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Abstract

Lanthanide-doped upconverting nanoparticles (UCNPs) can absorb and convert low
energy photons into higher energy photons in a process known as upconversion. UCNPs have
unique physico-chemical properties that are ideal for biomedical and theranostics applications.
When irradiated with near-infrared light, our UCNPs emit in the UV and visible part of the
spectrum. To date, the use of UCNPs in living cells has been limited because of the poor
understanding of their bio-nano interactions. To begin to fill this knowledge gap, our research
focuses on the effects of LiYF4 nanoparticles doped with the lanthanides thulium and ytterbium
on nuclear homeostasis.

Cell toxicity, stress responses, proteostasis and cytoskeletal organization were evaluated
in UCNP treated mouse fibroblasts (NIH3T3) and porcine kidney epithelial (LLC-PK1) cells.
Moreover, nucleic acid damage and abnormalities in nucleocytoplasmic shuttling, as a result of
near-infrared irradiation and subsequent UV emission by excited UCNPs, were evaluated
through the analysis of DNA repair factors and RNA methylation, and major shuttling pathways.
Viability and stress assays, quantitative immunofluorescence microscopy, and Western blot
analyses were used to assess cell viability, morphology, and protein localization and abundance.

UCNP treatment for 24 hours, with and without irradiation, caused minimal changes on
cell viability. Based on quantitative immunofluorescence microscopy and Western blotting,
UCNPs had cell type specific effects on stress responses, proteostasis and cytoskeletal
organization. Collectively, our experiments define the biocompatibility and subcellular
interactions of UCNPs in non-malignant mammalian cells. Long-term, this research is expected
to generate novel therapeutic and diagnostic tools that can be used for targeted drug delivery and

biomedical imaging.



Résumé

Les nanoparticules a upconversion dopées aux lanthanides (UCNPs) peuvent absorber et
convertir des photons a faible énergie en photons a énergie plus élevée dans un processus connu
sous le nom d'upconversion. Les UCNPs présentent des propriétés physico-chimiques uniques
qui sont idéales pour les applications biomédicales et théranostiques. Lorsqu'elles sont irradiées
avec de la lumicre proche infrarouge, nos UCNPs émettent dans le spectre UV et visible. Jusqu'a
présent, l'utilisation des UCNPs dans les cellules vivantes a été limitée en raison de la
méconnaissance de leurs interactions bio-nano. Pour commencer a combler cette lacune de
connaissance, notre recherche se concentre sur les effets des nanoparticules de LiYF4 dopées aux
lanthanides thulium et ytterbium sur 'homéostasie nucléaire.

La toxicité cellulaire, les réponses au stress, la protéostasie et I'organisation du
cytosquelette ont été évaluées dans des fibroblastes de souris (NIH3T3) et des cellules
épithéliales rénales de porc (LLC-PK1) traitées avec des UCNPs. De plus, les dommages aux
acides nucléiques et les anomalies de la navette nucléocytoplasmique, résultant de 1'irradiation
proche infrarouge et de I'émission ultérieure d'UV par les UCNPs dopées en Ln excitées, ont été
évalués par l'analyse des facteurs de réparation de I'ADN et de la méthylation de I'ARN, ainsi
que des principales voies de navette. Des tests de viabilité et de stress, de la microscopie
immunofluorescente quantitative et des analyses par Western blot ont été utilisés pour évaluer la
viabilité cellulaire, la morphologie et la localisation et I'abondance des protéines.

Le traitement par les UCNPs pendant 24 heures, avec ou sans irradiation, a provoqué des
changements minimes de la viabilité cellulaire. Sur la base de la microscopie
immunofluorescente quantitative et de I'immunoprécipitation en Western blot, les UCNPs avaient

des effets spécifiques aux types de cellules sur les réponses au stress, la protéostasie et



l'organisation du cytosquelette. Dans I'ensemble, nos expériences définissent la biocompatibilité
et les interactions subcellulaires des UCNPs dans les cellules non malignes. A long terme, cette
recherche devrait générer de nouveaux outils thérapeutiques et diagnostiques pouvant étre

utilisés pour la délivrance ciblée de médicaments et 1'imagerie biomédicale.
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1. Introduction

Over the past few decades, nanotechnology has rapidly developed as an emerging tool in
several industries including food, agriculture and medicine'. In medicine, several diseases
require novel interventions as their current treatments are associated with poor therapeutic
outcomes and poor patient quality of life. Many types of cancers, amyloidosis and fibrosis are a
few examples of diseases that can benefit from novel diagnostic and therapeutic interventions®®.
The different variations and distinctive properties of nanoparticles allow them to be used as
diagnostic and therapeutic agents which have the potential to aid in overcoming the challenges
faced by current medical practices. There are currently clinically approved nanoparticle based
therapies with promising patient outcomes. Thus, research on nanoparticle development has been
gaining increased attention’ °.
1.1. Nanoparticle types and modifications

Nanoparticles are characterized as materials measuring between 1-100 nm in diameter!®
12 There are several types of nanoparticles (Figure 1) each with unique characteristics that are
relevant for health applications'®. These characteristics include their small size, high surface-
area- to-volume ratio, reactivity to stimuli, ability to cross biological barriers and high stability in
biological environments'#. Moreover, nanoparticles can be precisely engineered to demonstrate
desirable properties such as increased bioavailability and biocompatibility. This can be achieved
by modification of the nanoparticle surface with targeting ligands and protective coatings to
circumvent biological barriers and reduce toxicity and inflammatory reactions™!'? (Figure 2).

As introduced, there are multiple different types of nanoparticles. Namely, nanoparticles
are classified into organic NPs, inorganic NPs or hybrid/composite NPs!*!31¢ Unlike organic

nanoparticles, inorganic NPs exhibit excellent stability, making them suitable for long-term

13



applications by withstanding harsh environments. Inorganic NPs represent a versatile class of
materials with unique properties for diverse applications'’. Inorganic NPs are typically composed
of metal NPs (e.g., gold, silver, and platinum), metal oxide NPs (e.g., titanium dioxide, iron
oxide), or other inorganic compounds (e.g., semiconductor quantum dots) allowing for precise
control over their size, shape, and surface properties'>.

One key advantage of inorganic NPs is their tunable surface chemistry. Various surface
modifications, such as functionalization with organic ligands (eg. antibodies, azides) or polymers
(carbohydrates), for targeting specific tissues or carrying drugs, enable the customization of their
properties for specific applications'’ . Surface modifications, such as coating (PEGylation) of
the NPs, also enhance the biocompatibility of inorganic NPs, facilitating their use in biomedical
applications such as drug delivery and imaging. Moreover, inorganic nanoparticles can be
modified to respond to internal or external stimuli, by doping with materials having optical or

magnetic properties'® 2!,
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Figure 2. Nanoparticle properties and surface modifications. Adapted from Mitchell et al. (2020)
with permission'?.
1.2. Lanthanide-doped upconverting nanoparticles

Luminescent materials respond to various energy stimuli, including, heat, chemical,
mechanical and photon excitation converting that energy into light radiations?2. Upconversion is
an anti-stokes type emission where two or more photons of lower energy are sequentially
absorbed, and a photon of higher energy is emitted®!"*}. Lanthanides are periodic table elements

possessing these unique upconversion emission properties>2. As a result, doping of nanoparticles
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with lanthanides has gained increased interest. The resistance to photobleaching and
photoblinking, low toxicity, high chemical stability, large anti-stokes shifts, and narrow emission
bands of lanthanide-doped upconverting nanoparticles (UCNPs), relative to current
photoluminescent particles, make them attractive candidates for biomedical applications®. These
UCNPs absorb low energy near-infrared light, and emit higher energy NIR and UV or visible
light?*2123_ Current treatments use photo stimulation or radiation for temporal and spatial control
of molecules. Excitation of organic dyes, photosensitizers, photothermal agents, or
photocleavable molecules is required for biodiagnostics, photothermal therapy (PTT),
photodynamic therapy (PDT), or gene/drug delivery>2!*2¢, This is limited by the poor tissue
depth penetration of UV light. UCNPs solve this problem as they absorb NIR light, which has
good tissue depth penetration and is non-cytotoxic, then converts it to UV or visible light
allowing for the activation of these photosensitizers, or breaking the bonds with photocleavable
bioconjugates (Figure 3). Potentially minimizing the side effects of UV exposure and gaining
higher efficiency?.

