closely related
intermediate excited state. The presence of sensitizer and activator ions, with consideration to
the doping concentration and spacing between dopants, facilitates optimal interactions within a

lattice. Another approach is based on a sophisticated layer-by-layer strategy, specifically

through the incorporation of an inert or active shell onto the surface of UCNPs®® (Figure 4).

Low-energy state incident photons ~ ™=js-- High-energy state emitted photons

Energy / 10° cm™

Tm#*

Core UCNPs Core UCNPs with Core UCNPs with
@ ® inert shell active shell
Sensitizer Activator

Figure 4. Schematic illustration of an UCNP with inert (no Yb*") and active (Yb**-doped) shell,
where NaYF4 serves as a host matrix; schematic energy level diagram between Yb** and Tm>*

shows the possible upconversion mechanism. Adapted from Phys. Chem. Chem. Phys. 20,
22556, 20187,

An inert shell acts as a protective barrier, shielding the UCNPs from external quenching
factors and reducing the probability of non-radiative transitions. On the other hand, an active
shell, containing sensitizer or activator ions, facilitates efficient energy transfer processes,
thereby enhancing upconversion efficiency. The growth of the 2.5 nm shell on the activated

core showed a 20 times enhancement of upconversion emission®’.
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Preparation of UCNPs. The preparation of UCNPs is a meticulously tailored process
essential for harnessing their unique optical properties. Several strategies have been devised to
obtain UCNPs possessing desirable attributes for biomedical applications, such as
solvothermal/hydrothermal reactions, coprecipitation, and thermal decomposition techniques®®.
The choice of the synthesis method and reaction conditions significantly influence the size,
morphology, and crystallinity of UCNPs, ultimately determining their efficacy as an imaging
and therapeutic agent in diverse scientific and medical contexts.

Solvothermal and hydrothermal methods use high-temperature and pressure to induce
controlled nucleation and growth of UCNPs with enhanced crystallinity. In these techniques, a
reaction mixture containing metal precursors and coordinating solvents is sealed in a high-
pressure vessel and subjected to an elevated temperature®®. Solvothermal methods involve
organic solvents, while hydrothermal approaches use water as the solvent. The methods allow
for the synthesis of UCNPs with a well-defined crystal structure and tailored functionalities,
making them highly suitable for advanced biomedical applications, such as multimodal
imaging, drug delivery, and theranostics’.

Thermal decomposition involves the decomposition of organometallic precursors at
elevated temperatures, producing monodisperse UCNPs with precise control over their size,
composition, and optical properties. In this method, organometallic precursors containing rare-
earth ions are heated to a high temperature in the presence of a surfactant or ligand. The choice
of the surfactant plays a crucial role in determining the shape and surface properties of the
resulting  UCNPs. The thermal decomposition method offers advantages, such as
monodispersity of particles, scalability, and the potential for surface modification’!.

Coprecipitation involves mixing precursor salts in a solution, followed by precipitation
through chemical reactions. In this method, aqueous solutions of metal salts containing rare-
earth ions, such as yttrium, ytterbium, and erbium, are combined, and a precipitating agent is
introduced to induce the formation of UCNPs. Typically, ammonium or sodium hydroxide is
used as the precipitating agent. The resulting mixture undergoes a nucleation and a subsequent
growth of nuclei’>”.

High-temperature coprecipitation is another technique, which involves reaction in
organic solvents, typically octadec-1-ene (OD) or oleic acid, acting both as a solvent and
surfactant, helping to control particle growth and dispersion. However, obtained particles are
hydrophobic due to oleic acid capping, requiring further modification for aqueous applications.
Typically, lanthanide precursors, like acetates or chlorides, are dissolved in oleic acid and OD

and heated above 300 °C under an inert atmosphere. This high-temperature coprecipitation
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technique allows precise adjustment of particle size, crystal phase, and dopant levels,
optimizing upconversion luminescence’. Control over the reaction parameters, including
reaction time, temperature, and precursor concentrations, is crucial for tailoring the size,
morphology, and crystallinity of the UCNPs. In this thesis, UCNPs were prepared by

conventional and high-temperature coprecipitation.

1.4. Requirements for multimodal imaging probes in biomedical applications

Despite the origin of the probe, its development integrates numerous characteristics into a single
particle, which necessitates a significant effort. To ensure in vitro and in vivo reproducibility of
experiments, nanoparticles must exhibit consistent physicochemical and biological properties,
which can be achieved by the adherence to the following requirements’:

e good detection capability with a high signal-to-noise ratio,

e cnsuring the safety of particles depending on physicochemical characteristics (e.g.,

surface charge, shape, size, functional groups, and coating materials),

e colloidal stability in physiological environment,

e prevention of immediate uptake by the macrophages.

These requirements are interconnected with several critical factors. The nanoparticles
must be non-toxic and biocompatible, capable of introducing functional groups on their surface
for further modification. For example, the particle surface can be decorated with drugs, proteins,
or moieties, such as antibodies or peptides, which allow specific targeting to cells or tissues of
interest’S. Additionally, the nanoparticles must exhibit effective cellular uptake by specific (e.g.,
tumor) cells, which is influenced by the surface properties. The accumulation of nanoparticles
in tumor cells can occur through two simultaneous pathways: passive and active uptake, which
do not exclude each other.

To satisfy the requirements of good colloidal stability, hydrophilicity, and the absence
of aggregation, the application of a coating material is a widely adopted approach”’. In in vivo
imaging applications, the rapid clearance through the kidney is a significant challenge. Here,
the modification of the particles should ensure long enough blood circulation time, preventing
a fast clearance of the particles by the renal filtration and overcoming the reticuloendothelial
system (RES)’®. Particles possessing a hydrodynamic diameter smaller than the glomerular pore
size (~10 nm) are swiftly excreted from the body through the renal route, appearing in the urine
and consequently exhibiting a relatively short blood circulation time” (Figure 5). While

particles larger than 10 nm in size cannot pass the renal filtration, removal of larger
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nanoparticles than the filtration threshold of the liver sinusoids (~200 nm) is more likely by the
RES®. It is important to note that while the RES can clear many nanoparticles, this clearance
is not necessarily an obstacle. In certain applications, such as diagnostic imaging, nanoparticles

may be intentionally designed to target the RES for specific drug delivery purposes®’.

Biological
clearance routes:

Polymer-modified

nanoparticle =10 nm
Clearance
Naked Hydrophilic in urine
nanoparticle polymer

T Renal
Optimal window
10-200 nm
E—) \
=200 nm
Sequestered
Toxic risks Improved colloidal and cleared
aggregation stability Reticuloendothelial
Van der Waals forces Electrostatic Hydrophobic/hydrophilic

Interactions with biolegical environment

Figure 5. Size- and surface-dependent clearance of nanoparticles from the living body.

The interaction between the nanoparticles and the biological environment, including
multitude of physicochemical interactions (van der Waals forces, electrostatic and
hydrophobic/hydrophilic interactions), is one of the essential factors for providing biosafety of
nanomaterials. Some naked nanoparticles possessing toxic effects, e.g., neat SPIONs, can cause
free-radical production that leads to oxidative stress at the exposure site, inflammation, DNA
damage, and cell death®. Whereas neat UCNPs may themselves be non-toxic, there is a risk
that lanthanide ions may leach from particles over time, potentially compromising their
performance and reliability®’. Moreover, uniform UCNPs and SPIONs are typically synthesized
in hydrophobic media; however, for biomedical applications, it is necessary to obtain water-
dispersible nanoparticles by transferring particles from organic to aqueous phase. By modifying
the surface with hydrophilic ligands, we can prevent aggregation, improve dispersibility,
minimize potential toxicity, when interacting with biological systems, and increase blood
circulation time. Therefore, the nanoparticles require surface modification depending on the

specific requirements and the intended application.
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1.5. Particle surface modification

Various methods have been devised to modify the nanoparticles with polymers, with common
techniques encompassing both in situ and post-synthesis coating methodologies. In situ process,
typically the mini- or microemulsion polymerization and the sol-gel technique, occurs directly
on the surface of nanoparticles, leading to the formation of a polymeric layer that encapsulates
them®. This coating approach enables the incorporation of various functional groups or ligands
on the nanoparticle surface, thereby imparting tailored properties, such as enhanced stability,
biocompatibility, and specific targeting capability. However, a direct strategy to surface
modification frequently encounters challenges in preserving colloidal stability and regulating
the thickness of the shell, which proves to be a complex task.

Another approach is the post-synthetic modification, such as ligand exchange, silica
coating, or addition of an amphiphilic layer. These are widely used strategies for functionalizing
nanoparticles, allowing a competitive substitution of hydrophobic layer with hydrophilic metal-
coordinating ligands®. In this manner, nanoparticle surface can be modified with polymers by
various strategies including i) covalent bonding of the polymer with functional groups,
ii) electrostatic interactions, iii) physical adsorption, iiii) ligand exchange, etc. For example,
covalent bonding via reactive groups (e.g., amino, thiol, carboxyl) is advantageous due to its
high stability, resistance to desorption, and introduction of specific functionality®*®*’. In the
ligand exchange method, the original ligand (often hydrophobic) on the nanoparticle surface is
replaced with a new ligand with better functionality, biocompatibility, targeting, or stability.
For instance, exchanging hydrophobic ligands with PEGylated or charged ligands.

Surface modifications of nanoparticles often involve the use of both natural and
synthetic polymers. Natural polymers, typically polysaccharides, like chitosan, alginate, and
dextran, offer inherent biocompatibility and biodegradability, making them particularly
attractive for biomedical applications®®®. However, these polymers are usually lacking control
over the molar mass, often display batch-to-batch variability, and can be less stable compared
to synthetic polymers. In contrast, the synthetic polymers, e.g., poly(ethylene glycol) (PEG),
poly(lactic-co-glycolic acid) (PLGA), poly(vinyl alcohol), and silica, provide precise control
over nanoparticle characteristics, defined molar mass, architecture, hydrophobic or hydrophilic

properties, crystallinity, and functional groups® (Figure 6).
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Figure 6. Frequently applied polymer coatings in nanoparticle engineering.

