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Radiation therapy is routinely utilized in cancer treatment, often in combination with chemotherapy, but is
limited by collateral damage to healthy tissues and radioresistance of some tumors. Radiosensitizing agents
can enhance tumor cell susceptibility to ionizing radiation, allowing effective treatment at lower doses.
High-atomic-number metal-based nanoparticles, such as hafnium oxide (HfO,NP), can locally amplify
the impact of ionizing radiation on cancer cells, augment the radiation-triggered generation of reactive
electrons and oxygen species (ROS), induce DNA damage, and ultimately lead to cell death. We
hypothesized that this effect can be further enhanced by histone deacetylase (HDAC) inhibitors, which
maintain the chromatin in a relaxed state and render the DNA more accessible to genotoxic stress. In
this study, we found that HfO,NPs and the HDAC inhibitor, when combined with irradiation, induced
significantly higher ROS production, massively reduced mitochondrial membrane potential, and
increased DNA double-strand break formation in cancer cells compared to untreated or single-agent-
treated cells. These effects led to a marked reduction in colony-forming potential in both 2D and 3D
models and induced significant apoptosis. No cytotoxicity was observed in hon-cancerous fibroblasts.
HfO,NPs and the tested HDAC inhibitor form a remarkably efficient cancer-selective radiosensitizing
combination, where the enzyme inhibitor facilitates the irradiation-induced DNA-damaging potential of
the nanoparticles. This outstanding multimodal approach can target radioresistant cancer cells, while not
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Introduction

In addition to conventional chemotherapy, radiation therapy is
a commonly used anti-cancer modality that employs ionizing
radiation to reduce the size and the metastatic potential of solid
tumors and enhance the efficiency of chemotherapy. Ionizing
radiation exerts its effects both directly by damaging the
membrane structures and DNA, and indirectly, via the
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underscoring its
radiosensitizing strategy to attenuate cancer cell growth for an improved therapeutic outcome.

potential in a next-generation nanomedicine-based

generation of reactive oxygen species that induce injury to
macromolecules, cellular components, and organelles.
However, as ionizing radiation is not specific to tumors, radia-
tion therapy can provoke undesired side effects due to its
impact on healthy tissues surrounding the tumor. It also carries
a secondary risk of potential carcinogenic effects, in particular
when high-dose radiation is applied. Therefore, to improve the
efficiency of radiotherapy and prevent or minimize the harm to
normal cells, radiosensitizers can be utilized to selectively
augment tumor sensitivity to radiation.*

Metal-based nanoparticles have become increasingly prom-
inent in medicine owing to their distinctive and remarkably
unique physical, chemical, and optical characteristics. One of
their most compelling advantages lies in their ability to
passively and preferentially accumulate in tumor tissues,
a phenomenon facilitated by the enhanced permeability and
retention effect. Additionally, their large specific surface
enables extensive and easy functionalization with targeting
ligands or coating materials to further enhance cancer selec-
tivity while simultaneously avoiding their recognition and
clearance by the immune system. This combination of passive
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and active targeting highlights their growing potential in
oncotherapy.*® Metal-based nanoparticles composed of high-
atomic-number (high-Z) elements are recognized as promising
radiosensitizing agents, capable of significantly amplifying the
damaging effect of ionizing radiation via physical, chemical,
and biological enhancement mechanisms. In the physical
phase of dose enhancement, the interaction between ionizing
radiation and high-Z metal-based nanoparticles induces
a photoelectric effect followed by the Auger cascade and
Compton effect. These interactions result in the ejection of
a cascade of low-energy secondary electrons, both from the
inner and outer electron shells. This in turn amplifies the
localized energy deposition and intensifies radiation-induced
damage at the cellular level. Subsequently, the emitted
secondary electrons along with the primary ionizing radiation
interact with water molecules, leading to the generation of
reactive oxygen species (ROS), which ultimately impose exten-
sive oxidative stress on vital cellular macromolecules, including
DNA, membrane lipids, structural proteins, enzymes, and harm
cellular organelles. The accumulation of uncorrected damages
disrupts essential cellular functions, overwhelms repair mech-
anisms, causes cell cycle arrest, culminating in apoptotic,
necrotic, or other types of cell death.*®

