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ABSTRACT: Radiotherapy (RT) is the established noninvasive treatment for wemeemme
glioblastoma (GBM), a highly aggressive malignancy. However, its effectiveness in :
improving patient survival remains limited due to the radioresistant nature of GBM.
Metal-based nanostructures have emerged as promising strategies to enhance RT
efficacy. Among them, titanate nanotubes (TNTs) have gained significant attention
due to their biocompatibility and cost-effectiveness. This study aimed to synthesize
zinc-modified TNTs (ZnTNT) from sodium TNTs (NaTNT), in addition to
characterizing the formed nanostructures and evaluating their radiosensitization effects
in GBM cells (U87 and U251). Hydrothermal synthesis was employed to fabricate the
TNTs, which were characterized using various techniques, including transmission
electron microscopy (TEM), energy-dispersive spectroscopy, scanning-transmission
mode, Fourier-transform infrared spectroscopy, ICP-MS (inductively coupled plasma ooe\«iée"@e" w@\@éx&é‘
mass spectrometry), X-ray photoelectron spectroscopy, and zeta potential analysis.

Cytotoxicity was evaluated in healthy (Vero) and GBM (U87 and U251) cells by the MTT assay, while the internalization of TNTs
was observed through TEM imaging and ICP-MS. The radiosensitivity of ZnTNT and NaTNT combined with 5 Gy was evaluated
using clonogenic assays. Monte Carlo simulations using the MCNP6.2 code were performed to determine the deposited dose in the
culture medium for RT scenarios involving TNT clusters and cells. The results demonstrated differences in the dose deposition
values between the scenarios with and without TNTs. The study revealed that ZnTNT interfered with clonogenic integrity,
suggesting its potential as a powerful tool for GBM treatment.
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1. INTRODUCTION specifically, nanotechnology employing metal nanoparticles
has been studied extensively as a new approach for the
diagnosis and treatment of malignant tumors due to their
unique physicochemical and biological properties.'”'* Re-
cently, hafnium oxide nanoparticles, HfO,NPs (marketed as
NBTXR3), have been approved to improve radiosensitization
in patients with soft tissue sarcoma.'""> While HfO,NPs were
the first metal-based nanoparticles used for the treatment of
solid tumors, further technological advancements are needed
to enhance the field of nanomedicine in clinical cancer RT."

Titanate nanotubes (TNTs) have demonstrated promise as
radiosensitizers in preclinical trials for cancer RT, as they

Radiotherapy (RT) is a therapeutic modality that involves the
transfer and deposition of high-energy radiation to treat several
types of solid tumors.'™> The primary target of ionizing
radiation is DNA, which can be directly or indirectly affected,
leading to the generation of free radicals and subsequent cell
death.”” However, exposure to ionizing radiation can cause
damage to both tumor and normal cells.”” To minimize harm
to normal tissues, the radiation dose administered during
therapy is limited, which can compromise the effectiveness of
tumor cell eradication.”® In recent decades, nanomedicine has
garnered significant attention as a potential strategy to improve
the efficiency of radiation deposition to tumor tissue while
minimizing adverse effects on healthy tissue caused by Received:  March 4, 2024
conventional cancer RT.'”"! Revised:  June 13, 2024
In the current clinical scenario, the use of metallic Accepted:  June 17, 2024
nanoparticles is already a reality, and metal-based NPs have Published: June 28, 2024
been approved for some medical applications (cancer RT,
contrast agent, and iron replacement therapy).'” In RT
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possess the ability to enhance the effectiveness of X-rays and y-
rays.'”'® The tubular morphology of TNTs is an important
feature enabling their cellular internalization through mecha-
nisms such as endocytosis and diffusion without causing
cytotoxicity.”*® Additionally, hydrothermally synthesized
TNTs can be easily modified with various inorganic and
organic compounds, which increase radiation absorption,”' >
and facilitate the generation of reactive oxygen species
(ROS).*

Given these properties, zinc (Zn) has emerged as a
promising candidate for incorporating TNTs. Zinc has
demonstrated a potential role in the prevention and treatment
of several pathophysiological conditions, such as neurological
diseases and cancer.”’ > In the field of biomedical
applications, zinc-based materials offer attractive options due
to their ability to modulate biocompatibility through factors
such as shape, size, and Zn** concentration.””*" Zinc has also
been found to induce apoptosis in human cancer cells through
ROS-mediated mechanisms.**~>* Furthermore, from a radio-
therapeutic perspective, zinc exhibits radioluminescence, which
enables the detection of ionizing energy.?’s’36

Glioblastoma (GBM; WHO grade IV astrocytoma) is the
most common and fatal malignant primary brain tumor found
in adults, with a median survival of 7—14 months.”’*° The
standard treatment for GBM typically involves a multimodal
approach consisting of surgical resection, adjuvant chemo-
therapy (Temozolomide), and RT.*~* However, GBM cells
are known to be radioresistant, necessitating the development
of strategies to enhance tumor radiosensitivity and improve
patient prognosis.*’ Recent studies have focused on nanoscale
devices to improve the efficacy of RT, leading researchers to
propose new nanostructures (complex nanogold with outer-
membrane vesicle; nanocarriers to improve delivery of anti-
GBM drugs).'**~>°

As a way of understanding how ionizing radiation interacts
with matter, some statistical methods are commonly used; the
main one is the Monte Carlo Method (MCM). There are
several tools that use MCM to simulate the radiation transport
as MCNP, Fluka, Geant4, Penelope, and others.”’ Monte
Carlo N-Particle 6.2 (MCNP6.2) is the radiation transport
code used to simulate the interaction of photon beams with
TNTs and tumor tissue.”” MCNP version 6.2 allows tracking
photons with energies up to 1 eV and electrons with an energy
of 10 eV. These technical features enable studying the
influence of small structures such as living cells and their
surroundings.53 Furthermore, the results from the MCNP
simulations show how the presence of TNTs influences the
dose deposition in the cells and their surroundings.

Therefore, TNTs hold promise in this regard, as they can
penetrate tumor cells and their external surface can be
modified with various components to increase the absorption
of ionizing radiation specifically in tumor cells. This work
intends to contribute to the field of nanomedicine and
potentially produce a significant advance in the treatment not
only of GBM, but also of other radioresistant tumors. The goal
of this work is to synthesize and characterize zinc-modified
TNTs to enhance the radiosensitization effect in GBM cells as
well as to determine the deposited dose using Monte Carlo
simulations. Achieving this goal, this work aims to advance the
field of nanomedicine and potentially yield a significant
breakthrough in the treatment of not only GBM but also
other radioresistant tumors.

2. MATERIALS AND METHODS

2.1. Materials. Titanium dioxide (JB Qumica, TiO,, 98%
anatase phase), sodium hydroxide (Vetec, 99%), zinc chloride
(Vetec, 99%), titanium standard for ICP (Sigma-Aldrich), and
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, DMSO 99,5%)
were used as received. The following materials were used for
cellular management: Dulbecco’s Modified Eagle Medium
(DMEM) media (DMEM), fetal bovine serum (FBS),
penicillin—streptomycin (10,000 U/mL), and amphotericin B
(Fungizone), which were obtained from Gibco, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solu-
tion—MTT S5 mg/mL in PBS in 90% culture medium
supplemented with 10% FBS), Trypan Blue dye, Hoechst
33,342 (Sigma-Aldrich Canada), and calcium and magnesium-
free medium (CMF).

2.2. Preparation of TNTs. 2.2.1. Synthesis of ZnTNT
Nanostructures. Sodium TNTs (NaTNTs) were synthesized
by the hydrothermal method as described in the literature.”*>>
In a typical procedure, 1.5 g (18.7 mmol) of TiO, was added
to 120 mL of a 10 mol-L™! NaOH solution. The suspension
was placed under magnetic stirring at room temperature for 30
min. The suspension was then transferred to a stainless steel
reactor (200 cm®) internally coated by Teflon maintained for
72 h at 135 °C. Next, a white precipitate was separated by
centrifugation, washed with distilled water until pH = 8 (wash
water), dried at 80 °C for 6 h, and kept in a desiccator. TNT
synthesis with zinc (ZnTNT) was based on the method
described by Monteiro et al.”* A typical procedure consisted of
adding 1.0 g (3.3 mmol) of NaTNT to 100 mL of a 0.5 mol-
L™ ZnCl, aqueous solution (SO mmol) under magnetic
stirring for 15 min at room temperature. Next, the suspension
was filtered under reduced pressure and washed with distilled
water until complete chloride ion removal (silver nitrate test).
The obtained white solid was dried at 80 °C for 6 h and kept in
a desiccator.

2.2.2. Characterization of ZnTNT Nanostructures. Trans-
mission electron microscopy (TEM) of nanostructure samples
was realized using copper grids with carbon film (300 mesh) in
FEI Tecnai G2 T20 equipment. TNT dimensions were
obtained by the TEM images using Image] software (number
of measurements n = 25). Nanostructure mapping by energy-
dispersive spectroscopy (EDS) was performed on a JEOL
2100F microscope operating at 200 kV in scanning-trans-
mission mode (STEM). STEM images were obtained using a
high angle annular dark field (HAADF) detector (HAADF),
which allows for Z-contrast imaging. Fourier-transform infra-
red spectroscopy (FTIR) was performed on a PerkinElmer
spectrometer (Spectrum One model), using powder samples at
room temperature in UATR mode (range of 4000—650 cm™).
Particle size, polydispersity index (PDI), and zeta potential of
NaTNT and ZnTNT nanostructures in aqueous dispersions
were obtained in a Zetasizer (ZEN3600, Malvern), while
sodium and zinc concentrations were determined by ICP-MS
(inductively coupled plasma mass spectrometry) (Agilent,
7700 model). X-ray photoelectron spectroscopy (XPS)
measurements were performed by using a PHOIBOS 150
MCD-9 multichannel analyzer (SPECS GmbH, Berlin,
Germany) using a detector AlKa (1486.6 eV) X-ray source.
Spectra were recorded using an analyzer pass energy of 30 V,
an X-ray power of 100 W, and an operating pressure of 10—9
mbar. Spectra analyses were performed using CasaXPS$
software with a Shirley background and symmetric Gaus-
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Figure 1. Representation of the experimental design conducted during the study.

sian—Lorentzian line shapes. Binding energies were referenced
to C 1s at 284.5 eV.

2.3. Preparation of the in Vitro Assays. 2.3.1. Exper-
imental Design. In this study, the experiments were performed
sequentially with different objectives (synthesis, character-
ization, and in silico and in vitro evaluations of radio-
sensitization activity) as described in Figure 1. Furthermore,
for in vitro experimental procedures, cells were trypsinized
(0.5% trypsin in S mM EDTA), counted on a hemocytometer,
and seeded at the appropriate density, according to the
experimental protocol. For each treatment condition (control,
NaTNT and ZnTNT), a nonirradiated group (0 Grays, Gy)
corresponded to 100% survival (control), to assess only the
cytotoxic effect of ionizing radiation. All treatments conditions
occurred for 24 h before irradiation. The exposure to
irradiation was performed with y radiation at the single dose
of radiation (S Gy). After irradiation, the GBM cells were
incubated (37 °C, relative humidity of 95%, and 5% of CO,)
for 24 h, before in vitro analysis.

The irradiation experiments were performed with y radiation
at a single dose of 5 Gy using a Cobalt (°Co) source from
Theratron Phoenix (Theratronics Ltd.a., Ontario, Canada) at a
distance between the source and the target of 54.5 cm.

2.3.2. Preparation of ZnTNT Treatment. The preparation
of TNT suspensions in pure water at the concentration (1000
ug mL™') and serially diluted in DMEM in increasing
concentrations (S, 15, 25, 50, and 100 ug mL™"). The stock
suspensions were sonicated, and to ensure the uniform
suspension of the treatment, they were stirred on vortex
agitation before every use.

2.3.3. Cell Culture Conditions. The human GBM cell lines
(U87 and U251) and African green monkey kidney cell (Vero)
were obtained from American Type Culture Collection
(ATCC - Rockville, Maryland, USA). Cells were cultured in
DMEM with 10% (v/v) FBS, 1% (v/v) penicillin/streptomy-
cin, and 0.1% (v/v) fungizone. Cells were kept in a cell
incubator (37 °C, 5% CO,, and 95% humidity).

