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Introduction: Recently, the focus of oncological research has been on the optimization of
therapeutic strategies targeted at malignant diseases. Nanomedicine utilizing silicon dioxide
nanoparticles (SiNPs) is one such strategy and is rapidly developing as a promising tool for
cancer diagnosis, imaging, and treatment. Nevertheless, little is known about the mechanisms
of action of SiNPs in brain tumors.

Materials and methods: Here, we explored the effects of 5-15 nm SiNPs in the human
glioblastoma cell line LN229. In this respect, MTT assays, microscopic observations, flow
cytometry analyses, and luminescent assays were performed. Moreover, RT-qPCR and Western
blot analyses were done to determine gene and protein expressions.

Results: We demonstrated that SiNPs triggered evident cytotoxicity, with microscopic obser-
vations of the nuclei, annexin V—fluorescein isothiocyanate/propidium iodide staining, and
elevated caspase 3/7 activity, suggesting that SiNPs predominantly induced apoptotic death in
LN229 cells. We further showed the occurrence of oxidative stress induced by enhanced reactive
oxygen-species generation. This effect was followed by deregulated expression of genes encoding
the antioxidant enzymes SOD1, SOD2, and CAT, and impaired mitochondria function. SiNP-
induced mitochondrial dysfunction was characterized by membrane-potential collapse, ATP
depletion, elevated expression of BAX, PUMA, and NOXA with simultaneous downregulation
of BCL2/BCL2L1, and activation of caspase 9. Moreover, RT-qPCR and Western blot analyses
demonstrated increased levels of the endoplasmic reticulum stress markers GRP78, GRP94,
and DDIT3, as well as strongly increased expressions of the /L /B and COX2 genes, suggesting
activation of endoplasmic reticulum stress and a proinflammatory response.

Conclusions: Altogether, our data indicate that in LN229 cells, SiNPs evoke cell death via
activation of the intrinsic apoptosis pathway and suggest that other aspects of cellular function
may also be affected. As such, SiNPs represent a potentially promising agent for facilitating
further progress in brain cancer therapy. However, further exploration of SiNP long-term toxicity
and molecular effects is necessary prior to their widespread application.

Keywords: mitochondrial membrane potential, nanomedicine, ER stress, nanotoxicity, silica
nanoparticles

Introduction

Synthetic silicon dioxide nanoparticles (SiNPs) are broadly used in many fields
of science, and are well known for their significant industrial and commercial
applications.! Their broad utilization in the field of nanomedicine has recently attracted
a great deal of attention. In biomedical and biotechnological sciences, the use of SiNPs
is becoming increasingly accepted for diagnosis, imaging, drug delivery, gene therapy,
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biomolecule detection, and photodynamic therapy.>® As a
consequence of their wide exploitation, SINPs were named
among the top five widely applied NPs by the Organization
for Economic Cooperation and Development and put on the
priority list for toxicity evaluation.* Given this, cytotoxic
effects of SiNPs have already been reported for many in
vitro studies.">” However, the mechanisms underlying SiNP
cytotoxicity in vivo might be different, and require further
exploration. To date, SINPs have been shown to induce
oxidative and endoplasmic reticulum (ER) stress,>® inflam-
matory response,’ cell-cycle arrest,® apoptosis,’ and necrosis’
in a variety of cell lines.

Although significant progress has been made in clarifying
the effects of SiNPs in normal cells, knowledge of SiNP
effects on tumor cells is still limited and unclear. In contrast
to normal cells, the cytotoxic effects of NPs may be beneficial
for killing tumor cells and controlling cancer progression.
Many anticancer therapies focus on activating apoptotic
death of transformed cells, which can be triggered through
various pathways. As such, identification of the molecular
mechanisms underlying NP-triggered cell death is particu-
larly important, and may have implications for determination
of their drug-carrier potential, possible functionalization, or
application with cotherapeutic drugs.

Many reports on SiNP-mediated apoptosis demonstrate
activation of the intrinsic pathway after NP exposure.'®!2
Indeed, Ahamed et al reported that treatment of A431 and
A549 cells with SiNPs resulted in excessive generation of
reactive oxygen species (ROS) and oxidative stress, which in
turn led the upregulation of CASP9 and CASP3 genes and ini-
tiation of mitochondria-mediated apoptosis.'' Accordingly,
Ahmad et al demonstrated the upregulation of the BAX
and CASP3 genes together with downregulation of the
antiapoptotic BCL2 gene in human liver cell line HEPG2."?
In contrast, Tokgun et al suggested that SiNP-dependent
apoptosis occurs via death receptor-mediated pathways in
the A549 cell line,” and studies have demonstrated necrotic
cell death after treatment with SiNPs.”!3 Exposure of human
umbilical vein endothelial cells to 304 nm and 310 nm SiNPs
has resulted in enhanced necrosis, while exposure of alveolar
macrophages to the same NPs evoked 80% apoptosis and
20% necrosis.” Moreover, Corbalan et al demonstrated that
after penetrating plasma membrane in endothelial cells, silica
NPs caused the release of cytoprotective NO and marked
overproduction of cytotoxic ONOO, leading to increased
nitroxidative/oxidative stress and subsequent endothelial
inflammation and necrosis.!? Preliminary reports on the
application of SiNPs in cancer treatment are promising, with
increased data suggesting antiproliferative effects in cancer

cells compared to normal cells.'™* Following SiNP treat-
ment, Lu et al demonstrated increased expression of p53 and
caspase 3 and decreased expression of Bcl2 and procaspase 9
in human HEPG2 hepatoma cells, while none of these effects
was observed in normal human L02 hepatocytes.!” Likewise,
our own research has revealed higher cytotoxicity in SiNP-
treated glioblastoma LN18 and LBC3 cell lines, with only
slight cytotoxic effects in normal skin fibroblasts.'*

NP-dependent cytotoxicity may be of particular impor-
tance in cases of incurable cancers, such as glioblastoma
multiforme, where new modalities of therapeutic strategies
are highly desired. Unlike other cancers, brain tumors are
particularly inaccessible to chemotherapeutics, due to the
blood-brain barrier. A number of other factors, such as
molecular heterogeneity, anaplastic cancer cells, and diffi-
culties in targeting therapeutics specifically to transformed
cells, are among the limitations halting development of
effective glioblastoma therapies.!*!” To address this need
for new therapeutic strategies, the field of nanomedicine
is currently being explored in the management of brain
malignancies.'” To date, several reports illustrating the utility
of SiNPs for brain-tumor treatment have been published.
Zhang et al demonstrated that mesoporous SiNPs enhanced
the radiosensitivity of valproic acid in rat glioma C6 cells
and human glioma U87 cells.'® Wan et al investigated SiNPs
as cancer-targeted carriers to deliver siRNA against MRP1
into glioblastoma cells, showing that siRNA-loaded SiNPs
downregulated mRNA and protein expression of MRP1,
inducing cancer-cell death.® Another report indicated that
treatment of U87 cells with SiNPs decreased cell survival,
with subsequent alterations in expression of mitochondrial
DNA-encoded cytochrome Cox2, ND6, and the cell-signaling
protein ERK and its phosphorylated forms."