Hafnium oxide nanoparticles (HfO,NPs) have emerged as
outstanding candidates for the purpose of the above-detailed
radiosensitization owing to the intrinsically favorable physico-
chemical properties of hafnium. As a chemically stable metal
with a high atomic number (Z = 72) and electron density,
hafnium is particularly well-suited for enhancing the local
deposition of radiation energy. Among high-Z inorganic nano-
materials, HfO,NPs distinguish themselves by their favorable
biocompatibility, low toxicity, and robust safety profile. Beyond
the promising radiosensitizing capabilities, HfO,NPs offer
valuable multifunctional utility as X-ray and computed tomog-
raphy (CT) imaging contrast agents or as nanocarrier systems
suitable for drug-delivery of chemotherapeutic compounds.
Their surface modifiability, combined with excellent in vitro and
in vivo biocompatibility, enables versatile biomedical applica-
tions.**® The clinical relevance of hafnium-based nanomaterials
is underscored by the development of NBTXR3, a 50 nm-sized,
spherical, phosphate-functionalized HfO,NPs formulation,
which is currently undergoing clinical phase I and II trials.
Furthermore, ongoing research is exploring the impact of
HfO,NPs on many types of solid tumors, including soft tissue
sarcomas, head and neck cancers, and pancreatic
malignancies."" ™ Recent studies have highlighted the immu-
nomodulatory properties of HfO,NPs. Specifically, treatment
with hafnium-based nanoparticles has been shown to poten-
tiate anti-tumor immune responses via activation of the cyclic
GMP-AMP synthase (cGAS) - stimulator of interferon genes
(STING) pathway. This dual functionality, combining localized
radiotherapeutic enhancement with systemic immune activa-
tion, suggests another level of synergistic mechanism that may
broaden the therapeutic impact of hafnium-based
nanoparticles.

A growing number of clinically approved chemotherapeutic
agents are already recognized for their radiosensitizing
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properties. Among these, histone deacetylase (HDAC) inhibitors
- used in the treatment of different types of hematologic
malignancies and solid tumors - stand out as they have
demonstrated a particularly notable capacity to potentiate the
ionizing radiation-induced cytotoxicity. In numerous cancer
types, protein homeostasis becomes dysregulated, a vulnera-
bility that can be therapeutically exploited by HDAC inhibition.
HDAC enzymes regulate the acetylation of histone and non-
histone proteins, influencing protein stability, protein—protein
interactions, binding affinities, and subcellular localization of
proteins.'>"” By modulating the acetylation patterns of certain
proteins, HDAC inhibitors can interfere with key oncogenic
pathways, impair tumor progression, suppress cancer cell
invasion and metastasis, and sensitize cancer cells to other anti-
cancer modalities, including radiation. Mechanistically,
histone deacetylase inhibition has been shown to induce both
apoptosis and autophagy in cancer cells, independent of p53
status, via the modulation of multiple pro-apoptotic and anti-
apoptotic mediators, such as p21 protein, stress-activated
protein kinase (SAPK), B-cell lymphoma 2 (Bcl-2), B-cell
lymphoma extra-large (Bcl-xL), Bax, or tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) proteins.**?” Impor-
tantly, HDAC inhibitors can sensitize tumor cells to irradiation
by disrupting DNA repair pathways. In particular, they down-
regulate critical components of the homologous recombination
and non-homologous end-joining mechanisms, including
Rad51, BRCA2, Rad50, MRE11, Ku70, Ku80, and DNA-PKcs,
thereby impairing the cell's capacity to recover from radiation-
induced DNA damage.”*?** Moreover, the inhibition of HDAC
enzymes results in the hyperacetylation of histone proteins at
the N-terminal lysine residues, leading to chromatin decon-
densation. The relaxed chromatin structure enhances DNA
accessibility and renders it vulnerable and more susceptible to
genotoxic effects, such as ionizing radiation or ROS. Collec-
tively, these multifactorial mechanisms support the strategic
utilization of HDAC inhibitors not only as standalone chemo-
therapeutics but also as effective radiosensitizers within
combinational treatment regimens.***

In two of our previous studies, we demonstrated that HDAC
inhibitors can act as effective chemo- and radiosensitizers when
used in pharmacological co-administration with noble metal-
based nanoparticles. We showed that the HDAC inhibitor tri-
chostatin A (TSA) enhances the cytotoxic effect of silver nano-
particles (AgNPs), while SAHA, another HDAC inhibitor,
synergizes with gold nanoparticles (AuNPs) under ionizing
radiation, resulting in a marked amplification of their radio-
sensitizing effects. These findings led us to propose that HDAC
inhibitors may facilitate chromatin relaxation, thereby
rendering the DNA more accessible to harmful agents,
including silver ions and reactive electrons deriving from noble
metal-based nanoparticles, as well as ionizing radiation, ulti-
mately triggering DNA damage and promoting cancer cell
death. Given the compelling therapeutic synergy observed with
both of the HDAC inhibitor - noble metal-based nanoparticle
combinations, a critical issue arose. Is this valuable enhance-
ment of biological efficacy by HDAC inhibitors restricted to
noble metals, or can it be generalized to other high-Z metal or
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Fig. 1 Schematic workflow describing the cell models, the treatment types, the utilized assays, and the possible biological outcomes.

