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1. Introduction

Silica-coated LiYF4:Yb>*, Tm** upconverting
nanoparticles are non-toxic and activate minor
stress responses in mammalian cellsT

Kais Bietar, 2 Siwei Chu, @2 Gabrielle Mandl, ©° Emma Zhang, ©?
Naim Chabaytah, © 2 Renata Sabelli,? John A. Capobianco & *?
and Ursula Stochaj ® *ac

Lanthanide-doped upconverting nanoparticles (UCNPs) are ideal candidates for use in biomedicine. The
interaction of nanomaterials with biological systems determines whether they are suitable for use in
living cells. In-depth knowledge of the nano-bio interactions is therefore a pre-requisite for the
development of biomedical applications. The current study evaluates fundamental aspects of the NP—
cell interface for square bipyramidal UCNPs containing a LiYF4:Yb®*, Tm®* core and two different silica
surface coatings. Given their importance for mammalian physiology, fibroblast and renal proximal tubule
epithelial cells were selected as cellular model systems. We have assessed the toxicity of the UCNPs and
measured their impact on the homeostasis of living non-malignant cells. Rigorous analyses were
conducted to identify possible toxic and sub-lethal effects of the UCNPs. To this end, we examined
biomarkers that reveal if UCNPs induce cell killing or stress. Quantitative measurements demonstrate
that short-term exposure to the UCNPs had no profound effects on cell viability, cell size or
morphology. Indicators of oxidative, endoplasmic reticulum, or nucleolar stress, and the production of
molecular chaperones varied with the surface modification of the UCNPs and the cell type analyzed.
These differences emphasize the importance of evaluating cells of diverse origin that are relevant to the
intended use of the nanomaterials. Taken together, we established that short-term, our square
bipyramidal UCNPs are not toxic to non-malignant fibroblast and proximal renal epithelial cells.
Compared with established inducers of cellular stress, these UCNPs have minor effects on cellular
homeostasis. Our results build the foundation to explore square bipyramidal UCNPs for future in vivo
applications.

By tailoring the size, morphology, emission/excitation spec-
trum, and functionalization of the particle surface, UCNPs are

Upconversion nanomaterials are important tools to advance the
basic and applied sciences. They have become indispensable for
nanomedicine, biophotonics, biosensing, and basic research."*
Among upconversion nanomaterials, lanthanide-doped
upconversion nanoparticles (UCNPs) display unique
excitation/emission properties.>* In particular, UCNPs do not
photobleach or photoblink, have long luminescence lifetimes,
as well as narrow excitation and emission bands."** Due to
their physical and chemical stability, fluoride-based UCNPs are
ideal for biomedical applications.”
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optimized for specific functions. For instance, non-spherical
morphologies may increase the circulation time in biological
systems when compared with spherical nanoparticles (NPs).**
Non-spherical NPs can also outperform their spherical coun-
terparts with respect to cellular uptake and retention.'*™
LiYF4Yb®*, Tm®" UCNPs are well known for their square
bipyramidal morphology and strong UV and blue upconversion
luminescence upon 980 nm excitation.” This shape arises
because the lowest energy crystal plane of the tetragonal crystal
phase of LiYF, is the 011 plane, yielding 8 faces of equal surface
energy.” [This equal surface energy enables facile uniform
coating of the NPs with a large number of different ligands or
materials].*>*¢

The use of UCNPs is currently limited by the hurdles they
encounter in biological systems. Some of these obstacles can be
overcome by modifying their surface coating.'” In particular, the
addition of silica shells provides distinct advantages.'®*® Silica
coating increases colloidal and chemical stability, thus
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protecting against aggregation and dissolution in biological
Moreover, the coating with silica is reproduc-
ible, low cost, and ideally suited for the delivery of bioactive
components.’® Silica shells that include functional groups on
their surfaces can be used for the conjugation of ligands to the
NP surface. NP surfaces that carry azides are especially attrac-
tive, as they are suitable for azide-alkyne click chemistry.
However, the effects of these reactive groups on nano-bio
interactions are largely unknown.

The first and often major barrier relevant to all in vivo
applications of nanomaterials is cell toxicity. Furthermore, it is
critically important that the sub-lethal effects elicited by UCNPs
are well-defined and limited in scope. Nanomaterials can
generate such sub-lethal effects by disrupting the homeostasis
of healthy cells. Fibroblasts are main targets for nano-bio
interactions. They are present throughout the mammalian
body, where they are crucial for tissue, organ, and organismal
homeostasis.”® Fibroblasts respond to a wide variety of endog-
enous and environmental signals, including tissue damage.**
Accordingly, they serve as a model system to study
nanodelivery.*

Several cell types located in the kidney have emerged as
targets for nanomedicine.”*** Kidneys non-specifically accu-
mulate NPs,”* which makes them especially vulnerable to the
adverse effects of nanomaterials. Peritubular capillaries provide
the route to kidney tubules. As a result, renal epithelia become
vulnerable to deleterious nano-bio interactions (reviewed in ref.
25). Despite the importance of renal tubular cells for kidney
function, their response to NPs remains understudied.**>®

Cultured cells are essential to assess critical aspects of nano-
bio interactions in a rigorous fashion. This evaluation consists
of two stages. First, initial experiments measure the acute
toxicity of nanomaterials by scoring the loss of cell viability.
Second, materials that pass this test are examined for their sub-
lethal effects on cell physiology. To this end, appropriate
biomarkers monitor the changes in cell shape and size, cyto-
skeletal organization, abundance or localization of relevant
transcription factors, molecular chaperones (here -called

environments.*®

ER stress response /

Transcription
factor

Heat shock
proteins

T

/
Nucleolar
- fragmentation

Fig. 1 Stress pathways relevant to nano-bio interactions. Key stress
responses were assessed in the current study. They include the
translocation of transcription factors into the nucleus, fragmentation
of the nucleolus, and the accumulation of heat shock proteins in the
endoplasmic reticulum (ER) or cytoplasm.
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chaperones), and other biomolecules that are suitable to scru-
tinize cellular stress responses. Fig. 1 depicts the essential
cellular pathways our study examined in UCNP-treated cells.