2.3.4. In Vitro Cell Viability. Cell viability was determined
by the MTT assay.”®*” For evaluation of cell cytocompatibility,
Vero cells were seeded at a density of 2.5 X 10° cells/well in
96-well plates. After 24 h, Vero cells were treated with different
concentrations (5, 15, 25, 50, and 100 ng mL_l) of NaTNT
and ZnTNT for 72 h. Similar exposure conditions were

employed to evaluate cytotoxicity in U87 and U251 cells (S,
15, and 25 ug mL™"). After 72 h of treatment, the medium was
removed, and the cells were washed with PBS (pH = 7.2—7.4),
added with 100 uL of MTT, and incubated for 3 h. The
formazan crystals were dissolved in 100 yL of DMSO. The
absorbance was quantified in a Spectra Max M2e (Molecular
Devices) at 570 nm. The absorbance was linearly proportional
to the number of living cells with active mitochondria. The
results were determined as a percentage of the absorbance of
the treated cells in relation to the control group.

2.3.5. Evaluation of Cell Internalization. The cell internal-
ization of ZnTNT was assessed through TEM and ICP-MS.
TEM analysis was used to visualize the presence of
nanostructures within the cells, while ICP-MS was used to
quantify intracellular TNT levels. U87 and U251 cells were
seeded in 6-well plates at 150 X 10° cell/well. After 24 h, GBM
cells were treated with S yug mL™" NaTNT and ZnTNT and
incubated for 24 h. To assess internalization kinetics, time
intervals of 24 and 48 h were employed. After the period of
exposure to TNTs, GBM cells were trypsinized, centrifuged,
and washed twice with PBS (pH 7.2—7.4). Pellets were then
fixed in a mixture of 4% paraformaldehyde and 2.5%
glutaraldehyde buffered with 0.1 M PBS (pH 7.2—7.4) at
room temperature. For TEM analysis, pellets were then
postfixed in osmium tetroxide for 45 min before dehydration.
The dehydration was performed in a graded acetone series
(30—100%) and embedding in Araldite (Durcupan ACM,
Fluka) for 72 h at 60 °C. Thin sections (100 nm) were stained
with 2% uranyl acetate, followed by lead citrate. Ultrastructural
analysis was performed using transmission electron microscopy
(TEM, FEI Tecnai G2 T20). For ICP—MS analysis, the pellets
were resuspended in pure water for the digestion process, and
then the titanium (Ti) content was determined.

2.3.6. Determination of the Radiosensitization Effect of
ZnTNTs. The radiosensitivity of U87 and U251 cells was
determined by (1) cell counting (to evaluate the biological
response), (2) nuclear morphometric assay (NMA) (to
determine the trend of tumor dynamic after irradiation), and
(3) clonogenic assay (to evaluate the effect of radiation after
10 days), according to the methods previously described in the
literature.>>>”

2.3.6.1. Evaluation of Biological Response of TNTs
Combined with 5 Gy. The lineages U87 and U251 cells
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Figure 2. Schematic of the cell lattice used for the simulations. Region colored by red represents the cell culture medium, in light blue is the cell

cytoplasm, in dark blue is the nucleus, and in gray are the TNT clusters.

were seeded in 24-well plates at 10 X 10° cell/well and treated
with S pug mL™' of NaTNT and ZnTNT for 24 h. The
radiosensitivity of GBM cells was determined by cell counting
to evaluate the proliferative response on cell numbers 24 h
after irradiation. The cell number was determined in a
Countess FL cell counter (Life Technologies) using the trypan
blue dye exclusion protocol.”” The results were expressed as
percentage of live cells in relation to the nonirradiated control
group.

2.3.6.2. Evaluation of Cells Dynamic after Irradiation. The
tumor cell dynamics were determined using NMA, as
described by Filippi-Chiela et al.”" NMA is a straightforward
approach that assesses cell fate (apoptosis, senescence, or
mitotic catastrophe) based on nuclear alterations, including
shape and size. U87 and U251 cells were seeded in 24-well
plates at 10 X 10® cell/well and treated with S ug mL™" of
NaTNT and ZnTNT for 24 h. The NMA protocol was
performed 24 h after irradiation, and the nuclei were fixed with
4% paraformaldehyde and stained with Hoechst at a dilution of
1:1000 in PBS. Images were acquired in a fluorescence
microscope, followed by analysis in the Image-Pro Plus 6.0
software (IPP6, Media Cybernetics) for the acquisition of
nuclear variables (area, radiusratio—Rr, roundness—Rou,
aspect—Asp, and areabox—Arbx). The nuclear shape is
defined by the nuclear irregularity index (NII), which is
calculated by the following formula: NII = Asp — Arbx + Rr +
Rou as described by Vargas et al.”> The results were presented
as a plot of area versus NII. The NMA classifies the nuclear as
normal (N), small and regular (SR), small and irregular (SI),
large and regular (LR), and large and irregular (LI). Typically,
SR nuclei correspond to apoptotic cells, while LR and LI are
indicative of nuclei from senescent cells.

2.3.6.3. ZnTNT Induced Radiosensitivity. The radio-
sensitivity simulating a clinical response (survival fraction)
was determined by clonogenic assay, as previously described.’®
The radiosensitivity of U87 and U251 was determined after

treatment with S ug mL™' of TNTs and irradiation (S Gy).
The irradiated GBM cells were recultured in 6 well plates (2 X
10 cells/well) and maintained in culture for 10 days. At the
end of the experiment, the cells were washed with PBS, fixed
with 4% formaldehyde for 20 min, and stained with methylene
blue for 10 min. At the sequence, cells were washed two times
with PBS and dried at room temperature. The results were
demonstrated as absolute number of colonies.’”*

2.4. Monte Carlo Computational Simulations. The
MCNP code version 6.2 by LANL and the Evaluated Nuclear
Data File (ENDF/B—IV.8) cross-sections were used to
calculate the interactions of photons and electrons with the
matter that compose the cells, the tubes, and the cell culture
medium.®* The ®Co gamma source emits photons of two
energies, with an average energy of 1.250 keV. The cut-off
limits were set at 250 eV electron transport and 1 keV for
source photons; in addition, the physics of electron transport
was also modified. The production of Bremsstrahlung photons,
especially photon-induced secondary electrons such as photo-
electrons and Auger and knock-on electrons, was adjusted.
Moreover, the control stopping power energy spacing was
lowered to obtain a better special resolution for tracking
secondary electrons. The cell culture medium was approxi-
mated to an aqueous medium; for simulation purposes, it does
not take large computation time. Each well used as culture
medium was represented by a cylinder with 1.625 cm of
diameter, and the lower and upper layers of this well were
composed of polystyrene with density of 1.06 g/cm®. A lattice
with 256 (16 X 16) elements, where each of these elements
corresponds to a set of cell and TNT clusters, was built to
improve the statistics of computer simulation results. Although
this work presents two distinct types of cells, computer
simulations were constructed by using mean values of cell sizes
and TNT internalization concentrations. The cells had an
elliptical shape, with a larger diameter of 100 ym and a smaller
diameter of 60 pm; the spherical cell nucleus had a diameter of
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Figure 3. Characterization of NaTNT and ZnTNT. (a) TEM, SEM, and EDS results of NaTNT and ZnTNT. (b) FTIR spectra of NaTNT and
ZnTNT nanostructures. (c) XPS spectra with emphasis in the oxidation state (1, 2), Ti—O bond (3, 4), and Zn—0 bond (5).

30 um;*>*® and the TNT clusters had also a spherical shape,

used to register the energy deposited values in units of

with sizes between S and 40 ym.*® The distribution of TNT
clusters in the intracellular and extracellular media was
random, taking into consideration the internalization values.
Figure 2 shows a representation of the cell scenario.

For cell composition, the International Commission on
Radiological Protection (ICRP) soft tissue was used as
reference, and its density was 1.04 g/cm®.**°7%® The culture
medium and the compensating bolus were defined as the
equivalent water with a density of 0.99 g/cm®. Each cell
present in the matrix was tallied by energy deposition primarily
from photoelectrons and Auger electrons with energies
between 8.5 eV and 225.5 keV and in the range between
0.25 nm and 210 p#m. Some tallies, such as + F6 and *F8, were

megaelectron volts per starting particle. In order to physically
evaluate the increase in the radioenhancement due to
nanotubes, the dose enhancement factor — DEF — was used.
DEF (eq 1) is defined as the factor by which the deposited
dose is increased due to the presence of nanotubes.”””"

deposited dose in TNT presence
DEF =

deposited dose in TNT absence (1)

2.5. Statistical Analysis. The in vitro experiments were
repeated at least four times for each concentration, all in
triplicate. Results were expressed as standard error of the mean
and analyzed for statistical significance by one-way analysis of
variance (ANOVA) followed by Tukey posthoc test (Prims
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GraphPAD 8.0). Values of p < 0.05 were considered
statistically significant.

3. RESULTS AND DISCUSSION

Tumor therapy by ionizing radiation requires attention, since it
is related to the possibility of not completel?r eradicating the
tumor, limiting the success of treatment.”'®”" For this reason,
the interest in nanostructures such as TNTs has grown notably
in recent years due to their biocompatibility and ability to
radiosensitize tumor cells. Studies combining TNT with RT
are still scarce in the literature. In this study, aiming to
contribute with nanomedical studies for GBM treatment, we
synthesized ZnTNT to improve the radiosensitization effect in
GBM cells.

3.1. ZnTNT Characterization. TEM and STEM results
(Figure 3a) showed that sodium TNTs were formed by folding
at least three nanosheets, resulting in a tubular structure and an
external diameter of 9.0 + 0.5 nm. After ion exchange,
nanotubes modified with Zn have an irregular surface and
external diameter to 8.1 + 1.8 nm. Elemental mapping (Figure
3a) indicated an uniform distribution for the main elements,
i, Ti, O, and Na, that constitute the basic nanostructure of
the NaTNT. For ZnTNT nanostructures, the mapping showed
the Zn element presence uniformly over the whole surface of
the modified TNT, indicating a good distribution of this
element and confirming ion exchange.””

Another way to evaluate ion exchange (from Na to Zn) is
analyzing these nanostructures by FTIR. NaTNT presented
three characteristics bands (Figure 3b), located between 3500
and 3200 cm ™" attributed to hydroxyl groups (O—H) adsorbed
on the TNT surfaces, 1640—1630 cm ™}, corresponding to the
O—H deformation,”>”* and a band located at 900 cm™
assigned to the vibrational mode of the Ti—O bond (no
bridging oxygen atoms coordinated with Na* ions).”>”
ZnTNT nanostructure showed a similar FTIR spectrum to
NaTNT, except by the band disappearance in 900 cm’,
corroborating the ion exchange of Na by Zn already observed
in EDS mapping.

These results were also corroborated by ICP analysis, where
it was determined that the Na concentration was 9.04% in the
NaTNT. After the exchange of Na by Zn, this value decreased
to 0.12%, whereas the concentration of Zn was 6.8%,
confirming that there was an effective ion exchange. A
relatively smaller amount of Zn was incorporated in the
tubular titanate nanostructure, probably because this element
was located essentially on the surface of nanotubes.

Hence, to ascertain the efficacy of ion exchange (Na* —
Zn*") and the ensuing nanoparticle formation, we meticulously
scrutinized the mean dimensions, PDI, and surface charge,
with the findings tabulated in Table 1. After the ion exchange
process, a discernible expansion in nanoparticle hydrodynamic
diameter was noted (a parameter for understanding the
behavior of nanoparticles in solution, especially in biological
research). The PDI values demonstrated a modest escalation
following the introduction of Zn (ranging from 0.27 to 0.33),

Table 1. Summary of Size, PDI, and Zeta Potential Values
for NaTNT and ZnTNT

sample size (nm) PDI zeta potential (mV)
NaTNT 269.6 £ 9.2 0.31 + 0.0S —35.6 + 0.4
ZnTNT 248.6 + 10.4 0.47 + 0.03 +16.8 + 0.4

reflecting a relatively consistent particle distribution across the
analyzed specimens. Finally, NaTNTs presented a surface
charge of —35.6 + 0.28 mV, while ZnTNTSs show a charge of
+16.8 + 0.26 mV, measured by zeta potential. Negative charge
observed on NaTNT occurs due to the presence of a partially
hydroxylated surface. A similar observation was made by other
authors.”””® After modification with Zn, an inversion in the
zeta potential was observed. This result indicates an effective
substitution from Na® to Zn>' ions, reinforcing previous
observations, as well as indicating the Zn—O interaction on the
nanotube surface by this atom. As described in this study, an
inversion in zeta potential was also observed after functional-
ization of TNTSs with cationic groups in the literature.””"