metal oxide nanoparticles, such as HfO,NPs as well? This
question is particularly relevant as HfO,NPs are already
undergoing clinical evaluations, and elucidating their interac-
tion with HDAC inhibitors may pave the way for a new class of
combinational cancer therapeutic approaches. Therefore, the
present study was undertaken to investigate whether the phar-
macological co-administration of SAHA and hafnium oxide
nanoparticles could enhance the response of cancer cells to
ionizing radiation (Fig. 1). Recognizing the limitations of
conventional 2D cultures in mimicking the tumor microenvi-
ronment, we expanded our investigation to include 3D spheroid
models, which much better recapitulate the structural
complexity, the drug penetration barriers, and radiation
response of solid tumors (Fig. 1). By exploring this combination
across multiple cancer cell lines, we aimed to uncover both the
mechanistic basis and translational relevance of this novel
therapeutic strategy.

Materials and methods
2D and 3D cell cultures

MCF-7 human breast adenocarcinoma and A549 human lung
adenocarcinoma cell lines were employed in the study, as MCF-
7 cells are known for their radiosensitivity, while A549 cells
exhibit radioresistance. Moreover, to test the tumor-specific
effects of the treatments, non-cancerous MRC-5 fibroblasts
were used. MCF-7 cells (ATCC) were cultured in RPMI medium
(Biosera, Cholet, France) supplemented with 10% fetal bovine
serum (FBS, Biosera, Cholet, France), 2 mM glutamine (Biosera,
Cholet, France), 0.01% streptomycin, and 0.005% penicillin
(Biosera, Cholet, France). A549 cells were maintained in Dul-
becco's Modified Eagle Medium (DMEM, Biosera, Cholet,
France) containing 1 g L™" glucose, 10% FBS (Biosera, Cholet,
France), 2 mM glutamine (Biosera, Cholet, France), 0.01%
streptomycin, and 0.005% penicillin (Biosera, Cholet, France).
MRC-5 cells were maintained in MEM medium (Biosera, Cholet,
France) complemented with 10% FBS (Biosera, Cholet, France),
2 mM glutamine (Biosera, Cholet, France), 0.01% streptomycin,
and 0.005% penicillin (Biosera, Cholet, France). All the cell

© 2026 The Author(s). Published by the Royal Society of Chemistry

types were maintained under standard conditions at 37 °C, with
5% CO, and 95% humidity.

To create 3D cell cultures, 10 000 cells/well were seeded into
ultra-low attachment U-bottom 96-well microtiter plates
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). The
plates were then centrifuged at a speed of 1000 rpm for 5
minutes, allowing the cells to settle and aggregate at the bottom
of each well. Following this step, the plates were incubated at
37 °C with 5% CO, and 95% humidity for a duration of one week
to form the spheroids.

Hafnium oxide nanoparticles

HfO, nanoparticles were purchased from Nanografi as a 99.99%
pure powder. The average size of the nearly spherical-shaped
nanoparticles ranged from 55 to 75 nm. To suspend the nano-
particles in distilled water, citrate was added in a 10 : 1 mass (w/
w) ratio to ensure stability. A stock solution with a concentration
of 1200 ug mL ™" was prepared, which was then homogenized by
sonication (LBS1 Ultrasonic bath, Falc Instruments, Treviglio,
Italy) for 15 minutes before each treatment.

Characterization of the nanoparticles

The purchased nanoparticles were subjected to physicochem-
ical characterization to validate their size distribution,
morphology, and surface charge using transmission electron
microscopy (TEM), dynamic light scattering (DLS), and zeta
potential measurements. TEM images were assessed by a FEI
Tecnai G2 20 X-Twin (Hillsboro, OR, USA) transmission electron
microscope at an acceleration voltage of 200 kV. The hydrody-
namic size and surface charge measurements were performed
using a Zetasizer Nano ZS instrument (Malvern, Worcestershire,
UK).

Transmission electron microscopy

To visualize the uptake of HfO,NPs by cancer cells, TEM anal-
ysis was performed. For this, 10° cells were seeded onto 0.4 um
pore size polyester membrane inserts placed in a 24-well plate
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). On
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the following day, the cells were treated with 60 ug mL ™" of
HfO,NPs for 24 hours. Then, cells were washed with PBS and
fixed in 4% glutaraldehyde. Samples were embedded in gelatin
and then sliced into 1-2 mm cubes, which were subsequently
embedded in epoxy (Embed 812, EMS, PA 19440). To identify
the cell monolayer, first semi-thin sections of 1 pum were
prepared, then thin sections of 70 nm were obtained and
stained with uranyl and lead solutions. Images were captured by
a Jeol JEM-1400 electron microscope (Jeol Ltd, Tokyo, Japan)
using 100 kV voltage.