Stress responses are controlled by multi-component
networks that include chaperones and additional cellular
components. In particular, the transcription factors nuclear
factor erythroid 2-related factor 2 (Nrf2) and nuclear factor
kappa-B (NFkB) inform on oxidative stress induced by
nanomaterials.”**°

Chaperones are necessary to adjust cell physiology to a wide
variety of insults.?"** For example, chaperone abundance may
change when cells encounter UCNPs or other
materials.”***** The cellular uptake of UCNPs is generally
mediated by membrane-delimited compartments.” Therefore,
chaperones relevant to membrane or vesicle trafficking, such as
Grp78 and Grp94, are sensitive indicators of NP-induced stress.
Under conditions of severe ER stress, the transcription factor C/
EBP Homologous Protein (CHOP) increases in abundance and
promotes apoptosis. Crosstalk between NFkB and CHOP fine-
tunes the cellular responses to ER stress.>*

nano-

NFkB also communicates with nucleoli, which are
membrane-less compartments in the nucleus.*® Nucleoli
assemble ribosomal subunits and function as stress

sensors.**** Impairments in cellular homeostasis affect the
overall nucleolar organization and individual nucleolar
proteins.*®*! The transcription factor p53 is closely linked to
nucleolar functions and a major indicator of stress.*” Additional
proteins are suitable to report on nucleolar stress.”®***™*¢ In
particular, nucleolin, fibrillarin and RPA194 are nucleolar
proteins that respond to environmental and other insults.*

Aside from cell death, a possible consequence of stress
exposure is the induction of cellular senescence.”” Senescent
cells are viable and metabolically active. However, they can
damage tissues, organs, and whole organisms through the
secretion of a complex mixture of factors, known as the
senescence-associated secretome. Hallmarks of cellular senes-
cence include changes in cell and nuclear morphologies as well
as a profound reorganization of the cytoskeleton and nuclear
lamina.”* With the possible exception of cancer cells and
wound healing, the induction of cellular senescence by nano-
materials will largely be an undesired outcome. Although NPs
may trigger senescence in target cells, only few studies have
explored this relationship.>

The physicochemical properties of nanomaterials are crucial
for their impact on mammalian cells.®® Furthermore, the
consequences of nano-bio interactions are also determined by
the characteristics of the participating cells. Various biological
processes determine the cell type-dependent effects of NPs.
Specific examples are particle uptake, subcellular trafficking,
intracellular distribution, and NP-induced toxicity. Differences
in proliferation, plasma membrane composition, cytoskeletal
organization, endocytosis, lysosomal and metabolic activities
control cell fate upon exposure to NPs.*”* In addition, the
numerous cell types in the human body display profound vari-
ations in size and abundance.* It can therefore be expected that
NP-based applications can elicit a spectrum of responses that
are shaped by the specific cells that interact with the NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The present study was conducted to characterize the effects
of square bipyramidal UCNPs on mammalian cells. We have
focused on two types of silica-coated LiYF,:Yb**, Tm>" UCNPs,
because no data are currently available on their nano-bio
interactions. In particular, information on sub-lethal effects
and cellular stress responses is missing. Our research aims to
provide this knowledge and uncover potential UCNP-dependent
changes in the physiology of fibroblasts and renal proximal
tubule cells. Long-term, these data will facilitate the production
of nanomaterials that are safe for the use in living organisms.

2. Materials and methods
2.1 Materials

All reagents were used without further purification. Lithium
trifluoroacetate (97%, cat. AAL1680118) was purchased from
Fisher Scientific (Oakville, ON). Yb,O; (99.999%), Tm,O3
(99.999%) were purchased from Chemicals 101 Corp. (Toronto,
ON). Oleic acid (90%, technical grade, no. 364525), 1-octade-
cene (90% technical grade, no. 0806), tetraethylorthosilicate
(TEOS, 98%, reagent grade, no. 131903), ammonium hydroxide
(28-30% NH; basis, ACS reagent, no. 221228), IGEPAL® CO-520
(M}, 441, no. 238643), trifluoroacetic acid (=99.0%, no. 302031),
were purchased from Millipore Sigma. 3-Azidopropyltriethox-
ysilane (AzPTES; 97%, no. SIA0777.0) was purchased from
SelectLab Chemicals GmbH (Miinster, Germany). 3 mm, 300
mesh copper grids coated with 10 nm thick Formvar film and
stabilized with 1 nm thick evaporated carbon film were
purchased from Electron Microscopy Sciences (Hatfield, PA).
The source of primary antibodies and their dilutions for
different applications are listed in Table 1. Affinity-purified
secondary antibodies for immunolocalization were purchased
from Jackson ImmunoResearch Laboratories, Inc. (USA). The
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dilution was 1:400 for Alexa 488™ or Cy3-conjugated
secondary antibodies.  Affinity-purified = HRP-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories)
were diluted 1:2000 for western blotting.