It has been shown that lanthanide emissions are significantly more efficient in host
lattices for UV emissions®*>. Moreover, the properties and emission intensities can be tuned by
optimizing the size, shape, surface ligands, core/shell structure and emitters, and the dopant
concentrations enabling the control of the emissions, biocompatibility and cellular uptake of the
nanoparticles?>?’. Extensive research demonstrated the increased efficiency of energy transfer
upconversion, wherein, a NIR-absorbing sensitizer ion (Yb*" or Nd**) and an emissive activator
ion (Gd*" or Tm>") are used. Also established, is the use of fluoride-based UCNPs, as they
exhibit excellent chemical stability, do not photobleach or photoblink, have low-phonon energies

and exhibit minimal cytotoxicity. This renders fluoride-based UCNPs ideal for biomedical
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applications. A considerable amount of data is available for NaYF4 core UCNP properties and
biological interactions. However, LiYF4 is a commonly overlooked material with excellent
properties. LiYF4 facilitates stronger upconversion in the UV when compared to NaYF4. The
different shapes of the bipyramidal LiYF4 and spherical NaYF4 particles could prove to have

substantial differences in biological environments>"?%.

NIR laser

Theranostic . & n
UCNP Ty 7

Figure 3. Theranostic UCNP. Adapted from Jalani et al. (2015)?°. Image was modified. “This is
an unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed
the content of this adaptation or the context of its use”
1.3. Bio-nano interactions

Introduction of nanoparticles to biological systems has several risks as their interactions
with organs, tissues and cells is not clearly defined. There are multiple routes of administration

for nanoparticles, majority of which lead to blood circulation'8. Once in the blood, nanoparticles
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are expected to be absorbed, distributed, metabolized (organic NPs) and excreted*°. The
biodistribution and bioavailability of nanoparticles is highly variable depending on size, shape
and surface charge'®°. Nanoparticles smaller than ~10 nm are rapidly cleared from circulation
when compared to 50 nm large nanoaprticles!'®. Modification of nanoparticle surface with
protective coats could increase the blood circulation time. The barriers associated with delivery
of nanoparticles, factors affecting their biodistribution and their excretion have been extensively
reviewed by us and others!%!83! Important for proper utility of nanoparticles, they need to
interact with cells and be internalized. There are several methods of internalization for
molecules, however the endocytic pathway has been shown to be mainly responsible for NP
uptake. Specifically, clathrin-mediated and caveolin-mediated endocytosis*?**. Studies reported a
significant decrease in NP association with cells upon specific inhibition of these endocytic
pathways but not other pathways*. Again, shape, size and charge of NPs can also heavily affect
the method and rate of uptake. NP internalization into cells could have major subcellular
cytotoxic effects as NPs might interact with proteins, nucleic acids and lipids causing potential
cytotoxic effects**>. Steric hindrance is another factor resulting in cytotoxic effects as it can
result in disruption of regular signaling and transport pathways. Several papers reported on the
oxidative stress, ER stress, and nucleolar stress induced by NPs** !, Figure 4 provides a
schematic of the multiple factors affecting bio-nano interactions on the cellular level and the
potential subcellular effects. Given the several factors affecting nanoparticle induced toxicity it is
essential to define the subcellular interactions of nanoparticles both in vitro and in vivo. The
currently accepted practice requires in vitro assays of cytotoxicity prior to in vivo

experiments*>43,
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Figure 4. Subcellular bio-nano interactions. Adapted from Khan et al. (2020)*.
1.4 Cytoskeletal organization

The cytoskeleton is a network of proteins responsible for maintenance of the structural
integrity of the cell. Actin filaments, composed of actin polymers; microtubules, composed of a-

tubulin and B-tubulin polymers; and intermediate filaments, make up the cytoskeletal network.**
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Actin filaments and microtubules are dynamic structures which allows them to perform other
functions. Besides their structural role, they also play major roles in cell movement, division and
intracellular trafficking of endogenous or exogenous molecules. Moreover, cytoskeletal proteins
are also involved in signal transduction and cross talks between the nucleus and the cytoplasm.
Intermediate filaments, unlike actin filaments and microtubules, are less dynamic and are
represented by a variety of proteins; they are expressed in multiple sites in the cell. Of particular
importance, are lamins which are type V intermediate filament proteins responsible for the
structural integrity of the nucleus. The nuclear lamina is closely associated with the nuclear
envelope and is composed of lamins A, B1, B2 and C. Lamins are also closely linked to DNA
repair processes**#°. Disruptions in the structural integrity and organization of cytoskeletal
proteins is associated with impairments to multiple cellular processes including cell division,
proliferation, intracellular transport and cell signalling. Moreover, stabilization of microtubules
and downregulation of lamin B have been associated with cellular senescence*’*%,

As discussed in section 1.3., NPs are internalized into cells mainly by endocytic
pathways. The formation of vesicles and their trafficking towards organelles can result in
disruptions to the cytoskeletal organization. These changes are influenced by the physical
properties of NPs such as shape, size or surface charge. Several papers report on the interactions
of NPs with cytoskeletal proteins* !,

1.5. Oxidative stress response

The oxidative stress response is a tightly regulated process implemented by cells to

withstand the overproduction of reactive oxygen species (ROS), such as superoxide anion (O2"),

hydrogen peroxide (H20.), hydroxyl radicals (OH"), and singlet oxygen ('02). ROS are normal

byproducts of cellular metabolism that are metabolized by built in antioxidants. However, under
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stress conditions like increased metabolic activity and UV exposure there is an overproduction of
ROS, resulting in oxidative stress®. Increased activity of the transcription factors Nuclear factor
erythroid 2-related factor 2 (Nrf2) and Nuclear factor-xB (NF- «B) is a hallmark of the oxidative
stress response. Under physiological conditions, both proteins are sequestered in the cytoplasm
by the constitutively active inhibitors KEAP1 and IkBa. When stressed, these transcription
factors are released and translocate to the nucleus where they signal for the production of
antioxidants, such as superoxide dismutase, catalase, and glutathione peroxidase, or the
production of inflammatory cytokines**>*. However, both proteins are also susceptible to
activation by other common stress pathways.>*>® For example, NF-kB is also suggested to be
constitutively active in response to downstream effects on nucleolar stress.>’
1.6. Nucleolar stress

Ribosomes are integral to the survival of cells as they are responsible for the production
of proteins from messenger RNA. Ribosome biogenesis is a tightly maintained, and highly
energy consuming process in the cell. Hence, it is linked to metabolic and proliferative activity.
The rate limiting step is ribosomal DNA (rDNA) transcription and processing which takes place
in the subnuclear compartment known as the nucleolus. The nucleolus has a highly dynamic
structure and is maintained by its function of pre-rRNA transcription, processing and assembly.
These events occur in distinct subnucleolar compartents; namely, the fibrillar center, the dense
fibrillar compartment and the granular compartment, respectively. The different subnucleolar
compartments are marked by proteins involved in the distinct events leading to ribosomal
biosynthesis. Disruption of cellular homeostasis by nutrient deprivation, exposure to cytotoxic
agents, or oncogene inactivation leads to the downregulation of rDNA transcription and

activation of nucleolar stress pathways, resulting in alterations in nucleolar size and morphology,
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as well as, upregulation of p53 (Figure 5). p53 is a tumor suppressor protein that responds to
various cell stressors as it is downstream of various cell stress signalling pathways. Processes
affected by nucleolar stress include metabolism, cell cycle progression, autophagy, senescence,

and apoptosis>® ¢!,
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Figure 5. Nucleolar stressors and their consequences. Adapted from Pfister (2019

)0,
1.7. ER stress, the unfolded protein response and the proteostasis network

Proteostasis (protein homeostasis) refers to the maintenance of protein function, folding
and degradation. This is mediated by molecular chaperones which aid in protein refolding and
the ubiquitin proteasome system for targeted degradation of damaged proteins. Proteins produced
by ribosomes require further processing to ensure proper function. Newly synthesized

polypeptides are transported to the endoplasmic reticulum for proper folding into functional
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conformations. To ensure production of properly folded functional proteins, this process is
tightly regulated by built in quality control mechanisms that recognize misfolded or unfolded
proteins®?%*. The AAA-ATPase, valosin-containing protein (VCP), functions as a critical player
in protein quality control by participating in ER-associated degradation (ERAD). Where VCP
extracts misfolded proteins from the ER for subsequent degradation by the ubiquitin-proteasome
system ensuring the clearance of unwanted or misfolded proteins®*.