XPS analysis (Figure 3c) was carried out in order to evaluate
the chemical state of elements (i.e, Ti and Zn) and Ilattice
oxygen presented in TNT nanostructures. The signal of O 1s
presents three different components with values of bidding
energy at 534.7, 531.2, and 529.5 eV, which can be assigned to
H,O0, surface-bound hydroxyl groups (in Ti—OH) and lattice
oxygen Ti—O (from Ti—O-Ti), respectively.""** The signal
corresponding to H,O is not observed for ZnTNT and shifts of
0.9 eV observed for the other signals are due to O binding that
presented new interaction,”>** possibly with Zn corroborating
the result obtained from the zeta potential.

The Ti 2p XPS spectra of NaTNT and ZnTNT showed two
peaks around 463 and 458 eV that are characteristic of 2p;,,
and 2p, /, spin doublet from Ti*".*> The ZnTNT nanostructure
presented a signal located at ~1022 eV indicating the Zn**
oxidation state and a chemical composition of pure metallic
oxide.*

3.2. In Vitro Biocompatibility and Cytotoxicity of
ZnTNTs. First, a biocompatibility study was conducted to
determine maximum tolerance of healthy cells to zinc-titanate
and sodium-TNTs. Nanotube concentrations were extrapo-
lated to measure a safe margin noncytotoxic in Vero cells. Cells
were exposed to a range of concentrations from S to 100 ug
mL™" of NaTNT or ZnTNT for 72 h (Figure 4a).

As shown in Figure 4a, none of the nanostructures were able
to alter the viability of Vero cells at tested concentrations.
MTT results indicated that NaTNT and ZnTNT were
considered noncytotoxic after 72 h. This result is consistent
with previous studies that demonstrated a biocompatible
profile of TNT for healthy cells.”>*" Sruthi et al.** conducted
studies with TNT on microglial cells and reported a nontoxic
profile attested concentrations after 24 h. Besides, Alban et
al.* reported biocompatibility of NaTNT in Vero cells after 48
h. In our study, preservation of the atoxic profile after ion
exchange was observed. Biocompatibility profile of both TNTs
was evidenced in vitro model study with Vero cells after 72 h.
This group of cells is used for toxicity evaluation of chemical
compounds at a molecular level.*”

Once a nontoxic profile of NaTNT and ZnTNT was
observed in healthy cells, the effect of nanostructures on GBM
cells (U251 and U87) was evaluated (Figures 4b,c). This
experiment was conducted with two proposals: to determine
the concentration for the next experiments and assess the
cytotoxic effect of nanostructures in the absence of irradiation.

MTT results showed reduced viability (20%) in U87 cells
treated with NaTNT (25 pg mL™") at 72 h (Figure 4b). A
greater mitochondrial metabolism can explain last results;
however, more studies are necessary to understand this point.
Cell viability increase was observed in U251 treated with
NaTNT (25 ug mL7'); however, in other treatment
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Figure 4. Effect of NaTNT and ZnTNT on viability of Vero, U87,
and U251 cells. After confluence, (a) Vero, (b) U87, and (c) U251
cells were treated with different concentrations of TNTs for 72 h. The
data were analyzed for statistical significance by one-way ANOVA,
followed by Tukey posthoc. ***p < 0.001, **p < 0.01, *p < 0.05.

conditions, no viability change was found in response to both
TNTs (Figure 4c).

These findings from cytotoxicity activity were similar to
those found in other studies.'®">*® Results indicate that
TNTs were not capable of reducing tumor viability, except
when loaded with drugs.'” Regarding the mentioned
proposition, our starting point for this research was to
comprehend the interaction between nanostructures with
cells (normal and tumor) using an in vitro study model to
establish a concentration capable of interacting with biological
material without toxicity damage. The noncytotoxic dose of §
ug mL™" of TNTSs was chosen for both cell lines to perform
subsequent experiments.

3.3. Kinetics of Cellular Uptake of ZnTNTs. Internal-
ization of nanomaterials is an important event in terms of
bionanointeraction,””® and it is known that several character-
istics are involved on cellular internalization of materials, such
as diameter, Iength, shape, volume, surface charge, and
functionalization.® ~* Thus, after determining the concen-
tration of the experiment, we also evaluated NaTNT and
ZnTNT internalization in U87 and U251 cells by TEM
(Figure Sa) and ICP-MS (Figure Sb,c).

Images obtained by TEM show a high rate of TNTs
internalized by GBM cells after 48 h of the incubation and
washing process (from sample preparation to TEM). Some
studies reported internalization of TNT in GBM,'**° bladder
cancer,” prostate cancer,'’ cardiomyocytes,”® and microglial
cells.* In this study, the nanostructures were observed inside
the vesicle (white arrow; Figure Sa.2,a.5,2.6) and in cytosol
(white arrow; Figure 5a.3), inside GBM cells. The first process
described may occur by a passive and spontaneous process of

presence of NaTNT and ZnTNT outside U87 and U251,
despite washing steps, suggests the possible exocytosis of
TNTs (black arrow; Figure Sa.3).

In general, nanosized systems are better internalized by cells
than by larger particles. Furthermore, higher cellular uptake
occurs in tubular nanomaterials when compared with spherical
ones.”””® Both NaTNT and ZnTNT exhibited tubular
morphology formed by winding at least three titanate
multilayer lamellar walls, as described previously."®** Thus,
NaTNT and ZnTNT can realize a direct membrane
penetration as an individually dispersed nanotube, behaving
like a nanoneedle (Figure S5a.3). This process could be
responsible for a minimal amount of cellular internalization of
the TNTs. As can be observed (Figure Sa.2,a.5,a.6), cellular
internalization via endocytosis represents the most important
pathway in terms of volume of TNTs.'®'??® This process first
occurs by the adhesive interaction between nanotubes and cell
membrane mediated by h’}rdrogen bonds, van der Waals, and
electrostatic forces.”””%%+*°

The ICP-MS was used to quantify the intracellular
concentration of Ti after 24 and 48 h of GBM cells incubation
with both nanotubes. As shown in the Figure Sb,c, the
intracellular Ti content increased in the first 24 h of incubation
and decreased in 48 h in both GBM cells. NaTNT
concentration increased in U87 cells, while ZnTNT was
higher in U251 cells after 24 h. After 24 h of incubation, the
results indicate that there is a greater accumulation of TNTs in
the intracellular region. Nevertheless, additional research is
required to elucidate whether there is a saturation point in the
internalization of TNTs, along with the presence of a feedback
mechanism that encourages the continuous uptake of
nanostructures.

Nanotubes with a positive surface charge are likely to
interact with the slightly negatively charged cell membrane.
This interaction can lead to increased flexibility in the lipid
bilayer of the membrane, which in turn facilitates their uptake
through a process called adsorptive endocytosis. This
ultimately results in the formation of bundles of nanotubes
within vesicular compartments.””**?*™"® This observation
could justify a possible greater internalization of ZnTNT
when compared to NaTNT in U251 cells since ZnTNT has a
positive charge demonstrated by zeta potential, but further
studies are needed. In order to reinforce our findings, several
authors have demonstrated both pathways of internalization
from TNT in different types of cell lines.'*?*7%8%92
Furthermore, the ultrastructures of U87 and U251 cells were
observed by TEM (Figure 8). These TEM results suggest that
treatments with NaTNT and ZnTNT did not promote
changes in the nuclear aspect, compared to the nuclei of
cells not treated with TNTs, indicating the absence of toxic
effects.

3.4, Effects of ZnTNT Combined with Irradiation. RT
can act by inhibiting and controlling growth, proliferation, and
metastasis in malignant cancer cells through the deposit of
high-energy radiation on tumor tissues.”"”’ """ Ionizing
radiation delivered in RT can trigger a cascade of physical,
chemical, biological, and clinical events and even lead to cell
death from irreparable DNA damage.'””™'" To evaluate the
possible potential of nanostructures in reducing the viability of
tumor cells in combination with RT, a cell counting assay was
carried out (Figure 6). Furthermore, NMA was used to
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U87, and U251 after 24 and 48 h of exposure.

understand and determine the behavioral and morphological
profile of therapy-surviving tumor cells (Figures 7 and 8) after
24 h of exposure to irradiation. Thus, GBM cells lines were
incubated with NaTNT and ZnTNT for 48 h. After this
period, one group from each cell line was exposed to a y
radiation dose of 5 Gy, while another group was not exposed
(0 Gy).

The radiation effect was observed by reduction of living cells
24 h postirradiation (S Gy). Although TNTs are not cytotoxic,
results showed that NaTNT and ZnTNT when combined with
a RT dose (S Gy) were able to reduce proliferation in U87
(around 20 and 25%, NaTNT and ZnTNT, respectively) and
U251 (53 and 52.5%) (Figure 6), corroborating with previous
ﬁndings.23 On the other hand, in the absence of radiation, our
results demonstrated that neither type of nanotubes was able
to significantly change proliferation rates in GBM cells (Figure
6), which suggest the value of combined therapy to enhance
the effect of RT. The difference in isolated irradiation response
between GBM lines could be explained to the fact that U251 is
less radioresistant than U87.'%

Previously, a study has demonstrated radiosensitization
effect of TNTs in bladder cancer cells.”® Alban et al. reported
that NaTNT and ZnTNT reduced the number of live cells in
T24 tumor cells when combined to ionizing radiation, with
NaTNT nanostructures being more effective in inhibiting
tumor proliferation than ZnTNT.” In our study, both
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nanostructures induced similar biological response in different
GBM cells, which was also previously observed in human
bladder tumor cells; however, we used a concentration of
TNTs five times lower than used here.

3.4.1. Effects of Tumor Dynamics after the Combination
of ZnTNT and Irradiation. NMA is a tool that is able to
analyze the alteration in nuclear morphology that occurs in
several cellular processes, like during senescence (increase in
nuclear size) and apoptosis (nuclear condensation and
fragmentation). NMA was performed for a better under-
standing behavioral/morphological profile of therapy-surviving
tumor cells 24 h postirradiation (Figures 7 and 8).

As presented in Figure 7, nonirradiated U87 cells did not
show any significant nuclear alteration in the response profile
among the control group, NaTNT, and ZnTNT. However, the
same cells exhibited an increase of SR nuclei (SR) around 16
and 14% when 5 Gy irradiation dose was combined to NaTNT
and ZnTNT, respectively. Nucleus alterations observed in
NMA analysis may be related to the morphological character-
istics of apoptotic cells (Figure 7, irradiated group). Apoptosis
is an organized process, which leads to cell death; this
phenomenon is characterized bgf the high and regular
condensation of the nucleus.'”™'* Furthermore, irradiated
U87 cells showed a significant increase in nuclear enlargement
(suggestive of senescent phenotype).””®" On the other hand,
the number of cells with normal characteristics remained
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Figure 6. Effect of TNTSs on the proliferation of the U87 and U251
cells line. At 80—90% of confluence, (a) U87 and (b) U251 cells were
treated with S pg mL™" of respective nanostructures for 24 h. Next,
one group was irradiated (5 Gy) and another group was not (0 Gy).
24 h after irradiation, cells were detached and counted. Non-irradiated
control were considered as 100%. Data were analyzed for statistical
significance by one-way ANOVA, followed by Tukey’s posthoc. ***p
< 0.001.

practically unchanged. Only the irradiated group combined
with NaTNT showed a significant reduction in the percentage
of normal cells.

Cells with senescent phenotype characteristics were noted in
U251 cells subjected to ionizing energy. In the NMA analysis,
nonirradiated U251 cells showed no change in nuclei
morphology, as expected in this study (Figure 8). Moreover,
in the irradiated group, an increase of large and regular nucleus
(LR) percentual was possible to observe in all experimental
conditions of the irradiated group. However, samples
containing TNTs showed higher percentages of cells with
LR characteristics (13.5% for NaTNT; and 29% for ZnTNT).

The senescence induction is regarded in cancer cells as a
means to halt tumor initiation and progression (because of
irreversible growth arrest),"'® and cells undergoing senescent
suffer a high and regular enlargement of the nucleus.”' Liu et
al. showed this effect in cells irradiated combined to gold
nanoparticles, in which surviving cells presented postirradiation
senescence morphology, namely, cell size increased signifi-
cantly.'"’

Furthermore, in this work, the ZnTNT nanotubes showed
better biological action than NaTNT nanotubes when
combined to irradiation on U251 cells. ZnTNT combined
with 5 Gy showed an increase in percentage of cells with SR
and LR characteristics when compared to the irradiated control

group, while the NaTNT-irradiated group showed a great
reduction in number of normal nuclei. One possible
explanation would be related to the internalization rate of
ZnTNT due to the fact that a high amount of internalized
nanostructures would increase the RT dose absorption.
Another point that can help in this higher internalization is
given positive charge of ZnTNT, what does not happen with
NaTNT."">'"® However, further studies need to be carried out
to better understand this result.