Polymers, such as PLGA and PEG, offer exceptional biocompatibility, steric
stabilization, and have been approved by the FDA for antigen delivery and various biomedical
applications”. By conjugating PEG to the nanoparticle surface, researchers can mitigate
immune recognition, prolong blood circulation time, and enhance biodistribution, thereby
improving the efficacy of drug delivery systems. For instance, PEGylation of liposomal
doxorubicin (Doxil®) has revolutionized cancer therapy by reducing cardiotoxicity, improving
circulation time, and enhancing tumor accumulation through the enhanced permeability and

retention effect’!

. Moreover, PEG-modified magnetic nanoparticles exhibit enhanced colloidal
stability and biocompatibility for MRI contrast enhancement and targeted drug delivery in
various disease models®’?. The widespread adoption of PEG as a coating material underscores
its pivotal role in nanoparticle engineering, facilitating the development of innovative
therapeutic and diagnostic platforms with improved safety and efficacy profiles. However,
recent studies indicate that PEG, though widely used to enhance particle stability and blood
circulation time, can trigger immune responses that may compromise its efficacy and safety in
biomedical applications®®. Repeated exposure to PEGylated nanoparticles has been associated
with the development of anti-PEG antibodies, leading to accelerated blood clearance and
reducing therapeutic effectiveness. Furthermore, PEG-induced hypersensitivity reactions,

including mild to severe anaphylaxis, have been reported, which possesses concerns for patients
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requiring repeated or long-term treatment’®. This growing evidence highlights the need to
explore alternative surface coatings or modifications to PEG that retain beneficial properties

while minimizing immunogenicity.

Poly(N,N-dimethylacrylamide) (PDMA). Soluble in water and other polar solvents, N,N-
dimethylacrylamide (DMA) monomer is commonly applied in the production of PDMA
(co)polymers by ATRP and RAFT polymerization®>. PDMA (Figure 7) is known for its
biocompatibility, hydrophilic nature, tunable properties, and superior anti-fouling capabilities,
primarily attributed to the ability to significantly minimize protein adherence on surfaces to
which is applied”®. This effect is principally due to the steric hindrance caused by the dimethyl
groups attached to the nitrogen atom of PDMA, which creates a barrier against protein
adsorption. As proteins encounter the PDMA chains, they are repelled from the surface, a
phenomenon driven by the interplay between the chain entropic elasticity and the osmotic
pressure’’. Moreover, PDMA (co)polymers exhibit inertness and notable antibacterial and

antiviral properties.

Figure 7. Chemical structure of PDMA copolymer, where R corresponds to the functional

comonomer unit (AEtC-Boc, AcrtMPS, HOEA, or HOHA).

Surface modification with PDMA has emerged as a significant avenue in nanoparticle
engineering, offering tailored solutions for diverse biomedical applications’®>. PDMA can be
efficiently bound to the particle surface by various techniques, creating a hydrophilic barrier
around the nanoparticles, reducing non-specific protein binding, and increasing blood
circulation time in biological systems. The modification not only enhances the dispersibility
and stability of the nanoparticles in biological environments, but also facilitates precise control
over drug loading and release kinetics. Moreover, the versatile nature of PDMA allows the
introduction of targeting ligands or imaging probes, further expanding the applicability of
modified nanoparticles in targeted drug delivery, imaging, and theranostic applications. To

ensure the reproducibility of the surface modification, it is crucial to have polymers with
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precisely controlled molar mass and architecture. This is why methods of controlled

polymerization, such as ATRP and RAFT are extensively employed.

RAFT polymerization. The versatility of RAFT polymerization extends its compatibility
with a wide range of monomers, making it suitable for synthesizing a diverse array of functional
polymers. That is why in this study, the RAFT polymerization was employed to achieve
precisely controlled PDMA molar mass. The technique is a form of controlled radical
polymerization that enables the accurate synthesis of polymers with a specific molar mass and
a narrow molar mass distribution®’. The method is particularly valuable in the design and
development of nanocarriers for applications in life sciences, including multimodal imaging.
By controlling the architecture and functionality of the polymer chains, RAFT polymerization
facilitates the creation of nanocarriers that can be tailor-made for targeted drug delivery and
diagnostic applications.

RAFT polymerization is based on a mechanism involving a chain transfer agent (CTA),
which modulates the propagation of the polymer chain by reversibly adding monomer to the
growing radical and then fragmenting to regenerate the radical site (Figure 8). This cyclic
process not only controls the length of the polymer chain, but also enables the incorporation of
functional end-groups that are crucial for subsequent conjugation of imaging agents or drugs.

Post-polymerization functionalization of the end-group in the context of multimodal
imaging in life sciences enables the engineering of nanocarriers that can carry multiple imaging
agents. These nanocarriers can be designed to provide concurrent or sequential information
during diagnostic, improving the accuracy and efficiency of imaging techniques, such as MRI,
PET, or fluorescence imaging. The ability to fine-tune the surface characteristics and
degradation profiles of these nanocarriers further enhances their biocompatibility and

functionality in complex biological systems.
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Figure 8. Mechanism of RAFT polymerization, where I" denotes decomposed radical initiator,
P;" is the growing polymeric radical of length 1, P, and Pn" are propagating radical chains of
length n and m, and R’ is the leaving group radical involved in the reversible chain-transfer

process. Adapted from Macromolecules 50, 7433-7447, 2017.
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2. AIMS

The main aim of the work was to design and prepare polymer-coated Fe;O4 and upconversion
nanocarriers with two or more imaging modalities for future biomedical applications. The
materials must be biocompatible, nanoscale in size, monodisperse, with a high surface-to-
volume ratio, and good stability in an aqueous environment.
The specific thesis research objectives were:

1. Preparation of monodisperse nanoparticles and control of their size, morphology, dispersity,
and colloidal stability.

e Synthesis of Fe3O4 by thermal decomposition.

e Synthesis of core-shell UCNPs by high-temperature coprecipitation technique.
2. Synthesis and characterization of PDMA and its copolymers by RAFT polymerization:
introduction of anchoring bisphosphonate groups via Steglich reaction.
3. Surface functionalization of Fe3O4 and UCNPs with PDMA copolymers to ensure colloidal
stability of particles in aqueous media.
5. Attachment of dye and drug.

e Dox loading and its pH-sensitive release.

e Conjugation of Dyomics 615 dye to PDMA copolymer-coated particles.
6. Physicochemical characterization of functional nanoparticles by DLS, TEM, EDX, TGA,
FTIR spectroscopy, etc.
7. Investigation of in vitro cytotoxicity and cellular internalization of the nanoparticles.
8. In vivo evaluation of multimodal imaging performance (MRI/CT/fluorescence) in an animal

model.
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3. EXPERIMENTAL

3.1. Preparation of Fe3O4 and UCNPs

Fe304 nanoparticles. Ethanolic solution (80 ml) of oleic acid (OA; 0.12 mol) and aqueous
NaOH (0.12 mol; 80 ml) were mixed under heating at 80 °C for 18 min. FeClz-6H>0 (0.02 mol)
in hexane (140 ml) was added and the whole mixture was refluxed for 4 h with intense agitation.
The resulting Fe(II) oleate was washed with water three times (30 ml each) and dried at 80 °C
using a vacuum rotary evaporator. The mixture of Fe(III) oleate (6.41 mmol) in OD (40 ml) and
OA (16.13 mmol) was preheated at 130 °C for 1 h with continuous stirring (600 rpm), heated
at 320 °C for 30 min, and cooled to RT. FesO4@OA particles were washed with hot ethanol
five times (50 ml each) using magnetic separation to remove OD and excessive OA.

NaYF4:Yb,Er core upconverting nanoparticles (C-UCNPs). Solution of yttrium(III),
ytterbium(III), and erbium(IIl) chlorides (1 mmol; 0.78/0.2/0.02 mol/mol/mol, respectively)
and oleic acid (6 ml) in OD (15 ml) was stirred at 160 °C for 30 min under an Ar atmosphere.
Methanolic NaOH (2.5 mmol) and NH4F (4 mmol) solutions were added to the mixture cooled
to RT, which was then heated to 70 °C to evaporate methanol and subsequently to 300 °C for
1.5 h. The precipitate was separated by centrifugation (3,460 rcf) for 30 min and washed with
hexane/ethanol mixture (1:1 v/v) twice (14 ml each). Finally, the NaYF4:Yb,Er C-UCNPs were
dispersed in hexane.

NaYF4:Yb,Er@NaYF4:Nd core-shell upconverting nanoparticles (CS-UCNPs). To
prepare CS-UCNPs, a mixture of yttrium(Ill) (0.4 mmol) and neodymium(IIl) chloride
(0.1 mmol) and oleic acid (6 ml) in OD (15 ml) was heated at 160 °C for 30 min under an Ar
atmosphere. The mixture was cooled to RT and hexane dispersion (15 ml) of C-UCNPs
(150 mg) and methanolic solution of NaOH (1.25 mmol) and NH4F (2 mmol) were added under
magnetic stirring. To evaporate methanol and hexane, the mixture was heated to 70 °C and then
kept at 300 °C for 1.5 h under an Ar atmosphere. Finally, the CS-UCNPs were collected by
centrifugation (3,460 rcf) for 30 min, washed with hexane/ethanol mixture (1:1 v/v), ethanol,

and ethanol/water mixture (1:1 v/v), and redispersed in water.

3.2. Preparation of polymer coatings

Poly(V,N-dimethylacrylamide) (PDMA). DMA (14.9 mmol), ACVA (initiator; ACVA/DMA
=1:118, 1:236, 1:471, and 1:707 mol/mol), and DMP (chain transfer agent; CTA; ACVA/DMP
= 1:4.5 mol/mol) were dissolved in ethanol (3.5 ml). The solution was purged with Ar for

20 min and heated in an oil bath at 70 °C for 3 h. After the RAFT polymerization, the product
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was sedimented in hexane three times and dried under vacuum. Thiocarbonyl end-groups were
treated by an excess of AIBN at 80 °C for 1 h. The resulting copolymers were denoted as
PDMA4 (Mw = 3,86 kDa), PDMAsk (Mw = 7,54 kDa), PDMA1x (Mw = 10,95 kDa), and
PDMA2kx (Mw = 21,46 kDa).