ER stress occurs when misfolded or unfolded proteins accumulate. Which can be induced
by several factors including oxidative stress, nutrient deprivation and impaired calcium
regulation and the ER redox state. To re-establish ER homeostasis, the untranslated protein
response (UPR) is activated. The UPR primarily involves three ER-resident transmembrane
proteins, including IRE1, PERK, and ATF6, which, upon activation, initiate a cascade of events
resulting in the upregulation of chaperones, such as GRP78 and GRP94, which facilitate protein
folding and prevent protein aggregation. PERK activation, marked by phosphorylation of eif2a,
results in global translation inhibition. Failure to alleviate ER stress leads to activation of pro-
apoptotic pathways by upregulation of genes, such as CHOP. Hence, ER stress, the UPR and the
proteostasis network are interconnected cellular mechanisms crucial for maintaining protein
homeostasis and ensuring cell survival®>%3,

Moreover, ER-stress has been linked to activation of Nrf2 and NF-«xB. It is suggested that
Nrf2 is directly activated by PERK3-®, However, the mechanism of NF-«kB activation is not
fully understood. Oxidative protein folding in the ER, forms disulfide bonds and generates
hydrogen peroxide (H202). Under stress conditions, disulfide bonds are dysregulated, and

breakage may result in ROS production causing oxidative stress. Other factors, such as ER-stress
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induced mitochondrial dysfunction and production of CHOP have also been linked to oxidative
stress®’.
1.8. DNA damage

Nucleic acids are integral for the survival of cells as they make up the genetic code. Both
DNA and RNA are susceptible to damage induced by endogenous and exogenous factors.
Oxidative stress and UV exposure are major contributors to DNA damage. Base damage and
modifications, DNA strand breaks, and the formation of thymine dimers in DNA induced by
these stressors can result in disruption of DNA replication and transcription, leading to mutations
in gene expression or inhibition of protein translation. As with other processes, cells have
mechanisms to repair DNA damage; including base excision repair, nucleotide excision repair,
and double-strand break repair. H2A histone family member X (H2AX) is a protein involved in
the repair of DNA breaks. H2AX is present in chromatins, upon formation of DNA breaks,
H2AX is phosphorylated forming y-H2AX (Figure 6). y-H2AX later recruits DNA repair
proteins to the site of DNA breaks. Under chronic stress, H2AX dissociates from chromatins

rendering the DNA site irreparable®®%7,
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Figure 6. DNA repair mediated by H2AX. Adapted from Gruosso et al. (2016)%.
1.9. Nucleocytopalsmic shuttling

Nuclear components are sheltered from the cytosol by the nuclear envelope.
Communication between the nucleus and the cytoplasm is essential for the regulation of various
cellular processes. For example, RNA transcription occurs in the nucleus by polymerases,
whereas protein translation occurs in the Rough ER and cytoplasm by ribosomes®®°. Therefore,
transport of RNAs to the cytoplasm and polymerases to the nucleus is essential for normal cell
function. Molecules that need to be transported in or out of the cell pass through the nuclear pore
complex (NPC), composed of proteins called nucleoporins. The passage of molecules through
NPCs is tightly regulated. Molecules smaller than 10 nm in diameter can simply diffuse through
the NPC. However, larger molecules, up to 40 nm in diameter, require transport carriers to pass
through the NPC.

Nuclear import and export is mainly performed by members of the karyopherin family.

Typically, importins recognize molecules with a nuclear localization signal (NLS) and exportins
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recognize molecules with a nuclear export signal (NES). These processes are dependent on a
class of proteins known as Ras-related nuclear protein (Ran). Nuclear import and export is
mediated by the Ran gradient established by RanGTP and RanGDP levels in the nucleus and the
cytoplasm, respectively (Figure 7). The major proteins that facilitate nuclear import are importin-
a and importin-f. In the cytoplasm, these proteins form a complex with RanGDP and the cargo
protein containing a NLS, transporting it across the nuclear envelope, through the nuclear pore
complex. Phosphorylation of RanGDP to RanGTP in the nucleus results in disassembly of the
complex and release of the cargo. Nuclear export is mediated by several different exportins.
However, cargos containing a NES are mostly exported by Chromosome region maintenance 1
protein (CRM1), also known as Exportin-1 (XPO1). Similar to nuclear import, CRM1 forms a
complex with cargos containing an NES, and RanGTP, transporting the cargo through the NPC
into the cytoplasm, where RanGTP is dephosphorylated, disassembling the complex and
releasing the cargo in the cytoplasm. Most proteins and RNAs are exported by transporters of the
karyopherin family in a Ran-dependent form (Figure 8). One exception is mRNAs, which are
transported in a Ran-independent fashion by the non-karyopherin member TAP/Nxf1 (Nuclear
RNA export factor 1). Pre-processed mRNA forms a complex with Nxt1 (Nuclear transport
factor 2-related export protein 1), transporting the mRNA through the NPC and releasing it in the
cytoplasm by association with ATP rather than GTP. The process of nucleocytoplasmic transport
is much more complex and is associated with multiple adaptors depending on the cargo

transported. Comprehensive reviews detailing the intricacies of this process are available® 7,
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Figure 7. Nuclear import and export through the nuclear pore complex. Adapted from Okada et

al. (2008)”! with permission.
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2. Aims and hypothesis

As discussed in section 1.2., co-doping increases the rate of excitation of the activator
molecule and results in more intense emissions*®. Here we co-doped unfunctionalized (Si-
UCNP) or azide-functionalized (AzSi-UCNP) silica-coated LiYF4 nanoparticles with two
lanthanides: ytterbium (Yb>"); an established sensitizer in upconversion spectroscopy?*-%73;
thulium (Tm>"), an established activator?”-’?. Excitation of Tm** with 980 nm wavelengths emits
in the UV and visible part of the spectrum (Figure 9). Silica coating increases UCNP
dispersibility in hydrophilic environments, prevents NP aggregation, and provides colloidal
stability in biological environments. Silica is commonly used as a protective coat for particles
with optical properties, such as quantum dots’*’®. Azide-functionalization also increases stability
of UCNPs in aqueous environments and allows for the conjugation of molecules to the surface of
nanoparticles, by click chemistry between azides and alkynes.*®’” This feature can be used to
conjugate photocleavable molecules to the surface of UCNPs for controlled drug/gene delivery.
Optimization of Tm>" dopant concentration for maximal UV and visible emissions,
characterization of UCNPs, and proof-of-concept experiments were previously published by our
collaborators®”?®, Briefly, proof-of-concept experiments were done in solution; results show

controlled release of oligonucleotides clicked to azide-functionalized UCNPs, upon excitation

with a 980 nm laser (Figure 10).
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Figure 9. Graphical representation of unfunctionalized-silica coated UCNPs and azide-

functionalized silica-coated UCNPs.
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Figure 10. Proof-of concept of AzSi-UCNPs conjugated to oligonucleotides.The model shows
the clicking of an alkyne base attached to a photocleavable oligonucleotide. Graph shows the
controlled release of oligonucleotides upon excitation with 980 nm irradiation. Adapted from

Liczner et al. (2021)* with permission.

As extensively discussed, use of UCNPs for diagnostics and therapeutics is hindered by
their potential toxicity and varying physical properties. As such, newly developed nanoparticles
must undergo extensive evaluation to determine their toxicity profile and subcellular interactions.
In vitro studies, monitor the toxicity induced by nanoparticles through screening and evaluation
of known hallmarks of stress. This is a prerequisite for future in vivo experiments to understand
the potential toxic effects of our UCNPs.