The greatest contribution of this analysis is to demonstrate
the behavioral tendency of a group of tumor cells under the
same conditions and how they react differently to a specific
treatment. This assay also makes it possible to characterize the
tumor complexity and the dynamic profile of individual tumor
cells'**""* and allows for a better understanding of the disease
recurrence, as well as identifies where the fails of therapy are.

3.4.2. ZnTNT Induced Radiosensitivity. The concept of cell
death is related to the irreversible cessation of vital functions
(loss of clono§enic integrity and unable to proliferate
indefinitely).""™” The potential effect of TNT-induced
radiosensitivity is related to the ability of TNT and irradiation
combination to affect clonogenic proliferation. The radio-
sensitization effect of NaTNT and ZnTNT (S wug/mL)
combined to 5 Gy on GBM cells was assessed by clonogenic
assay after 48 h of TNT cell incubation (Figure 9). In this
work, only the cytotoxic effect of ionizing radiation was
evaluated comparing nonirradiated with irradiated group,
accepting controls of nonirradiated group, which correspond
to 100% of survival.

The results indicated a significant decrease in the clonogenic
integrity for GBM cell lines exposed to NaTNT and ZnTNT
combined with irradiation (Figure 9a,b). When we observed
the results 10 days after treatment with TNTs following
irradiation, there was a significant decline in the number of
polyclonal colonies of the U87 and U251 cells when compared
to their respective controls (Figure 9a,b).

In the U87 cell line, we observed a statistically significant
difference (p < 0.0001) between the irradiated group exposed
to NaTNT and ZnTNT when compared to the irradiated
control group. On the other hand, no statistically significant
differences were found between the NaTNT and ZnTNT
within the irradiated group (p > 0.05). Conversely, in the
U251 cell line, we identified a statistically significant difference
(p < 0.0001) between the treated and nontreated irradiated
groups. Notably, there was also a statistically significant
difference (p < 0.008) observed between the NaTNT and
ZnTNT groups within the irradiated group. These variations in
irradiation responses between the U87 and U251 cell lines
suggest that the effectiveness of NaTNT and ZnTNT
treatments, when used in conjunction with radiation therapy,
may be contingent upon the specific tumor context. These
findings underscore the significance of tailored treatment
approaches in the realm of cancer therapy and emphasize the
necessity for further investigations to elucidate the underlying
mechanisms responsible for these discrepancies.

The survival fraction was also evaluated for each treatment
condition involving TNTs, in comparison to the control group
subjected to irradiation, by measuring the suppression of
colony formation (Figure 9). As shown in Figure 9c, NaTNT
and ZnTNT induced a significant radiosensitization effect in
both cell lines. After applying these treatment conditions, the
percentage of U87 survival fraction ranged from 66.2%
(control) to 37.1% (NaTNT) and 38.8% (ZnTNT), whereas
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the percentage of U251 survival fraction ranged from 50.9%
(control) to 35.3% (NaTNT) and 26.7% (ZnTNT).

As shown in the results of radiosensitization, both TNT's
promoted a reduction in the surviving fraction for the GBM

cells. However, the difference between two experimental
radiosensitivity results were observed for U87 and U251
(Figure 9c). For U87 cells, despite the significant reduction in
proliferation capacity promoted by NaTNT (decrease of
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62.9%), there was no significant difference when compared
with effects of ZnTNT (61.9%) in the same cell line (Figure
9a). On the other hand, in U251 cells, both TNTs promoted a
reduction in proliferative integrity, but ZnTNT (decrease of
73.3%) was able to exert a significant inhibitory effect on the
capacity of cell proliferation compared to that promoted by
NaTNT (64.7%) (Figure 9b).

These results are similar to literature, which reported
that TNTs with sodium are capable of inducing cell cycle stop
of GBMs through the production of ROS,"® as well as tumor
radiosensitization by another nanostructures.”' "' While a
limited number of studies have explored modified TNTs for
biomedical purposes, one such study conducted by Alban et al.
specifically highlighted the radiosensitization effect on human
bladder tumor cells.”*

Furthermore, the present study shows the synergy between
TNTs and zinc in antiproliferative capacity when combined
with X-ray. The radiosensitizing effect of TNTs in the anatase
form is reported in some studies, due to the surface
photocatalytic effect induced by X-rays.*® Also, the toxicity

17-19,23
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of zinc-based nanostructures in tumor cells is associated with
increased concentration, morphology, and size.""?7'?! Another
possible mechanism may be correlated with the surface charge
(Ann et al,, 2015).

The surface charges of the zinc TNTs were examined by
measuring the zeta potential (Table 1). Potentials of low
magnitude (+£30 mV) indicate more unstable particles, and
negative signs on the surfaces suggest a tendency for positive
charge flow on the surfaces of zinc-based nanostructures, while
potentials with magnitudes greater than +30 mV and —30 mV
indicate high stability, where the presence of the sodium cation
confers stability to the nanotube structure.'”’ ZnTNT
exhibited lower zeta potential and, consequently, less stable
nanostructures in suspension form, probably associated with a
high level of zinc ion release (Zn + 2). The data obtained by
zeta potential suggest that ZnTNT acts as a ROS-generating
structure and transports zinc ions, leading to a Zn + 2 delivery
system for cells, which induces an increase in oxidative stress
generated by ROS and results in reduced proliferation.'*
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3.5. MCNP6.2 Simulations. Metallic elements such as
titanium have an increased probability of photoelectric
absorption compared to light elements that compose human
tissues, which leads to a greater production of low energy
electrons (photoelectrons and Auger electrons). All these
energy transfer processes are responsible for increasing the
energy deposition around the nanotubes, producing free
radicals and causing direct and indirect damage to cell
DNA.'*® Figure 10a shows average dose deposition of 196
inner elements from a 16 X 16 lattice; 2 rows of outer elements
were disregarded to avoid edge effects between culture
medium and cells. For the control group, the deposited dose
was (3.852 + 0.116) 1077 MeV/particle, while for the culture
medium with ZnTNT, it was (5273 + 0.245) 1077 MeV/
particle and (5.087 + 0.231) 1077 MeV/particle for NaTNT;
the percentage difference between the control and ZnTNT
groups was 27%, while between the control and NaTNT
groups, it was about 24%. Even though the values are relative
to the number of particles from the radiation source, these
results show the expected behavior trend: the presence of
nanotubes promotes a great energy transfer from the incident
beam to the culture medium, leading to ionization processes
that give rise to secondary electrons.

The DEF results are shown in Figure 10b; it is important to
note that the DEF values are different for the cytoplasm and
the cell nucleus and when considering the whole cell lattice.
For ZnTNT cell cytoplasm DEF = 1.31, cell nucleus DEF =
1.40 and for whole cell lattice DEF = 1.46, on the other hand,
for NaTNT DEF = 1.21; 1.31; and 1.39, for cytoplasm,
nucleus, and lattice, respectively. This difference is mainly due
to the different concentrations of TNT internalized in the cell
and in the nucleus region. In addition, the photoelectrons and
the Auger electrons deposit their energy in the few
micrometers in the vicinity of the TNTs.””'** The slightly
higher DEF values for ZnTNT compared to NaTNT occur
because Zn has a higher atomic number than Na, and this
means that the energy of the secondary electrons produced by
ZnTNT has a slightly higher damage potential than that of
NaTNT.

Finally, the DEF values for the matrix are slightly higher than
the others, as they take into consideration the TNT clusters
that were not internalized, and despite being to a lesser extent,
they also indirectly lead to cell damage. These results reinforce
the behavior observed by the experimental assays despite not
reproducing the same cell survival fraction values. This is
explained because this computational scenario is an approx-
imation for the tests with U251 and U87 cells and because the
quantities measured by the simulations describe the physical
processes of the interaction of ionizing radiation with matter.
Besides that, the processes subsequent to the physical
processes, such as the creation of free radicals, are also very
important, as they indirectly damage the DNA, which can lead
to a decrease in the survival fraction of the cells.”"'**~"*

4. CONCLUSIONS

In this study, the synthesis of NaTNT and ZnTNT was
achieved successfully. TEM observations indicated two
potential routes for the internalization of nanotubes in GBM
cells: endocytosis and diffusion. Our findings demonstrated
favorable biocompatibility at the employed concentrations and
exposure durations of ZnTNT, which is a relevant advantage in
disease treatment. It was evident that TNTs could induce
diverse radiosensitization effects across GBM cell lines, which
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might be attributed to their distinct resistance profiles. In
totality, ZnTNT exhibited more promising outcomes when
compared to NaTNT. Combining ZnTNT with ionizing
radiation yielded reduced tumor proliferation, suppressed
colony formation, and induced nucleus alterations in both
GBM cell lines. Importantly, computational simulations using
MCNP6.2 validated our experimental observations by
confirming that incident beam energy transfer was greater in
cases involving TNTSs, substantiating the observed decreases in
cell survival fractions. In conclusion, this study unveiled the
promising potential of zinc-TNTs as a valuable tool in GBM
RT treatment.
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GBM glioblastoma

TNT titanate nanotubes

RT radiotherapy

ZnTNT zinc-modified titanate nanotubes

NaTNT sodium-modified titanate nanotubes

TEM transmission electron microscopy

DEF dose enhancement factor

EDS energy-dispersive spectroscopy

STEM scanning-transmission mode

FTIR Fourier-transform infrared spectroscopy

ICP-MS inductively coupled plasma mass spectrometry
XPS X-ray photoelectron spectroscopy
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bromide solution, cytotoxicity assay

NMA nuclear morphometric assay

MCM Monte Carlo Method

B REFERENCES

(1) Cui, L.; Her, S; Borst, G. R.; Bristow, R. G.; Jaffray, D. A.; Allen,
C. Radiosensitization by gold nanoparticles: Will they ever make it to
the clinic? Radiother. Oncol. 2017, 124, 344—356.

(2) Cui, L,; Her, S.; Dunne, M.; Borst, G. R.; De Souza, R.; Bristow,
R. G,; Jaffray, D. A; Allen, C. Significant Radiation Enhancement
Effects by Gold Nanoparticles in Combination with Cisplatin in
Triple Negative Breast Cancer Cells and Tumor Xenografts. Radiat.
Res. 2017, 187, 147—160.

(3) Kaur, H.; Pujari, G.; Semwal, M. K.; Sarma, A.; Avasthi, D. K. In
vitro studies on radiosensitization effect of glucose capped gold
nanoparticles in photon and ion irradiation of HeLa cells. Nucl
Instrum. Methods Phys. Res., Sect. B 2013, 301, 7—11.

(4) Huang, J; Wang, Q; Chu, L,; Xia, Q. Liposome-chitosan
hydrogel bead delivery system for the encapsulation of linseed oil and
quercetin: Preparation and in vitro characterization studies. LWT
2020, 117, 108615.

(5) Ma, N,; Wu, F. G;; Zhang, X; Jiang, Y. W.; Jia, H. R;; Wang, H.
Y; Li, Y. H; Liu, P; Gu, N,; Chen, Z. Shape-Dependent
Radiosensitization Effect of Gold Nanostructures in Cancer Radio-
therapy: Comparison of Gold Nanoparticles, Nanospikes, and
Nanorods. ACS Appl. Mater. Interfaces 2017, 9, 13037—13048.

(6) Mesbahi, A. A review on gold nanoparticles radiosensitization
effect in radiation therapy of cancer. Rep. Practical Oncol. Radiother.
2010, 15, 176—180.

(7) Cheng, X.; Zhang, X; Liu, P,; Xia, L. Y.; Jiang, Y. W.; Gao, G;
Wang, H. Y,; Li, Y. H; Ma, N; Ran, H. H,; et al. Sequential
Treatment of Cell Cycle Regulator and Nanoradiosensitizer Achieves
Enhanced Radiotherapeutic Outcome. ACS Appl. Bio Mater. 2019, 2,
2050—-2059.

(8) Her, S.; Jaffray, D. A; Allen, C. Gold nanoparticles for
applications in cancer radiotherapy: Mechanisms and recent advance-
ments. Adv. Drug Delivery Rev. 2017, 109, 84—101.

(9) Wang, W.; Zhan, L.; Guo, D.; Xiang, Y.; Tian, M.; Zhang, Y.;
Wu, H; Wei, Y,; Ma, G,; Han, Z. Grape seed proanthocyanidins
inhibit proliferation of pancreatic cancer cells by modulating
microRNA expression. Oncol. Lett. 2019, 17, 2777.