Irradiation

The cells were irradiated at the ELI-ALPS Laser Research Insti-
tute. Irradiation was performed with 250 keV photons produced
by a cell and small animal irradiator (RS320, Xstrahl Limited,
Xstrahl Surrey, UK). The samples were irradiated with 0, 2, and 4
Gy at a dose of 3.65 Gy min~". In all cases, the samples were
placed in a special polymethyl methacrylate plate phantom in
order to ensure the homogeneity of the irradiation. The iso-
center was located in the geometric center of the sample
holders.*® The administered doses were checked with dosi-
metric measurements using film dosimetry (Gafchromic EBT3).
Non-irradiated (0 Gy) cells were also transported to the irradi-
ation site to ensure that the stress experienced during transit
would not lead to differences between the samples.

HfO,NP and SAHA treatments

Cells were divided into four experimental groups based on
nanoparticle and HDAC inhibitor treatments: (1) untreated
control group, (2) cells treated with SAHA alone at a concentra-
tion of 0.3 pM, (3) cells receiving HfO,NPs at a concentration of
60 ug mL ", (4) cells receiving both SAHA (0.3 uM) and HfO,NPs
(60 pg mL™") to assess their combined effects. Nanoparticles
and SAHA were applied as a physical co-treatment, not as
a chemically or physically conjugated nanoformulation. Treat-
ments were applied typically 24 hours after seeding cells into
the plates. Following a 24-hour incubation with the indicated
agents, cells were exposed to ionizing radiation at doses of 0, 2,
or 4 Gy, where 0 Gy means no irradiation was exerted on the
particular samples. This design resulted in a total of 8 or 12
experimental conditions per cell type, depending on whether
two or three different radiation doses were employed. Minor
variations in sample number occurred in a few isolated cases.

MTT cell viability assays

The impact of HfO, nanoparticles on cell viability (without the
presence of SAHA or irradiation) was assessed using the MTT
assay. For this, A549 and MCF-7 cells were seeded (10 000 cells/
well) in 96-well plates, and the next day were treated with
varying concentrations (7.5 ug mL™", 15 pg mL™", 30 ug mL ™",
60 ng mL~', and 120 ug mL~") of HfO,NPs.

To test the effect of SAHA, HfO,NPs, and the combination of
HfO,NPs and SAHA on the viability of A549 and MCF-7 cells, as
well as non-cancerous MRC-5 fibroblasts, 10000 cells were
seeded into a 96-well plate. On the following day, cells were
treated with either 0.3 uM SAHA, 60 pug mL ™" HfO,NPs, or the
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combination of them for 24 hours. In order to evaluate the
impact of ionizing radiation on these cells, the samples were
irradiated with 0, 2, or 4 Gy doses on the next day.

When cells received the appropriate treatment/s for 24
hours, the solutions were removed, and the cells were thor-
oughly washed with PBS. Next, the proper culture medium
containing 0.5 mg mL~ ' MTT reagent (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) was added to the samples, and
the cells were incubated with it for an hour. The resulting
formazan crystals were then dissolved in dimethyl sulfoxide
(DMSO, Molar Chemicals Kft, Halasztelek, Hungary), and the
absorbance of the samples was assessed using a Synergy HTX
plate reader (BioTek, Biotek Instruments Inc, Winooski, VT,
USA) set at 570 nm.

Lactate dehydrogenase-based cytotoxicity assay

The cytotoxic effect of SAHA, HfO,NPs, and their combination
was tested on MRC-5 non-cancerous fibroblast cells by lactate
dehydrogenase (LDH) assay using Cayman LDH Cytotoxicity
Assay Kit (Cayman Chemicals, Ann Arbor, Michigan, USA). For
this, 10 000 MRC-5 cells/well were seeded into 96-well plates. On
the following day, the cells were treated with 0.3 uM of SAHA, 60
pg mL~"! HfO,NPs, or with their combination for 24 hours, then
the samples were irradiated with 0 or 4 Gy doses on the next day.
After a 24-hour incubation, 100 pL of supernatant was trans-
ferred to a new 96-well plate and incubated for 30 minutes with
the LDH reaction solution prepared according to the instruc-
tions of the manufacturer. The absorbance of the samples was
measured with the Synergy HTX plate reader (BioTek, BioTek
Instruments Inc, Winooski, VT, USA) at 490 nm.