Our UCNPs have unique physical properties and surface modifications and have not been
studied in biological systems. Here, we use in vitro toxicity assays, immunofluorescence staining
and Western blotting to assess the effects of Si-UCNPs and unconjugated AzSi-UCNPs on
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healthy mammalian cells. We use two non-malignant mammalian cell lines: mouse embryonic
fibroblasts (NIH3T3) and porcine kidney epithelial cells (LLC-PK1), as cell models. Fibroblasts
are associated with several organs throughout the body; they function as homeostatic regulators
and are involved in tissue damage repair.”® Kidneys are involved in the excretion of waste from
blood circulation and could potentially accumulate NPs.*° Both NIH3T3 cells and LLC-PK1
cells are established cell lines in literature and their stress responses are well characterized.
Hence, they are used as cell models in our toxicity assays. Introduction of UCNPs to a biological
system can activate cell stress responses marked by changes in the physiological location or
levels of nuclear and nucleolar proteins, transcription factors, molecular chaperones,
nucleocytoplasmic shuttling proteins, pro-apoptotic markers or cytoskeletal organization®”’.
2.1. Effects of UCNPs on cellular homeostasis

First, we set out to define the effects of our UCNPs, in the absence of irradiation, on cell
viability and subcellular bio-nano interactions. We aim to achieve this by assessing the toxicity
of Si-UCNPs and AzSi-UCNPs in NIH3T3 and LLC-PK1 cells and determining their effects on:
1) cytoskeletal organization; 2) oxidative stress responses; 3) the proteostasis network; and 4)
nucleolar stress markers. We hypothesize that both Si-UCNPs and AzSi-UCNPs are non-toxic to
both cell lines and will have minimal or no effects on the multiple stress markers studied. Results
are shared in section 4.1.
2.2 Effects of UCNPs and their emissions on DNA damage and nuclear transport

Secondly, our objective is to determine the toxicity of the UCNPs after excitation with
980 nm irradiation. Also, we determine the effects of the UCNPs and their emissions on nucleic
acid damage and nucleocytoplasmic transport. We aim to achieve this by 1) assessing the effects

of emissions by excited Si-UCNPs and AzSi-UCNPs on NIH3T3 and LLC-PK1 cell viability; 2)
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determining the effects of UCNPs and their emissions on DNA and RNA damage markers, and
nucleocytoplasmic shuttling proteins. We hypothesize UCNPs and their emissions are non-toxic
to both cell lines; they will have minimal or no effects on nucleic acids or nucleocytoplasmic
transport. The results are shared in section 4.2. These are preliminary results and require further
assessment by Western blotting and quantification of immunofluorescence signals.
3. Methods
3.1. UCNP synthesis and characterization

Nanoparticles composed of a LiYF4 core shell, doped with 25 mol% Ytterbium and 0.2
mol% thulium were synthesized using a thermal decomposition technique. Nanoparticles were
coated with unfunctionalized or azide-functionalized silica using the reverse microemulsion
method. Characterization of nanoparticles properties by transmission electron microscopy
(TEM), and evaluation of upconversion emission spectra and zeta potential was done by our
collaborators following published protocols®®%,
3.2. Cell culture

Mouse Embryonic Fibroblasts (NIH3T3) and Porcine Kidney Epithelial Cells (LLC-PK1)
served as cell models in our experiments. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 8% Bovine Calf Serum (BCS) and 1% Penicillin-
Streptomycin (PEN/STREP) solution; they were incubated under standard growth conditions
(37°C and 5% CO»).
3.3. Cell seeding and treatment

3.3.1 Ln-UCNP treatment
Except for viability assays, cells were treated with 100 pg/mL Si-UCNPs or AzSi-

UCNPs, for 24 hours. Sterile double-distilled water (ddH>0) served as the vehicle control. First,
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cells were seeded and incubated overnight. Following overnight incubation, cells were treated
with sterile ddH>O or Ln-UCNPs, at the indicated concentrations and exposure periods. Cells
then reached 70% confluency and were processed for viability assays, immunofluorescence
staining or Western blotting.

Aqueous Ln-UCNP stock solutions were vortexed until all precipitates were dissolved,
then sonicated for 3 minutes at room temperature (Dare flow bath sonicator, PS-10A). The stock
solution was diluted to 1 mg/mL in sterile ddH20, vortexed, and sonicated again for 2 minutes at
room temperature. Then, diluted to the desired concentration in fresh DMEM. Finally, the seeded
cells were treated with the diluted Ln-UCNPs, replacing the old medium, and incubated for the
indicated exposure period.

3.3.2 Laser treatment

Where indicated, sterile ddH>O or UCNP treated cells (as described in section 3.3.1) were
irradiated using a 980 nm laser for 10 minutes at room temperature. Cells were then allowed to
recover for 2 hours, under standard growth conditions. Unirradiated, sterile ddH2O or Ln-UCNP
treated cells, served as controls; they were placed at room temperature for 10 minutes, followed
by a 2 hour recovery period. Cells were irradiated at a power density of 250 mW/cm?, pulsed at
10 kHz using 10.5% duty cycle. Following the 2 hour recovery period, cells were processed for
viability assays, immunofluorescence staining or Western blotting.

3.3.3. UV damage

To induce nucleic acid damage, cells were seeded on dishes or poly-lysine coated

coverslips, incubated overnight, then treated with a UV-A lamp at 20 J/cm?. Cells were then

allowed to recover for the indicated time points and processed for Western blotting or
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immunofluorescence staining. Controls were placed under similar conditions, in the absence of
UV irradiation.
3.4. Viability assay

To test UCNP induced cytotoxicity, a resazurin based viability assay was used. Cells were
grown in 96-well plates as described in section 3.3.1. Cells were treated with increasing
concentrations of either Si-UCNPs or AzSi-UCNPs, ranging from 10 pg/mL to 100 pg/mL, for
24, 72 or 120 hours. Following treatment, cells were incubated with 25 pg/mL resazurin (Stock:

150 pg/mL resazurin in PBS) for 2-3 hours under standard growth conditions. Absorbance was

then measured at 570 and 600 nm with a Tecan Infinite M 1000 plate reader.
3.5. Immunofluorescence staining and imaging

For immunofluorescence staining, cells were grown on poly-L-lysine (0.01% in ddH2O;
air dried and sterilized under UV light for 3 hours) coated coverslips, as described in section
3.3.1. Following treatment with UCNPs for 24 hours, cells were washed with PBS, fixed with
formaldehyde (3.7% in PBS) for 20 minutes at room temperature, and again washed with PBS.
Next, cells were permeabilized (0.1% Triton X-100/PBS/2mg mL™! BSA/ImM NaN3) for 5
minutes and incubated with blocking buffer (0.05% Tween/PBS/5% BCS /1mM NaN3) for 1
hour. Coverslips were then transferred to a humid chamber and incubated overnight with 50 pL
of diluted primary antibodies (see tables 1 and 2 for antibody dilutions) at room temperature.
Primary antibodies were diluted in blocking buffer and centrifuged (5 minutes; 13,000 rpm).
Following overnight incubation, cells were washed with blocking buffer three times (5 minutes
per wash), stained with 35 pL of diluted fluorescently labelled secondary antibodies for 2 hours
and again washed three times with blocking buffer. Secondary antibodies were diluted in

blocking buffer and centrifuged twice (5 minutes; 13,000 rpm), transferring the supernatant in
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between spins. Finally, coverslips were stained with DAPI (1 pg/mL in blocking buffer) solution
for 2 minutes, washed with PBS, mounted on microscope slides, and sealed with nail polish.
Samples incubated with blocking buffer overnight (in the absence of primary antibodies) were
stained with secondary antibodies to act as additional controls. Cy3- and alexaflour488-
conjugated secondary antibodies were diluted 1:400, Cy3-conjugated secondary antibodies for
Ran were diluted 1:500

For visualization of NIH 3T3 microtubules, using antibodies against a-tubulin, cells were
fixed with ice-cold methanol for 15 minutes at -20°C then immediately incubated with blocking
buffer for 1 hour at room temperature. Immunofluorescence staining follows the same procedure
described above. For visualization of antibodies against YH2AX, the same procedure described
above was followed. But cells were incubated with blocking buffer containing BSA instead of
BCS (0.05% Tween/PBS/2 mg mL™! BSA /ImM NaN3).