Poly(V,N-dimethylacrylamide-co-N-acryloylglycine methyl ester) [P(DMA-
GlyOMe)] and poly(N,N-dimethylacrylamide-co-N-acryloylmethyl 6-aminohexanoate)
[P(DMA-AH)]. GlyOMe and AH were RAFT copolymerized with DMA at 95/5 and 90/10
molar ratios. The mixtures of DMA (14.18 and 13.44 mmol), GlyOMe (0.746 mmol) or AH
(1.49 mmol), ACVA (0.063 mmol), and DMP (0.284 mmol) in ethanol (3.5 ml) were purged
with Ar for 20 min and heated at 70 °C for 3 h. The resulting copolymers were precipitated in
tenfold excess of hexane at RT and vacuum-dried (see the Publication No. 1).

Poly(/NV,N-dimethylacrylamide-co-tert-butyl[2-(acryloylamino)ethyl]carbamate)
[P(DMA-AEtC-Boc)] and poly(V,N-dimethylacrylamide-co-2-(acryloylamino)-2-
methylpropane-1-sulfonic acid) [P(DMA-AcrMPS)]. DMA (12.1 mmol) and AEtC-Boc
(0.067 mmol) or AcrMPS (0.067 mmol) in ethanol (0.423 g of monomers per ml of solvent)
were RAFT-polymerized at 70 °C for 30 min with ACVA (0.035 mmol) as an initiator and
DMP (0.155 mmol) as a transfer agent under Ar atmosphere. The purification was described

above (see the Publication No. 2).

3.3. Modification of polymer coatings

NHS-activation of PDMA, P(DMA-GlyOMe), P(DMA-AH), [P(DMA-AEtC-Boc)], and
[P(DMA-AcrMPS)]. Steglich esterification introduced N-hydroxysuccinimide (NHS)-end
groups to the polymers via activation of carboxyl groups with DCC as a coupling reagent and
DMAP as a catalyst. The copolymer (0.13 mmol), fivefold excess of NHS, DCC, and DMAP
(10 mol.%) were stirred in acetone (8 ml) at 5 °C for 1 h and the reaction continued at RT for
12 h under stirring. Precipitated DCU byproduct was filtered-off using a Millex-HA syringe
filter (0.45 pum pore size) and acetone was evaporated under vacuum.

Alendronate-modification of NHS-activated PDMA, P(DMA-GlyOMe), P(DMA-
AH), [P(DMA-AEtC-Boc)], and [P(DMA-AcrMPS)]. Dry NHS-activated PDMA copolymer
(0.13 mmol) was added to a solution of tenfold excess of alendronate sodium trihydrate (Ale)
in phosphate buffer (10 ml; pH=7.4) at 5 °C. The mixture was stirred (150 rpm) at RT for 48 h
and dialyzed against water (MWCO = 3.5 kDa) for 48 h and freeze-dried. The presence of
phosphonate groups in PDMA-Ale was confirmed by *'P NMR spectroscopy (121.5 MHz;
D,0): 6 = 18 ppm.
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Poly[N,N-dimethylacrylamide-co-N-(2-hydrazinyl-2-oxoethyl)acrylamide]-
alendronate [P(DMA-HOEA)-Ale] and  poly[N,N-dimethylacrylamide-co-N-(6-
hydrazinyl-6-oxohexyl)acrylamide|-alendronate [P(DMA-HOHA)-Ale]. Solution of
P(DMA-GlyOMe)-Ale (Mw = 8.84 or 11.28 kDa; 0.5 g each) in ethanol (3 ml) and 80 %
ethanolic hydrazine hydrate solution (80 pul) were mixed at RT for 48 or 96 h. Residual ethanol
was removed using a vacuum rotary evaporator and the resulting P(DMA-HOEA)-Ale or
P(DMA-HOHA)-Ale was dialyzed (MWCO = 3.5 kDa) against water for 48 h and freeze-dried.
The conversion of methyl ester to hydrazide groups was determined by "H NMR spectroscopy.

N-Boc deprotection of P(DMA-AEtC-Boc)-Ale-DY-615. P(DMA-AEtC-Boc)-Ale-
DY-615 (1 mmol) was dissolved in 3 M hydrochloric acid in methanol (3 ml) and the mixture
was stirred at RT for 2 h. Methanol was removed on a rotary evaporator and resulting P(DMA -
AEA)-Ale-DY-615 was dialyzed using a cellulose membrane (MWCO = 3.5 kDa) against water
at RT for 48 h and freeze-dried. Detailed information about the modification of copolymers was

provided in the Publication No. 1 and 2.

3.4. Attachment of drug and dye

Dox-conjugated P(DMA-HOEA)-Ale and P(DMA-HOHA)-Ale copolymers. Dox
(60 mol.%; equimolar amount relative to hydrazide) was added to a methanolic solution of the
polymer (10 wt.%) with a drop of acetic acid under stirring for 48 h at RT in the dark. The
resulting Dox-P(DMA-HOEA)-Ale and Dox-P(DMA-HOHA)-Ale copolymers were purified
by a gel filtration chromatography using methanol on a Sephadex® LH-20 column; solvent
evaporation followed.

Fluorescently labeled P(DMA-AEtC-Boc) and P(DMA-AcrMPS) copolymers. For
RAFT end-group cleavage, P(DMA-AEtC-Boc) or P(DMA-AcrMPS) (0.3 g each) was
dissolved in methanol (2 ml) and sodium borohydride (20 mg) was added. The solution was
degassed and magnetically stirred at RT for 2 h. Obtained products were purified using a
Sephadex® LH-20 chromatographic column with methanol under Ar purging and the solvent
was evaporated. Then, the solution of copolymer (150 mg; 33 mg/ml) and DY-615-maleimide
(0.1 mg; 0.1 mg/ml) in methanol (2 ml) was added and the mixture was stirred at RT for 16 h.
The P(DMA-AEtC-Boc)-DY-615 or P(DMA-AcrMPS)-DY-615 copolymers were purified
through gel filtration on a Sephadex LH-20 column using methanol as an eluting solvent.
Subsequently, the solvent was removed through a vacuum evaporation at RT. The amount of
DY-615 was quantified using UV-Vis spectrophotometry at 621 nm (molar absorption
coefficient ¢ = 200,000 1/mol-cm).
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3.5. Modification of particle surface

Fe304@Ale-PDMA nanoparticles. PDMA-Ale (8 mg) was added to a dispersion of Fe3;O4
nanoparticles (16 mg) in a toluene/1,4-dioxane mixture (8.5 ml; 0.5/16 v/v) that was stirred at
80 °C for 12 h under Ar atmosphere. To remove the unreacted PDMA-Ale, Fe;O4@Ale-PDMA
nanoparticles were dispersed in hexane two times (10 ml each), separated using a centrifuge,
washed by hexane/ethanol mixture (10 ml; 50/50 v/v) and ethanol two times (10 ml each), and
dispersed in water.

Fe;Os@Ale-P(DMA-HOEA)-Dox and Fe3Os@Ale-PDMA&Dox nanoparticles.
Dispersion of Fe3Os nanoparticles (16 mg) and P(DMA-HOEA)-Ale-Dox (My = 8,84 kDa;
8 mg) in a toluene/1,4-dioxane/propan-2-ol mixture (8 ml; 0.5/1/1 v/v/v) was sonicated and
stirred at 30 °C for 48 h under Ar atmosphere. The obtained Fe3;O4@Ale-P(DMA-HOEA)-Dox
nanoparticles were purified as described above. To determine the Dox content, iron oxide in
the aqueous Fe3Os@Ale-P(DMA-HOEA)-Dox dispersion (0.2 ml; 2.4 mg particles/ml) was
dissolved with 21 M hydrofluoric acid (0.05 ml) in methanol (0.95 ml) and analyzed by UV-
Vis spectroscopy at 488 nm. Free Dox was mixed with the aqueous Fe;Os4@Ale-PDMA
dispersion to obtain Fe3Os@Ale-PDMA&Dox particles, ensuring the same Dox concentration
as used in the previously described sample.

CS-UCNP@Ner-PEG. PEG-Ner (3.5 mg) was added to a dispersion of CS-UCNPs in
water (6 ml; 1.7 mg/ml) and the mixture was stirred at RT for 12 h. The resulting CS-
UCNP@Ner-PEG particles were dialyzed against water using a cellulose membrane
(MWCO = 14 kDa) to eliminate excessive PEG-Ner.

Reaction of CS-UCNPs with PDMA-Ale-DY-615, P(DMA-AcrMPS)-Ale-DY-615,
and P(DMA-AEA)-Ale-DY-615. PDMA-Ale-DY-615, P(DMA-AcrMPS)-Ale-DY-615, or
P(DMA-AEA)-Ale-DY-615 polymers (2.75 mg) were added to a dispersion of CS-UCNPs in
water (5 ml; 1.1 mg/ml) with sonication at 10 W for 5 min and stirring at RT for 12 h. The
resulting CS-UCNP@Ale-PDMA-DY-615, CS-UCNP@Ale-P(DMA-AcrMPS)-DY-615, and
CS-UCNP@AIle-P(DMA-AEA)-DY-615 particles were dialyzed against water for 24 h using a
cellulose membrane (MWCO = 3.5 kDa).