While promising, existing data on SiNPs in glioblastoma
are limited, and little is known about their toxicological
effects in this disease." In order to broaden this knowledge,
we investigated the mechanisms of silicon dioxide nanotoxic-
ity in the human glioblastoma LN229 cell line. In this respect,
we studied the influence of SiNPs on apoptosis, ER, oxidative
stress, mitochondrial damage, and inflammatory response.
Although many aspects of LN229 cellular physiology were
altered by SiNP exposure, further studies are necessary to
fully understand the role of SiNPs in glioblastoma and to
use them successfully as a potential brain cancer treatment.

Materials and methods

Reagents
DMEM containing glucose at 4.5 mg/mL (25 mmol/L) with
GlutaMax, streptomycin, penicillin, and trypsin-EDTA were
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provided by Thermo Fisher Scientific (Waltham, MA, USA).
A high-capacity RNA-to-cDNA kit was purchased from
Thermo Fisher Scientific. The ReliaPrep RNA Cell Miniprep
system, Caspase-Glo 3/7 assay, Caspase-Glo 9 assay,
CellTiter-Glo luminescent cell-viability assay, ROS-Glo
H,0, assay, and Caspase-Glo 1 inflammasome assay were
provided by Promega (Fitchburg, WI, USA). FBS Gold was
from Thermo Fisher Scientific, a fluorescein isothiocyanate
(FITC)—annexin V apoptosis-detection kit from BD Biosci-
ences (San Jose, CA, USA), and radioimmunoprecipitation-
assay lysis buffer and BCA protein-assay kit from Thermo
Fisher Scientific. SigmaFast BCIP/NBT reagent and
molecular-grade purity water were provided by Sigma-
Aldrich (St Louis, MO, USA). The polyclonal (mouse)
anti-KDEL antibody was purchased from Enzo Biochem
(Farmingdale, NY, USA). Alkaline phosphatase-conjugated
antimouse IgG was from Rockland Immunochemicals
(Limerick, PA, USA). Alkaline phosphatase-conjugated
antirabbit IgG and polyclonal (rabbit) anti--tubulin antibody
were provided by Cell Signaling Technology (Boston, MA,
USA). Silicon dioxide nanopowders (7 nm, 5-15 nm, and
10-20 nm) were purchased from Sigma-Aldrich.

Characterization of silica NPs

SiNPs were evaluated using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK), as already described in our
previous work.!* Samples for transmission electron micros-
copy (TEM) analysis were prepared by dropping aliquots
of SiNP solutions on 400-mesh carbon-coated copper grids
(SPI Supplies, West Chester, PA, USA). Prior to measure-
ments, the films on the TEM grids were allowed to air-dry.
To characterize the size and shape of SiNPs, images were
collected using an FEI Tecnai G2 X-Twin 200 kV microscope
(Thermo Fisher Scientific). The accelerating voltage during
measurements was 200 kV.

Cell culture and exposure to silica NPs

The human glioblastoma cell line LN229 (American Type
Culture Collection [ATCC]) was a kind gift from Professor
Cezary Marcinkiewicz from the Department of Neurosci-
ence, Temple University, Philadelphia. Cells were cultured
in high-glucose DMEM with 10% of heat-inactivated FBS
Gold, penicillin (100 U/mL), streptomycin (100 pg/mL),
and 2 mmol/L L-glutamine. Cells were cultured in Falcon
flasks (BD Biosciences) in a 5% CO, incubator (Galaxy S+;
Eppendorf, Hamburg, Germany) at 37°C. Cells reaching
subconfluence were detached from the culture plates using
0.05% trypsin 0.02%—-EDTA in calcium-free PBS and
counted in a Scepter cell counter (Merck Millipore, Billerica,

MA, USA). Directly before experiments, stock solutions
of SiNPs in deionized water were sonicated for 10 minutes
to avoid particle aggregation. The final concentrations of
SiNPs were obtained by diluting stock solutions with culture
medium containing 10% FBS.

Cell viability

The viability of LN229 cells was evaluated according to
methods in Carmichael et al.?’ Briefly, cells were seeded
in 24-well plates at a density of 5x10*well. Confluent cells
were then cultured with three sizes of SiNPs (7 nm, 5-15 nm,
and 10-20 nm) at concentrations of 51,800 pg/mL for
24 hours and 48 hours. Next, cells were washed twice with
PBS and incubated with 1 mL MTT solution (0.25 mg/mL
in PBS) at 37°C in a humidified 5% CO, atmosphere for
3 hours. The medium was removed and formazan products
solubilized in 1 mL of 0.1 mmol/L HCl in absolute isopropa-
nol. Absorbance of a converted dye in living cells was read
on a microplate reader (Tecan, Madnnedorf, Switzerland) at a
wavelength of 570 nm. The viability of SiNP-treated LN229
cells was calculated as a percentage of control untreated cells.
All experiments were run in triplicates.

Cell morphological analysis

To visualize morphological characteristics of glioblastoma
LN229 cells exposed to 5-15 nm SiNPs, cells were double-
stained with acridine orange (AO) and ethidium bromide
(EtBr). Staining was followed by fluorescence-microscopy
observations. AO is able to enter both dead and viable cells.
It emits red fluorescence when bound to single-stranded
DNA, found predominantly in dead cells, and green fluo-
rescence when bound to double-stranded DNA observed
in viable cells. EtBr is actively excreted from living cells.?!
LN229 cells at a density of 2.5x10° were seeded into six-well
plates and incubated with 50 pg/mL and 100 pg/mL SiNPs
at 37°C in a humidified atmosphere containing 5% CO, for
24 hours and 48 hours. After incubation, cells were stained
with a mixture of AO (10 umol/mL) and EtBr (10 umol/mL).
Cells were visualized using fluorescence microscope
(CKX 41; Olympus, Tokyo, Japan) at 100x magnification.