Images were acquired using a Nikon optiphot or Nikon eclipse microscope equipped with
a 40X objective. Identical settings were used to image individual data sets. A minimum of three
independent experiments were performed for each antigen studied. A Zeiss LSM780-NLO laser
scanning confocal, with IR-OPO lasers, microscope was used to image Ln-UCNPs by excitation
at 976 nm.

3.5.1 Fluorescence quantification

Fluorescence signals were quantified using ImageJ. For each individual data set, a
minimum of 30 cells were analyzed per treatment condition. Nuclear, cytoplasmic and/or whole
cell mean intensity (intensity per area) were quantified for each cell and the average calculated.
Values for cytoplasmic intensity and area were measured by calculating the difference between

nuclear and whole cell intensity or area.
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3.6. Western blotting

Cells were seeded on dishes and treated with UCNPs for 24 hours, UCNPs and laser
irradiation or UV at the indicated time points (see section 3.3). Cell extraction and
immunoblotting followed our previously published protocols®®8!. Refer to table 1 for antibody
dilutions.
3.7 Statistical Analysis

All quantified data was standardized to the vehicle control. Bar graphs for Western

blotting and image analyses represent data averages for at least three independent experiments.

Error bars are standard error of the means (SEM). A two-tailed Student’s t-test or one-way
ANOVA combined with Bonferroni correction were used to determine statistical significance
between two or more groups, respectively. All figures show pairwise comparisons between the
vehicle control and the treated sample. Significant differences are indicated as follows: *, p <

0.05; **, p <0.01, and *** p <0.001.
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Table 1. Immunofluorescence and Western blotting antibody dilutions related to results in section

4.1.
Antibody targets Supplier, catalog number D:(I:t::n Dilution for WB
Actin Chemicon,MAB1501 NA 1:100,000
elF2a Santa Cruz Biotechn., sc-30882 NA 1:500
elF2a ABclonal, A0764 NA 1:500
phospho-elF2a.  |Cell Signaling Techn., #3597 NA 1:500
Fibrillarin Santa Cruz Biotechn., sc-25397 1:500 1:500
GAPDH Santa Cruz Biotechn., SC-32233 NA 1:2,000
Grp78 Santa Cruz Biotechn., sc-13539 NA 1:1,000
Grp94 Santa Cruz Biotechn., sc-393402 NA 1:1,000
Hsp70 ENZO, ADI-SPAS811 NA 1:2,000
Hsp90 Santa Cruz Biotechn., sc-515081 NA 1:500
Lamin A Santa Cruz Biotechn., sc-20680 1:200 1:1,000
Lamin B Santa Cruz Biotechn., sc-6216 1:400 1:1,000
NFkB Santa Cruz Biotechn., sc-372 1:1000 1:500
Nrf2 Santa Cruz Biotechn., sc-365949 1:100 1:200
Nucleolin Santa Cruz Biotechn., sc-13057 1:400 1:500
PARP1 ABclonal; A19596 NA 1:2,000
RPA194 Santa Cruz Biotechn., sc-48385 1:400 1:500
a-Tubulin Santa Cruz Biotechn., sc-5286 1:200 1:1,000
\VCP BioLegend; No. 636802 NA 1:2,000
Z0-1 Santa Cruz Biotechn., sc-33725 1:200 NA
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Table 2. Immunofluorescence antibody dilutions related to results in section 4.2.

Antibody targets| Supplier, catalog number [Dilution for IF
YH2AX Millipore Sigma, 05-636 1:1000
Crm1 Santa Cruz Biotechn., sc-5595 1:400
RANGAP1 Santa Cruz Biotechn., sc-25630 1:2000
TAP/Nxf1 Santa Cruz Biotechn., sc-32319 1:800
KPNB1 Santa Cruz Biotechn., sc-11367 1:400
KPNA2 Santa Cruz Biotechn., sc-55538 1:400
RAN Santa Cruz Biotechn., sc-1156 1:400
RPA194

Santa Cruz Biotechn., sc-48385| 1:200/1:800
(3T3/PK1)

Santa Cruz Biotechn., sc-
m6A 1:1000

130219
Nucleolin Santa Cruz Biotechn., sc-13057 1:400
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4. Results
4.1. Ln-UCNPs are non-toxic and have minimal effects on stress biomarkers in mammalian
cells.

4.1.1 Ln-UCNP characterization

The UCNPs used are composed of a LiYF4 core shell doped with the lanthanides Tm>"

and Yb*". As evidenced by TEM images (Figure 11 and Table 3), the nanoparticles have a square
bipyramidal morphology with an average core length and width of 98.3 + 6.5 and 52.3 + 4.3,
respectively. The emission spectra of UCNPs, measured in phenol-red free DMEM, showed the
expected emissions in the UV and visible part of the spectrum (Figure 11c¢). Detailed properties

of both Si-UCNPs and AzSi-UCNPs can be seen in table 3.
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Figure 11. UCNP Characterization.a) Transmission electron microscopy images of Si-UCNP
(left) and AzSi-UCNP (right). Silica shell thickness at the sides and apices is indicated in purple
and green, respectively. Scale bar is 200 nm. b) Bar graphs depicting size distribution of core

shell (grey) and Si-UCNPs or AzSi-UCNPs. c¢) Emission spectra of Si-UCNPs and AzSi-UCNPs
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Table 3. Physical and chemical properties of UCNPs

Parameter Si-UCNP AzSi-UCNP

Host matrix LiYF4

Sensitizer 25 mol% Yb>*

Activator 0.2 mol% Tm>*

Morphology Square bipyramidal

Core size; length [nm] 98.3+6.5

Core size; width [nm] 52.3+43

Size + shell, width [nm] 71.6 £4.8 73.0£5.9

Shell thickness at edge [nm] 102+ 1.1 104+14

Shell thickness at apex [nm] 54+1.0 5.5+£0.9

Zeta potential in water, 0.5
-11.5+£2.3 -16.3+0.4
mg/mL UCNP [mV]

Zeta potential in DMEM, 0.5
-4.1+0.1 9.0+0.5

mg/mL UCNP [mV]

4.1.2 Ln-UCNP cytotoxicity
Nanoparticle induced cytotoxicity was assessed after one, three or five days of exposure
to varying concentrations of nanoparticles. After 24 hour incubation with UCNPs, the highest
concentration of either Si- or AzSi-UCNPs did not elicit significant differences in cell viability,
measured by cell metabolic activity (Figure 12). These results were similar for both NIH3T3 and
LLC-PK1 cells. However, three and five days exposure to the nanoparticles showed a decrease in

NIH 3T3 cell viability with increasing concentrations; these results were significant for 50 and
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100 pg/mL concentrations. Three and five days UCNP treatment of LLC-PK1 cells did not show
the same trend as NIH 3T3 cells (Figure 13). Since 24 hour treatment with the highest
concentration of Si-UCNPs or AzSi-UCNPs showed no significant decrease in both NIH3T3 and
LLC-PK1 cell viability, 100 pg/mL UCNPs for 24 hours was chosen in subsequent experiments
to define the toxicity profile and subcellular interactions of our UCNPs.