Synthesis of Gd(Tb)F3:Tb(Gd),Yb,Nd@P(DMA-GlyOMe)-Ale nanoparticles
functionalized with Cy7-Ale. P(DMA-GlyOMe)-Ale (10%-102 mg/ml) was dissolved in
ethylene glycol (10 ml), which was followed by the addition of lanthanide chlorides (1 mmol;
GdCl3-6H20, TbCl3-6H20, YbCl3-6H,0, and NdCl3-6H20) and stirring for 30 min. NaBF4

solution in ethylene glycol (3 ml, 3 mmol) was then added dropwise and the reaction was
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maintained at 75 °C for 3.5 h under stirring. After cooling to RT, the particles were collected
by centrifugation (14,500 rcf; 30 min) and washed repeatedly with water and ethanol. The final
Gd(Tb)F3:Tb(Gd),Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles were dispersed in water
(5 ml). Cy7-Ale (I mg/ml) was then mixed with purified particles (30 mg/ml) in PBS (pH =7.4)
overnight at RT in the dark. After that, the unbound Cy7-Ale was removed by repeated

centrifugation and washing with PBS and water.

3.6. Characterization methods

Transmission electron microscopy (TEM) analyzed the particle size and distribution.
Number-average diameter (D, = Y.(D; - n;)/¥n;), weight-average diameter (D, = Y.(D;! -
n)/X(D3 -n;), and dispersity (P = [;—W) were determined by measuring at least 300

nanoparticles from randomly selected TEM micrographs using the Atlas software.

Energy-dispersive X-ray (EDX) spectroscopy on TEM microscope was used to
analyze the elemental composition of UCNPs.

Dynamic light scattering (DLS) at 25 °C evaluated the hydrodynamic particle diameter
(Dn), size distribution (polydispersity PD), and electrophoretic mobility of the particles
characterized by the (-potential. Dy, was determined by the intensity-weighted distribution
function obtained using the CONTIN analysis of the correlation function integrated in Malvern
software.

TH and 3'P NMR spectroscopy was used for the evaluation of kinetics of the RAFT
polymerization of DMA, characterization of polymer structures, and copolymer compositions.
The presence of the phosphonate groups in the polymers was confirmed by *'P NMR
spectroscopy.

Elemental analysis determined the phosphorus content, the conversion of carboxyl end-
groups to bisphosphonates, and the elemental composition of GdF3:Tb,Yb,Nd and
TbF3:Gd,Yb,Nd particles.

Size-exclusion chromatography (SEC) equipped with an UV-Vis diode array, a
refractive index OptilabrEX and multiangle light scattering DAWN EOS detectors was used
for the determination of weight- (My) and number-average molar mass (M,) and Mw/M, of the
polymers at a flow rate of 0.6 ml/min using methanol/sodium acetate buffer (80/20 v/v) eluent
(pH=6.5).

Thermogravimetric analysis (TGA) was performed in air from RT to 800 °C at

10 °C/min to evaluete the amount of coating on the particles. Grafting density (¢) of PDMA on
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the surface of magnetic nanoparticles was calculated according to the equation as described in
the Publication No. 1.

Vibrating sample magnetometry (VSM) was used to the study superparamagnetic
properties of Fe3O4 nanoparticles by measuring the saturation magnetization (Ms) and the
remanent magnetization (M;).

Upconversion luminescence spectroscopy was performed in a Hellma 114F-QS
cuvette (10x4 mm path length) with a FS5 spectrofluorometer equipped with continuous CW
808 and 980 nm xenon lamps (150 W) at RT using infrared diode lasers as an excitation source
with nominal laser power of 2 W. The emission intensity of various C- and CS-UCNPs was
measured under excitation at 808 and 980 nm.

Fourier-transform infrared (FTIR) spectroscopy investigated the modification of

iron oxide and UCNP surface with polymers and the composition of PDMA copolymers.

3.7. Cytotoxicity and in vitro particle distribution

Cytotoxicity and cellular uptake of surface-modified Fe30s4 and UCNPs were evaluated in
collaborating biological laboratories using various cellular models. The internalization of
magnetic  FesOs@Ale-PDMA, Fe;0s@Ale-P(DMA-HOEA)-Dox, and Fe;Os@Ale-
PDMA&Dox nanoparticles was evaluated in human glioblastoma U-87 cells by laser scanning
confocal microscopy at the Biological models department of the Institute of Macromolecular
Chemistry. The viability and uptake of Fe3Os@Ale-P(DMA-HOEA)o-Dox particles were
compared with those of Fe;Os@Ale-PDMAgsk (see the Publication No. 1). The toxicity of
polymer-modified UCNPs was examined in human and rat carcinoma cells (HeLa, Hep-G2,
and INS-1E) at the Institute of Physiology of the Czech Academy of Sciences. The toxicity
evaluation encompassed analysis of cell viability, fluorescence intensity and particle uptake by

the carcinoma cells (see the Publication No. 2).

3.8. In vivo MRI, CT, and optical imaging

All animal experiments were performed in accordance with the guidelines for laboratory animal
care and were approved by the Charles University (First Faculty of Medicine), the relevant
institutional committee, and the Ministry of Education, Youth and Sports of the Czech Republic
(MSMT-34384/2019-2), in compliance with applicable legislation. The in vivo MRI, CT, and
optical imaging were performed by our collaborating partners; detailed experimental

procedures and protocols are provided in the Publication No. 3.
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4. RESULTS AND DISCUSSION

4.1. Preparation of nanoparticles and evaluation of their properties

Superparamagnetic Fe3Oy nanoparticles. In comparison to other techniques for SPIONs
preparation, the thermal decomposition method employed in this study offered the advantage
of producing uniform iron oxide nanoparticles with controlled size and high crystallinity. Fe3O4
was synthesized using Fe(III) oleate precursors in a high-boiling point solvent (OD) at high
temperature (320 °C) with oleic acid (OA) as a stabilizer. The TEM image showed that the
nanoparticles were spherical with a size D, = 16 nm and a narrow size dispersity (P = 1.01;
Figure 9 a). The hydrodynamic diameter of the Fe;O4@OA particles (Dn = 21 nm) was larger
compared to Dy, as it also measures the layer of solvent and solutes permanently or transiently
retained on the nanoparticle surface. The monodispersity of nanoparticle was confirmed by

DLS measurement (PD = 0.06).
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Figure 9. TEM micrographs of (a) Fe304@OA and (b) Fe3Os@Ale-PDMA nanoparticles.

The synthesized Fe;04@OA nanoparticles were hydrophobic due to the stabilizing layer
of oleic acid and therefore could not be dispersed in aqueous media. For the transfer in water,
the surface was modified with PDMA terminated with phosphonate groups. The anchoring Ale
groups ensured strong covalent attachment to the nanoparticle surface, while the hydrophilic
polymer chains provided steric stabilization. The TEM image of Fe;Os4@Ale-PDMA showed
that the particles remained individually dispersed after phase transfer, without visible
aggregation or changes in size relative to the original hydrophobic particles (Figure 9 b). Details
about the synthesis and the characterization of nanoparticles, as well as the determination of the
colloidal stability and the grafting density of PDMA on the Fe3O4 nanoparticles, can be found
in the Publication No. 1.
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Magnetic characterization of Fe3O4 nanoparticles with a vibrating sample magnetometer
showed that the magnetization increased sharply with the applied magnetic field, reaching the
saturation magnetization Ms = 37 A-m*/kg at £0.6 T, while the remanent magnetization M; was
only 0.23 A-m?*/kg. The hysteresis curve showed no remanence and no coercivity, typical for
the superparamagnetic nanoparticles (Figure 10). The small residual M; value suggests the

presence of a minor fraction of large multidomain particles not detected by the TEM.
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Figure 10. Magnetization curve of Fe;O4 nanoparticles.

Upconverting core-shell NaYF4:Yb,Er@NaYF4:Nd nanoparticles. After analyzing the
Fe304 nanoparticles, the work proceeded with the CS-UCNPs, chosen for their upconversion
properties and ability to add optical contrast for multimodal imaging. Monodisperse spherical
NaYF4:Yb,Er nanoparticles (D, = 28 nm; D = 1.01) were synthesized by a high-temperature
(300 °C) coprecipitation of lanthanide chlorides. Subsequently, the NaYF4:Yb,Er nanoparticles
(Figure 11 a, c) were covered with a Nd-doped NaYF4 shell, exhibiting an ellipsoidal shape
(Figure 11 b). The elemental analysis confirmed the successful incorporation of Nd in the shell
(Figure 11 d). The incorporation of Nd ions enabled the excitation at 808 nm, a wavelength
lying within the first biological transparency window, reducing photothermal heating associated

with the conventional 980 nm excitation.
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Figure 11. TEM micrographs and TEM/EDX analysis of (a, ¢) C-UCNPs and (b, d) CS-UCNPs.

The upconversion luminescence of both C-UCNPs and CS-UCNPs was evaluated under
excitation at 980 and 808 nm (Figure 12). Both samples displayed the characteristic Er**
emission bands at 409, 525, 542, and 656 nm corresponding to the >Hon — “I152 (409 nm),
2Hiip—2lisp (525 nm), *S;n—?lLisp (542 nm), and *Fon—2lisn (656 nm) transitions
(Figure 12 a). As anticipated, only the CS-UCNPs emitted light under 808 nm excitation,
confirming the sensitizing role of Nd** ions in the shell. The NaYF4:Nd shell also enhanced the
luminescence intensity about fourteenfold at 980 nm excitation and low power (1 W/cm?;
Figure 12 b), indicating efficient suppression of surface quenching. After the phase transfer
from hexane to water of the CS-UCNPs was slightly reduced (Figure 12 ¢). TEM/EDX analysis
of C-UCNPs revealed dominant peaks corresponding to Na, Y, and F atoms, along with a
smaller Yb peak. Peaks of C and Cu originated from the standard TEM grid (Figure 11 c). In
contrast, the CS-UCNPs exhibited additional minor peaks at 5.3 and 5.8 keV, confirming the

incorporation of neodymium in the shell (Figure 11 d).
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Figure 12. Photoluminescence upconversion spectra of C-UCNPs and CS-UCNPs in (a, b)
hexane and (c) water; particle concentration (a) 1 mg/ml and (b, ¢) 1.5 mg/ml; excitation at (a)

808 nm and (b, ¢ ) 980 nm.