2.2 Synthesis of UCNPs

LiYF4:25 mol% Yb**, 0.2 mol% Tm>" UCNPs were synthesized
using a one-pot thermal decomposition technique.*® The as-
synthesized NPs were coated with unfunctionalized (Si-UCNP)
and azide-functionalized (AzSi-UCNP) silica through a reverse
microemulsion method.” In a 20 mL scintillation vial, 25 mg of
as-synthesized (oleate-capped) NPs were dispersed in 7 mL n-
hexanes and sonicated for 15 min. 100 pL of IGEPAL® CO-520
was added to the dispersion, and the resulting mixture was
sonicated for 5 min, followed by 10 min of stirring (1000 rpm,
room temperature). 200 uL of IGEPAL® CO-520 was then added
and the mixture was sonicated again for 5 min, followed by
10 min of stirring (1000 rpm, room temperature). After this,
200 pL of IGEPAL® CO-520 and 80 pL of ammonium hydroxide
were added to the mixture, followed by sonication for 20 min. The
mixture was then stirred (1000 rpm, room temperature) and the
following steps were carried out depending on the type of coating
desired. For the unfunctionalized silica coated UCNPs, 20 pL of
TEOS was added in 5 pL aliquots every 30 min and stirred at room
temperature for 48 hours. For the azide-functionalized silica
coated UCNPs, 10 puL of TEOS was added in 5 pL aliquots every
30 min. After stirring for 24 hours, 10 pL AzPTES was added in
5 uL aliquots every 30 minutes. The mixture was then stirred for
24 hours. To purify the NPs (both coatings), the dispersions were
each poured into a 15 mL centrifuge tube and 10 mL of acetone
was added, followed by centrifugation at 10 155xg for 15 min.
The supernatant was discarded, and the resulting pellet was
dispersed in 2 mL deionized water. 10 mL 99% ethanol were

Table 1 Primary antibodies used in this study. Dilutions are listed for immunofluorescent staining (IF) and western blotting (WB)

Antibody targets Supplier, catalog number

Dilution for IF Dilution for WB

Actin Chemicon, MAB1501

CHOP BioLegend; no. 948702

elF2o. Santa Cruz Biotechn., sc-30882
elF2a ABclonal, A0764

Phospho-elF2a Cell Signaling Techn.; #3597
Fibrillarin Santa Cruz Biotechn., sc-25397
GAPDH Santa Cruz Biotechn., sc-32233
Grp78 Santa Cruz Biotechn., sc-13539
Grp94 Santa Cruz Biotechn., sc-393402
Hsp70 ENZO, ADI-SPA811

Hsp90 Santa Cruz Biotechn., sc-515081
Lamin A Santa Cruz Biotechn., sc-20680
Lamin B Santa Cruz Biotechn., sc-6216
NF«B Santa Cruz Biotechn., sc-372
Nrf2 Santa Cruz Biotechn., sc-365949
Nucleolin Santa Cruz Biotechn., sc-13057
p53 Cell Signaling Techn.; #2524
PARP1 ABclonal; A19596

RPA194 Santa Cruz Biotechn., sc-48385
a-Tubulin Santa Cruz Biotechn., sc-5286
VCP BioLegend; no. 636802

Z0O-1 Santa Cruz Biotechn., sc-33725

© 2024 The Author(s). Published by the Royal Society of Chemistry

NA 1:100000
NA 1:1000
NA 1:500
NA 1:500
NA 1:500
1:500 1:500
NA 1:2000
NA 1:1000
NA 1:1000
NA 1:2000
NA 1:500
1:200 1:1000
1:400 1:1000
1:1000 1:500
1:100 1:200
1:400 1:500
NA 1:1000
NA 1:2000
1:400 1:500
1:200 1:1000
NA 1:2000
1:200 NA
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added to precipitate the NPs. The NPs were collected by centri-
fugation (10155xg, 15 min). This process was repeated three
times to purify the silica coated NPs, which were stored as a pellet
in ultrapure water at room temperature.

2.3 Characterization of UCNPs

Transmission electron microscopy (TEM) images were acquired
with a Thermo Scientific Talos L120C electron microscope
operating at an accelerating voltage of 100 kv.

Zeta potential was measured at 25 °C using a 0.5 mg mL ™"
dispersion of AzSi- or Si-UCNPs in distilled water (pH 7.4) or
DMEM (pH 7.4) on a Malvern Zetasizer Nano ZSM using
a DTS1070 disposable folded capillary cell. Zeta potential
measurements were performed under identical conditions for
both samples.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was performed in the solid state using
a Thermo Scientific Nicolet iS5 spectrometer equipped with the
iD5 accessory with a laminate-diamond crystal window. Spectra
were recorded with a resolution of 0.4 cm ™" and 64 scans were
averaged per spectrum.

Powder X-ray diffraction was performed on a Bruker AXS D2
Phaser at a step size of 0.02° over a range of 10-65° 26. The
spectrometer was equipped with a Cu-Ka. source (1 = 1.54178 A)
operating at 30 kv and 10 mA for excitation and a Bruker
LYNXEYE detector operating in /26 scanning geometry.

Upconversion emission spectroscopy was performed on
a 1 mg mL ™" dispersion of AzSi- or Si UCNPs (2 mg mL™") in
phenol red-free DMEM in a 1 cm path length quartz cuvette
(Thorlabs). A handheld 976 nm diode laser (SkyLaser, 1 W,
0.450 W cm %) was used to excite the NPs. The emissions were
collected perpendicular to the excitation source with a 600 pm
optical fiber (OceanOptics Inc.) and a 330-807 nm band pass
filter (Newport Inc. 10-CLVR-3) before detection with a Prince-
ton Instruments FERGIE BRX-VR UV-NIR spectrograph fitted
with a 250 grooves per mm grating blazed at 550 nm with a 50
um entrance slit.

2.4 Cell lines, cell culture and incubation with UCNPs

Cell lines. The mammalian fibroblast cell line NIH3T3 and
porcine kidney proximal tubule cells (LLC-PK1) served as model
systems for this study. NIH3T3 cells were kindly provided by
Dr V. Blank, McGill University. LLC-PK1 cells were originally
obtained from ATCC. Both cell lines have been used extensively
to investigate the interactions with nanomaterials.>*>°

Cell culture and treatment. Cells were cultured following
published protocols.>® Cultures were mycoplasma-free; they
were regularly tested with a commercially available kit (Applied
Biological Materials, abm, Richmond, BC).