Detection of apoptosis

Apoptosis of LN229 cells was evaluated using the FITC—
annexin V apoptosis-detection kit followed by flow-cytometry
analysis. The cells were seeded in a 6-well plates at a density of
2.5%10° per well (in 2 mL of medium) and cultured until they
reached confluence. The cells were grown in high-glucose
DMEM with 50 pg/mL and 100 pg/mL of 5-15 nm SiNPs,
for 24 hours and 48 hours. Next, cells were trypsinized and
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resuspended in DMEM and then in a binding buffer. The
cells were stained using FITC—annexin V and propidium
iodide (PI) for 15 min in the dark, according to the manu-
facturer’s manual. Flow cytometry analysis was performed
using the FACSCanto II cytometer (BD FACSCanto II,
San Diego, CA, USA). Analysis of data was performed using
the FACSDiva software (BD, San Diego, CA, USA). The
dead cells were discriminated on the basis of forward- and
side-scatter parameters; annexin V+/PI— were identified as
early apoptotic and annexin V+/PI+ as late apoptotic cells.
A sum of Q2 and Q4 quadrant populations of analyzed cells
was presented as the percentage of apoptotic cells.

Caspase 3/7 and caspase 9 activities
Measurement of caspase 3/7 and caspase 9 activities after
SiNP treatment was performed using the luminescent
Caspase-Glo 3/7 and Caspase-Glo 9 assays following the
manufacturer’s instructions. Briefly, LN229 cells were seeded
in white-walled 96-well culture plates (Nunclon; Thermo
Fisher Scientific) at a density of 10%/well. Subsequently, cells
were incubated with medium containing 5-15 nm SiNPs at
concentrations of 50 ug/mL and 100 pg/mL for 24 hours
and 48 hours. After incubation, 100 uL Caspase-Glo 3/7 or
Caspase-Glo 9 reagent was added to each sample. Cells were
mixed using a plate shaker at 300 rpm for 45 seconds and
left in the dark at room temperature for 40 minutes, followed
by measurement of luminescence with a microplate reader
(Tecan). The experiment was run in triplicate.

Reactive oxygen-species generation
Generation of ROS was detected using the luminescent
ROS-Glo H,0, assay. LN229 cells were plated at a density
of 2x10* per well in 80 uL DMEM in 96-well white-walled
plates (Nunclon), as recommended by the manufacturer.
Briefly, cells were allowed to attach to the plates at 37°C in
a CO, incubator, and then growth medium was replaced with
DMEM containing 50 pg/mL and 100 pg/mL 515 nm SiNPs
for 24 hours and 48 hours. Substrate solution was added to
cells in a final concentration of 25 pumol/mL. Then, cells were
returned to the incubator (5% CO,, 37°C) and cultured for
6 hours. After this, 100 uL ROS-Glo detection solution was
added to each well for 20 minutes at room temperature, and
then relative luminescence units were recorded using the
microplate reader. The experiment was run in triplicate.

Mitochondrial membrane-potential

assessment
LN229 cells were seeded at a density of 2x10° per well
in six-well plates with 2 mL DMEM. After 24 hours, the

medium was removed and substituted with DMEM containing
SiNPs in concentrations of 50/100 pwg/mL and further incu-
bated for 24 hours and 48 hours. Cells were detached and
resuspended in PBS (10° cells/mL). Next, the disruption of
mitochondrial membrane potential (A, ) was evaluated
using a MitoScreen kit (BD Biosciences). Briefly, cells were
washed in PBS and resuspended in PBS containing 10 mg/mL
lipophilic cationic probe JC1. Subsequently, cells were incu-
bated for 15 minutes at 37°C, then washed and resuspended
in PBS. Flow cytometry (FACSCanto II; BD Biosciences)
was used for further analysis of the samples and FACSDiva
software utilized to calculate the percentage of cells with
disrupted AV .

Determination of cellular ATP levels
Measurement of cellular ATP levels in control and SiNP-
treated LN229 cells was determined using the CellTiter-Glo
assay following the supplier’s specifications. Briefly, LN229
cells were seeded in a white-walled 96-well culture plate
(Nunclon) at a density of 10%/per well. Cells were allowed
to attach and then incubated with medium containing
5-15 nm SiNPs in concentrations of 50 pug/mL and 100 pg/mL
at 37°C for 24 hours and 48 hours. After incubation, 100 uL
staining solution (CellTiter-Glo reagent) was added to each
well and mixed for 2 minutes on an orbital shaker to induce cell
lysis. Cells were incubated at room temperature for 10 minutes
to stabilize the luminescence signal, which was recorded using
the microplate reader. The experiment was run in triplicate.

RNA isolation and gene-expression
analysis

Total RNA was isolated using the ReliaPrep system with
DNase I treatment according to the manufacturer’s instruc-
tions. Spectrophotometric measurements were performed
to evaluate the quality and quantity of the extracted RNA
(NanoPhotometer; Implen, Munich, Germany). Synthesis of
cDNA was performed using the high-capacity RNA-to-cDNA
Kit following the supplier’s recommendations. Briefly, 1 ug
purified total RNA was used in a 20 UL reaction mixture
containing oligo(dT),, primers, random octamers, dNTPs
and murine leukemia virus reverse transcriptase (RT). cDNA
(2 uL) served as a template for real-time RT quantitative poly-
merase chain reaction (qQPCR). Amplification of the product
was performed using 2x HS-PCR Master Mix SYBR A (A
& A Biotechnology, Gdynia, Poland). Primer sequences for
DDIT3 (CHOP), BAX, BCL2L11 (BIM), BCL2, BCL2LI
(BCL-X,), PUMA, NOXA, and housekeeping RPLI34 have
been described in our previous work.!*>!¢ Sequences of the
other PCR primers were previously described as: HSPAS
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(GRP78),>* SOD1,? SOD2.* CAT,® COX2** and ILIB.*
Additional evaluation of primer accuracy was done using
Primer-BLAST software. The following reaction parameters
were applied: initial denaturation at 95°C for 3 minutes, fol-
lowed by 40 cycles of 95°C for 1 minute, 60°C—69°C for 30
seconds, and 72°C for 45 second. The CFX Connect real-time
PCR system (Bio-Rad Laboratories, Hercules, CA, USA) was
used to perform a real-time qPCR assay. Reactions were run
in triplicates and expressions were analyzed using the relative
quantification method modified by Pfaffl.>®

Protein assays

LN229 cells were seeded in six-well plates and treated as
previously described. After treatment, cells were washed
with cold PBS and solubilized in 100 puL radioimmu-
noprecipitation-assay lysis buffer per well. Cell lysates
were then subjected to centrifugation (14,000 g at 4°C for
10 minutes), and supernatants were collected for protein
evaluation. The BCA protein-assay kit was used to deter-
mine protein concentration in cell lysates. Protein assays
were performed according to the method described by
Smith et al.* BSA was used as a standard.