Gd(Tb)Fs3:Tb(Gd),Yb,Nd UCNPs. Gd(Tb)F3:Tb(Gd),Yb,Nd nanoparticles were
obtained by a one-step coprecipitation of lanthanide salts and coated with water-soluble
P(DMA-GlyOMe)-Ale copolymer to control the morphology and colloidal stability. P(DMA-
GlyOMe)-Ale-coated GdF;:Tb,Yb,Nd and TbF3:Gd,Yb,Nd nanoparticles, ~5 nm in diameter,
were assembled into aggregates of 51 and 59 nm, respectively (Figure 13 a, b), displaying
relatively narrow size distributions with a dispersity D = ~1.15. In the system, Gd served as a
T1-weighted MRI contrast agent, while Tb, with a short electronic relaxation time, enhanced
the 7> relaxation. Codoping of Tb with Yb shifted the upconversion emission under 980 nm,
while doping with paramagnetic Nd atoms absorbed photons at 808 nm. The EDX spectra of
GdF3:Tb,Yb,Nd and TbF3:Gd,Yb,Nd particles confirmed the expected elemental composition
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of rare-earth atoms; strong peaks of C and Cu originated from the supporting carbon-coated

copper grid, onto which the nanoparticles were deposited (Figure 13 ¢, d).

CKa c

Intensity

01 2 3 4 5 6 7 8 9 10
E [keV]

CuKa

Intensity
TbLP,+YbLo

01 2 3 4 5 6 7 8 9 10
E [keV]

Figure 13. Characterization of P(DMA-GlyOMe)-Ale-coated (a, ¢c) GdF3:Tb,Yb,Nd and

(b, d) TbF3:Gd,Yb,Nd nanoparticles. (a, b) TEM micrographs with insets showing the

diffraction patterns and (c, d) TEM/EDX spectra.

Detailed characterization of the downconversion and upconversion luminescence
of the P(DMA-GlyOMe)-Ale-coated GdF3;:Tb,Yb,Nd and TbF3:Gd,Yb,Nd nanoparticles,

including excitation and emission spectral analyses, can be found in the Publication No. 3.

4.2. Synthesis of polymer coatings for particle surface functionalization

In the design of polymer-modified nanocarriers intended for biomedical imaging, the surface
chemistry of the nanoparticles plays a central role in determining their colloidal stability and
biocompatibility. The covalent attachment of polymers through reactive groups with high
affinity for the nanoparticle surface provides durable steric stabilization, ensuring
reproducibility of particle behavior in different media. In the context of biomedical

nanocarriers, covalent anchoring of hydrophilic polymers offers additional advantages, such as
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controlled surface functionality for further bioconjugation, enhanced blood circulation time,
and predictable pharmacokinetics.

RAFT polymerization of DMA and copolymerization with GlyOMe and AH. DMA was
copolymerized with two reactive comonomers, GlyOMe and AH, at 5 or 10 mol.%, to introduce
reactive ester group that can be converted into hydrazide for pH-sensitive drug binding.
Reaction proceeded via 4,4’-azobis(4-cyanovaleric acid) (ACVA)-initiated RAFT
polymerization using the same ACVA/CTA ratio (1/4.5 mol/mol; Figure 14). The resulting
poly(N, N-dimethylacrylamide-co-N-acryloylglycine methyl ester) [P(DMA-GlyOMe)] and
poly(N, N-dimethylacrylamide-co-N-acryloylmethyl ~ 6-aminohexanoate) [P(DMA-AH)]
exhibited M,, between 7.12 and 12.79 kDa and low polydispersity (1.07—1.13). The molar mass

of copolymers was thus well below the kidney excretion threshold limit.
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Figure 14. Copolymerization of N,N-dimethylacrylamide (DMA) with a reactive comonomer
(RCM) and RAFT-end group termination with AIBN, yielding P(DMA-GlyOMe) and P(DMA-
AH) copolymers. CTA - chain transfer agent, ACVA - 4,4’-azobis(4-cyanovaleric acid), AIBN
- 2,2’-azobis(2-methylpropionitrile).

Bisphosphonate-terminated and Dox-functionalized DMA copolymers. To ensure
effective covalent attachment of the polymers to the iron oxide nanoparticle surface, a
bisphosphonate anchoring group was introduced into PDMA-based copolymers through the
Steglich esterification. The synthesis involved the activation of carboxyl end-groups of PDMA
by DCC/NHS chemistry and the reaction with the amino groups of Ale (Figure 15).

The introduction of phosphonate groups into the copolymers was confirmed by 3'P
NMR spectroscopy. P(DMA-GlyOMe)-Ale (My = 8.84 kDa) and P(DMA-AH)-Ale
(Mw=11.28 kDa) contained 0.22 and 0.15 mmol of phosphorus per gram, respectively,

according to the elemental analysis, achieving COOH group conversion of 71 and 78 %. The
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detailed synthesis procedure and the characterization of the particles are described in the

Publication No. 1.

Figure 15. Activation of carboxyl end-group of reactive PDMA copolymers with N-
hydroxysuccinimide (NHS) and N,N’-dicyclohexylcarbodiimide (DCC) and reaction with
alendronate (Ale). DCU - dicyclohexylurea.

P(DMA-GlyOMe)-Ale and P(DMA-AH)-Ale copolymers containing methyl ester
groups were then converted to the corresponding hydrazide form via a reaction with hydrazine,
resulting  in  poly[N,N-dimethylacrylamide-co-N-(2-hydrazinyl-2-oxoethyl)acrylamide]-
alendronate [P(DMA-HOEA)-Ale] and poly[NV,N-dimethylacrylamide-co-N-(6-hydrazinyl-6-
oxohexyl)acrylamide]-alendronate [P(DMA-HOHA)-Ale]. For the conjugation of the
anticancer drug doxorubicin (Dox), a pH-sensitive hydrazone bond was chosen, allowing drug
release in the acidic environment of a tumor (pH = 5.0-6.5), while maintaining stability in blood
and healthy tissues at pH = 7.4. To assess the influence of a spacer length on drug release, Dox
was conjugated to both copolymers (Figure 16). According to 'H NMR, the conjugates
contained 5.02 and 1.17 mol.% of Dox, respectively. The synthesis, the modification, and the

characterization of the copolymers are described in more detail in the Publication No. 1.
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Figure 16. Doxorubicin-conjugated poly[N,N-dimethylacrylamide-co-N-(2-hydrazinyl-2-
oxoethyl)acrylamide]-alendronate [P(DMA-HOEA)-Ale] or poly[ N, N-dimethylacrylamide-co-
N-(6-hydrazinyl-6-oxohexyl)acrylamide]-alendronate [P(DMA-HOHA)-Ale]; x=1 or 5.

Dox release from both copolymers was significantly faster under acidic conditions
(pH =5), compared to physiological ones (pH = 7.4; Figure 17). After 72 h, the cumulative
release at pH = 5 reached 85 % for P(DMA-HOEA)-Ale and 97 % for P(DMA-HOHA)-Ale.
Under physiological pH, the release was much lower, with values of 37 and 49 %, respectively.
The P(DMA-HOHA)-Ale derivative, which contained a longer linker, showed a noticeably
higher release than the P(DMA-HOEA)-Ale. As a result, the copolymer with the shorter spacer
was selected for the following biological studies, as it exhibited greater stability under
physiological conditions due to the reduced conformational freedom and lower water

accessibility to the labile bond compared to the polymer with the longer spacer.
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Figure 17. Release of Dox from P(DMA-HOEA)-Ale-Dox and P(DMA-HOHA)-Ale-Dox in
acetate (pH = 5) and phosphate buffer (pH = 7.4).
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RAFT copolymerization of DMA with AEtC-Boc and AcrMPS. To prepare polymers
with different charges, DMA was RAFT copolymerized with two reactive comonomers, fert-
butyl[2-(acryloylamino)ethyl]carbamate (AEtC-Boc) containing amino group with a positive
charge and 2-(acryloylamino)-2-methylpropane-1-sulfonic acid (AcrMPS) with a negatively
charged sulfo group (Figure 18). Polymerization yielded P(DMA-AcrMPS) and P(DMA-AEtC-
Boc) copolymers with a number-average molar mass M, = 11 kDa and a narrow molar mass
distribution corresponding to the theoretical value. The molar mass was sufficiently high to
ensure steric stabilization of the particles in aqueous media, in contract to poor colloidal
stability observed with magnetic particles coated with PDMA, M, of which was <8 kDa, as
presented in the Publication No. 1. The detailed characterization of the copolymers by 'H NMR
and FTIR spectroscopy was described in the Publication No. 2.

P(DMA-AEtC-Boc)-DY-615

S
~DY-615
m

H3C+CH3

CHj

P(DMA-AcrMPS)-DY-615

Figure 18. Copolymers of N N-dimethylacrylamide (DMA) with tert-butyl[2-
(acryloylamino)ethyl]carbamate (AEtC-Boc) and 2-(acryloylamino)-2-methylpropane-1-
sulfonic acid (AcrMPS) labeled with DY-615 fluorescent dye.

Functionalization of PDMA copolymers with DY-615 dye and alendronate. To enable
fluorescence tracking of polymer-coated nanoparticles and provide effective surface
stabilization of NaYF4:Yb,Er@NaYF4:Nd particles in a biological environment, PDMA-based
copolymers were further functionalized. Initially, P(DMA-AcrMPS) and P(DMA-AEtC-Boc)
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were labeled with fluorescent dye DY-615 via their thiol end-groups (Figure 18). UV-Vis
analysis confirmed efficient dye conjugation, with its content of 0.5 and 1.5 wt.%. In the next
step, alendronate was introduced as an anchoring moiety, exploiting the strong chelating ability
of its bisphosphonate group toward lanthanide ions. The presence of phosphonate
functionalities was confirmed by the *'P NMR spectroscopy. Finally, the tert-Boc-protecting
group was removed from P(DMA-AEtC-Boc)-DY-615 to expose the amino group and produce
positively charged poly(N,N-dimethylacrylamide-co-2-aminoethyl acrylate) [P(DMA-AEA)-
Ale]. In the FTIR spectrum, the disappearance of the signals at ~1,710 and 1,220 cm™,
originally associated with the fert-Boc group, indicated successful deprotection (Figure 19);
this was also supported by the 'H NMR spectra. A more detailed description of this analysis is
provided in the Publication No. 2.
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Figure 19. FTIR spectra of PDMA, P(DMA-AcrMPS), P(DMA-AEtC-Boc), and P(DMA-
AEA)-DY-615 after deprotection of amino groups.