Cells were grown on poly-lysine coated coverslips or cell
culture dishes as described.”®*® In brief, one day before the
treatment, cells were seeded on coverslips or dishes and incu-
bated under standard growth conditions (37 °C, 5% CO,).
Immediately before use, aqueous UCNP stock suspensions were
sonicated (3 minutes, room temperature; Dareflow bath soni-
cator, PS-10A), diluted in sterile water to 1 mg mL " and
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sonicated again (2 minutes, room temperature). UCNPs were
then added to the growth medium to achieve the desired final
concentration. Sterile water served as vehicle control. After
incubation for 24 hours, the cultures reached 60-70% con-
fluency and were processed for immunostaining or western
blotting. Except for the viability assays, the final concentration
of UCNPs was 100 pg mL~ "' throughout the study.

For comparison with UCNP-induced stress responses, cells
were treated for 1 hour with 1 mM dithiothreitol (DTT) or for
24 hours with 1 pg mL ™" tunicamycin. For heat stress, cells were
kept at 43 °C for 3 hours, followed by a 1 hour recovery period at
37 °C.*®

2.5 Viability assays

The procedure described in Section 2.4 was applied to grow cells
in 96-well plates. Following incubation with vehicle or increasing
concentrations of UCNPs, cell viability was determined with Ala-
mar Blue (Acros), as published by us.*® In brief, following treat-
ment with UCNPs, cells were incubated with 25 ug mL ™" resazurin
(final concentration) under standard growth conditions. Absor-
bance was then measured at 570 and 600 nm with a Tecan Infinite
M1000 plate reader. A minimum of three independent experi-
ments were conducted for each UCNP concentration.

2.6 Immunofluorescence

The methods applied for immunofluorescent staining have been
published earlier.”® Cells grown on coverslips coated with poly-L-
lysine were treated with UCNPs as described in Section 2.4. All
subsequent steps were performed at room temperature. Cells
were washed with PBS, fixed with 3.7% formaldehyde in PBS for
20 minutes and rinsed again with PBS. Cell membranes were
permeabilized for 5 minutes (PBS, 0.1% Triton X-100, 2 mg mL ™"
BSA, 1 mM NaN3), and samples were incubated for 1 hour with
blocking buffer (PBS, 0.05% Tween 20, 5% bovine calf serum,
1 mM NaNj). Primary antibodies diluted in blocking buffer were
added overnight. After washing with blocking buffer (three times,
5 minutes per wash), fluorescently labelled secondary antibodies
were diluted in blocking buffer and added for 2 hours. Coverslips
were washed again, and DNA was stained with 4’,6-diamidino-2-
phenylindole (1 ug mL " in blocking buffer, 2 minutes). Cover-
slips were mounted on slides and sealed. Control samples were
incubated under identical conditions, but in the absence of
primary antibodies. For the visualization of microtubules in
fibroblasts with antibodies against a-tubulin, cells were fixed with
methanol, following published protocols.** The source and dilu-
tions of antibodies are depicted in Table 1.

2.7 Microscopy and image analysis

The imaging protocols for UCNPs have been described earlier.?**®
A Zeiss LSM780 confocal microscope, equipped with an IR-OPO
laser was used to image UCNPs after excitation at 976 nm. To
evaluate biomarkers by immunostaining, imaging was performed
with a Nikon Optiphot or Nikon Eclipse microscope equipped with
a 40x objective. For individual data sets, all images were acquired
with identical settings. Image analysis was conducted with Image]J
for at least 30 cells per condition and for each data set. In brief,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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following background correction, pixel intensities were measured
for the regions of interest, and the pixel intensity/area was calcu-
lated. Bar graphs depict the results of at least three independent
experiments; details are specified in the figure legends.

2.8 Western blotting

The generation of crude cell extracts, western blotting, and
enhanced chemiluminescence followed published protocols.>*
Cells were grown in culture dishes and treated with UCNPs as
described in Section 2.4. After incubation with or without
UCNPs, dishes were washed twice with PBS. Dishes were stored

—70 °C. For the preparation of crude extracts, samples were
suspended in 0.5-fold concentrated gel sample buffer, collected
into Eppendorf tubes and incubated for 15 minutes at 95 °C.
Following vortexing with 0.5 mm zirconia/silica beads (3
minutes, room temperature), samples were centrifuged for 5
minutes at 15 871xg. Trichloroacetic acid was added to super-
natants to a final concentration of 10% (w/v), and samples were
kept for 20 minutes on ice. Sediments were collected by centri-
fugation (2 minutes, 15871xg) and resuspended in 2-fold
concentrated gel sample buffer, pH 8, supplemented with
protease and phosphatase inhibitors. Aliquots of the crude
extracts were separated by SDS-PAGE on gradient polyacrylamide
gels. Primary antibodies and their dilutions are listed in Table 1.
Raw data files for western blots are provided in the ESL{

2.9 Statistical evaluation

Bar graphs for western blotting and image analyses represent
the averages of results obtained for at least three independent
experiments + standard error of the means (SEM). Statistical
evaluation was performed with a two-tailed Student's ¢-test for
the comparison of two groups. More than two groups were
compared with one-way ANOVA combined with Bonferroni
correction. 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 <