Sodium dodecyl sulfate—polyacrylamide-

gel electrophoresis

Samples of the lysates containing 20 pg of protein were
subjected to sodium dodecyl sulfate—polyacrylamide-gel
electrophoresis as described by Laemmli.?” Electrophoresis
was run for 4045 minutes using a 7.5% polyacrylamide-gel.
A constant current of 25 mA was applied.

Immunoblotting

Resolved proteins were transferred to nitrocellulose mem-
branes and preincubated with Tris-buffered saline (TBS)
containing 0.05% Tween 20 (TBS-T) and 5% nonfat dry
milk for 2 hours. Membranes were soaked in a mixture of
monoclonal (mouse) anti-KDEL antibody (1:1,000) and
polyclonal (rabbit) anti-B-tubulin antibody (1:1,000) in
5% dried milk in TBS-T at 4°C for 16 hour. Next, 1-hour
incubation with secondary alkaline phosphatase-conjugated
antibody against mouse or rabbit IgG at 1:2,500 dilution
was carried out. Finally, the nitrocellulose membranes were
washed five times with TBS-T and exposed to SigmaFast
BCIP/NBT reagent.

Caspase |-activity assessment

Inflammasome formation was determined using the biolumi-
nescent Caspase-Glo | inflammasome assay. LN229 cells were
seeded at 10*/well in 100 uL. DMEM in 96-well white-walled

plates according to the manufacturer’s instructions. Briefly,
100 pL Caspase-Glo 1 reagent (containing MG132 inhibitor
in the final concentration of 60 pumol/L) or Caspase-Glo 1
YVAD-CHO reagent (containing Ac-YVAD-CHO inhibi-
tor at a final concentration of 1 pumol/L) was added to the
96-well plate containing 100 UL of blank reaction, negative
control cells, or treated cells in culture medium. Next, plates
were covered with a lid and well contents were gently mixed
using a plate shaker at 300 rpm for 30 seconds. Plates were
incubated at room temperature for 1 hour to allow stabiliza-
tion of the luminescent signal. Luminescence was recorded
using the microplate reader.

Statistical analysis

Results are presented as mean + SD from three independent
experiments run in triplicate. Statistica Data Miner (Dell,
Round Rock, TX, USA) was used to perform statistical
analyses. One-way analyses of variance were carried out for
comparisons between control and treated groups. Pairwise
comparisons were made by post hoc Tukey’s test. Differences
were considered significant for P<<0.05.

Results

Effect of SiNPs on cell viability

Antiproliferative effects of SiINPs on LN229 glioblastoma
cells were assessed using MTT assays. Cells were exposed
to increasing concentrations of SiNPs— 7 nm, 5-15 nm,
and 10-20 nm, for 24 hours and 48 hours. For all three
sizes, concentrations of 5-1,800 pug/mL caused dose- and
time-dependent reductions in LN229-cell viability (Figure 1).
The 7 nm NPs had relatively low ability to limit LN229-
cell proliferation, with only 50% of cells losing viability at
the highest (1,800 pwg/mL) concentration (Figure 1A), and
5-15 nm SiNPs reduced cell viability to a similar extent after
24 hours and 48 hours of treatment, with the greatest differ-
ences observed at 50 pg/mL and 100 pg/mL concentrations.
Cells stimulated with 50 pg/mL SiNPs were 11.73%%5.31%
unviable after 24 hours, and 34.57%%5.64% unviable after
48 hours. At 100 pg/mL, these values were 12.68%14.28%
vs 42.33%16.11% for 24 hours and 48 hours, respectively
(Figure 1B). In comparison, cells exposed to larger 10-20 nm
SiNPs showed more pronounced cytotoxic effects, approach-
ing nearly 80% unviable cells, at the highest concentration
after 48 hours of treatment. In this case, time-dependent
loss of viability was most apparent (Figure 1C). Based on
these MTT results, we chose to proceed with 5—15 nm NPs
for further examination. These SiNPs were considered the
most suitable for studying cellular and molecular effects, as
they showed median cytotoxicity levels and covered almost
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Figure | Cell viability of glioblastoma LN229 cells treated with different sizes of SiNPs for 24 hours and 48 hours.
Notes: MTT test results for cells treated with 7 nm SiNPs (A), 5-15 nm SiNPs (B), and 10-20 nm SiNPs (C). Cells were incubated with various concentrations of SiNPs:
5-1,800 ug/mL. The results represent means for pooled triplicate values from three independent experiments. *P<<0.05.

Abbreviation: SiNPs, silicon dioxide nanoparticles.

all particle sizes applied in the study. Doses of 50 pg/mL
and 100 pg/mL were chosen in order to examine sublethal
concentrations of SiNPs.

Characterization of SiNPs

Despite the fact that commercially available silica nano-
powders have undergone preliminary evaluation of physi-
cochemical properties, further characterization of NPs is

necessary to confirm the indicated features.? The morphology
of 5-15 nm SiNPs, either in dry form (Figure 2A and B) or
dispersed in water (Figure 2C and D) and DMEM (containing
10% FBS) (Figure 2E and F), was visualized by TEM and
is presented in Figure 2. SiNPs displayed irregularly shaped
NPs prone to forming agglomerates. Moreover, in culture
medium, single NPs seemed larger than the declared size,
which may be attributed to adsorption of protein corona on the

Figure 2 TEM images of synthetic SiNPs in dry form (A, B), dispersed in water (C, D), and dispersed in DMEM containing 10% FBS (E, F).

Notes: SiNPs are shown to have a tendency to form aggregates, dependently on the dispersion medium. The biggest agglomerates with the largest particles are present in
DMEM. Representative images from the FEI Tecnai G2 X-Twin microscope are shown. Magnifications: 34,000x (A, C, E) and 130,000x (B, D, F).