4.3. Phase-transfer of superparamagnetic iron oxide nanoparticles (SPIONs) and
UCNPs in water

Modification of Fe3Oq4 nanoparticles with PDMA and P(DMA-HOEA)-Ale-Dox. SPIONs were
functionalized with PDMA and P(DMA-HOEA)-Ale-Dox through bisphosphonate anchoring,
yielding Fe3sO4@Ale-P(DMA-HOEA)-Dox nanoparticles (Figure 20). Their physicochemical
characterization by DLS, TEM, TGA, and FTIR spectroscopy confirmed successful surface
modification. For example, the polymer coating increased the hydrodynamic diameter from
21 nm (Fes04@OA) to 170-330 nm, depending on the polymer type, while maintaining a

narrow size distribution (PD <0.22). The (-potential of the coated nanoparticles varied

44



depending on the polymer composition. Negatively charged surface (-22 to —35 mV) was
observed for the Fe;Os@Ale-PDMA particles, most likely due to the partial or complete
deprotonation of alendronate phosphonate moieties in water, which governs the interfacial
charge despite the neutral character of the PDMA coating. While Fe;Os@Ale-P(PDMA-
HOEA)-Dox carried a positive (-potential (+35 mV), which can be attributed to the presence
of protonated amino groups introduced during the functionalization with Ale and Dox. The
TGA confirmed polymer content of 25 wt. %, while the UV-Vis spectroscopy showed a drug
loading of 37 pug Dox per mg of Fe3Os. The hydrodynamic diameter of Fe;Os4@Ale-P(PDMA-
HOEA)-Dox particles reached 336 nm, i.e., it was larger than that for Fe;04@PDMA, likely
due to the bulky Dox moiety.

Figure 20. Scheme of the ligand exchange and the surface functionalization of oleic acid-

stabilized Fe;O4 nanoparticles with PDMA-based copolymer containing alendronate anchoring

group and doxorubicin; Tt oleic acid, s, P(DMA-HOEA), k=l Ale, W Dox.

The amount of the polymer coating on the nanoparticle surface ranged from 25 to
29 wt.%, as determined by the TGA. The calculated PDMA grafting density (o) decreased with
increasing molar mass of the polymer, varying between 0.14 and 0.86 nm2, indicating that
shorter chains enabled denser packing on the nanoparticle surface. Overall, the results
demonstrated successful coating of the particles with the PDMA-based polymer, their good
colloidal stability, and tunable surface charge essential for biological applications.

Modification of CS-UCNPs with P(DMA-AcrMPS)-DY-615 and P(DMA-AEtC-Boc)-
DY-615. The above particles were coated with PDMA-based copolymers bearing various
functional groups to tailor the surface characteristics. D, of neat CS-UCNPs was 230 nm,
reflecting the size of small aggregates rather than the individual nanoparticles. After

modification with the polymer, the particle size decreased significantly to 113 nm for CS-
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UCNP@AIle-PDMA-DY-615, 175 nm for CS-UCNP@AIle-P(DMA-AEtC-Boc)-DY-615, and
164 nm for CS-UCNP@AIle-P(DMA-AcrMPS)-DY-615, indicating improved colloidal
stability and partial disaggregation. A similar reduction (Dn = 168 nm) was also observed for
PEG-Ner-coated nanoparticles in PBS®. A relatively narrow size distribution of CS-UCNPs
coated with PDMA-based copolymers was documented by PD = 0.11-0.20.

Noticeable differences were observed in the (-potential values. The {-potential of CS-
UCNPs (ca. +30 mV; due to the presence of exposed lanthanide cations) decreased after the
polymer coating to +24 mV for P(DMA-AEA)-Ale-DY-615. In contrast, the P(DMA-
AcrMPS)-Ale-DY-615-modified particles showed a negative (-potential (-9 mV), reflecting
the influence of the sulfonate groups of the polymer. In comparison, functionalization with
PEG-Ner and PDMA-Ale-DY-615 produced moderately positive {-potentials (ca. +15 and
+12 mV, respectively). The successful incorporation of the fluorescent dye DY-615 was
verified by UV-Vis and photoluminescence spectroscopy, which revealed a characteristic
absorption peak of DY-615 (see the Publication No. 2).

As expected, the polymer coatings slightly attenuated the upconversion emission
intensity at 808 nm excitation, most likely due to the partial light absorption and scattering by
the organic layer (Figure 21). Nevertheless, the functionalized CS-UCNPs retained strong
luminescence and excellent dispersibility, confirming the efficiency of the surface modification

strategy.

neat CS-UCNPs
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Figure 21. Photoluminescence upconversion spectra of P(DMA-AEA)-Ale-DY-615-, P(DMA-
AcrMPS)-Ale-DY-615-, and PDMA-Ale-DY-615-coated CS-UCNPs in water at 808 nm
excitation; particle concentration 1 mg/ml; power density 1 W/cm?. CS-UCNPs -

NaYF4:Yb,Er@NaYF4:Nd.
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4.4. Colloidal and chemical stability of nanocarriers

In addition to the colloidal stability of nanoparticles, their practical use in multimodal imaging
also depends on the chemical stability. In the case of UCNPs, partial dissolution can lead to the
release of fluoride and lanthanide ions into the surrounding medium, which not only diminishes
the upconversion emission, but may also influence the biological response and functional
performance. Moreover, the degradation is strongly condition-dependent; it increases with the
temperature and is typically accelerated in a phosphate-containing environment due to
phosphate-metal interactions that promote UCNP dissolution®’.

Colloidal stability of SPIONs coated by PDMA-Ale with different molar masses (4-
21 kDa) was evaluated using DLS and {-potential analysis under different ionic strengths and
pH (Figure 22). Nanoparticles coated with short PDMA chains (4 kDa) showed poor stability,
with the hydrodynamic diameter increasing from 190 nm to 1,300 nm even in 0.1 M NaCl,

indicating aggregation due to insufficient steric protection.
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Figure 22. Dependence of (a, ¢) hydrodynamic diameter Dy and (b, d) {-potential of different
Fe304@PDMA-Ale nanoparticles on (a, b) NaCl concentration and (c, d) pH.
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In contrast, coatings based on PDMA with higher molar mass (8-21 kDa) effectively maintained
colloidal stability, as reflected by the nearly constant Dy values (D of FesOs@Ale-PDMAgi
=~200 nm even in 1 M NaCl) and only a minor decrease of the {-potential to ca.—5 mV with
increasing NaCl concentration (Figure 22 a, b). Similarly, in the phosphate buffer, Fe;Os@Ale-
PDMA particles remained unstable across the tested pH range, while those modified with
longer PDMA chains exhibited only moderate size growth with increasing pH, attributed to
partial deprotonation of phosphonate groups (Figure 22 ¢). The corresponding reduction of the
C-potential from ca. —5 to —14 mV confirmed this effect (Figure 22 d).

Similar results were obtained for the Fe;Os@Ale-P(DMA-HOEA)-Dox nanoparticles,
where Dy remained stable up to 0.01 M NaCl and increased slightly at 1 M, while the {-potential
decreased from 25 mV to almost zero. These findings demonstrated that PDMA coating with
molar mass >8 kDa ensured robust steric stabilization of SPIONs under physiological ionic and
pH conditions, making them suitable for magnetically guided therapeutic systems.

Colloidal  stability of Ale-P(DMA-GlyOMe)-coated  Gd(Tb)F3:Tb(Gd),Yb,Nd
nanoparticles. The P(DMA-GlyOMe)-Ale copolymer was used as a coating for
GdF3:Tb,Yb,Nd and TbF3:Gd,Yb,Nd nanoparticles, and the colloidal stability of the resulting
dispersions was evaluated in water and physiological buffers (PBS and sodium acetate). The
polymer-coated nanoparticles in water exhibited Dn = 74 and 82 nm, respectively (Figure 23 a),
and a narrow particle size distribution (PD = 0.08). Colloidal stability of both particle types was

further evaluated in PBS and sodium acetate buffers as a function of time (Figure 23 b).
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Figure 23. Hydrodynamic diameter of GdF3:Tb,Yb,Nd (red) and TbF3:Gd,Yb,Nd nanoparticles
(black) in (a) water and (b) PBS and sodium acetate.

In PBS, Dy increased by ~30—40 nm after 24 h and then remained almost constant over two

weeks, with no visible sedimentation of particles. In sodium acetate buffer, the P(DMA-
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GlyOMe)-Ale coating provided long-term stabilization and the nanoparticles remained
colloidally stable for more than one month without signs of aggregation.