PARP1 cleavage, marked by reduction in full-length PARP1 abundance, is an early
marker of apoptosis®?. To assess whether there are signs of UCNP induced apoptosis, PARP1
abundance levels were quantified by Western blotting. Immunoblot signals for PARP1 showed

no decrease in either cell line, indicating no signs of UCNP induced apoptosis (Figure 12).
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Figure 12. UCNP 24-hour cytotoxicity assays. Resazurin-based viability assays depicting
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changes in viability of NIH3T3 (left) and LLC-PK1 (right) cells upon 24-hours incubation with

increasing concentrations of Si-UCNPs or AzSi-UCNPs. Western blots measured PARP1
abundance in both cell lines. The molecular mass (kD) of marker proteins is shown in the right
margin of the blots. Bar graphs represent averages = SEM of a minimum of three independent
experiments. Results were normalized to vehicle control. Individual data points are shown as

black circles. Statistical evaluation was performed with One-Way ANOVA and Bonferroni

posthoc correction, p < 0.01. AU; arbitrary units.
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Figure 13. UCNP three day and five day cytotoxicity assays. Resazurin-based viability assays

depicting changes in viability of NIH3T3 and LLC-PK1 cells upon 72- or 120-hours incubation

with increasing concentrations of Si-UCNPs or AzSi-UCNPs. Bar graphs represent averages +

SEM of a minimum of three independent experiments. Results were normalized to vehicle

control. Individual data points are shown as black circles. Statistical evaluation was performed

with One-Way ANOVA and Bonferroni posthoc correction, *, p < 0.05; **, p <0.01. AU;

arbitrary units.
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4.1.3 Ln-UCNP uptake

As seen in figure 11c, the UCNPs studied emit in the UV and visible light range when
excited with 976 nm irradiation; this allows for their visualization within cells. To confirm
interaction of the nanoparticles with cells after 24 hours of incubation, cells were treated with
100 pg/mL LnUCNPs for 24 hours, fixed and stained with the membrane marker, Zonula
Occludens-1 ( ZO-1). ZO-1 is a membrane protein associated with tight junctions in cells and
serves as a good marker of cell periphery. Ln-UCNP uptake by NIH 3T3 and LLC-PK1 cells is
evident by their association with cells (Figure 14). Both Si-UCNPs and AzSi-UCNPs were
visualized within the cell periphery. Cells treated with the vehicle control showed no signals for

UCNPs when visualized with the same channel settings (data not shown).

NIH3T3
UCNP Z0-1 Overlay
Si-
UCNP
AzSi-
UCNP
LLC-PK1
UCNP Z0-1 Overlay
Si-
UCNP
AzSi-
UCNP

——20pum

Figure 14. UCNP uptake. NIH3T3 fibroblasts and LLC-PK1 cells were incubated for 24 hours
with 100 pg/mL Si-UCNP or AzSi-UCNPs. Cells were fixed and stained with antibodies against

Z0-1. UCNPs were visualized after excitation 976 nm excitation. Scale bar is 20 um.
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4.1.4 Ln-UCNP effects on nuclear and cellular morphology
The cell structure and nuclear integrity are maintained by cytoskeletal proteins consisting
of microtubules and nuclear lamins. Cell and nuclear morphology were unaffected by UCNP
treatment after 24 hours (Figure 15, 16). However, Western blotting showed significant decreases
in Lamin A and Lamin B in AzSi-UCNP treated NIH 3T3 cells. On the other hand, only Lamin B
was significantly decreased in LLC-PK1 cells. These results might be early indicators of stress or

cellular senescence due to subcellular interactions with azides on the UCNP surface.
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Figure 15. UCNP effects on nuclear and cell morphology. NIH3T3 and LLC-PK1 cells were

incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs. (a) The distribution

of lamin A, lamin B or a-tubulin was monitored by immunolocalization. Whole cell and nuclear

pixel intensities were quantified for three independent experiments. Scale bar is 20 pm. (b) The
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abundance of lamin A, lamin B and a-tubulin was measured for at least three independent
experiments. The molecular mass (kD) of marker proteins is shown in the right margin of the
blots. (a, b) Bar graphs represent averages £ SEM of a minimum of three independent
experiments. Results were normalized to vehicle controls. One-Way ANOVA combined with

Bonferroni posthoc correction identified significant differences between the vehicle control

group and individual treatment groups; *, p < 0.05, or between Si-UCNPs and AzSi-UCNPs; #, p

<0.05. AU, arbitrary units
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Figure 16. Effects of UCNPs on cell and nuclear area. NIH3T3 and LLC-PK1 cells were treated

for 24 hours with vehicle, 100 pg/mL Si-UCNP or AzSi-UCNPs. Samples were fixed and

processed for immunostaining. The size of cells and nuclei was quantified for three independent

experiments. Results were normalized to vehicle controls. Bar graphs show averages =+ SEM. No

significant differences between control and treated samples were identified by One-Way

ANOVA.
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4.1.5 Ln-UCNRP effects on oxidative stress and inflammatory markers
Cell response to oxidative stress is characterized by relocation of the transcription factors
NF-kB and Nrf2 to the nucleus>***. Inmunofluorescence quantification of NF-xB and Nrf2
signals in the nucleus and cytoplasm showed no increase in the nucleocytoplasmic ratios of
either protein in both cell lines. Moreover, Western blotting showed no severe changes in the
abundance levels of both proteins, as well as the metabolic enzyme GAPDH®*. Which has been

shown to be a target of oxidative stress (Figure 17).
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Figure 17. Effects of UCNPs on oxidative stress and inflammatory markers. NIH3T3 and LLC-
PK1 cells were incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs. (a)
The distribution of Nrf2 and NF-«xB was monitored by immunolocalization. Whole cell, nuclear
and cytoplasmic pixel intensities were quantified for three independent experiments. Scale bar is
20 um. (b) The abundance of Nrf2, NFxB, and GAPDH was measured for at least three
independent experiments. The molecular mass (kD) of marker proteins is shown in the right
margin of the blots. (a, b) Bar graphs represent averages = SEM of a minimum of three
independent experiments. Results were normalized to vehicle controls. One-Way ANOVA
combined with Bonferroni posthoc correction identified significant differences between the
vehicle control group and individual treatment groups; *, p < 0.05; **p < 0.01, or between Si-

UCNPs and AzSi-UCNPs; #, p < 0.05. AU, arbitrary units
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4.1.6 Ln-UCNRP effects on nucleolar stress response

Nucleoli are sensitive stress indicators due to their dynamic structure and critical role in
RNA biosynthesis. As mentioned, the events of rRNA transcription, processing and assembly are
distinctively compartmentalized in nucleoli. RPA 194, the major catalytic subunit of RNA Pol I*°,
Fibrillarin, an RNP involved in pre-rRNA methylation and processing®®; and nucleolin “C23”, an
RNA and DNA binding protein located mainly in the granular compartment and involved in
RNA assembly were used to mark the distinctive nucleolar compartments®’. As evidenced by IF
staining (Figure 18), nucleolar integrity was unaffected by UCNP treatment in either cell.
However, nucleolin was significantly decreased in both Si-UCNP and AzSi-UCNP treated
NIH3T3 cells suggesting possible impairment in rRNA processing or DNA replication. This

might affect the proliferative capacity of cells.
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Figure 18. Effects of UCNPs on nucleolar stress markers. NIH3T3 and LLC-PK1 cells were

incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs. (a) The distribution

of RPA 194, fibrillarin, and nucleolin was monitored by immunolocalization. Scale bar is 20 pm.

(b) The abundance of RPA194, fibrillarin, and nucleolin was measured. The molecular mass (kD)
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of marker proteins is shown in the right margin of the blots. Bar graphs represent averages +
SEM of a minimum of three independent experiments. Results were normalized to vehicle
controls. One-Way ANOVA combined with Bonferroni posthoc correction identified significant
differences between the vehicle control group and individual treatment groups; *, p < 0.05. AU,

arbitrary units

4.1.7. Ln-UCNP effects on ER stress response and molecular chaperones

The untranslated protein response is a mechanism developed by cells to withstand stress.
Under severe ER stress, cells have been shown to induce apoptosis and inhibit cell cycle
progression®”. A hallmark of the UPR response is elevated ER stress response proteins and
molecular chaperones involved in protein folding. Here we tested the levels of several proteins
involved in the UPR to determine early markers of induction of apoptosis or cell cycle arrest®,
Western blotting showed no significant changes for ER related stress response proteins (Figure
19). However, the molecular chaperone, Hsp70 was significantly increased in response to AzSi-
UCNP in both cell lines, although, the increase was more significant in NIH3T3 cells (2-fold
increase in NIH3T3 cells compared to a 1.2 fold increase in LLC-PK1 cells). A significant
increase in Hsp90 levels was observed in both Si-UCNP and AzSi-UCNP treated LLC-PK1 cells

but not NIH3T3 cells.
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Figure 19. Effects of UCNPs on ER stress markers and the proteostasis network. NIH3T3 and

LLC-PK1 cells were incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-

UCNPs. The abundance of phosphorylated and total-elF2a, Grp78, Grp94, Hsp70, Hsp90 and

VCP was measured. The molecular mass (kD) of marker proteins is shown in the right margin of

the blots. Bar graphs represent averages + SEM of a minimum of three independent experiments.