Abbreviations: TEM, transmission electron microscopy; SiNPs, silicon dioxide nanoparticles.
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particle surface (comprehensively described by Sikora et al)*
(Figure 2E and F). TEM observations were in general agree-
ment with our previous results from Zetasizer measurements
showing that in water, SiNP dispersions were stable, achiev-
ing C-potentials below —30 mV.'* However, in DMEM sup-
plemented with 10% FBS, {-potentials changed significantly
to between —8.11 mV and —8.96 mV," suggesting that SiNPs
were more prone to form aggregates in culture medium,
which is in line with findings from Breznan et al.?®

Effect of SINPs on apoptosis
Microscopic observations were carried out to determine
whether the reduced viability of SiNP-treated LN229 cells
was accompanied by alterations in cellular morphology and
increased cell death. Staining of LN229 cells with AO-EtBr
after 48 hours incubation revealed an increased number of cells
with red-stained nuclei, indicative of augmented apoptosis
(Figure 3A). To confirm these staining results, we performed
flow-cytometry analysis. Treatment with SiNPs at 50 pg/mL
or 100 pg/mL for 24 hours resulted in markedly elevated lev-
els of early apoptotic cells (23.43% and 36.8%, respectively)
(Figure 3B and C). Late apoptosis was less commonly
observed after 24 hours of incubation (8.6% and 12.3% for
50 ug/mL and 100 pg/mL SiNPs, respectively) (Figure 3B
and C). After 48 hours, the proapoptotic effect became more
pronounced, with nearly 85% of cells undergoing apoptosis
at either SiNP dose. At this time point, the majority of cells
were in late apoptosis (59.4% and 65.2% for 50 ug/mL and
100 pg/mL SiNPs, respectively) (Figure 3B and C). According
to these results, apoptosis was the primary cause of cell death
in LN229 cells, while necrosis was marginal (Figure 3B).
To explore the mechanism of apoptotic death in LN229
cells, we assayed the cells for evidence of caspase-dependent
apoptosis. After 24 hours of treatment, significant elevation
in caspase 3/7 activity was observed only in cells treated
with 100 pg/mL SiNPs (Figure 3D). However, after 48 hours
of SiNP incubation at either 50 pg/mL or 100 ug/mL, we
observed nearly twofold and threefold increases in caspase
3/7 activity (Figure 3D).

Effect of SiNPs on ER stress

To determine whether SiNPs induced ER stress in LN229
cells, two markers of this process — molecular chaperone
GRP78 (HSPAS5) and proapoptotic transcription factor CHOP
(DDIT3) — were assayed (Figure 4). RT-qPCR analysis of
SiNP-stimulated LN229 cells revealed altered expression of
HSPAS5 and DDIT3 at the mRNA level (Figure 4A and B).
Interestingly, after 24 hours of incubation, HSPA5 was

significantly upregulated (more than double) only at the
highest SiNP concentration (100 pg/mL) (Figure 4A). After
48 hours, HSPA5 showed marked upregulation at 50 pg/mL
SiNPs and marked down-regulation at 100 pg/mL SiNPs
(Figure 4A). These results were also confirmed at the protein
level by immunoblot detection of GRP78 using anti-KDEL
antibody, which simultaneously bound to another ER-
resident chaperone — GRP94 (Figure 4C). GRP78 and GRP9%4
were overexpressed after treatment with 100 pg/mL SiNPs
for 24 hours and 50 pg/mL SiNPs for 48 hours (Figure 4C).
Interestingly, expression levels of these chaperone proteins
in LN229 cells were lower than in control cells after 48 hours
of incubation with 100 pug/mL SiNPs. Accordingly, the
results obtained for DDIT3 demonstrated greater than double
upregulation of DDIT3 transcript in SiNP-stimulated cells
after 24 hours of treatment and nearly triple upregulation in
cells exposed to 50 pg/mL, but not 100 pg/mL, of SINPs after
48 hours (Figure 4B). These data suggest that treatment with
5-15 nm SiNPs may disrupt ER homeostasis and initiate an
ER-stress state in LN229 cells.

Effect of SiNPs on mitochondrial

dysfunction and oxidative stress

To gain insight into the nanotoxicity of SiNPs in LN229
cells, we examined ROS levels. A variety of ROS gener-
ated in cell cultures included hydroxyl radical, superoxide,
singlet oxygen, and hydrogen peroxide, although many of
these are converted into H,O,. Because of this and the long
half-life and versatile character of H,O,, measurement of this
molecule is a convenient proxy for assaying overall ROS
levels in cells.*® Our results demonstrated that SINP-induced
intracellular ROS generation changed in a dose- and time-
dependent manner. As presented in Figure 5A, ROS produc-
tion was significantly increased after exposure to 100 pg/mL
SiNPs for 24 hours. However, ROS levels were markedly
increased after 48 hours at both applied SiNP concentrations
(Figure 5A). Overproduction of ROS disturbed the balance
between oxidative and antioxidative systems, resulting
in reduced antioxidative capacity. To determine whether
enhanced ROS production was accompanied by deregulated
expression of key antioxidative enzymes, real-time PCR
analysis of SOD1, SOD2, and CAT was performed (Figure 5B
and C). Indeed, we noticed markedly disrupted expression of
the analyzed genes. Interestingly, SODI and CAT were sig-
nificantly downregulated, especially after 48-hour exposure
to SiNPs (nearly double decrease in each gene, independently
of SiNP concentration), while the SOD2 transcript was
intensely upregulated after 24-hour and 48-hour treatments,
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Figure 3 Effect of 5-15 nm SiNPs on apoptosis of glioblastoma LN229 cells.
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Notes: Cells were incubated with 50 pg/mL and 100 pg/mL SiNPs for 24 hours and 48 hours. Phenotypic characteristics of LN229 cells after 24 hours and 48 hours of SiINP
treatment are presented. Morphological effects induced by 50 ug/mL and 100 ug/mL SiNP treatment were evaluated by AO-EtBr staining and visualized by fluorescence
microscopy (magnification 200x). After 48 hours, reduced cell density with a majority of red-stained nuclei cells indicative of apoptosis is observable (A). Flow-cytometry
analysis of LN229 cells incubated with 50 pg/mL and 100 ug/mL SiNPs for 24 hours and 48 hours. Representative FACS images of cells subjected to annexin V-FITC/
propidium iodide staining (B). Percentage of early and late apoptotic LN229 cells (C). Caspase 3/7 activity in LN229 cells exposed to 50 pg/mL and 100 pg/mL SiNPs for
24 hours and 48 hours (D). Mean * SD from three independent experiments are shown. *P<<0.05.