Immunocytochemistry

To validate the action of the HDAC inhibitor SAHA on cancer
cells, the level of acetylated lysines (ac-Lys) coupled with tubulin
immunostaining was determined by immunocytochemistry.
Immunocytochemistry was also applied to visualize the DNA
double-strand breaks induced by the treatments. For this, y-
H2AX-specific signals were detected. In both cases, the cells
were plated at a density of 1 x 10° into 24-well plates (VWR,
Radnor, Pennsylvania, USA) on glass coverslips (VWR, Radnor,
Pennsylvania, USA). Treatments with SAHA, HfO,NPs, and their
combination were administered on the following day, and each
treatment lasted for 24 hours. In the case of ac-Lys immuno-
staining, the samples were then fixed in 4% formaldehyde
(Molar Chemicals Kft, Halasztelek, Hungary). For y-H2AX
immunocytochemistry, after incubation with SAHA, HfO,NPs,
or their combination, the cells were also irradiated, and after 1
hour of incubation, the cells were fixed in 4% formaldehyde
(Molar Chemicals Kft, Halasztelek, Hungary).

For the actual immunostaining, the samples were first
washed with PBS and incubated with 0.3% Triton-X-100 solu-
tion (Molar Chemicals, Halasztelek, Hungary) for 20 minutes.
After another wash with PBS, blocking was performed using 5%
bovine serum albumin (BSA, Sigma-Aldrich, St Louis, Missouri,
USA) solution for 20 minutes, followed by additional washing
with PBS. The primary antibodies anti-ac-Lys (Abcam,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cambridge, UK) and anti-phospho-y-H2AX (Ser139, Invitrogen,
Waltham, Massachusetts, USA) were diluted 1:300 in 1% BSA
solution. After 1.5 h incubation at room temperature with the
primary antibody, the samples were washed twice with PBS. The
Alexa-568 or Alexa-488-conjugated (Abcam, Cambridge, UK)
secondary antibodies were prepared in 1:600 dilutions in 1%
BSA solution and were applied onto the samples for 90 minutes.
After this, samples were washed twice with PBS, and the cells
aimed for y-H2AX visualization were stained with 1 pg mL™*
DAPI (Enzo Life Sciences, Farmingdale, New York, USA) diluted
in PBS for 15 minutes before being washed twice with PBS. In
the case of ac-Lys-stained samples, images were taken using an
Olympus BX51 microscope with an Olympus DP70 camera
(Olympus, Tokyo, Japan), while the y-H2AX-stained samples
were examined using an Olympus FV10i confocal microscope
(Olympus, Tokyo, Japan). For enhanced visualization, the
images taken from the y-H2AX-stained samples were digitally
recolored, with Alexa-488 appearing blue and DAPI appearing
red.

Clonogenic assay

To determine the colony-forming capability of the treated cells,
clonogenic assays were performed. For this, cells were seeded in
6-well plates (VWR, Radnor, Pennsylvania, USA) at a density of
700 cells/well and immediately treated with 0.3 uM SAHA, 60 pg
mL ™! HfO,NPs, or a combination of both agents. After 24 hours,
the samples were subjected to irradiation at doses of 0, 2, or 4
Gy and then incubated for one week. After this incubation
period, the colonies were fixed using a solution of 70% ethanol
and 30% acetone, followed by staining with a 0.5% crystal violet
in a 25% methanol solution. Finally, the number of colonies
was counted.

3D tumor cultures were subjected to treatment with 90 ng
mL ™! HfO,NPs, 0.9 uM SAHA, or their combination, and irra-
diated similarly to 2D cultures using 0, 2, and 4 Gy doses. After
a 24-hour incubation period, the treatments were removed, and
100 pL of Accumax was added to each sample. Following a 10-
minute incubation, a single cell suspension was obtained from
the spheroids, and the appropriate volumes were transferred to
6-well plates to achieve a concentration of 700 cells. These cell
suspensions were incubated for a week to allow the formation of
colonies, which were then fixed, stained, and counted identi-
cally as in the case of the 2D cultures.

DCFDA staining

DCFDA staining was performed to detect the reactive oxygen
species generated intracellularly upon individual SAHA,
HfO,NP, and HfO,NP + SAHA combination treatments. For this,
1 x 10° cells/well were seeded onto glass coverslips (VWR,
Radnor, Pennsylvania, USA) placed in a 24-well plate (VWR,
Radnor, Pennsylvania, USA). The following day, the cells were
treated with 0.3 uM SAHA, 60 pg mL~ HfO,NP, or their
combination for 24 hours. After the incubation, the samples
were irradiated with 0 or 2 Gy radiation doses and incubated for
an additional 1 hour. Then the cells were washed in PBS and
incubated with 10 uM DCFDA solution diluted in PBS for 20

© 2026 The Author(s). Published by the Royal Society of Chemistry
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minutes at 37 °C. The fluorescent intensity of the cells was
visualized by an Olympus BX51 microscope equipped with an
Olympus DP70 camera (Olympus, Tokyo, Japan) and was
quantified using Image] software.