To investigate colloidal stability under physiologically relevant conditions, Dy and (-
potential of P(DMA-GlyOMe)-Ale-coated GdF3:Tb,Yb,Nd nanoparticles were measured at
varying ionic strengths (i.e., at different NaCl concentrations) and pH values of PBS
(Figure 24). In PBS, neither Dy or {-potential changed markedly. The (-potential became
slightly negative (-3 to —5 mV), which can be attributed to charge screening by the ionic
strength of PBS. With increasing NaCl concentration, only a minor size increase was observed
at 1.0 mol/l due to partial aggregation (Figure 24 c¢). Importantly, no substantial rise in Dn
occurred at biological NaCl levels (100—150 mM). The dependence of the (-potential on the
concentrations of NaCl reflected counter-ion association and double-layer screening; the

potential shifted to more negative values (ca. —18 mV) at high NaCl concentrations

(Figure 24 d).
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Figure 24. Dependence of (a, ¢) hydrodynamic diameter (Dy) and (b, d) {-potential of
GdF3:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles on (a, b) pH and (c, d) NaCl

concentration.
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Chemical stability and degradability of C-UCNPs. The degradation of unmodified and

polymer-coated C-UCNPs was assessed in water and PBS at 25 and 37 °C by measuring

fluoride ion release with an ion-selective electrode. Fluoride leakage was expressed as X, i.e.,

the molar fraction of dissolved F~ relative to the total fluorine content in NaYF4:Yb Er particles

(Figure 25). Dissolution in PBS was substantially higher than in water due to phosphate-

lanthanide interactions promoting surface degradation, indicating that fluoride release

proceeded primarily via surface hydrolysis driven by F- — OH™ substitution (Figure 25 a, b).
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Figure 25. Time dependence of (a, b, ¢, d) F~ and (e) Y** ion molar fraction (Xr and Xy) in

supernatants from differently coated C-UCNPs (1 mg/ml) stored in (a, b) water and (c, d)

PBS (pH = 7.4) at (a, ¢) 25 °C and (b, d, €) 37 °C; UCNPs - NaYF4:Yb,Er.
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The fraction of released F~ increased with the temperature for all coated C-UCNPs, reflecting
enhanced NaYF4 solubility (Figure 25 b, d). Uncoated C-UCNPs exhibited the fastest
dissolution, releasing ~20 mol.% F~ within 12 h at 25 °C or within 6 h at 37 °C, whereas
polymer coatings effectively slowed down the degradation in PBS. PEG-Ale- and P(DMA-
AEA)-Ale-modified C-UCNPs released the same 20 mol.% F~ after 35 and 34 h at 25 °C,
respectively (Figure 25 c); the same leakage was reached at 37 °C after 7 h and 8 h, respectively
(Figure 25 d), confirming the protective effect of the polymer coating. These data confirmed
that the polymer functionalization slowed C-UCNP dissolution in PBS. In PBS at 37 °C, the
dissolution rates were 1.45 mol.%/h for C-UCNP@AIle-PEG and 1.37 mol.%/h for C-
UCNP@AIle-P(DMA-AEA). Similarly, Y** release under the same conditions was highest for
the uncoated C-UCNPs (Xy = 1.44+0.01 mol.%), while the polymer-coated particles reduced
the leaching to 1.19+0.03 mol.% for C-UCNP@AIle-PEG and 1.01+0.20 mol.% for C-
UCNP@Ale-P(DMA-AEA; Figure 25 e).

To simulate physiological conditions, C-UCNPs dissolution was evaluated in DMEM
and artificial lysosomal fluid at 37 °C. F~ release remained low in DMEM (~5-7 mol.%) for
both uncoated and polymer-coated particles, increasing only slightly after 168 h to ~6—8 mol.%.
In contrast, the incubation in artificial lysosomal fluid led to a markedly higher dissolution of
all samples, with Xr = ~14 and 20 mol.% after 24 and 168 h, respectively, indicating faster
degradation under acidic lysosomal conditions. The reduced solubility in DMEM likely resulted
from the formation of a protein corona around the particles, limiting the access of medium.
Consequently, only small differences between the coated and uncoated C-UCNPs were
observed in DMEM. The above data therefore suggest that increased dissolution is expected

after cellular uptake, rather than in the extracellular culture medium (see the Publication No. 4).

4.5. Biological applications of surface-engineered nanoparticles

Cellular uptake and intracellular distribution of polymer-modified magnetic nanoparticles. To
evaluate the cellular response to polymer-modified magnetic nanoparticles, laser scanning
confocal microscopy was used to monitor the internalization of PDMA-coated Fe;O4 particles
in human glioblastoma U-87 cells. After 4-h incubation with the nanoparticles, the cells were
stained with Hoechst 33342 to visualize nuclei (blue) and CellMask™ deep red to outline cell
membranes (Figure 26).

Drug-free nanoparticles coated with PDMA-Ale served as a reference (Figure 26 a, d),
while  Fe;Os@Ale-PDMA&Dox  and  Fe3;Os@Ale-P(DMA-HOEA)-Dox  particles

(Dn=336 nm) represented two systems differing in the drug attachment approach
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(Figures 26 b, e, c, f). Confocal micrographs demonstrated that all nanoparticles were
internalized by U-87 cells and/or partially adsorbed on the cell surface (Figure 26 d—f). Notably,
cells treated with FesOs@Ale-PDMA&Dox displayed nuclear co-localization of Dox (overlap
of green and blue channels), suggesting that the non-covalently bound drug was efficiently
released and diffused into the nucleus. In contrast, Fe;04@Ale-P(DMA-HOEA)-Dox particles
with drug covalently linked through a stable spacer exhibited fluorescence confined to the
cytoplasm, indicating slower drug release within the examined timeframe. The cell viability
determined in cytotoxicity studies then confirmed the biocompatibility of both systems (see the

Publication No. 1).

- C—

Figure 26. Confocal micrographs demonstating intracelular locliation f (a, d) FesOs@Ale-
PDMA, (b, e) FesOs@Ale-PDMA&Dox, and (c, f) Fe;O4@P(DMA-HOEA)-Ale-Dox
nanoparticles in U-87 cells. Nuclei and membranes were stained with Hoechst 33342 (blue) and
CellMask™ deep red, respectively. (d-f) Panels showed the corresponding bright field channel
(Olympus IX83). Nanoparticle dose ~39 pg/ml of medium; Dox-containing particles had 1 ug
of Dox/ml. Scale bar 30 um.

Labeling and uptake of polymer-modified NaYF4:Yb,Er@NaYF4:Nd CS-UCNPs in
carcinoma cells. To evaluate how the polymer surface engineering influences cellular labeling,
carcinoma cells were incubated with differently modified CS-UCNPs at the Institute of
Physiology of the Czech Academy of Sciences. There included neat NaYF4:Yb,Er@NaYF4:Nd
and polymer (Ale-P(DMA-AEA)-DY-615, Ale-P(DMA- ActMPS)-DY-615, Ale-PDMA, and
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Ner-PEG)-coated particles. Before comparing labeling efficiency, short-term biocompatibility
was assessed using three cell lines, HeLa cells (cervical carcinoma), Hep-G2 cells
(hepatocellular carcinoma), and INS-1E cells (rat insulinoma; B-cell function surrogate). All
cells exposed to the polymer-coated CS-UCNPs (anionic, cationic, and neutral) for 24 h
maintained >90 % viability at a concentration up to 0.2 mg/ml, indicating good in vitro
biocompatibility. They were thus suitable for subsequent uptake studies without major acute

cytotoxicity effects (Figure 27).
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Figure 27. (a) HeLa, (b) Hep-G2, and (c) INS-1E cell viability after 24-h exposure to CS-
UCNPs (blue) and their surface-modified derivatives: CS-UCNP@Ner-PEG (yellow), CS-
UCNP@Ale-P(DMA-AEA)-DY-615 (green), CS-UCNP@Ale-PDMA-DY-615 (orange), and
CS-UCNP@Ale-P(DMA-AcrMPS)-DY-615 (red).

Laser scanning confocal microscopy showed efficient cellular internalization of CS-
UCNPs functionalized with PEG-Ner, Ale-P(DMA-AEA)-DY-615, or Ale-PDMA-DY-615
coatings (C-potential from +6 to +30 mV), whereas P(DMA-AcrMPS)-Ale-DY-615-coated
particles (C-potential = =9 mV) labeled the cells less effectively (Figure 28). As shown in the
Publication No. 2, nanoparticles at a concentration of 0.15 mg/ml were initially detected at the
cell periphery after 2 h, adhered to the membrane after 4 h, and then became predominantly
intracellular after 24 h. In the absence of CellMask™ deep red, CS-UCNPs coated with DY-

615-labeled polymer showed red fluorescence within cells, confirming that the polymer shell
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remained attached to the particles during the incubation (no obvious dye release). No signs of

particles aggregation were observed in the cellular milieu.

Hela cells Hep-G2 cells INS-1E cells

b

Figure 28. Confocal micrographs depicting distribution of (a-c) CS-UCNPs, (d-f) CS-
UCNP@Ner-PEG, (g-i) CS-UCNP@Ale-P(DMA-AEA)-DY-615, (j-1) CS-UCNP@Ale-
PDMA-DY-615, and (m-0) CS-UCNP@AIle-P(DMA-AcrMPS)-DY-615 nanoparticles (1-
1.7 mg/ml) in (a, d, g, j, m) HeLa, (b, e, h, k, n) Hep-G2, and (c, f, 1, I, 0) INS-1E cells under
980 nm excitation (30-50 mW). Cell membranes are shown in blue and nanoparticles in green.

CS-UCNPs - NaYF4:Yb,Er@NaYF4:Nd.
54



To assess the intracellular distribution of the nanoparticles and quantify the particle
uptake by cells, the fraction of cellular area occupied by particles and percentage of cells with
internalized nanoparticles were evaluated (Figure 29). Based on the results, CS-Ale-
UCNP@P(DMA-AEA)-DY-615 nanoparticles showed the highest intracellular distribution
among the tested samples and they were detected in essentially all cells (HeLa, Hep-G2, and
INS-1E cells), whereas CS-UCNP@AIle-P(DMA-AcrMPS)-DY-615 nanoparticles were
internalized only by a smaller fraction of the cells (Figure 29 a, b). These results showed that
the selection of polymer, particularly its surface charge, strongly influences cellular uptake and
intracellular distribution, emphasizing the surface chemistry as a key parameter for reliable cell

labeling (see the Publication No. 4 and 8).
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Figure 29. (a) Area of HeLa (blue), Hep-G2 (green), and INS-1E cells (orange) containing (I)
CS-UCNPs, (IT) CS-UCNP@Ner-PEG, (III) CS-UCNP@AIle-P(DMA-AEA)-DY-615, (IV)
CS-UCNP@AIle-PDMA-DY-615, and (V) CS-UCNP@Ale-P(DMA-AcrMPS)-DY-615
nanoparticles and (b) percentage of cells with the internalized particles. CS-UCNPs -
NaYF4:Yb,Er@NaYF4:Nd.
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4.6. In vivo multimodal imaging of polymer-coated Gd(Tb)F3:Th(Gd),Yb,Nd
nanoparticles

In these studies performed at the First Faculty of Medicine of the Charles University, P(DMA-
GlyOMe)-Ale was selected for modification of Gd(Tb)F3:Tb(Gd),Yb,Nd nanoparticles. The
methyl ester group in the GlyOMe motiety can be easily transformed to a pH-sensitive
hydrazone bond, which is widely used for drug (e.g., Dox) conjugation. Dox can then undergo
a pH-triggered release in an acidic intracellular environment, while the nanoparticles retain their
multimodal imaging capability.