Abbreviations: SiNPs, silicon dioxide nanoparticles; AO, acridine orange; EtBr, ethidium bromide; FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate.

showing more than a fourfold increase at either 50 pg/mL
or 100 ug/mL of SiNPs (Figure 5B and C).

Next, we investigated whether SiNP exposure impaired
mitochondria function. In this respect, AY and ATP produc-
tion in LN229 cells were assessed. A is a key indicator

of membrane integrity. Stimulation of LN229 cells with
SiNPs led to a significant decrease in A¥Y in comparison
to control cells (Figure 5D and E). After 24 hours of treat-
ment, approximately 58% of cells showed decreased AW
independently of NP dosage (Figure 5D and E). This effect
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was even more pronounced after 48 hours, where §1.9%
and 88.5% of cells treated with 50 ug/mL and 100 pg/mL
of SiNPs, respectively, showed decreased A¥ _ (Figure 5D
and E). To confirm this mitochondrial toxicity, ATP evalu-
ation was performed. These results showed decreased ATP
levels in LN229 cells as early as 24 hours after treatment
with SiNPs at high concentration (100 pg/mL) (Figure 5F).
Importantly, after 48 hours of incubation with SiNPs at both

>

450

dosages, ATP generation was significantly attenuated, with
31.1% and 36.8% decreases observed in cells treated with
50 ug/mL or 100 pg/mL SiNPs, respectively (Figure SF).
Expression of genes related to mitochondria function —
BAX, BCL2L11, PUMA, NOXA, BCL2, and BCL2L1 — was
analyzed by real-time qPCR (Figure 5G and H). SiNP treat-
ment for 24 hours resulted in significant upregulation of
the proapoptotic NOXA, while no significant changes were
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Figure 5 Effect of 5-15 nm SiNPs on oxidative stress and mitochondria dysfunction of glioblastoma LN229 cells.

Notes: ROS generation in LN229 cells subjected to treatment with 50 pig/mL and 100 pg/mL SiNPs for 24 hours and 48 hours (A). RT-qPCR analysis of antioxidant-enzyme
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detected in other gene transcripts (Figure 5G). However,
after 48-hour SiNP treatment, a shift toward a proapoptotic
transcriptional profile was observed, with significant up-
regulation of BAX, PUMA, and NOXA, accompanied by
simultaneous downregulation of antiapoptotic BCL2 and
BCL2L]I (Figure SH). To determine whether these perturba-
tions induced mitochondrial pathway apoptosis, we evaluated
activity of caspase 9, an indicator of mitochondria-dependent
cell death. We demonstrated that 24-hour SiNP exposure was
insufficient to activate caspase 9. However, after 48 hours of
treatment, levels of caspase 9 activity were markedly elevated
in both utilized SiNP concentrations (Figure 5I). These results
indicated that SiNPs induced oxidative stress via ROS over-
production, followed by disruption of the oxidant—antioxidant
system balance, impaired mitochondria function, and finally
activation of the intrinsic apoptosis pathway.

Effect of SiNPs on inflammation

Given the increasing frequency of reports on the proinflam-
matory potential of SiNPs in several cell- and animal-based
studies, ' we sought to determine whether 5-15 nm SiNPs
can evoke a proinflammatory response in LN229 cells.
To this end, expression of the proinflammatory mediators
ILIB and COX2 was assayed along with inflammasome

formation (Figure 6). Inflammasome formation was deter-
mined using the Caspase-Glo | inflammasome assay, while
IL1B and COX2 expression was analyzed by RT-qPCR.
Results showed that mRNA expression of /L/B and COX2
was markedly upregulated in a manner dependent on both the
dose and time of SiNP treatment (Figure 6A and B). The most
pronounced effects were visible after 48 hours of treatment,
where SiNP-treated cells showed greater than threefold and
sevenfold upregulation of /L /B at 50 pg/mL and 100 pg/mL
SiNPs, respectively (Figure 6A). Likewise, changes in COX2
expression were also dose- and time-dependent, with more
than sixfold and elevenfold upregulation observed in cells
treated for 48 hours with 50 pg/mL and 100 pg/mL SiNPs,
respectively (Figure 6B).

Inflammasomes are multiprotein complexes, of which
caspase 1 is an essential component, responsible for cleavage of
IL1B and IL18.3 To investigate whether the observed transcrip-
tional changes in /LB and COX2 were accompanied by inflam-
masome formation, we assessed levels of active caspase 1.
Despite observation of slightly increased caspase 1 activity in
cells following stimulation with SiNPs, these increases failed
to reach statistical significance (Figure 6C). These data sug-
gest that SINP treatment provokes proinflammatory changes in
LN229 cells without direct activation of inflammasomes.
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Discussion

The field of nanomedicine has opened new possibilities for
improved diagnosis and treatment of malignant diseases.*
Over the last two decades, the application of nanotechnology
for cancer therapy has been widely investigated; nevertheless,
the use of nanomedical approaches for treatment of brain
cancers has only just begun and requires further exploration.

Studies carried out over the last 10 years have demon-
strated that the physicochemical properties of nanomaterials
are crucial factors determining their further utilization. In this
respect, SiNPs present favorable characteristics, including
wide biodistribution, chemical stability, cellular internaliza-
tion, and tumor penetration.'? In addition, studies report that
SiNPs can trigger cytotoxic and genotoxic effects, causing
generation of ROS, aberrant aggregation of nucleoplasmic
proteins, DNA damage, and finally apoptotic death in
treated cells.’® These cell-damaging effects have shifted the
attention of many researchers toward application of these
SiNPs in cancer therapy.’® Preliminary reports suggest
that SiNPs are capable of crossing the blood—brain barrier,
making them potentially attractive agents for glioblastoma
treatment.’”** Moreover, Ducray et al showed that two sets
of modified SiNPs (Si—indocyanine green/polycaprolactone—
polylactic acid—rhodamine-doped and indocyanine green/
polycaprolactone—rhodamine-doped NPs) did not impair
cell viability or induce neuroinflammation in primary hip-
pocampal cultures.* Additionally, animal models have dem-
onstrated the biocompatibility and relative safety of SiNPs for
in vivo use in mice and rats.*>* This relatively low toxicity
in normal brain cells and high cytotoxicity in malignant cells
make SiNPs an attractive agent for glioblastoma treatment,
either as a single therapeutic or a drug carrier.