Table 2 Summary of UCNP physicochemical properties

Parameter Si-UCNP AzSi-UCNP

Host matrix LiYF,

Sensitizer 25 mol% Yb**
Activator 0.2 mol% Tm**
Morphology Square bipyramidal
Coating Unfunctionalized Azide-
silica functionalized
silica
Core size; length [nm] 98.3 £ 6.5 98.3 + 6.5
Core size; width [nm] 52.3 + 4.3 52.3 + 4.3
Size + shell, length [nm] 109.5 £ 7.0 111.2 + 6.8
Size + shell, width [nm] 71.6 + 4.8 73.0£5.9
Shell thickness at edge [nm] 10.2 + 1.1 104 + 1.4
Shell thickness at apex [nm] 5.4 + 1.0 5.5 + 0.9
Zeta potential in water, 0.5 mg  —11.5 + 2.3 —16.3 £ 0.4
mL~" Ln-UCNP [mV]
Zeta potential in DMEM, 0.5 mg —4.1 £ 0.1 —9.0 £ 0.5

mL ™" [mV]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.001. Significant differences between Si-UCNPs and AzSi-
UCNPs are marked with #, p < 0.05; ##, p < 0.01.

3. Results and discussion

The current study was conducted to determine the physico-
chemical properties of Si-UCNPs and AzSi-UCNPs and measure

AzSi UCNP
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Fig. 2 Characterization of Si-UCNP and AzSi-UCNP. (a) Representative
transmission electron microscopy images of UCNPs used in this study.
The average thickness of the shell at the edge (magenta) and apex (green)
is depicted in nm. Scale bars are 200 nm. (b) Si-UCNP and AzSi-UCNP
have comparable properties related to the particle width, length, and
thickness of the silica shell at the apex and side. (c) Upconversion emission
spectra (2 mg mL~ UCNPs in phenol red-free DMEM) of Si-UCNPs (red
trace) and AzSi-UCNPs (black trace) upon excitation at 976 nm. AU,
arbitrary units. Additional details on particle properties are listed in Table 2.
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their impact on mammalian cell physiology. The potential
effects of the azide group on the NP surface is of particular
interest, as it can be used to covalently attach therapeutic or
other molecules to the NP surface.

3.1 Physicochemical properties of UCNPs

Transmission electron microscopy shows the square bipyra-
midal morphology of UCNPs with an average core length of 98.3
+ 6.5 nm (Table 2, Fig. 2). Powder X-ray diffraction confirmed
the expected tetragonal crystal phase of the UCNPs (Fig. S1at).
ATR-FTIR confirms the presence of the pendant azide groups on
AzSi-UCNPs (2100 cm ™", N-N stretch) and the silica coating on
both AzSi- and Si-UCNPs as evidenced by the bands centered at
1000 cm ™" (Si-O stretch; Fig. S1bf).

The zeta potentials of Si-UCNP and AzSi-UCNP in distilled
water at physiological pH were —11.5 £ 2.3 mV and —16.3 +

NIH3T3
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0.4 mV, respectively. This agrees with our previously reported
values and the intrinsic negative charge of silica.®*** Azide-
functionalized silica produces a more negative surface charge
due to the negative charge on the terminal nitrogen atoms in the
azide groups.” In cell culture medium (DMEM), the surface
charges of both NPs were reduced to —4.1 &+ 0.1 mV for Si-UCNPs
and —9.0 £ 0.5 mV for AzSi-UCNPs. This can be attributed to the
electrostatic coordination of cations present in DMEM to the
surface of the NPs. Following illumination with infrared light at
976 nm, UCNPs emit light at different wavelengths (Fig. 2c). This
property was used to visualize the uptake of UCNPs by mamma-
lian cells (see below).

3.2 Effect of UCNPs on cell viability

For simplicity, we refer to Si-UCNP or AzSi-UCNP collectively as
“UCNPs” throughout the text. If results differ for Si-UCNP or AzSi-
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Fig. 3 Effects of UCNPs on the viability of NIH3T3 fibroblasts and LLC-PK1 cells. Cells were incubated for 24 hours with increasing concen-
trations of UCNPs as specified in the figure. The left side depicts results for NIH3T3 fibroblasts; the right side shows data for LLC-PK1 cells.
Western blots assessed the possible loss of PARP1 in UCNP-treated cells. The molecular mass of marker proteins is shown in kD at the right
margin of the blots. Bar graphs represent averages + SEM for at least three independent experiments. Results were normalized to control
samples incubated with vehicle. Graphs show the ratio of PARP1/actin. (Black circles represent individual data points). Statistical evaluation was
performed with one-way ANOVA and Bonferroni post hoc correction; ** p < 0.01. AU, arbitrary units.
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UCNP, they are described separately. A first set of experiments
determined whether UCNPs alter the viability of NIH3T3 or LLC-
PK1 cells. To this end, chromogenic assays monitored the perfor-
mance of mitochondria. After a 24 hour incubation period with
a wide range of concentrations (final concentration 0 to 100 pg
mL ), no significant changes in cell viability were detected (Fig. 3).
When the incubation period was extended to 3 or 5 days, the
viability was significantly reduced with high UCNP concentrations
for NIH3T3 fibroblasts, but not for LLC-PK1 cells (Fig. S27).

Independent evidence for the lack of cell death after 24 hour
incubation with UCNPs was obtained by western blot analyses of
PARP1. Apoptosis is associated with PARP1 cleavage,* which
leads to a loss of full-length PARP1. However, UCNPs did not
profoundly alter PARP1 abundance in fibroblasts or renal prox-
imal tubule cells (Fig. 3). On the other hand, PARP1 abundance
was significantly reduced with other stressors (Fig. S37).

Taken together, data in Fig. 3 demonstrate that 24 hour
treatment with Si-UCNPs and AzSi-UCNPs has no or negligible
toxicity in cell lines of different origins. As many NPs are rapidly
cleared in living organisms,* subsequent experiments were
conducted for a 24 hour incubation period.