JC-1 staining

To investigate the mitochondrial-damaging effects of the
treatments, JC-1 staining was conducted. Tumor cells were
cultured in 24-well plates, on glass coverslips (VWR, Radnor,
Pennsylvania, USA). The following day, the cells were treated
with either 0.3 uM SAHA, 60 ug mL ™" HfO,NP, or a combination
of both, followed by irradiation after 24 hours. JC-1 dye was then
added to the samples at a concentration of 10 ug mL " diluted
in complete culture medium. Cells were incubated with the dye
for 15 minutes at 37 °C, then washed twice with PBS. The
samples were examined using an Olympus BX51 microscope,
images were captured with an Olympus DP70 camera (Olympus,
Tokyo, Japan), and the intensity of the red/green fluorescent
signal was quantified using Image]J software.

RNA isolation and quantitative PCR

The endoplasmic reticulum (ER) stress and unfolded protein
response (UPR) inducing effect of HfO,NPs and SAHA was
examined by quantitative PCR (qPCR) technique. For these
experiments, 6 x 10° cells were seeded into T25 cell culture
flasks and treated with 0.3 uM SAHA, 60 ug mL ™' HfO,NPs, or
a combination of both for 24 hours. Following this treatment,
the cultures were irradiated with doses of 0, 2, or 4 Gy. After 3
hours upon irradiation, the samples were lysed and stored in
RLT buffer with 1% @-mercaptoethanol at —80 °C for future
examination. Total RNA was isolated according to the Qiagen
RNeasy Mini Kit protocol, adhering to the manufacturer's
recommendations (Qiagen, Hilden, Germany). Reverse tran-
scription was carried out using the TagMan Reverse Tran-
scription  Kit (Thermo  Fisher Scientific, ~Waltham,
Massachusetts, USA), converting 2 pg of RNA into cDNA in
a final volume of 50 L.

The expression levels of the following eight ER stress and
UPR markers were assessed using qPCR: binding immuno-
globulin protein (BiP), C/EBP homologous protein (CHOP),
activating transcription factor 4 (ATF4), ER degradation-
enhancing alpha-mannosidase-like protein (EDEM), activating
transcription factor 6 (ATF6), heat shock protein 90 kDa beta
member 1 (GRP94, also known as endoplasmin), and X-box
binding protein 1 (XBP1), including both segmented (XBP1s)
and total forms (XBP1t). We utilized primers at a concentration
of 200 nM, while the reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used at a concentration of 100 nM.
SI Table S1 shows the sequences of the primers. The PCR
reactions were conducted using the PikoReal Real-time PCR
system (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) with SYBR Green qPCR Master Mix (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), in a total volume of 8
pL, which included 1 pL of cDNA template.
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Apoptosis detection

To investigate whether apoptosis occurs upon the treatments,
the Apo-ONE Homogeneous Caspase-3/7 assay was performed.
For this, 2000 cells/well were seeded into a 96-well plate and left
to grow. The next day, the cells were treated with 0.3 uM SAHA,
60 ng mL~"' HfO,NPs, or their combination for 24 hours. Then
the cells were irradiated with a 2 Gy dose and incubated for an
additional 5 days. Then Apo-ONE Caspase-3/7 Reagent,
prepared according to the manufacturer's instructions, was
added to the samples in a 1: 1 ratio. After 3 hours of incubation,
the fluorescence of the samples was measured at an excitation
wavelength of 485/20 nm and an emission wavelength of 528/
20 nm by Synergy HTX Plate reader (BioTek, Biotek Instruments
Inc, Winooski, VT, USA).

Statistics

Statistical evaluation of the results was performed using
GraphPad Prism 6 software, using one-way ANOVA, Dunnett's
multiple comparisons tests (MTT assay, Apo-ONE assay, QPCR
results), one-way ANOVA, Tukey's multiple comparisons tests
(DCFDA staining, y-H2AX staining, Ac-Lys immunocytochem-
istry, JC-1 staining), two-way ANOVA, Tukey's multiple
comparisons test (Clonogenic assay), and two-way ANOVA,
Sidak's multiple comparisons test (MTT assay, LDH assay, and
Clonogenic assay on MRC-5 cells).