On these premises, we investigated the cytotoxic effect
of SiNPs on glioblastoma LN229 cells. Since NP size is an
important factor influencing NP-dependent cellular effects,
we studied small SiNPs (7-20 nm). Lu et al showed that
decreasing NP size (<70 nm) increased their diffusivity,'
while other studies have suggested that small inorganic NPs
(<100 nm or <20 nm) readily accumulate at the tumor site,
resulting in an enhanced permeation and retention effect.**4
Indeed, we observed time- and dose-dependent reduction in
viability of SiNP-treated glioblastoma cells. The growth-
inhibitory effect was visible regardless of NP size, although
some differences in nanotoxicity were observed. This is in
general agreement with the results of Breznan et al, who
tested similar size ranges of SiNPs (5—15 nm, 10-20 nm,
12 nm), and demonstrated that 5—15 nm and 10-20 nm SiNPs
exerted similar cytotoxicity in A549, THPI1, and J774A.1

cell lines.?® Therefore, we utilized 5—15 nm SiNPs for further
in-depth analysis in glioblastoma cells.

It is known that SiNPs can evoke apoptosis, necrosis,
and autophagy in various in vitro experiments,*!'"'>!* and
these cell-damaging effects are beneficial in the context of
developing anticancer therapies. Since impaired apoptosis
is often involved in the development of cancers,'* induction
of apoptotic cell death is a key focus in the discovery of a
novel anticancer drugs. In this study, we demonstrated that
apoptotic death and not necrosis is the principal outcome
of 5-15 nm SiNP exposure in LN229 cells. Microscopic
observations of nuclei and annexin V-FITC/PI staining of
LN229 cells showed prominent induction of apoptosis after
SiNP treatment, and enhanced activity of caspase 3/7 was
observed, with a considerable percentage of cells in late-
phase apoptosis. This encouraged us to explore further the
molecular mechanisms underlying apoptosis in glioblastoma
LN229 cells.

Molecular mechanisms activated in response to NP treat-
ment are strictly dependent on the cellular uptake of these
particles, and it is increasingly recognized that SiNPs can
easily enter cells by endocytosis, localizing to the cytoplasm
or crucial cellular organelles, such as the ER* and mitochon-
dria.'* Indeed, SiNPs have been shown to interfere with the
ER, affecting homeostasis and causing a state known as ER
stress.>** Downstream of ER stress, the unfolded protein
response is initiated, with one of two potential outcomes:
activation of prosurvival pathways via increased expres-
sion of chaperone proteins GRP78, GRP94, and ORP150,
or activation of a proapoptotic pathway through enhanced
expression of CHOP.'>!® Therefore, increased levels of
ER chaperones and CHOP are considered markers of ER
stress. In this study, we observed altered expression of
GRP78 and GRP94 at mRNA and protein levels in a man-
ner dependent on time and dose of SiNPs. After 24 hours,
significant overexpression of GRP78/GRP94 was visible
in cells cultured with 100 pg/mL SiNPs, while after 48
hours, cultures containing 50 pg/mL SiNPs showed marked
increase in GRP78/GRP94 expression. Interestingly, in
comparison to controls, evident decrease in expression of
these proteins was observed in cells cultured with 100 pg/mL
SiNPs for 48 hours. The results obtained for CHOP expres-
sion demonstrated statistically relevant up-regulation of
DDIT3 transcript in SiNPs-stimulated cells after 24 hours
of treatment, while 48-hour exposition resulted in marked
DDIT3 up-regulation only in cells exposed to 50 pg/mL
but not 100 pg/mL of SiNPs. These results might suggest
that SiNPs initially disrupt ER homeostasis and cause ER
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stress in LN229 cells. Interestingly, in cells treated with
100 pg/mL SiNPs for 48 hours, there was relatively modest
overexpression of DDIT3, which be attributed to activa-
tion of the executor phase of apoptosis connected with the
activation of effector caspases 3 and 9. Our results suggest
that ER stress is one of the factors contributing to SiNP-
dependent apoptosis in LN229 cells. Consistent with these
conclusions, Christen and Fent demonstrated upregulation
of ATF4, HSPAS5, XPB1, PPPIR15A, and DDIT3 in Huh7
cells.>® Also, Phukan et al demonstrated increased expres-
sion of ER-stress markers, such as GRP78, p-PERK, and
elF20., without activation of CHOP, suggesting a CHOP-
independent pathway of apoptosis in HEK293 cells treated
with silica-coated magnetic NPs.*” While these data suggest
that ER stress is responsible for cytotoxic effects of SiNPs
in many cancer cell lines,>**” our data are the first to dem-
onstrate this in glioblastoma cells. Although it seems that
ER homeostasis is affected in LN229 cells, the inherent
heterogeneity of glioblastoma cells necessitates further com-
prehensive analysis of ER function to resolve the complexity
of ER-mediated signaling pathways.

Apoptosis can be activated by death receptors located on
the surface of the cell or by intrinsic signals from mitochon-
dria. Although induction of the extrinsic apoptosis pathway
together with caspase 8 activation has been demonstrated in
human lung carcinoma A549 cells after exposure to 6 nm
SiNPs,” the majority of anticancer therapeutics are believed
to initiate apoptosis via the intrinsic apoptosis pathway.*$+
We hypothesized that SiNPs, as a potential anticancer
biomaterial, might also trigger mitochondria-mediated
apoptosis. Indeed, we demonstrated elevated activity of
mitochondria-related caspase 9 after 48 hours of treatment,
where mostly late apoptotic cells were observed, confirming
SiNP-mediated apoptosis can occur via the intrinsic pathway.
This route of apoptosis has also been identified in other
in vitro studies exploring SiNP mode of action.!®*

NPs can localize in the mitochondria, organelles with high
sensitivity to exogenous compounds, and lead to induction of
structural damage through oxidative stress.>! ATP biogenesis
is an important function of mitochondria, and through this
process a percentage of oxygen is left incompletely reduced,
causing the formation of superoxide anion radicals and
subsequent generation of other oxygen-containing radicals.
As such, these organelles are also the main source of cellular
ROS, a byproduct of cellular oxidative metabolism.”!