(10) Anselmo, A. C.; Mitragotri, S. Nanoparticles in the clinic: An
update. Bioeng. Transl. Med. 2019, 4, 223.

(11) Bonvalot, S.; Rutkowski, P. L.; Thariat, J.; Carrére, S.;
Ducassou, A.; Sunyach, M. P.; Agoston, P.; Hong, A.; Mervoyer, A,;
Rastrelli, M.; et al. NBTXR3, a first-in-class radioenhancer hafnium
oxide nanoparticle, plus radiotherapy versus radiotherapy alone in
patients with locally advanced soft-tissue sarcoma (Act.In.Sarc): a

https://doi.org/10.1021/acsomega.4c02125
ACS Omega 2024, 9, 29499—-29515


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Micael+Nunes+Melo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joa%CC%83o+Gabriel+Schossler+Lopes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thamiris+Becker+Scheffel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+V.+E.+Caldas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaderson+Costa+da+Costa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernanda+Bueno+Morrone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02125?ref=pdf
https://doi.org/10.1016/j.radonc.2017.07.007
https://doi.org/10.1016/j.radonc.2017.07.007
https://doi.org/10.1667/RR14578.1
https://doi.org/10.1667/RR14578.1
https://doi.org/10.1667/RR14578.1
https://doi.org/10.1016/j.nimb.2013.02.015
https://doi.org/10.1016/j.nimb.2013.02.015
https://doi.org/10.1016/j.nimb.2013.02.015
https://doi.org/10.1016/j.lwt.2019.108615
https://doi.org/10.1016/j.lwt.2019.108615
https://doi.org/10.1016/j.lwt.2019.108615
https://doi.org/10.1021/acsami.7b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1021/acsabm.9b00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.9b00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.9b00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.3892/ol.2019.9887
https://doi.org/10.3892/ol.2019.9887
https://doi.org/10.3892/ol.2019.9887
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1016/S1470-2045(19)30326-2
https://doi.org/10.1016/S1470-2045(19)30326-2
https://doi.org/10.1016/S1470-2045(19)30326-2
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

multicentre, phase 2—3, randomised, controlled trial. Lancet Oncol.
2019, 20, 1148—1159.

(12) National Library of Medicine. Accessed on September 16,
2023, available at: www.ClinicalTrials.gov.

(13) Li, K; Hong, E.; Wang, B.; Wang, Z.; Zhang, L.; Hu, R.; Wang,
B. Advances in the application of upconversion nanoparticles for
detecting and treating cancers. Photodiagnosis Photodyn. Ther. 2019,
25, 177—192.

(14) Taghizadeh, S.; Alimardani, V.; Roudbali, P. L.; Ghasemi, Y.;
Kaviani, E. Gold nanoparticles application in liver cancer. Photo-
diagnosis Photodyn. Ther. 2019, 25, 389—400.

(15) Casal, R. F.; Schwalk, A. J.; Fowlkes, N.; Aburto, R. R.; Norton,
W.; Dixon, K. A; Lin, S.; Shaitelman, S. F.; Chintalapani, G.; Hill, L.
Endobronchial ultrasound-guided injection of NBTXR3 radio-
enhancing nanoparticles into mediastinal and hilar lymph nodes: a
swine model to evaluate feasibility, injection technique, safety,
nanoparticle retention and dispersion. J. Thorac. Dis. 2020, 12,
2317-2324.

(16) Hainfeld, J. F.; Dilmanian, F. A.; Slatkin, D. N.; Smilowitz, H.
M. Radiotherapy enhancement with gold nanoparticles. J. Pharm.
Pharmacol. 2010, 60, 977—98S.

(17) Loiseau, A.; Boudon, J.; Oudot, A.; Moreau, M.; Boidot, R.;
Chassagnon, R.; Mohamed Said, N.; Roux, S.; Mirjolet, C.; Millot, N.
Titanate Nanotubes Engineered with Gold Nanoparticles and
Docetaxel to Enhance Radiotherapy on Xenografted Prostate Tumors.
Cancers 2019, 11, 1962.

(18) Mirjolet, C.; Papa, A.; Créhange, G.; Raguin, O.; Seignez, C.;
Paul, C; Truc, G.; Maingon, P.; Millot, N. The radiosensitization
effect of titanate nanotubes as a new tool in radiation therapy for
glioblastoma: A proof-of-concept. Radiother. Oncol. 2013, 108, 136—
142.

(19) Mirjolet, C.; Boudon, J.; Loiseau, A.; Chevrier, S.; Boidot, R;
Oudot, A.; Collin, B.; Martin, E.; Joy, P.; Millot, N.; et al. Docetaxel-
titanate nanotubes enhance radiosensitivity in an androgen-
independent prostate cancer model. Int. J. Nanomed. 2017, 12,
6357—6364.

(20) Baati, T.; Kefi, B. B,; Aouane, A.; Njim, L; Chaspoul, F;
Heresanu, V.; Kerkeni, A.; Neffati, F.; Hammami, M. Biocompatible
titanate nanotubes with high loading capacity of genistein:
Cytotoxicity study and anti-migratory effect on U87-MG cancer cell
lines. RSC Adv. 2016, 6, 101688—101696.

(21) Camposeco, R; Castillo, S.; Mejia-Centeno, L; Navarrete, J.;
Rodriguez-Gonzalez, V. Behavior of Lewis and Bronsted surface
acidity featured by Ag, Au, Ce, La, Fe, Mn, Pd, Pt, V and W decorated
on protonated titanate nanotubes. Microporous Mesoporous Mater.
2016, 236, 235—243.

(22) Monteiro, W. F.; dos Santos, C. A.; Hoffmann, M. S.; Carone,
C. L; Einloft, S. M.; de Souza, M. O.; Ligabue, R. A. Modified
Titanate Nanotubes for the Production of Novel Aliphatic Polyur-
ethane Nanocomposites. Polym. Compos. 2018, 40, 2292—2300.

(23) Alban, L.; Monteiro, W. F.; Diz, F. M.; Miranda, G. M.; Scheid,
C. M,; Zotti, E. R.; Morrone, F. B.; Ligabue, R. New quercetin-coated
titanate nanotubes and their radiosensitization effect on human
bladder cancer. Mater. Sci. Eng. C 2020, 110, 110662.

(24) Yong, Y.; Zhang, C.; Gu, Z.; D, J.; Guo, Z,; Dong, X; Xie, J.;
Zhang, G.; Liu, X;; Zhao, Y. Polyoxometalate-Based Radiosensitiza-
tion Platform for Treating Hypoxic Tumors by Attenuating
Radioresistance and Enhancing Radiation Response. ACS Nano
2017, 11, 7164—7176.

(25) Li, M.; Zhao, Q.; Yi, X.; Zhong, X,; Song, G.; Chai, Z.; Liu, Z;
Yang, K. Au@MnS@ZnS Core/Shell/Shell Nanoparticles for
Magnetic Resonance Imaging and Enhanced Cancer Radiation
Therapy. ACS Appl. Mater. Interfaces 2016, 8, 9557—9564.

(26) Gao, F.; Shao, T; Yu, Y,; Xiong, Y.; Yang, L. Surface-bound
reactive oxygen species generating nanozymes for selective anti-
bacterial action. Nat. Commun. 2021, 12, 745.

(27) Wiesmann, N.; Kluenker, M.; Demuth, P.; Brenner, W.;
Tremel, W.; Brieger, J. Zinc overload mediated by zinc oxide

nanoparticles as innovative anti-tumor agent. J. Trace Elem. Med. Biol.
2019, 51, 226—234.

(28) Velikokhatnyi, O. I; Kumta, P. N. First-principles studies on
alloying and simplified thermodynamic aqueous chemical stability of
calcium-zinc-aluminum-yttrium- and iron-doped magnesium alloys.
Acta Biomater. 2010, 6, 1698—1704.

(29) Su, Y.; Cockerill, I; Wang, Y; Qin, Y. X.; Chang, L.; Zheng, Y.;
Zhu, D. Zinc-Based Biomaterials for Regeneration and Therapy.
Trends Biotechnol. 2019, 37, 428—441.

(30) Altunbek, M.; Kelestemur, S.; Baran, G.; Culha, M. Role of
modification route for zinc oxide nanoparticles on protein structure
and their effects on glioblastoma cells. Int. J. Biol. Macromol. 2018,
118, 271-278.

(31) Yang, X;; Wu, L.; Ma, L;; Li, X.; Wang, T.; Liao, S. Pd nano-
particles (NPs) confined in titanate nanotubes (TNTs) for hydro-
genation of cinnamaldehyde. Catal. Commun. 2015, 59, 184—188.

(32) Szuster-Ciesielska, A.; Stachura, A.; Stotwinska, M.; Kaminska,
T,; énie'zko, R.; Paduch, R; Abramczyk, D.; Filar, J.; Kandefer-
Szerszen, M. The inhibitory effect of zinc on cadmium-induced cell
apoptosis and reactive oxygen species (ROS) production in cell
cultures. Toxicology 2000, 145, 159—171.

(33) Song, W.; Zhang, J.; Guo, J.; Zhang, J.; Ding, F.; Li, L.; Sun, Z.
Role of the dissolved zinc ion and reactive oxygen species in
cytotoxicity of ZnO nanoparticles. Towxicol. Lett. 2010, 199, 389—397.

(34) Bishop, G. M.; Dringen, R.; Robinson, S. R. Zinc stimulates the
production of toxic reactive oxygen species (ROS) and inhibits
glutathione reductase in astrocytes. Free Radical Biol. Med. 2007, 42,
1222—-1230.

(35) Weber, M. J. Inorganic scintillators: today and tomorrow. J.
Lumin. 2002, 100, 35—45.

(36) Generalov, R.; Kuan, W. B.; Chen, W.; Kristensen, S.; Juzenas,
P. Radiosensitizing effect of zinc oxide and silica nanocomposites on
cancer cells. Colloids Surf, B 2018, 129, 79—86.

(37) Morshed, R. A.; Cheng, Y.; Auffinger, B.; Wegscheid, M. L.;
Lesniak, M. S. The potential of polymeric micelles in the context of
glioblastoma therapy. Front. Pharmacol 2013, 4, 1—15.

(38) Tanase, C.; Enciu, A. M.; Mihai, S.; Neagu, A.; Calenic, B;
Cruceru, M. Anti-cancer Therapies in High Grade Gliomas. Curr.
Proteomics 2013, 10, 246—260.

(39) Nesselhut, J.; Marx, D.; Cillien, N.; Chang, R. Y.; Brockmann,
W. P; Martin, M.; Nesselhut, T. Comparison of early versus late onset
of cellular immunotherapy in glioblastoma multiforme WHO IV. J.
Clin. Oncol. 2017, 35, No. e13531.

(40) Lee, S. Y. Temozolomide resistance in glioblastoma multiforme.
Genes Dis. 2016, 3, 198—210.

(41) Rivera, M.; Sukhdeo, K; Yu, J. Ionizing Radiation in
Glioblastoma Initiating Cells. Front. Oncol. 2013, 3..

(42) Ozdemir-Kaynak, E.; Qutub, A. A.; Yesil-Celiktas, O. Advances
in glioblastoma multiforme treatment: New models for nanoparticle
therapy. Front. Physiol. 2018, 9, 1—14.

(43) Choi, J; Kim, G.; Cho, S. B.; Im, H.-J. Radiosensitizing high-Z
metal nanoparticles for enhanced radiotherapy of glioblastoma
multiforme. J. Nanobiotechnol. 2020, 18, 122.

(44) Chen, M.-H,; Liu, T.-Y; Chen, Y.-C.; Chen, M.-H. Combining
Augmented Radiotherapy and Immunotherapy through a Nano-Gold
and Bacterial Outer-Membrane Vesicle Complex for the Treatment of
Glioblastoma. Nanomaterials 2021, 11, 1661.

(45) Wiwatchaitawee, K.; Quarterman, J. C.; Geary, S. M.; Salem, A.
K. Enhancement of Therapies for Glioblastoma (GBM) Using
Nanoparticle-based Delivery Systems. AAPS PharmSciTech 2021,
22, 71.

(46) Hsu, J.-F,; Chu, S. M,; Liao, C. C.; Wang, C. J.; Wang, Y. S;
Lai, M. Y,; Wang, H. C,; Huang, H. R,; Tsai, M. H. Nanotechnology
and Nanocarrier-Based Drug Delivery as the Potential Therapeutic
Strategy for Glioblastoma Multiforme: An Update. Cancers 2021, 13,
19S.