3.3 Cellular uptake of UCNPs

The lack of cellular toxicity of Si-UCNPs and AzSi-UCNPs may be
explained by their failure to interact with cells. To address this
point, we conducted imaging experiments that simultaneously
detect UCNPs and the protein ZO-1. ZO-1 is a peripheral
membrane protein that is concentrated at cell-cell junctions.*
In fibroblasts, a pool of ZO-1 is also present in intracellular
locations.®® ZO-1 was used to delimit LLC-PK1 and NIH3T3 cells,
because the selected antibody is suitable for immunostaining in
different cell lines. While the staining patterns for ZO-1 may
differ in epithelial and non-epithelial cells,*” the method clearly
demarcated renal proximal epithelial cells and fibroblasts. The
presence of ZO-1 in the nucleus is consistent with previous
reports, which suggest a role for zonula occludens proteins,
including ZO-1, in cell nuclei.®**

As shown in Fig. 4, Si-UCNPs and AzSi-UCNPs associated with
NIH3T3 and LLC-PK1 cells. Notably, the Si-UCNPs and AzSi-UCNPs
exhibit luminescence upon 976 nm excitation, enabling direct
identification of UCNPs within the cells. The cyan signals observed
in Fig. 4 are attributed to the 'G, — *H, transition of Tm**. A
portion of the internalized UCNPs formed agglomerates that were
composed of multiple UCNPs and thus are easily detectable by
confocal microscopy. These agglomerates predominantly resided in
the cytoplasm of cells. No signals were seen in the channel used to
detect UCNPs when cells were incubated with medium only
(Fig. S4t). Collectively, results in Fig. 4 demonstrate UCNP uptake
by fibroblasts and renal proximal tubule cells. At the same time, the
particles had only minimal effects on cell viability, emphasizing
that UCNP internalization does not trigger rapid cell death (Fig. 3).

3.4 Effects of UCNPs on nuclear lamins and cytoplasmic
microtubules

The nuclear envelope maintains cellular homeostasis by sepa-
rating the nucleoplasm from the cytoplasm. Proteins of the nuclear

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UCNP uptake by fibroblasts and renal proximal tubule cells.
NIH3T3 fibroblasts and LLC-PK1 cells were incubated for 24 hours with
100 pg mL™ Si-UCNPs or AzSi-UCNPs. After fixation, cell borders
were demarcated with antibodies against ZO-1. Images were acquired
as described earlier.*® Scale bar is 20 pm.

envelope, especially nuclear lamins, preserve the shape and
integrity of the nucleus.” Changes in the distribution and abun-
dance of lamin A and B are linked to stress and senescence.” The
nuclear envelope is connected to filament systems in the cyto-
plasm. This connection supports the communication between the
nucleoskeleton and cytoplasmic microtubules.” Together, nuclear
and cytoplasmic filament systems regulate cell shape and size.
Relevant to the potential impact of nanomaterials, cell and nuclear
size increase in senescent cells.*® By contrast, cell shrinkage and
pyknotic nuclei are key features of apoptotic cells.”>”

Common to both NIH3T3 and LLC-PK1 cells, UCNPs
diminished the abundance of full-length lamin B, and this
effect was more pronounced for AzSi-UCNPs (Fig. 5b). Inter-
estingly, the immunolocalization studies did not fully recapit-
ulate these differences. It is possible that proteolytic products of
lamin B contributed to the pixel intensities measured in Fig. 5a.

The UCNP-dependent loss of full-length lamin B may suggest
that senescence was triggered in a subpopulation of cells.
However, UCNPs did not affect the size or morphology of cells or
nuclei (Fig. S51 and 5a). As well, there was no significant change
in the ratio of nuclear area/cytoplasmic area (Fig. S57).
Furthermore, our experiments did not uncover cell shrinkage or
the accumulation of cells with pyknotic nuclei. These results
support the idea that a 24 hour UCNP treatment did not cause
cellular senescence or apoptosis at detectable levels.
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Fig.5 Effects of UCNPs on nuclear lamins and on a-tubulin. NIH3T3 or LLC-PK1 cells were incubated for 24 hours with vehicle, 100 pg mL~t Si-
UCNP or AzSi-UCNPs. (a) The distribution of lamin A, lamin B or a-tubulin was monitored by immunolocalization. Images were acquired and the
pixelintensities in the whole cell and in the nucleus were quantified for three independent experiments (see Materials and methods for details). All
scale bars are 20 pm. (b) The abundance of lamin A, lamin B and a.-tubulin was measured for at least three independent experiments. Results were
normalized to vehicle controls. Graphs depict the ratio of the protein of interest/actin. (a and b) One-way ANOVA combined with Bonferroni post
hoc correction identified significant differences between the vehicle control and individual treatment groups; *, p < 0.05; **, p < 0.01; *** p <
0.001. Significant differences between Si-UCNPs and AzSi-UNCPs are marked with #, p < 0.05; ##, p < 0.01. AU, arbitrary units.

3.5 Impact of UCNPs on Nrf2 and NFkB; GAPDH,
biomarkers of oxidative stress

Nrf2 and NFkB are among the first cellular responders to
oxidant exposure.””® Both transcription factors accumulate in
the nucleus when cells are stressed.” As part of the cellular

8702 | RSC Adv, 2024, 14, 8695-8708

antioxidant defense reaction, Nrf2 also increases in abun-
dance.” GAPDH is a marker of oxidative stress;”®* GAPDH levels
diminish when cells enter senescence.*® On the other hand, pro-
apoptotic conditions upregulate GAPDH, at least in cancer
cells.”
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Fig. 6 evaluates the effects of UCNPs on Nrf2, NFkB and
GAPDH in NIH3T3 and LLC-PK1 cells. Nrf2 was in the
nucleus and cytoplasm of fibroblasts, but mostly nuclear in
renal proximal tubule cells. Quantification of the fluores-
cence intensities in the whole cell, nucleus, and cytoplasm
revealed that UCNPs did not induce significant changes in
the nucleocytoplasmic distribution of Nrf2 or NFkB (Fig. 6a).
Moreover, no significant differences were revealed for the
abundance of Nrf2 or NFkB (Fig. 6b). Si-UCNPs reduced the
levels of GAPDH in NIH3T3 cells, but had no impact on LLC-
PK1 cells.