Results were normalized to vehicle controls. One-Way ANOVA combined with Bonferroni

posthoc correction identified significant differences between the vehicle control group and

individual treatment groups; *, p < 0.05; **p <0.01 *; ***p < 0.001. AU, arbitrary units
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4.2. Ln-UCNPs affect nucleocytoplasmic shuttling proteins in mammalian cells; their
excitation has minimal effects on nucleic acid damage and other stress responses.
4.2.1. Ln-UCNP emissions are non-cytotoxic

Ln-UCNPs and their emissions could result in genotoxic stress by production of reactive
oxygen species, hypermethylation of RNA or by formation of DNA breaks. Recruitment of DNA
damage repair proteins varies in different cell lines. To establish time points for DNA and RNA
damage markers in our cell lines we performed genotoxicity assays with multiple recovery time
points. Given that the UCNPs emit in the UV-A range (~360 nm), we irradiated cells with 20
J/em2 of 360 nm UV light, in the absence of UCNPs. Results showed the highest increase in
vyH2AX fluorescence 2 hours after recovery (Figure 20).

To test the potential cytotoxicity of the UCNP emissions we performed viability assays
on a range of concentrations after 24 hours of incubation with UCNPs, followed by their
excitation for 10 minutes and a 2 hour recovery period. No decrease in cell viability was
observed for the highest concentration of UCNPs tested (Figure 21). Genotoxicity was marked
by the DNA repair protein YH2AX and methylated RNA. No changes in YH2AX fluorescence
intensity was observed after treatment with UCNPs, with and without laser irradiation (Figure
22). m6A staining shows no obvious changes in location or intensity upon treatment with UCNPs

or laser irradiation (Figure 23). However, these results need to be confirmed by IF quantification.
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Figure 20. UV effects on DNA damage markers. NIH3T3 and LLC-PK1 cells were treated with

20 J/ecm? of UV-A light and allowed to recover for 0 or 2 hours (a) The distribution of YH2AX

was monitored by immunolocalization. Nuclear pixel intensity was quantified for control and UV

treated+2 hour recovery for two independent experiments. Scale bar is 20 um. Bar graphs

represent averages + SEM of a minimum of three independent experiments. Results were

normalized to vehicle controls. Black circles represent individual data points. Student’s t-test

identified significant differences between the vehicle control group and the treated group; *, p <

0.05. AU, arbitrary units
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Figure 21. Cytotoxic effects of UCNP emissions. Resazurin-based viability assays depicting
changes in viability of NIH3T3 (left) and LLC-PK1 (right) cells upon 24-hours incubation with
increasing concentrations of Si-UCNPs or AzSi-UCNPs, with (white bars) and without
irradiation. Bar graphs represent averages + SEM of a minimum of three independent
experiments. Results were normalized to vehicle control. Individual data points are shown as
black circles. No significant differences were identified with One-Way ANOVA. Student’s t-test
identified significant differences between irradiated and unirradiated groups at similar

concentrations. P <0.001. AU; arbitrary units.

59



NIH3T3 LLCPK1

unirradiated 980 nm irradiation unirradiated 980 nm irradiation

DAPI YH2AX DAPI YH2AX DAPI YH2AX

--Cgmno

Control

Si- -
UCNP
-- ; - --

[AU] YH2AX [AU] YH2AX
15 15

.
L] = L] i
1 . o * .
. .
' H L : |
- . L
05 05
ci

Figure 22. Effects of UCNPs and their emissions on DNA damage markers. NIH3T3 and LLC-

PK1 cells were incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs, +/-
980 nm excitation, and allowed to recover for 2 hours (a) The distribution of YH2AX was
monitored by immunolocalization. Nuclear pixel intensity was quantified three independent
experiments. Scale bar is 20 pm. Bar graphs represent averages + SEM of a minimum of three
independent experiments. Results were normalized to vehicle controls. Black circles represent
individual data points. One-Way ANOVA combined with Bonferroni identified significant
differences between the vehicle control group and the treated group; *, p < 0.05. AU; arbitrary

units
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NIH3T3 LLCPK1

Figure 23. Effects of UCNPs and their emissions on RNA methylation. NIH3T3 and LLC-PK1
cells were incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs, or
incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs, +/- 980 nm
excitation, and allowed to recover for 2 hours. The distribution of m6A was monitored by
immunolocalization. Scale bar is 20 pm.
4.2.2 Ln-UCNP effects on nuclear import and export

The transport of molecules between the nucleus and the cytoplasm is a requirement for
maintenance of cellular homeostasis. Nuclear import and export was assessed in both cell lines.
Crm1 relocated to nucleoli (marked by RPA194) upon Si-UCNP or AzSi-UCNP treatment of
NIH 3T3 cells. In LLC-PK1 controls, CRM1 is distributed in the nucleoplasm and associated
with nucleolar bodies, there was no observed increase in CRM1 nucleolar bodies upon UCNP

treatment. On the other hand, TAP/Nxf1 aggregated in the cytoplasm of UCNP treated LLC-PK 1
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cells but not NIH3T3 fibroblasts (Figure 24). No changes in the location of importins was
observed for either cell line (Figure 25). Both Importin aff dependent nuclear import and CRM1
dependent nuclear export are Ran-dependent. As such, we stained treated cells with Ran. In
accordance with the literature both cell lines showed higher concentrations of Ran in the nucleus.
Treatment with UCNPs did not cause changes in the subcellular location of Ran. RanGAP1 is
one of two enzymes responsible for maintaining the Ran gradient across the
nucleocytoplasm®®°. Treatment with UCNPs also had no effects on the subcellular location of
RanGAP1 (Figure 24). These results suggest that the observed effects in NIH3T3 cells might not
be Ran-dependent.

Next, we assessed whether excitation of UCNPs would exacerbate the results observed
with unirradiated UCNPs. Relative to unirradiated UCNP treatment, excitation of UCNPs did not
have observable effects on the nuclear import and export proteins. Suggesting that the UCNP
emissions do not exacerbate effects of UCNPs on nucleocytoplasmic shuttling (Figure 26 and

27).
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Figure 24. Effects of UCNPs on nuclear export proteins. NIH3T3 and LLC-PK1 cells were
incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs. The distribution of

CRM1, RPA194, RANGAP1 AND TAP/Nxfl was monitored by immunolocalization. Scale bar

is 20 pm.
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Figure 25. Effects of UCNPs on importins and Ran. NIH3T3 and LLC-PK1 cells were incubated
for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs. The distribution of importin-

a1, importin-B; and Ran was monitored by immunolocalization. Scale bar is 20 pm.
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Figure 26. Effects of UCNP emissions on nuclear export proteins. NIH3T3 and LLC-PK1 cells
were incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs, +/- 980 nm
irradiation and allowed to recover for 2 hours. The distribution of CRM1, RPA194, RANGAP1

AND TAP/Nxf1 was monitored by immunolocalization. Scale bar is 20 um.
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Figure 27. Effects of UCNP emissions on importins and Ran. NIH3T3 and LLC-PK1 cells were
incubated for 24 hours with vehicle, 100 pg/mL Si-UCNPs or AzSi-UCNPs, +/- 980 nm
irradiation and allowed to recover for 2 hours. The distribution of importin-a.1, importin-f; and

Ran was monitored by immunolocalization. Scale bar is 20 um.
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5. Discussion
5.1. Ln-UCNPs have minimal cytotoxic effects after 24 hours

We investigated the effects of upconversion nanoparticles (UCNPs) on NIH3T3 and
LLC-PK1 cells to understand the cellular responses. The results at 24 hours indicated a lack of
immediate cytotoxicity, as evidenced by the absence of a decrease in cell viability in both cell
lines. Surprisingly, the longer-term assessments at 72 and 120 hours revealed a significant
decrease in cell viability specifically in NIH3T3 cells. These differences in cell responses
emphasize the dynamic nature of cellular reactions to UCNPs over extended exposure periods,
highlighting the importance of considering the duration of nanoparticle exposure in toxicity
assessments. The reaction was more severe in AzSi-UCNP treated cell. However, the lack of
apoptotic markers at 24 hours could be indicative of an inhibition of cell proliferation.