Results

Characterization of HfO,NPs, their uptake by tumor cells, and
effect on cell viability

TEM images verified the approximate size and the quasi-
spherical morphology of the HfO,NPs (Fig. S1A). Based on the
DLS, the average hydrodynamic diameter of the nanoparticles
was approximately 90.75 nm (Fig. S1B). The zeta potential of the
nanoparticles was —62.3 + 10 mV, indicating a highly negative
surface charge that provides stability for the colloid solution.
After verifying the size, morphology, and surface charge of
the nanoparticles, we next aimed to assess whether HfO,
nanoparticles influence cellular viability and whether they are
efficiently taken up by tumor cells. To this end, MTT assays were
performed in which cells were exposed to increasing concen-
trations of HfO, nanoparticles for 24 hours. The cell viability of
A549 and MCF-7 cells remained largely unchanged until 15 pg
mL ™" nanoparticle concentrations (Fig. S2). In the case of A549
cells, a small but statistically significant reduction in viability
was observed at 30 pg mL ", and for MCF-7 cells at 60 pg mL ™",
Although we found that the number of living cells continuously
decreased with the increasing HfO,NPs concentration in both
cell lines, nevertheless, the observed toxic effects exerted by
these nanoparticles can be generally considered as minor at
least in the applied concentration range. Based on these results,
the concentration of 60 ng mL~ HfO,NP was selected to be
applied on cells in the subsequent experiments. We have to
emphasize here that our goal was not to kill cells directly with
the nanoparticles, but to find a suitably low nanoparticle
concentration where, together with the HDAC inhibitor and/or
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irradiation, the sensitizing feature of the nanoparticles can be
observed and properly examined on both sensitive and radio-
resistant cancer cells.

Next, we aimed to verify that cancer cells can efficiently take
up HfO,NPs and, as a consequence, high amounts of nano-
particles accumulate within cells. TEM image analysis was
performed, which indicated massive cellular internalization of
the nanoparticles. Significant accumulation of HfO,NPs was
verified in the cytoplasm of both A549 and MCF-7 cells, albeit no
particles were found in the nucleus or in the mitochondria of
these cancer cells (Fig. 2).

The HDAC inhibitor SAHA significantly potentiates the
ionizing radiation-induced cytotoxicity of HfO,NP, and their
combination reduces the colony-forming capacity of cancer
cells

After the uptake and the rather weak cytotoxicity of the HfO,NPs
were verified in both tumor cell cultures, we wanted to examine
how the combination of these nanoparticles with the HDAC
inhibitor SAHA, without and with ionizing radiation, impacts
these cancerous cells. The proper concentration of SAHA (0.3
uM) was selected based on the results of a previous project
involving the A549 and MCF-7 cell lines.**

The viability of both cell types was examined by MTT assays,
where cells were divided into 4 groups: untreated control group,
cells treated only with SAHA, cells exposed only to HfO,NPs, and
cells receiving both SAHA and HfO,NPs in a pharmacological
co-administration, to assess their combined effects. Without
any irradiation (0 Gy columns in both panels), no noticeable
cytotoxicity was observed in any of the samples following indi-
vidual SAHA, HfO,NP, or combined treatments, both in A549
and in MCF-7 cells, although nanoparticle-exposed cells
exhibited slightly lower viability as a tendency (Fig. 3).

To evaluate the potential of SAHA with hafnium oxide
nanoparticles as an effective chemo- and radiosensitizer
combination, A549 and MCF-7 cells were subjected to irradia-
tion of 2 and 4 Gy doses following the chemotherapeutic pre-
treatments described above, and again MTT viability assays
were performed. These experiments showed that in A549 cells,
treatments of HfO,NPs alone or in combination with SAHA
reduced somewhat the cell viability at 2 and 4 Gy doses,
however, the loss of viable cells was statistically significant only

Fig. 2 Internalization of hafnium oxide nanoparticles within cancer
cells. Representative TEM images of HfO,NP-treated A549 and MCF-7
cells indicate internalization of large amounts of HfO,NPs in the
cytoplasm of both cancerous cell types. Scale bar: 1 pm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Gy), and after irradiation with 2 Gy as well as 4 Gy doses. Two-way
ANOVA, Tukey's multiple comparisons test, ****P < 0.0001, ***P <
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for SAHA + HfO,NP and 4 Gy irradiation (Fig. 3). As expected,
MCF-7 cells were more sensitive to the treatments than A549
cells, as both HfO,NPs alone or in combination with SAHA
significantly diminished the viability of MCF-7 cells both at 2 Gy
as well as at 4 Gy dose radiation treatment. We have to note that
a significant decrease in viability was also observed by SAHA
exposure when MCF-7 cells were subjected to a 4 Gy irradiation
dose (Fig. 3). These results indicated that HfO,NPs individually
and/or in combination with the HDAC inhibitor SAHA can
enhance the cancer cell-damaging toxic effect of ionizing radi-
ation, especially when applied in 2 Gy or rather in 4 Gy doses.