(47) Hainfeld, J. F.; Ridwan, S. M.; Stanishevskiy, Y.; Smilowitz, H.
M. Todine Nanoparticles (Niodx™) for Radiotherapy Enhancement

https://doi.org/10.1021/acsomega.4c02125
ACS Omega 2024, 9, 29499—-29515


https://doi.org/10.1016/S1470-2045(19)30326-2
http://www.ClinicalTrials.gov
https://doi.org/10.1016/j.pdpdt.2018.12.007
https://doi.org/10.1016/j.pdpdt.2018.12.007
https://doi.org/10.1016/j.pdpdt.2019.01.027
https://doi.org/10.21037/jtd.2020.03.100
https://doi.org/10.21037/jtd.2020.03.100
https://doi.org/10.21037/jtd.2020.03.100
https://doi.org/10.21037/jtd.2020.03.100
https://doi.org/10.1211/jpp.60.8.0005
https://doi.org/10.3390/cancers11121962
https://doi.org/10.3390/cancers11121962
https://doi.org/10.1016/j.radonc.2013.04.004
https://doi.org/10.1016/j.radonc.2013.04.004
https://doi.org/10.1016/j.radonc.2013.04.004
https://doi.org/10.2147/IJN.S139167
https://doi.org/10.2147/IJN.S139167
https://doi.org/10.2147/IJN.S139167
https://doi.org/10.1039/C6RA24569B
https://doi.org/10.1039/C6RA24569B
https://doi.org/10.1039/C6RA24569B
https://doi.org/10.1039/C6RA24569B
https://doi.org/10.1016/j.micromeso.2016.08.033
https://doi.org/10.1016/j.micromeso.2016.08.033
https://doi.org/10.1016/j.micromeso.2016.08.033
https://doi.org/10.1002/pc.25038
https://doi.org/10.1002/pc.25038
https://doi.org/10.1002/pc.25038
https://doi.org/10.1016/j.msec.2020.110662
https://doi.org/10.1016/j.msec.2020.110662
https://doi.org/10.1016/j.msec.2020.110662
https://doi.org/10.1021/acsnano.7b03037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-20965-3
https://doi.org/10.1038/s41467-021-20965-3
https://doi.org/10.1038/s41467-021-20965-3
https://doi.org/10.1016/j.jtemb.2018.08.002
https://doi.org/10.1016/j.jtemb.2018.08.002
https://doi.org/10.1016/j.actbio.2009.08.016
https://doi.org/10.1016/j.actbio.2009.08.016
https://doi.org/10.1016/j.actbio.2009.08.016
https://doi.org/10.1016/j.tibtech.2018.10.009
https://doi.org/10.1016/j.ijbiomac.2018.06.059
https://doi.org/10.1016/j.ijbiomac.2018.06.059
https://doi.org/10.1016/j.ijbiomac.2018.06.059
https://doi.org/10.1016/j.catcom.2014.10.031
https://doi.org/10.1016/j.catcom.2014.10.031
https://doi.org/10.1016/j.catcom.2014.10.031
https://doi.org/10.1016/S0300-483X(00)00144-X
https://doi.org/10.1016/S0300-483X(00)00144-X
https://doi.org/10.1016/S0300-483X(00)00144-X
https://doi.org/10.1016/j.toxlet.2010.10.003
https://doi.org/10.1016/j.toxlet.2010.10.003
https://doi.org/10.1016/j.freeradbiomed.2007.01.022
https://doi.org/10.1016/j.freeradbiomed.2007.01.022
https://doi.org/10.1016/j.freeradbiomed.2007.01.022
https://doi.org/10.1016/S0022-2313(02)00423-4
https://doi.org/10.1016/j.colsurfb.2015.03.026
https://doi.org/10.1016/j.colsurfb.2015.03.026
https://doi.org/10.3389/fphar.2013.00157
https://doi.org/10.3389/fphar.2013.00157
https://doi.org/10.2174/1570164611310030007
https://doi.org/10.1200/jco.2017.35.15_suppl.e13531
https://doi.org/10.1200/jco.2017.35.15_suppl.e13531
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.3389/fonc.2013.00074
https://doi.org/10.3389/fonc.2013.00074
https://doi.org/10.3389/fphys.2018.00170
https://doi.org/10.3389/fphys.2018.00170
https://doi.org/10.3389/fphys.2018.00170
https://doi.org/10.1186/s12951-020-00684-5
https://doi.org/10.1186/s12951-020-00684-5
https://doi.org/10.1186/s12951-020-00684-5
https://doi.org/10.3390/nano11071661
https://doi.org/10.3390/nano11071661
https://doi.org/10.3390/nano11071661
https://doi.org/10.3390/nano11071661
https://doi.org/10.1208/s12249-021-01928-9
https://doi.org/10.1208/s12249-021-01928-9
https://doi.org/10.3390/cancers13020195
https://doi.org/10.3390/cancers13020195
https://doi.org/10.3390/cancers13020195
https://doi.org/10.3390/pharmaceutics14030508
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

of Glioblastoma and Other Cancers: An NCI Nanotechnology
Characterization Laboratory Study. Pharmaceutics 2022, 14, 508.

(48) Li, D,; Zhao, J.; Ma, J; Yang, H.; Zhang, X;; Cao, Y,; Liu, P.
GMTS8 aptamer conjugated PEGylated Ag@Au core-shell nano-
particles as a novel radiosensitizer for targeted radiotherapy of glioma.
Colloids Surf, B 2022, 211, 112330.

(49) Chiang, C.-S.; Shih, L J.; Shueng, P. W.; Kao, M.; Zhang, L. W,;
Chen, S. F,; Chen, M. H,; Liu, T. Y. Tumor cell-targeting radiotherapy
in the treatment of glioblastoma multiforme using linear accelerators.
Acta Biomater. 2021, 125, 300—311.

(50) Zhao, J.; Li, D.; Ma, J; Yang, H.; Chen, W,; Cao, Y; Liu, P.
Increasing the accumulation of aptamer AS1411 and verapamil
conjugated silver nanoparticles in tumor cells to enhance the
radiosensitivity of glioma. Nanotechnology 2021, 32, 145102.

(51) Vassiliev, O. N. Monte Carlo Methods for Radiation Transport:
Fundamentals and Advanced Topics; Biological and Medical Physics,
Biomedical Engineering; Springer International Publishing, 2017.

(52) Goorley, T.; James, M.; Booth, T.; Brown, F.; Bull, J.; Cox, L. J;
Durkee, J.; Elson, J.; Fensin, M.; Forster, R. A; et al. Initial MCNP6
Release Overview. Nucl. Technol. 2012, 180, 298—315.

(53) RSICC-Radiation Safety Information Computational Center.
MCNP User's Manual—Code Version 6.2; Los Alamos National
Laboratory: Los Alamos, NM, 2017.

(54) Monteiro, W. F.; dos Santos, C. A. B.; Einloft, S.; Oberson, M.;
Carone, C. L. P,; Ligabue, R. A. Preparation of Modified Titanate
Nanotubes and Its Application in Polyurethane Nanocomposites.
Macromol. Symp. 2016, 368, 93—97.

(55) Lima, G. R.; Monteiro, W. F.; Ligabue, R.; Santana, R. M. C.
Titanate Nanotubes as New Nanostrutured Catalyst for Depolyme-
rization of PET by Glycolysis Reaction. Mater. Res. 2017, 20, 588—
59S.

(56) Nicoletti, N. F.; Erig, T. C.; Zanin, R. F.; Roxo, M. R;; Ferreira,
N. P;; Gomez, M. V.,; Morrone, F. B.;; Campos, M. M. Pre-clinical
evaluation of voltage-gated calcium channel blockers derived from the
spider P. nigriventer in glioma progression. Toxicon 2017, 129, 58—
67.

(57) Rockenbach, L.; Bavaresco, L.; Fernandes Farias, P.; Cappellari,
A. R,; Barrios, C. H.; Bueno Morrone, F.; Oliveira Battastini, A. M.
Alterations in the extracellular catabolism of nucleotides are involved
in the antiproliferative effect of quercetin in human bladder cancer
T24 cells. Urol. Oncol.: Semin. Orig. Invest. 2013, 31, 1204—1211.

(58) Salah, M.; Akasaka, H.; Shimizu, Y.; Morita, K.; Nishimura, Y.;
Kubota, H.; Kawaguchi, H.; Sogawa, T.; Mukumoto, N.; Ogino, C,;
et al. Reactive oxygen species-inducing titanium peroxide nano-
particles as promising radiosensitizers for eliminating pancreatic
cancer stem cells. J. Exp. Clin. Cancer Res. 2022, 41, 146.

(59) Abdul Rashid, R; Zainal Abidin, S.; Khairil Anuar, M. A,;
Tominaga, T.; Akasaka, H.; Sasaki, R; Kie, K; Abdul Razak, K;
Pham, B. T.; Hawkett, B. S.; et al. Radiosensitization effects and ROS
generation by high Z metallic nanoparticles on human colon
carcinoma cell (HCT116) irradiated under 150 MeV proton beam.
OpenNano 2019, 4, 100027.

(60) Dietrich, F.; Figueiré, F.; Filippi-Chiela, E. C.; Cappellari, A. R;
Rockenbach, L.; Tremblay, A.; de Paula, P. B.; Roesler, R; Filho, A.
B.; Sévigny, J.; et al. Ecto-5'-nucleotidase/CD73 contributes to the
radiosensitivity of T24 human bladder cancer cell line. J. Cancer Res.
Clin. Oncol. 2018, 144, 469—482.

(61) Filippi-Chiela, E. C.; Oliveira, M. M.; Jurkovski, B.; Callegari-
Jacques, S. M,; Silva, V. D. d.; Lenz, G. Nuclear Morphometric
Analysis (NMA): Screening of Senescence, Apoptosis and Nuclear
Irregularities. PLoS One 2012, 7, No. e42522.

(62) Vargas, J. E.; Puga, R; Lenz, G.; Trindade, C.; Filippi-Chiela, E.
Cellular Mechanisms Triggered by the Cotreatment of Resveratrol
and Doxorubicin in Breast Cancer: A Translational In Vitro-In Silico
Model. Oxid. Med. Cell. Longev. 2020, 2020, 1-23.

(63) Franken, N. A. P.,; Rodermond, H. M,; Stap, J.; Haveman, J;
van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, I,
2315-2319.

(64) White, M. C. Photoatomic Data Library MCPLIB04: A New
Photoatomic Library Based on Data from ENDF/B-VI Release 8; Los
Alamos National Laboratory, Los Alamos National Laboratory
Internal Memorandum X-5: Los Alamos, NM, 2002; MCW-02—111.

(65) Louca, M.; Stylianou, A.; Minia, A.; Pliaka, V.; Alexopoulos, L.
G.; Gkretsi, V.; Stylianopoulos, T. Ras suppressor-1 (RSU-1)
promotes cell invasion in aggressive glioma cells and inhibits it in
non-aggressive cells through STAT6 phospho-regulation. Sci. Rep.
2019, 9, 7782.

(66) Bangasser, B. L.; Shamsan, G. A.; Chan, C. E.; Opoku, K. N;
Tiuzel, E.; Schlichtmann, B. W.; Kasim, J. A, Fuller, B. J;
McCullough, B. R.; Rosenfeld, S. S.; et al. Shifting the optimal
stiffness for cell migration. Nat. Commun. 2017, 8, 15313.

(67) ICPR-International Commission on Radiological Protection. A
Framework for Assessing the Impact of Ionising Radiation on NonHuman
Species: ICRP Publication 91, Annals of the ICRP; ICRP, 2003; Vol. 33.

(68) ICRP Environmental Protection: the Concept and Use of Reference
Animals and Plants; ICRP, 2008.

(69) Mansouri, E.; Mesbahi, A; Hejazi, M. S; Tarhriz, V,;
Hamishehkar, H.; Seyednejad, F. A Comprehensive Analysis of
Radiosensitization Properties of Metallic Nanoparticles in Brachy-
therapy of Gastric Adenocarcinoma by I-125 Seed: A Simulation
Study by MCNPX and MCNP6 Codes. Magnetochemistry 2022, 8, 97.

(70) Cho, S. H,; Jones, B. L.; Krishnan, S. The dosimetric feasibility
of gold nanoparticle-aided radiation therapy (GNRT) via brachyther-
apy using low-energy gamma-/x-ray sources. Phys. Med. Biol. 2009, 54,
4889—4908.

(71) Hao, J.; Godley, A.; Shoemake, J. D.; Han, Z.; Magnelli, A;; Yu,
J. S. The effects of extra high dose rate irradiation on glioma stem-like
cells. PLoS One 2018, 13, No. e0202533.