As reference for the responses triggered by UCNPs, we con-
ducted control experiments with established stressors. As such,
cells were exposed to heat, DTT or tunicamycin and the abun-
dance of Nrf2 was quantified (Fig. S67). Heat stress induces the
production of heat shock proteins, especially members of the
hsp70 family.*® DTT causes reductive stress, while tunicamycin
interferes with protein glycosylation in the endoplasmic retic-
ulum (ER). Both agents trigger an unfolded protein response
(UPR) in the ER.*

NIH3T3
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Notably, several forms of stress elevated the levels of Nrf2 in
fibroblasts and LLC-PK1 cells, and DTT induced the accumu-
lation of NFkB in nuclei of renal proximal tubule cells (Fig. S77).
As well, tunicamycin significantly diminished GAPDH abun-
dance in NIH3T3 cells; the tunicamycin-dependent loss excee-
ded the changes observed for Si-UCNPs (Fig. S61). GAPDH levels
in LLC-PK1 cells were not altered by the incubation with UCNPs
or tunicamycin (Fig. 6 and S671). These data highlight that cells
of different origins vary in their responses to UCNPs.

Taken together, the results for key transcription factors and
GAPDH support the idea that Si-UCNPs or AzSi-UCNPs elicited
only minor stress or pro-inflammatory responses. By contrast,
established stressors triggered marked changes in both fibro-
blasts and renal proximal tubule cells.

3.6 Evaluation of nucleolar stress in UCNP-treated cells

Nucleoli produce ribosomal subunits, serve as stress sensors,
control apoptosis and cellular senescence. The transcription
factor p53 is closely linked to nucleolar function and cellular
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Impact of UCNPs on markers of oxidative stress and inflammation. Biomarker distribution and abundance were quantified for UCNP-

treated cells as in Fig. 5. (a) Immunolocalization of Nrf2 and NFkB. Scale bar is 20 um. (b) Western blot analyses for Nrf2, NFkB, and GAPDH.
Graphs represent the ratio of the protein of interest/actin. (a and b) Statistical evaluation was conducted as described for Fig. 5; *, p < 0.05; **,p <
0.01. Significant differences between Si-UCNPs and AzSi-UNCPs are marked with #, p < 0.05. AU, arbitrary units.
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Fig. 7 Effect of UCNPs on nucleolar proteins and p53. Immunofluorescence, western blotting and statistical evaluation were conducted as
described for Fig. 5. (a) Immunolocalization of RPA194, fibrillarin, and nucleolin. Scale bar is 20 um. (b) Western blot analyses of p53, RPA194,
fibrillarin, and nucleolin. Graphs show the ratio of the protein of interest/actin. Statistically significant differences are marked with * p < 0.05; ***,
p < 0.001. Significant differences between Si-UCNPs and AzSi-UNCPs are marked with #, p < 0.05. AU, arbitrary units.

senescence; p53 provides a stress marker that is stabilized when
nucleolar functions derail.*>**

Nucleolar activities are determined by the proper organiza-
tion into nucleolar subcompartments.** To examine this aspect
of cellular homeostasis, we evaluated three biomarkers that
report on the spatial organization of nucleoli, RPA194,

8704 | RSC Adv, 2024, 14, 8695-8708

nucleolin, and fibrillarin. RPA194 is a subunit of RNA poly-
merase I, which transcribes ribosomal RNA genes; nucleolin
participates in rDNA transcription, rRNA maturation, and
ribosome assembly; fibrillarin acts as TrRNA 2'-O-
methyltransferase.®>*
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The subcellular localization of RPA194, nucleolin, and
fibrillarin did not profoundly alter when cells were incubated
with UCNPs (Fig. 7a). By contrast, other conditions, such as
pharmacological agents, cause significant changes in the
distribution of nucleolar proteins in NIH3T3 and LLC-PK1
cells.®**s

While UCNPs did not trigger a re-organization of nucleoli,
they modified the abundance of nucleolin. Interestingly, UCNPs
reduced nucleolin abundance in fibroblasts, but had the
opposite effect in LLC-PK1 cells (Fig. 7b). By contrast, the levels
of p53 did not significantly increase upon UCNP treatment. (The
apparent molecular mass of “p53” detected in LLC-PK1 cells
was >75kD. The same apparent molecular mass was observed
for two different antibodies against p53, which were generated
in different species). Collectively, our data support the hypoth-
esis that UCNPs did not compromise the organization of
nucleoli.

3.7 UCNPs modulate selected components of the stress and
proteostasis network

Several signaling pathways and chaperones ensure that cells
adjust to environmental and other insults, including the expo-
sure to nanomaterials. Our earlier work demonstrated that
certain NPs alter the abundance of the chaperone hsp70.*®
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Therefore, upregulation of heat shock proteins is a potential
outcome of nano-bio interactions. Like heat shock proteins, the
AAA" ATPase valosin-containing protein (VCP) functions as
a pillar of the proteostasis network. VCP dismantles protein
aggregates and thereby maintains cell health under normal and
stress conditions.®® Control experiments were conducted with
DTT, tunicamycin or heat shock to compare the severity of
changes elicited by UCNPs and established stressors (Fig. S67).