Excessive production of ROS can induce oxidative
stress followed by lipid peroxidation, DNA damage, and
inhibition of antioxidant activities, which may result in

imbalanced physiological redox-dependent functions.*
Indeed, after 48 hours of SiNP treatment, we observed
markedly increased levels of H,O, in cultured LN229 cells.
Moreover, we identified decreased expressions of the main
antioxidant enzymes, SODI and CAT, with a concomitant
increase in SOD?2 expression. Since SOD2 is a mitochondrial
protein, we speculate that its elevated expression is likely
due to enhanced mitochondria efforts to overcome NP inva-
sion. In line with our results, Guo et al reported enhanced
SOD activity and increased SOD2 expression after exposure
to SiNPs,* and Alarifi et al demonstrated increased activ-
ity of SOD and CAT during nickel NP-induced oxidative
stress in human skin A431 epidermal cells.”® These stud-
ies and ours confirm that oxidative stress is accompanied
by deregulated antioxidant-enzyme expression. Although
activity of some antioxidant enzymes may be elevated, this
is likely insufficient to counteract the oxidative stress and
thus still results in ROS overproduction. Furthermore, ROS
can induce mitochondrial dysfunction, leading to opening
of the mitochondrial permeability transition pore, ATP
depletion, and finally cell death.* Consistently with our
previous work,'* incubation of LN229 cells with 50 ug/mL
and 100 pg/mL SiNPs caused significant depolarization
of A¥ _ and decreased ATP production. Interestingly, we
also identified upregulation of the proapoptotic BCL2 fam-
ily members BAX, PUMA, and NOXA, with simultaneous
downregulation of the antiapoptotic BCL2 family members
BCL2 and BCL2L1. The proapoptotic members of the BCL2
family, such as BAX, BAK, and BAD, activate the release
of cytochrome C from mitochondria, while antiapoptotic
members of the same family, BCL-2 and BCLX , antagonize
it. The key role of BCL2/BCLX, in mitochondrial perme-
ability and AW loss is well established,* and thus depleted
AY with a concomitant decrease in the BCL2:BAX ratio
suggests SiNP treatment activates mitochondria-dependent
apoptosis. These observations are in agreement with previ-
ous reports showing overexpression of BAX and declined
expression of BCL2 in human umbilical vein endothelial
cells and the human liver cell line HEPG2 after exposure
to SiNPs.*!? Altogether, these results indicate that SiNPs
increase oxidative stress, leading to mitochondrial dysfunc-
tion and low energy status. This, together with deregulated
expression of key genes related to mitochondria functioning,
ultimately leads to the activation of mitochondria-mediated
apoptosis in glioblastoma LN229 cells.

Oxidative stress has not only been linked to impaired cell
function but also to modulation of inflammatory responses,
and new data increasingly support excessive ROS production
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as a factor triggering proinflammatory response.’*** Likewise,
a growing body of evidence suggests that SINPs may also
induce proinflammatory effects in cancer cells,****’ To date,
the mechanisms underlying the cross talk between inflamma-
tory response and SiNP exposure are not fully understood.
One possible link between ROS overproduction and inflam-
mation may be through SOD2 activation. Manganese SOD
(SOD2) is located in the mitochondrial matrix, and reacts
with O," produced by mitochondria to generate the less
toxic byproduct H O,. H,O, has the ability to cross the outer
membrane of the mitochondria to access cytosolic targets,
leading to diverse functional outcomes, including activation
of redox-dependent transcription factors, such as NFxB and
HIFlo, inflammasome formation, and subsequent down-
stream stimulation of proinflammatory cytokines.*
Caspase 1 is an essential component of the multiprotein
inflammasome complexes,** and in its active form can cleave
the proinflammatory cytokines IL1J and IL18 into their
bioactive forms, causing pyroptosis, a type of inflammation-
dependent cell death.**>* Since caspase 1 activity was not
significantly increased in SiNP-treated LN229 cells, pyrop-
tosis was not likely responsible for the cell death observed in
our study. However, we did identify elevated levels of H,O,
and upregulation of SOD2 together with increased expres-
sions of /L1B and COX2 mRNAs. IL1p is a key regulator of
inflammatory response,* and COX2 is a downstream target of
cytokines primarily responsible for prostanoid production in
acute and chronic inflammatory conditions.*® Overproduction
of any of these factors may impair cellular homeostasis and
be harmful to cells. In line with our results, Guo et al reported
the upregulation of key proinflammatory mediators, includ-
ing IL6, ILIB, ILS, TNFA, ICAMI, VCAMI, and MCP1, in
human vascular endothelial cells, suggesting the occurrence
of robust proinflammatory response after SiNP treatment.*
Corbalan et al also demonstrated the ability of SiNPs to
induce proinflammatory response in human endothelial
cells, as evidenced by increased transcription of COX2, IL6,
and 7L8."* Moreover, Kusaka et al studied the relationship
between of amorphous silica size and macrophage inflamma-
tory activity, demonstrating efficient internalization of SiINPs
by mouse bone marrow-derived macrophages and induction
of caspase 1 activity, irrespective of NP size.* They found
that 301,000 nm-diameter silica particles induced IL1J3
secretion, lysosomal destabilization, and cell death in tested
cells.” Despite the considerable amount of existing data, the
exact role of inflammation in glioblastoma is still unclear
and requires further exploration. Therefore, in order to prop-
erly utilize NPs, we suggest that future studies of SiNPs in

glioblastoma include examination of inflammatory status, as
well as other aspects of cellular physiology.

Conclusion

According to our findings, SiNPs cause cell-damaging effects
involving various aspects of cellular function in glioblastoma
LN229 cells. SiNP exposure results in ROS overproduction,
mitochondrial damage, ER stress, and activation of inflamma-
tory response, which together contribute to apoptotic death
of treated cells. These findings suggest that SINPs might be
considered potential antiglioblastoma agents. Nevertheless,
profound molecular analysis of the outcomes of SiNP treat-
ment at the organism level is required to solve the nature of
these NPs in anticancer therapy comprehensively.

NPs will definitively continue to be a popular research
topic, with the possibility of some day becoming a favor-
able treatment option for people afflicted with brain tumors.
However, prior to the widespread use of NPs, further
exploration of their long-term toxicity and molecular
effects will be necessary. In-depth analysis of the molecular
mechanisms of NP-mediated apoptosis is crucial before
application as an anticancer agent. Based on this knowl-
edge, determination of drug-carrier potential, adequate
functionalization, or potential application of NPs with
cotherapeutic drugs will be possible to maximize drug
efficiency and minimize adverse effects. Therefore, SINPs
might potentially be a promising agent facilitating further
progress in brain cancer therapy.
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