(72) Saber, M. M.; Mirtajani, S. B.; Karimzadeh, K. Green synthesis
of silver nanoparticles using Trapa natans extract and their anticancer
activity against A431 human skin cancer cells. J. Drug Delivery Sci.
Technol. 2018, 47, 375—379.

(73) Mozia, S.; Borowiak-Palef, E.; Przepiérski, J; Grzmil, B;
Tsumura, T.; Toyoda, M.; Grzechulska-Damszel, J.; Morawski, A. W.
Physico-chemical properties and possible photocatalytic applications
of titanate nanotubes synthesized via hydrothermal method. J. Phys.
Chem. Solids 2010, 71, 263—272.

(74) Martinez-Klimov, M. E.; Hernandez-Hipélito, P.; Klimova, T.
E; Solis-Casados, D. A.; Martinez-Garcia, M. Development of
reusable palladium catalysts supported on hydrogen titanate nano-
tubes for the Heck reaction. J. Catal. 2016, 342, 138—150.

(75) Wang, Q.; Kang, W.; Zhang, Y.; Yang, X; Yao, J.; Chen, T,;
Wang, G. Solvent-free thermal decomposition of methylenediphenyl
di(phenylcarbamate) catalyzed by nano-Cu20O. Chin. J. Catal. 2013,
34, 548—S5S8.

(76) Monteiro, W. F.; dos Santos, C. A.; Hoffmann, M. S.; Carone,
C. L, Einloft, S. M.; de Souza, M. O.; Ligabue, R. A. Modified titanate
nanotubes for the production of novel aliphatic polyurethane
nanocomposites. Polym. Compos. 2019, 40, 2292—2300.

(77) Ranjous, Y.; Regdon, G.; Pintye-Hédi, K; Sovény, T.
Standpoint on the priority of TNTs and CNTs as targeted drug
delivery systems. Drug Discovery Today 2019, 24, 1704—1709.

(78) Papa, A.-L; Dumont, L.; Vandroux, D.; Millot, N. Titanate
nanotubes: towards a novel and safer nanovector for cardiomyocytes.
Nanotoxicology 2013, 7, 1131—1142.

(79) Surendra, T. V.; Roopan, S. M.; Al-Dhabi, N. A.; Arasu, M. V,;
Sarkar, G.; Suthindhiran, K. Vegetable Peel Waste for the Production
of ZnO Nanoparticles and its Toxicological Efficiency, Antifungal,
Hemolytic, and Antibacterial Activities. Nanoscale Res. Lett. 2016, 11,
546.

(80) Sruthi, S.; Loiseau, A.; Boudon, J.; Sallem, F.; Maurizi, L.;
Mohanan, P.; Lizard, G.; Millot, N. In vitro interaction and
biocompatibility of titanate nanotubes with microglial cells. Towxicol.
Appl. Pharmacol. 2018, 353, 74—86.

(81) Gusmaio, S. B.; Ghosh, A.; Marques, T. M,; Vieira, L. H. S.;
Ferreira, O. P.; Silva-Filho, E. C.; Lobo, A. O.; Osajima, J. A.; Viana,
B. C. Titanate-based one-dimensional nano-heterostructure: Study of

https://doi.org/10.1021/acsomega.4c02125
ACS Omega 2024, 9, 29499—-29515


https://doi.org/10.3390/pharmaceutics14030508
https://doi.org/10.3390/pharmaceutics14030508
https://doi.org/10.1016/j.colsurfb.2022.112330
https://doi.org/10.1016/j.colsurfb.2022.112330
https://doi.org/10.1016/j.actbio.2021.02.019
https://doi.org/10.1016/j.actbio.2021.02.019
https://doi.org/10.1088/1361-6528/abd20a
https://doi.org/10.1088/1361-6528/abd20a
https://doi.org/10.1088/1361-6528/abd20a
https://doi.org/10.13182/NT11-135
https://doi.org/10.13182/NT11-135
https://doi.org/10.1002/masy.201500146
https://doi.org/10.1002/masy.201500146
https://doi.org/10.1590/1980-5373-mr-2017-0645
https://doi.org/10.1590/1980-5373-mr-2017-0645
https://doi.org/10.1016/j.toxicon.2017.02.001
https://doi.org/10.1016/j.toxicon.2017.02.001
https://doi.org/10.1016/j.toxicon.2017.02.001
https://doi.org/10.1016/j.urolonc.2011.10.009
https://doi.org/10.1016/j.urolonc.2011.10.009
https://doi.org/10.1016/j.urolonc.2011.10.009
https://doi.org/10.1186/s13046-022-02358-6
https://doi.org/10.1186/s13046-022-02358-6
https://doi.org/10.1186/s13046-022-02358-6
https://doi.org/10.1016/j.onano.2018.100027
https://doi.org/10.1016/j.onano.2018.100027
https://doi.org/10.1016/j.onano.2018.100027
https://doi.org/10.1007/s00432-017-2567-3
https://doi.org/10.1007/s00432-017-2567-3
https://doi.org/10.1371/journal.pone.0042522
https://doi.org/10.1371/journal.pone.0042522
https://doi.org/10.1371/journal.pone.0042522
https://doi.org/10.1155/2020/5432651
https://doi.org/10.1155/2020/5432651
https://doi.org/10.1155/2020/5432651
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/s41598-019-44200-8
https://doi.org/10.1038/s41598-019-44200-8
https://doi.org/10.1038/s41598-019-44200-8
https://doi.org/10.1038/ncomms15313
https://doi.org/10.1038/ncomms15313
https://doi.org/10.3390/magnetochemistry8090097
https://doi.org/10.3390/magnetochemistry8090097
https://doi.org/10.3390/magnetochemistry8090097
https://doi.org/10.3390/magnetochemistry8090097
https://doi.org/10.1088/0031-9155/54/16/004
https://doi.org/10.1088/0031-9155/54/16/004
https://doi.org/10.1088/0031-9155/54/16/004
https://doi.org/10.1371/journal.pone.0202533
https://doi.org/10.1371/journal.pone.0202533
https://doi.org/10.1016/j.jddst.2018.08.004
https://doi.org/10.1016/j.jddst.2018.08.004
https://doi.org/10.1016/j.jddst.2018.08.004
https://doi.org/10.1016/j.jpcs.2009.12.074
https://doi.org/10.1016/j.jpcs.2009.12.074
https://doi.org/10.1016/j.jcat.2016.07.019
https://doi.org/10.1016/j.jcat.2016.07.019
https://doi.org/10.1016/j.jcat.2016.07.019
https://doi.org/10.1016/S1872-2067(11)60494-4
https://doi.org/10.1016/S1872-2067(11)60494-4
https://doi.org/10.1002/pc.25038
https://doi.org/10.1002/pc.25038
https://doi.org/10.1002/pc.25038
https://doi.org/10.1016/j.drudis.2019.05.019
https://doi.org/10.1016/j.drudis.2019.05.019
https://doi.org/10.3109/17435390.2012.710661
https://doi.org/10.3109/17435390.2012.710661
https://doi.org/10.1186/s11671-016-1750-9
https://doi.org/10.1186/s11671-016-1750-9
https://doi.org/10.1186/s11671-016-1750-9
https://doi.org/10.1016/j.taap.2018.06.013
https://doi.org/10.1016/j.taap.2018.06.013
https://doi.org/10.1016/j.solidstatesciences.2019.106043
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

hydrothermal reaction parameters for improved photocatalytic
application. Solid State Sci. 2019, 98, 106043.

(82) Chen, A.; Zhao, T.; Gao, H.; Chen, L.; Chen, J.; Yu, Y. Titanate
nanotube-promoted chemical fixation of carbon dioxide to cyclic
carbonate: a combined experimental and computational study. Catal.
Sci. Technol. 2016, 6, 780—790.

(83) Qiu, Y.; Liu, Y.; Wang, L.; Xu, L,; Bai, R; Ji, Y.; Wu, X.; Zhao,
Y,; Li, Y; Chen, C. Surface chemistry and aspect ratio mediated
cellular uptake of Au nanorods. Biomaterials 2010, 31, 7606—7619.

(84) Ji, H.; Du, P.; Zhao, D.; Li, S.; Sun, F.; Duin, E. C.; Liu, W. 2D/
1D graphitic carbon nitride/titanate nanotubes heterostructure for
efficient photocatalysis of sulfamethazine under solar light: Catalytic
“hot spots” at the rutile-anatase-titanate interfaces. Appl. Catal, B
2020, 263, 118357.

(85) Souza, H. T. S; Oliveira, S. A. A.; Souza, J. S. Modulating the
photocatalytic activity of Ag nanoparticles-titanate nanotubes
heterojunctions through control of microwave-assisted synthesis
conditions. J. Photochem. Photobiol., A 2020, 390, 112264.

(86) Kanakkillam, S. S.; Shaji, S.; Krishnan, B.; Vazquez-Rodriguez,
S.; Martinez, J. A.; Palma, M. M.; Avellaneda, D. Nanoflakes of zinc
oxide:cobalt oxide composites by pulsed laser fragmentation for
visible light photocatalysis. Appl. Surf. Sci. 2020, 501, 144223.

(87) Ammerman, N. C.; Beier-Sexton, M.; Azad, A. F. Growth and
Maintenance of Vero Cell Lines. In Current Protocols in Microbiology;
John Wiley & Sons, Inc., 2008.

(88) Magrez, A.; Horvath, L.; Smajda, R.; Salicio, V.; Pasquier, N.;
Forro, L.; Schwaller, B. Cellular toxicity of TiO2-based nanofilaments.
ACS Nano 2009, 3, 2274—2280.

(89) Badea, N,; Craciun, M. M,; Dragomir, A. S.; Balas, M,;
Dinischiotu, A.; Nistor, C.; Gavan, C.; Ionita, D. Systems based on
carbon nanotubes with potential in cancer therapy. Mater. Chem. Phys.
2020, 241, 122435.

(90) Liao, J.; Peng, S.; Long, M.; Zhang, Y.; Yang, H.; Zhang, Y,;
Huang, J. Nano-Bio interactions of clay nanotubes with colon cancer
cells. Colloids Surf, A 2020, 586, 124242.

(91) Mahajan, S.; Patharkar, A.; Kuche, K.; Maheshwari, R.; Deb, P.
K,; Kalia, K; Tekade, R. K. Functionalized carbon nanotubes as
emerging delivery system for the treatment of cancer. Int. J. Pharm.
2018, 548, 540—558.

(92) Sree Latha, T.; Reddy, M. C.; Muthukonda, S. V.; Srikanth, V.
V. S. S,; Lomada, D. In vitro and in vivo evaluation of anti-cancer
activity: Shape-dependent properties of TiO 2 nanostructures. Mater.
Sci. Eng. C 2017, 78, 969—977.

(93) Albanese, A; Tang, P. S; Chan, W. C. W. The Effect of
Nanoparticle Size, Shape, and Surface Chemistry on Biological
Systems. Annu. Rev. Biomed. Eng. 2012, 14, 1—16.

(94) Bisht, G.; Rayamajhi, S. ZnO Nanoparticles: A Promising
Anticancer Agent. Nanobiomedicine 2016, 3, 9.

(95) Faria, H. A. M.; de Queiroz, A. A. A. A novel drug delivery of S-
fluorouracil device based on TiO 2 /ZnS nanotubes. Mater. Sci. Eng. C
2015, 56, 260—268.

(96) Cui, X.; Wan, B,; Yang, Y.; Ren, X;; Guo, L.-H. Length effects
on the dynamic process of cellular uptake and exocytosis of single-
walled carbon nanotubes in murine macrophage cells. Sci. Rep. 2017,
7, 1518.

(97) Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle
design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941—-951.

(98) Iversen, T.-G.; Skotland, T.; Sandvig, K. Endocytosis and
intracellular transport of nanoparticles: Present knowledge and need
for future studies. Nano Today 2011, 6, 176-185.

(99) Haume, K.; Rosa, S.; Grellet, S.; Smialek, M. A.; Butterworth,
K. T.; Solov’yov, A. V.; Prise, K. M.; Golding, J.; Mason, N. J. Gold
nanoparticles for cancer radiotherapy: a review. Cancer Nanotechnol.
2016, 7, 8.

(100) Wang, J.; Wang, H.; Qian, H. Biological effects of radiation on
cancer cells. Mil. Med. Res. 2018, 5, 20.

(101) Gehring, M. P.; Pereira, T. C. B.; Zanin, R. F.; Borges, M. C,;
Filho, A. B.; Battastini, A. M. O.; Bogo, M. R.; Lenz, G.; Campos, M.