Consistent with a stress response, UCNPs stimulated the
phosphorylation of elF2a in fibroblasts (Fig. 8). Nevertheless,
the changes were minor when compared to heat shock
(Fig. S6t). UCNPs also increased the abundance of hsp70 in
NIH3T3 cells, but to a lesser extent than heat stress.** Notably,
UCNPs had only marginal effects on the proteostasis network in
renal proximal tubule cells. By contrast, conventional types of
stress, such as tunicamycin, markedly increased the ER chap-
erones Grp78 and Grp94 (Fig. S61). A striking difference
between UCNPs and conventional forms of stress was also
observed for the transcription factor CHOP (Fig. S6t1). While
CHOP levels were low in control and UCNP-treated samples,
DTT markedly increased its abundance. As CHOP promotes
apoptosis when ER stress is severe, the data confirm that cell
viability was not compromised after 24 hours of UCNP incu-
bation. Moreover, no significant changes were observed for the
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Fig. 8 UCNP-mediated changes to the proteostasis network. Key components of the proteostasis network were analyzed in NIH3T3 and LLC-
PK1 cells. Western blotting and statistical evaluation were carried out as described for Fig. 5b. Except for p-/t-elF2a, all graphs represent the ratio

of the protein of interest/actin. Comparison with vehicle controls revealed significant differences for UCNP-treated samples;

* p<0.05; ¥** p <

0.001. Significant differences between Si-UCNPs and AzSi-UCNPs are marked with #, p < 0.05; ##, p < 0.01. AU, arbitrary units. The cartoon

depicts essential elements of the proteostasis network.
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Table 3 Effects of Si-UCNPs or AzSi-UCNPs on the abundance of
protein biomarkers. Results are summarized for 24 hours UCNP
treatments. The changes in protein levels relative to the vehicle
controls are depicted. <, no or minor change, abundance = 20%
reduced or increased compared to control; |, reduction to 60-79%;
1 |, reduction to less than 60%; 1, increase to 121-140%; 1 1, increase
to more than 140%

Protein abundance

NIH3T3 cells LLC-PK1 cells

Protein Si-UCNPs AzSi-UCNPs  Si-UCNPs AzSi-UCNPs

Lamin A
Lamin B
o-Tubulin
Nrf2
NF«B
GAPDH
p53
RPA194
Fibrillarin
Nucleolin
p/t-eIF2o
Grp78
Grp94
CHOP
Hsp70
Hsp90
VCP
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abundance of VCP. These results further emphasize the low
toxicity of UCNPs detected by other assays (Fig. 3).

4. Conclusions

The current study was conducted to provide a better under-
standing of the biological effects elicited by Si-UCNPs and AzSi-
UCNPs. These are mandatory steps to assess their safety in
biological environments. To achieve this, we performed
a rigorous evaluation of cell viability and a panel of stress
biomarkers in fibroblasts and renal proximal tubule cells. Our
insights are promising for the future development of UCNP-
based applications. Neither Si-UCNPs nor AzSi-UCNPs caused
immediate toxicity in cell types that are known targets of NPs.
Under the experimental conditions examined, the overall
impact of UCNPs on cellular homeostasis was mild (summa-
rized in Table 3). These results are especially striking, as the
azide surface modification of AzSi-UCNPs did not diminish cell
viability after a 24 hour incubation period.

Notably, we demonstrate that the response to UCNPs varies
remarkably among non-malignant cells. Cell type-specific
differences are the simplest explanation for these diverse
responses. Such cell type-dependent reactions to nanomaterials
are consistent with published observations.>*** In our study,
UCNPs elicited less pronounced changes to the proteostasis
network in renal proximal tubule cells than in fibroblasts. The
kidney is frequently exposed to stressful conditions, even in
healthy organisms.®” This may limit the effects of exogenous
stressors on kidney cells. Thus, the high abundance of
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molecular chaperones, such as Grp94,*® in renal proximal
tubule cells may protect against UCNP-mediated stress in LLC-
PK1 cells, but could require an upregulation in fibroblasts.

Our study generated additional support for the hypothesis
that NPs cause cell type-specific changes in cell physiology.
While we did not uncover a marked re-organization of the
microtubule cytoskeleton, AzSi-UCNPs led to a significant
increase in a-tubulin in renal proximal tubule cells, but not in
fibroblasts. This outcome is consistent with the distinct NP-
induced effects on the cytoskeleton of epithelial cells and
fibroblasts.>*

We also observed a striking difference for the UCNP-
dependent changes in nucleolin levels. Nucleolin levels were
reduced by UCNPs in fibroblasts, but increased in LLC-PK1 cells.
Nucleolin is a multitasking protein that binds RNA, serves as
histone chaperone, contributes to the processing of ribosomal
RNA, and plays a role in chromatin remodeling.*” This nucleolar
protein is highly abundant, both in human fibroblasts and renal
proximal tubule cells.®® At present, it is unclear why UCNPs have
opposite effects on nucleolin abundance in NIH3T3 and LLC-
PK1 cells. Future experiments will have to address this topic.

Despite the differences described above, a partial loss of the
nuclear envelope protein lamin B was a common denominator
for the effects of Si-UCNPs and AzSi-UCNPs in fibroblasts and
renal proximal tubule cells (Table 3). The molecular mechanisms
underlying the diminished lamin B abundance are presently not
known. B-type lamins are linked to DNA replication, DNA repair,
chromatin organization, nuclear stiffness, and cellular senes-
cence.* Thus, lamin B should be included in future studies that
investigate nano-bio interactions. Our results also emphasize the
importance of testing cells of different origins to define the
UCNP-dependent changes in cellular homeostasis that are
directly pertinent to their biological applications.
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