The elevation of Hsp70 in both cell lines at 24 hours implies an early cellular stress
response, to mitigate the impact of UCNPs. One paper, reports an increase in Hsp70 levels in
repsonse to treatment with sodium azides®!. Azide is a metabolic inhibitor and could result in the
observed decrease with NIH3T3 treated AzSi-UCNPs over prolonged periods.

5.2. Ln-UCNPs have minimal, cell type specific, effects on cellular stress responses

Proteins elevated during ER stress are essential for induction of autophagy to withstand
stress. Pre-treatment with tunicamycin, a known ER stressor, had a protective effect on LLCPK1
cells after hypoxia treatment. Knockdown of proteins mediating ER stress in mouse embryonic
fibroblasts resulted in cell death®’. However, under severe ER stress, cells have been shown to
induce apoptosis and cell cycle arrest by decreasing proteins involved in cell cycle progression.

Particularly, in NIH3T3 cells, known ER stressors like tunicamycin decreased Cyclin D1 protein
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synthesis and the protein was undetectable by western blotting 16 hours after exposure to the
drug®.

Conclusions in relation to proteins involved in nucleoctoplasmic shuttling are limited due
to incomplete results. Without proper quantification of protein abundance by Western blotting
and quantification of the RAN gradient it is difficult to draw definitive conclusions. Preliminary
results show changes in the localization of two important export proteins, Crm1 and Nxf1;
however, their relocation was cell type specific. Nucleoporins and transport proteins, such as
importins and exportins, work closely to ensure the stability of the nuclear pore complex.
"Importins and exportins are major driving components in the maintenance of cellular
homeostasis. Abnormalities in the shuttling of proteins and nucleic acids to and from the nucleus
can have a negative impact on cells. Major export proteins CRM1 and Nxf1 are critical for the
transport of ribosomal RNA and mRNA from the nucleus to the cytoplasm. Importin o and 3 are
responsible for the movement of molecules containing a NLS from the cytoplasm to the nucleus
Communication between the nucleus and cytoplasm occurs through these proteins. Disruption of
the nuclear or cytoplasmic concentrations of importins and exportins can lead to anti-apoptotic
activities.®’

NIH 3T3 cells shows a trend of decrease for RPA194, and other nucleolar factors were
also affected when treated with Si-UCNPs or AzSi-UCNPs. The main cargo in CRM1 export
pathways is processed rRNA. The relocation of Crm1 to nucleoli in NIH3T3 cells could be
attributed to a decrease in processed rRNA, because of RNA polymerase I inhibition or
malfunctioned processing of newly synthesized rRNA. It has been previously shown that specific
inhibition of RNA polymerase I with drugs, such as short exposure to low concentrations of

actinomycin D, relocates CRM1 to nucleoli®> . A previously published study by our lab
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reported changes in importin aff levels but not CRM1 in LLC-PK1 cells treated with POEGA-b-
PMAEP coated NaYFs UCNPs®,

On the other hand, LLCPKI1 cells showed sequestration of Nxfl in the cytoplasm of Si-
UCNP and AzSi-UCNP treated cells. The main cargo in TAP/Nxf1 export pathways is mRNA.
Inhibition of ribosomal translation could result in the accumulation of mRNA and, potentially, its
exporter, in the cytoplasm of cells. One paper reported on the proteomics analysis of effects of
silver nanoparticles on lung, breast and colon epithelial cells. The results of the analysis also
showed cell type specific effects. Where Nxfl protein expression levels were significantly
altered in only lung epithelial cells®>,

Another paper assessed the effects of gold nanoparticles functionalized with an NLS
signal and reported accumulation of the NLS-AuNP on the cytoplasmic side of the nuclear
periphery of HeLa cells, blocking nuclear import and export, which resulted in non-apoptotic cell
death by induction of autophagosomes and autolysosomes. Similarly, treatment with agglutinin, a
nuclear complex inhibitor, also resulted in a similar phenotype®’. Hence, the results from our
study might indicate that NIH3T3 decrease in cell viability after three and five days was via a
non-apoptotic pathway due to inhibition of nuclear export evidenced by CRM1 relocation to
nucleoli and accumulation of UCNPs around the nuclear periphery of NIH3T3 cells.

Transcription and translation assays determining the synthetization, and proper

processing and folding of nascent rRNA and mRNA are required to define the possible

mechanisms for the observed cell type specific phenotypes.
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5.3. Ln-UCNPs and their emissions do not affect DNA and RNA damage markers, and do
not exacerbate observed Ln-UCNP effects on nucleocytoplasmic shuttling.

DNA and RNA damage could occur in response to UCNP induced genotoxicity by
production of ROS or by their UV emissions. H2AX phosphorylation is an ideal marker of DNA
damage. However, this process is dynamic and varies for different cell lines, and modes of stress.
Since our UCNPs emit in the UV part of the spectrum we used UV-A to induce y-H2AX.
Phosphorylation of H2AX upon UV-A treatment established a 2-hour recovery period is optimal
for both NIH3T3 and LLCPK1 cells. To our knowledge, there are no reports on the dynamics of
v-H2AX in NIH 3T3 or LLC-PK1 cells upon irradiation with UV-A light. Other papers reported
on effects of metal-based NPs on y-H2AX in malignant cell lines, showing increased formation
of double strand breaks by ROS activation’®. Here, we do not see an effect of the UCNPs or their
emissions on formation of double strand breaks. RNA methylation is an important post-
transcriptional modification, of which N®-methyladenosine (m°A) is the most abundant. This
process is closely linked to RNA splicing, however alterations in methylation have been shown
to affect RNA export and translation®!%°, Hence, we assessed the effects of UCNP treatment on

101 Wang et al.

this process; m®A has been shown to be affected by nanoparticle treatments
(2022), reported on the increase in m°A in kidney and lung cells after exposure to quantum dots,
this was accompanied by severe ER stress'%2.
5.4. Future directions

The results displayed assess specific stress biomarkers after 24 hour incubation with the
nanoparticles; Our knowledge of the bio-nano interactions after a prolonged incubation period is

limited. Further studies at different time points and with the introduction of recovery periods are

necessary to increase our understanding of the effects induced by the nanoparticles. Moreover,
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identifying the mechanism of internalization of the UCNPs is beneficial to understand the
physiological relevance of the time points studied.

The experiments conducted in this research studied the effects of irradiated and
unirradiated Si-UCNPs and AzSi-UCNPs in the absence of a photocleavable biomolecule. Proof
of concept studies were performed with oligonucleotides clicked to the Azide functionalized
UCNPs in solution. The effects of these biomolecules when introduced into cells should be
further studied as the release profile could be different in cells compared to solution. Moreover,
the results in this experiment highlighted the cell type specific differences induced by the
UCNPs. Therefore, their toxic effects and subcellular interactions need to be studied with other
relevant mammalian cell types such as immune cells, hepatic cells and splenocytes as they can
accumulate nanoparticles involved in the collection of nanoparticles from blood
circulation'®!330, Nanoparticles of this size and shape are understudied in living organisms; their
circulation times, properties and toxic effects need to be investigated in the context of in vivo

experiments.
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Conclusion

Previous work by our collaborators optimized the properties of the UCNPs used in this
study and demonstrated the functional application of AzSi-UCNPs as drug delivery tools.
However, the use of these nanoparticles in living cells and their cytotoxicity was unknown. We
performed a variety of in vitro toxicity assays evaluating various pathways that are relevant to
nanoparticle induced stress. Here we showed minimal UCNP effects on nuclear envelope
proteins, molecular chaperones and nucleolar stress markers. We demonstrated the UCNP
induced relocation of major nucleocytoplasmic transport factors. Finally, we proved the minimal
cytotoxic and genotoxic effects of emissions by excited UCNPs. Our research is the first to
define the toxicity and subcellular interactions of LiYF4: Yb**, Tm** UCNPs. The results
obtained highlight the cell type specific effects of nanoparticles. These results provide a
framework for future in vivo experiments. Further work is required to understand the

mechanisms and implications of the observed changes.
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