M.,; Morrone, F. B. P2X7 receptor activation leads to increased cell
death in a radiosensitive human glioma cell line. Purinergic Signalling
2012, 8, 729—739.

(102) L’Azou, B,; Jorly, J.; On, D.; Sellier, E.; Moisan, F.; Fleury-
Feith, J.; Cambar, J.; Brochard, P.; Ohayon-Courtes, C. In vitro effects
of nanoparticles on renal cells. Part. Fibre Toxicol. 2008, 5, 22.

(103) Baskar, R; Dai, J; Wenlong, N.; Yeo, R; Yeoh, K-W.
Biological response of cancer cells to radiation treatment. Front. Mol.
Biosci. 2014, 1, 1-9.

(104) Hall, E. J. Cancer caused by x-rays-a random event? Lancet
Oncol. 2007, 8, 369—370.

(10S) Ollivier, L.; Padhani, A. R.; Leclére, J. International criteria for
measurement of tumour response. Cancer Imag. 2001, 2, 31-32.

(106) Naidu, M. D.; Mason, J. M.; Pica, R. V,; Fung, H.; Pena, L. A.
Radiation Resistance in Glioma Cells Determined by DNA Damage
Repair Activity of Apel/Ref-1. J. Radiat. Res. 2010, 51, 393—404.

(107) Saraste, A. Morphologic criteria and detection of apoptosis.
Herz 1999, 24, 189—195.

(108) Vakifahmetoglu, H.; Olsson, M.; Zhivotovsky, B. Death
through a tragedy: mitotic catastrophe. Cell Death Differ. 2008, 15,
1153—-1162.

(109) Stevens, F. E.; Beamish, H.; Warrener, R.; Gabrielli, B.
Histone deacetylase inhibitors induce mitotic slippage. Oncogene
2008, 27, 1345—1354.

(110) Zamin, L. L.; Filippi-Chiela, E. C.; Dillenburg-Pilla, P.; Horn,
F.; Salbego, C.; Lenz, G. Resveratrol and quercetin cooperate to
induce senescence-like growth arrest in C6 rat glioma cells. Cancer Sci.
2009, 100, 1655—1662.

(111) Liu, C.-J; Wang, C. H; Chen, S. T.; Chen, H. H.; Leng, W.
H.; Chien, C. C,; Wang, C. L.; Kempson, I. M.; Hwu, Y,; Lai, T. C,;
et al. Enhancement of cell radiation sensitivity by pegylated gold
nanoparticles. Phys. Med. Biol. 2010, S5, 931—945.

(112) Salatin, S.; Yari Khosroushahi, A. Overviews on the cellular
uptake mechanism of polysaccharide colloidal nanoparticles. J. Cell.
Mol. Med. 2017, 21, 1668—1686.

(113) Abou Matar, T.; Karam, P. The Role of Hydrophobicity in the
Cellular Uptake of Negatively Charged Macromolecules. Macromol.
Biosci. 2018, 18, 1700309.

(114) Bao, S; Wu, Q; McLendon, R. E; Hao, Y,; Shi, Q;
Hjelmeland, A. B.; Dewhirst, M. W,; Bigner, D. D.; Rich, J. N. Glioma
stem cells promote radioresistance by preferential activation of the
DNA damage response. Nature 2006, 444, 756—760.

(115) Barry, K. C.; Hsu, J.; Broz, M. L.; Cueto, F. J.; Binnewies, M.;
Combes, A. J.; Nelson, A. E.; Loo, K.; Kumar, R.; Rosenblum, M. D;
et al. A natural killer-dendritic cell axis defines checkpoint therapy-
responsive tumor microenvironments. Nat. Med. 2018, 24, 1178—
1191.

(116) Dillehay, L. E. A Model of Cell Killing by Low-Dose-Rate
Radiation Including Repair of Sublethal Damage, G2 Block, and Cell
Division. 124, 201—207 (1990).

(117) Matsuya, Y.,; McMahon, S. J; Tsutsumi, K; Sasaki, K;
Okuyama, G.; Yoshii, Y.; Mori, R;; Oikawa, J.; Prise, K. M.; Date, H.
Investigation of dose-rate effects and cell-cycle distribution under
protracted exposure to ionizing radiation for various dose-rates. Sci.
Rep. 2018, 8, 8287.

(118) Cheng, K; Sano, M.; Jenkins, C. H.; Zhang, G.; Vernekohl,
D.; Zhao, W; Wei, C; Zhang, Y,; Zhang, Z. Liu, Y. et al
Synergistically Enhancing the Therapeutic Effect of Radiation
Therapy with Radiation Activatable and Reactive Oxygen Species-
Releasing Nanostructures. ACS Nano 2018, 12, 4946—4958.

(119) Bai, D.-P,; Zhang, X.-F; Zhang, G.L; Huang, Y.-F;
Gurunathan, S. Zinc oxide nanoparticles induce apoptosis and
autophagy in human ovarian cancer cells. Int. J. Nanomed. 2017, 12,
6521—6535.

(120) Ancona, A.; Dumontel, B; Garino, N.; Demarco, B.;
Chatzitheodoridou, D.; Fazzini, W.; Engelke, H,; Cauda, V. Lipid-
Coated Zinc Oxide Nanoparticles as Innovative ROS-Generators for
Photodynamic Therapy in Cancer Cells. Nanomaterials 2018, 8, 143.

https://doi.org/10.1021/acsomega.4c02125
ACS Omega 2024, 9, 29499—-29515


https://doi.org/10.1016/j.solidstatesciences.2019.106043
https://doi.org/10.1016/j.solidstatesciences.2019.106043
https://doi.org/10.1039/C5CY01024A
https://doi.org/10.1039/C5CY01024A
https://doi.org/10.1039/C5CY01024A
https://doi.org/10.1016/j.biomaterials.2010.06.051
https://doi.org/10.1016/j.biomaterials.2010.06.051
https://doi.org/10.1016/j.apcatb.2019.118357
https://doi.org/10.1016/j.apcatb.2019.118357
https://doi.org/10.1016/j.apcatb.2019.118357
https://doi.org/10.1016/j.apcatb.2019.118357
https://doi.org/10.1016/j.jphotochem.2019.112264
https://doi.org/10.1016/j.jphotochem.2019.112264
https://doi.org/10.1016/j.jphotochem.2019.112264
https://doi.org/10.1016/j.jphotochem.2019.112264
https://doi.org/10.1016/j.apsusc.2019.144223
https://doi.org/10.1016/j.apsusc.2019.144223
https://doi.org/10.1016/j.apsusc.2019.144223
https://doi.org/10.1021/nn9002067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matchemphys.2019.122435
https://doi.org/10.1016/j.matchemphys.2019.122435
https://doi.org/10.1016/j.colsurfa.2019.124242
https://doi.org/10.1016/j.colsurfa.2019.124242
https://doi.org/10.1016/j.ijpharm.2018.07.027
https://doi.org/10.1016/j.ijpharm.2018.07.027
https://doi.org/10.1016/j.msec.2017.04.011
https://doi.org/10.1016/j.msec.2017.04.011
https://doi.org/10.1146/annurev-bioeng-071811-150124
https://doi.org/10.1146/annurev-bioeng-071811-150124
https://doi.org/10.1146/annurev-bioeng-071811-150124
https://doi.org/10.5772/63437
https://doi.org/10.5772/63437
https://doi.org/10.1016/j.msec.2015.06.008
https://doi.org/10.1016/j.msec.2015.06.008
https://doi.org/10.1038/s41598-017-01746-9
https://doi.org/10.1038/s41598-017-01746-9
https://doi.org/10.1038/s41598-017-01746-9
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1016/j.nantod.2011.02.003
https://doi.org/10.1016/j.nantod.2011.02.003
https://doi.org/10.1016/j.nantod.2011.02.003
https://doi.org/10.1186/s12645-016-0021-x
https://doi.org/10.1186/s12645-016-0021-x
https://doi.org/10.1186/s40779-018-0167-4
https://doi.org/10.1186/s40779-018-0167-4
https://doi.org/10.1007/s11302-012-9319-2
https://doi.org/10.1007/s11302-012-9319-2
https://doi.org/10.1186/1743-8977-5-22
https://doi.org/10.1186/1743-8977-5-22
https://doi.org/10.3389/fmolb.2014.00024
https://doi.org/10.1016/S1470-2045(07)70113-4
https://doi.org/10.1102/1470-7330.2001.017
https://doi.org/10.1102/1470-7330.2001.017
https://doi.org/10.1269/jrr.09077
https://doi.org/10.1269/jrr.09077
https://doi.org/10.1007/BF03044961
https://doi.org/10.1038/cdd.2008.47
https://doi.org/10.1038/cdd.2008.47
https://doi.org/10.1038/sj.onc.1210779
https://doi.org/10.1111/j.1349-7006.2009.01215.x
https://doi.org/10.1111/j.1349-7006.2009.01215.x
https://doi.org/10.1088/0031-9155/55/4/002
https://doi.org/10.1088/0031-9155/55/4/002
https://doi.org/10.1111/jcmm.13110
https://doi.org/10.1111/jcmm.13110
https://doi.org/10.1002/mabi.201700309
https://doi.org/10.1002/mabi.201700309
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/s41591-018-0085-8
https://doi.org/10.1038/s41591-018-0085-8
https://doi.org/10.2307/3577867
https://doi.org/10.2307/3577867
https://doi.org/10.2307/3577867
https://doi.org/10.1038/s41598-018-26556-5
https://doi.org/10.1038/s41598-018-26556-5
https://doi.org/10.1021/acsnano.8b02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S140071
https://doi.org/10.2147/IJN.S140071
https://doi.org/10.3390/nano8030143
https://doi.org/10.3390/nano8030143
https://doi.org/10.3390/nano8030143
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(121) Ann, L. C; Mahmud, S.; Seeni, A,; Bakhori, S. K. M,
Sirelkhatim, A.; Mohamad, D.; Hasan, H. Structural morphology and
in vitro toxicity studies of nano- and micro-sized zinc oxide structures.
J. Environ. Chem. Eng. 2018, 3, 436—444.

(122) Zangeneh, M.; Nedaei, H. A.; Mozdarani, H;
Mahmoudzadeh, A.; Salimi, M. Enhanced cytotoxic and genotoxic
effects of gadolinium-doped ZnO nanoparticles on irradiated lung
cancer cells at megavoltage radiation energies. Mater. Sci. Eng. C 2019,
103, 109739.

(123) Chow, J. C. L. Recent progress in Monte Carlo simulation on
gold nanoparticle radiosensitization. AIMS Biophys. 2018, 5, 231—
244,

(124) Cai, Z; Pignol, J.-P; Chan, C.; Reilly, R. M. Cellular
Dosimetry of ! In Using Monte Carlo N-Particle Computer Code:
Comparison with Analytic Methods and Correlation with In Vitro
Cytotoxicity. J. Nucl. Med. 2010, 51, 462—470.

(125) Jones, B. L.; Krishnan, S.; Cho, S. H. Estimation of
microscopic dose enhancement factor around gold nanoparticles by
Monte Carlo calculations. Med. Phys. 2010, 37, 3809—3816.

(126) Lechtman, E.; Mashouf, S.; Chattopadhyay, N.; Keller, B. M.;
Lai, P.; Cai, Z.; Reilly, R. M.; Pignol, J. P. A Monte Carlo-based model
of gold nanoparticle radiosensitization accounting for increased
radiobiological effectiveness. Phys. Med. Biol. 2013, 58, 3075—3087.

29515

https://doi.org/10.1021/acsomega.4c02125
ACS Omega 2024, 9, 29499—-29515


https://doi.org/10.1016/j.jece.2014.12.015
https://doi.org/10.1016/j.jece.2014.12.015
https://doi.org/10.1016/j.msec.2019.109739
https://doi.org/10.1016/j.msec.2019.109739
https://doi.org/10.1016/j.msec.2019.109739
https://doi.org/10.3934/biophy.2018.4.231
https://doi.org/10.3934/biophy.2018.4.231
https://doi.org/10.2967/jnumed.109.063156
https://doi.org/10.2967/jnumed.109.063156
https://doi.org/10.2967/jnumed.109.063156
https://doi.org/10.2967/jnumed.109.063156
https://doi.org/10.1118/1.3455703
https://doi.org/10.1118/1.3455703
https://doi.org/10.1118/1.3455703
https://doi.org/10.1088/0031-9155/58/10/3075
https://doi.org/10.1088/0031-9155/58/10/3075
https://doi.org/10.1088/0031-9155/58/10/3075
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