In vivo MRI of Gd(Tb)F3:Tb(Gd),Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles was
investigated using both 77- and 7>-weighted mode (see the Publication No. 3). Measurements
were carried out on mice at multiple time points after administration, enabling the temporal
evolution of the contrast (Figure 30 and 31). Signal changes in organs were quantified by
normalization to a reference tissue (thigh muscle), because it exhibits low vascularization and
minimal nanoparticle deposition. TbF3:Gd,Yb,Nd@Ale-P(DMA-GlyOMe) particles (low 7
and high ;) produced an early positive 71 contrast, consistent with a strong longitudinal

relaxation contribution shortly after the administration (Figure 30 a).
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Figure 30. In vivo (a) Ti1-weighted and (b) 7>*-weighted MRI of mice before and at selected
time points after retroorbital administration of TbF3:Gd,Yb,Nd@Ale-P(DMA-GlyOMe)
nanoparticles, showing moderate early 7 signal enhancement and pronounced delayed 7>*
hypointensity in the liver and spleen due to the nanoparticle accumulation; slow clearance was

evidenced by persistent contrast up to one week post-injection.
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At later time points (~5 h), the 71 liver signal decreased, which was aligned with a growing 7>*
contribution as the nanoparticles accumulated; this was supported by the corresponding 7>*-
weighted scans (Figure 30 b), where the strongest hypointense contrast in the liver and spleen
appeared between 5 and 24 h and then gradually recovered, suggesting progressive clearance.
Gd incorporation into the host matrix improved the Ti-weighted contrast in vivo. After
intravenous injection of GdF3:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles, characterized
by higher | and 2, a clear 71 hyperintensity was observed immediately in the liver, spleen, and
kidneys (Figure 31 a). In contrast, the corresponding 7>* effect in the liver and spleen appeared
with a delay of several hours (Figure 31 b), while the kidney signal in 7>*-weighted scans
remained largely unaffected. The data thus demonstrated that the polymer-coated
Gd(Tb)F3:Tb(Gd),Yb,Nd nanoparticles provided dual MR contrast behavior (positive 71 and
negative 7>*), with modality-specific temporal signatures reflecting redistribution from

circulation toward tissue accumulation.
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Figure 31. In vivo (a) Ti1-weighted and (b) 7>*-weighted MRI of mice before and at selected
time points after retroorbital administration of GdFz:Tb,Yb,Nd@Ale-P(DMA-GlyOMe)
nanoparticles, showing early 71 enhancement and delayed 7>* hypointensity in liver and spleen

associated with particle accumulation in organs and gradual clearance.

In vivo CT imaging of GdFs:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles.
Nanoparticles with high atomic number of elements attenuate X-rays efficiently and can
therefore enhance soft tissue contrast in CT imaging. The CT contrast performance of
GdF;:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles was assessed in vivo using mice

scanned before and after administration of the particles. The particles were injected retro-
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orbitally twice (3 mg/dose) to evaluate their potential as a long-term CT contrast agent. Coronal
CT slices acquired prior to injection (Figure 32 a, c) and after the second injection
(Figure 32 b, d; 48 h from the start) showed a stronger signal in the liver and kidneys.
Quantitatively, the CT values increased from 102 to 152 Hounsfield units in the liver and from
119 to 143 Hounsfield units in the kidneys, supporting the suitability of these nanoparticles for

prolonged CT contrast enhancement (see the Publication No.3).

Figure 32. Coronal CT images of a mouse acquired (a, ¢) before and (b, d) after administration
of GdF;:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) particles, and (c, d) enlarged abdominal views

highlightimtn increased attenuation in liver and kidney region after dosing.

In vivo fluorescence imaging of GdFs:Tb,Yb,Nd@Ale-P(DMA-GlyOMe) nanoparticles.
To enable optical imaging in vivo, the nanoparticles were modified with a bisphosphonate-
functionalized fluorescent dye (Cy7-Ale). Cy7 conjugation was associated with a shift of the
surface charge toward mildly negative values ({-potential from +2 to —5 mV) and an increase
in the hydrodynamic size (Dy from 81 nm, PD = 0.02, to 99 nm, PD = 0.19), which together
documented successful surface modification, while maintaining colloidal dispersibility and
imaging in mice using an optical imager. After the administration, the whole-body fluorescence
imaging indicated circulation of the particles in the bloodstream, followed by a gradual
accumulation predominantly in the liver and spleen (Figure 33). The fluorescence intensity in
these organs increased mainly within the first 24 h and then decreased with time, with a clear
reduction at 96 h, consistent with slow clearance of the nanoparticles. Additional spectral

characterization and ex vivo organ imaging are provided in the Publication No. 3.
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Figure 33. In vivo fluorescence imaging of mouse organs after retroorbital administration of
GdF3:Tb,Yb,Nd@Ale-P(DMA-GlyOMe)-Cy7  nanoparticles showing time-dependent
biodistribution with dominant accumulation in the liver and spleen, followed by gradual signal

decrease.

5. CONCLUSIONS

Polymer-modified nanocarriers are becoming an important tool for multimodal imaging in the
life sciences, where the polymer coating is not just a passive “stabilizing layer”, but an active
design element that controls how the inorganic nanocore behaves in complex biological media.
In this thesis, | have demonstrated the applicability of newly designed superparamagnetic Fe3O4
and lanthanide-doped UCNPs of uniform size for MRI, optical, and X-ray imaging. A major
objective of the thesis was the preparation of polymer coatings for surface modification of
inorganic cores and their functionalization. Here, PDMA-based copolymers were selected for
their hydrophilicity, which ensure a long-term colloidal stability of the nanoparticles. RAFT
method enabled a well-controlled copolymerization of DMA with other acrylamide
comonomers bearing reactive groups and allowing the introduction of functional moieties, such
as a fluorescent dye or drug. Bisphosphonate groups enabled a strong and stable anchoring of
the polymer on the nanoparticle surface. Compared to the physical adsorption, this coating
strategy enabled reliable ligand exchange and efficient transfer of hydrophobic nanoparticles
into water.

The first part of the thesis dealt with the surface modification of Fe3O4 nanoparticles
with PDMA of different molar masses identified an optimal polymer chain length (=8 kDa)
providing a long-term colloidal stability in water and PBS. The anticancer drug (Dox) was then
covalently attached to the polymer-coated Fe3O4 carrier via a pH-sensitive hydrazone bond. /n
vitro release studies showed a significantly faster Dox release under acidic conditions

(mimicking the tumor environment) than at pH = 7.4. Fe3;0s4@Ale-P(DMA-HOEA)-Dox
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particles reduced the viability of glioblastoma U-87 cells to almost zero, supporting the concept
of magnetically addressable nanocarrier for glioblastoma therapy. Confocal fluorescence
microscopy revealed a distinct intracellular distribution of Dox. The cells treated with
Fe304@Ale-P(DMA-HOEA)-Dox particles showed mostly cytoplasmic Dox fluorescence,
whereas the cells treated with free Dox (in the presence of FesOs@Ale-PDMA) showed Dox
concentrated in the nuclei. This suggests that covalently bound Dox was released more slowly
(remaining in the cytoplasm over time), whereas free Dox rapidly diffused into the nuclei.
Importantly, both treatments led to extensive cell death, confirming that the nanocarrier-
mediated delivery did not reduce Dox potency.

The second part of the thesis dealt with the CS-UCNPs prepared by a high-temperature
coprecipitation and coating with four polymers containing different surface charges: negatively
charged P(DMA-AcrMPS)-Ale-DY-615, positively charged P(DMA-AEA)-Ale-DY-615, and
two neutral controls (PDMA-Ale and PEG-Ale). The cationic P(DMA-AEA)-Ale-DY-615
coating led to the highest uptake in HeLa cells, whereas the anionic coating resulted in minimal
particle uptake, confirming the role of electrostatic interactions in cell-nanoparticle encounter.
Fluorescent tagging of the copolymer with DY-615 dye enabled optical tracking of the
nanocarrier, confirming shell integrity in biological media. Overall, P(DMA-AEA)-Ale-DY-
615 coating combined robust colloidal stability of particles with efficient cell labeling, making
it the most suitable platform for imaging and prospective PDT. Importantly, uncoated UCNPs
exhibited rapid degradation in aqueous physiological media, while polymer coatings (PEG-Ale
or P(DMA-AEA)-Ale) significantly suppressed fluoride and lanthanide ion release,
demonstrating their essential role in stabilizing nanoparticle surface and preventing their rapid
degradation under physiological conditions.

Finally, Gd(Tb)F; doped with Tb(Gd), Yb and Nd was coated with the hydrophilic
P(DMA-GlyOMe)-Ale copolymer and labeled with the fluorescent dye (Cy7). Such particles
provided simultaneous contrast in three imaging modalities: enhanced 7i-weighted MRI,
prolonged CT contrast in organs, and traceable NIR-induced fluorescence from the Cy7 label
to visualize biodistribution. The particles predominantly accumulated in the liver and spleen
and no signs of acute toxicity was observed in treated animals. Moreover, the nanocarriers
remained stable in blood circulation over extended periods of time, as evidenced by a persistent
imaging contrast, confirming their in vivo stability and diagnostic potential as a safe, and
effective multimodal probe. Taken together, these results demonstrated that carefully designed
polymer coatings can endow inorganic nanoparticles with long-term stability and multimodal

functionality, paving the way for future theranostic applications.
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