In order to check whether the HDAC inhibitory activity of
SAHA is not lost if this agent is applied at this concentration
together with the nanoparticles, we performed immunostaining
on both cell lines to detect the level of acetylated Lys residues,
since the aftermath of SAHA action is an increased quantity of
acetylated proteins. A549 and MCF-7 cells were exposed to
SAHA, administered alone as well as in combination with
HfO,NPs, and the level of acetylated lysines was determined by
fluorescence microscopy (Fig. S3). The acetylation level upon
SAHA and HfO,NP + SAHA combinational treatments was
significantly higher than the fluorescence intensity of the
untreated control or of the cells exposed only to HfO,NPs
(Fig. S3). This analysis clearly verifies that SAHA is able to
maintain its HDAC-inhibiting role when it is applied in a phar-
macological co-administration with HfO,NPs.

In the next experiment, we investigated the combined effects
of SAHA, HfO,NPs, and ionizing radiation on the proliferation
and colony-forming ability of tumor cells (Fig. 4). The clono-
genic assay serves as a gold standard method for assessing the
long-term proliferative capacity of tumor cells exposed to
ionizing radiation or cytotoxic agents. By quantifying the ability
of a single cell to survive treatment and form a colony, this assay
provides a robust measure of reproductive cell death and
enables the evaluation of the sustained impact of the thera-
peutic intervention on cellular viability and colony formation
potential of tumor cells.

In the absence of ionizing radiation (0 Gy), neither HfO,
nanoparticles nor SAHA, alone or in combination, affected the
colony-forming capacity of A549 cells (Fig. 4A). On the other
hand, at a radiation dose of 2 Gy, the proliferation and colony-
forming ability of the cells were markedly reduced across all
three treatments compared to the control group. The HfO,NP
and SAHA combined treatment led to the lowest number of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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colonies, fewer than in the samples treated with HfO,NP or
SAHA alone. In samples exposed to a radiation dose of 4 Gy, the
SAHA treatment did not trigger a reduction of colony numbers
compared to the control cells; however, we observed a notable
attenuation in colony formation both following the nano-
particle as well as the HfO,NP + SAHA exposures, the latter was
significantly lower than the control, or the individual SAHA, or
HfO,NP treatments (Fig. 4A).

In the case of the MCF-7 cell line, the non-irradiated samples
exhibited no differences in their colony-forming ability (Fig. 4B).
When exposed to a radiation dose of 2 Gy, neither SAHA nor
HfO,NP demonstrated a significant effect compared to the
control. However, the combination of SAHA and HfO,NP resulted
in a significant reduction in the number of colonies formed. This
trend was also observed in samples irradiated with a 4 Gy dose. In
this case, while either SAHA or the nanoparticles alone did not
significantly decrease the colony-forming ability of MCF-7 cells
compared to the control, the two agents together could massively
inhibit the proliferation and colony formation (Fig. 4B).

A critical consideration in the development of combination
therapies is whether the observed cytotoxic and radiosensitizing
effects of SAHA and HfO,NP combination are selectively exerted
on malignant cells or if similar responses are expected in non-
cancerous cells as well. To address this issue, we performed
parallel experiments using MRC-5 non-cancerous human lung
fibroblasts, employing the same treatment conditions as on
cancer cell lines. Our results demonstrate that none of the
treatments, whether with or without irradiation, SAHA, or
HfO,NPs alone or in combination, significantly compromised
the viability of fibroblasts (Fig. S4A). Furthermore, lactate
dehydrogenase (LDH) release assays revealed no cytotoxicity in
response to any of the treatment conditions on non-cancerous
cells (Fig. S4B). Accordingly, clonogenic assays were also
executed, and these showed no significant reduction in the
colony-forming abilities of MRC-5 cells following exposure to
SAHA, HfO,NP, or HfO,NP + SAHA in the presence of 4 Gy
irradiation (Fig. S4C). Therefore, our findings suggest that the
cytotoxic and radiosensitizing effects of hafnium oxide nano-
particles in combination with the HDAC inhibitor SAHA are
specific to cancer cells and do not adversely affect non-
cancerous fibroblast cells, highlighting the therapeutic selec-
tivity of the SAHA + HfO,NP combination.

HfO,NP treatment in combination with the HDAC inhibitor
SAHA induces oxidative stress in tumor cells

To elucidate the mechanistic basis of the enhanced cytotoxic
and radiosensitizing features observed with the combination of
hafnium oxide nanoparticles and HDAC inhibitor SAHA across
the tested cancer cell lines, we conducted a comprehensive
analysis of key cellular stress and damage pathways. Specifi-
cally, we investigated the capacity of the treatments to induce
oxidative stress, damage the DNA and mitochondria, trigger
endoplasmic reticulum stress, and activate apoptotic signalling
pathways. These mechanistic insights help to clarify the
molecular basis of the observed therapeutic synergy.

Nanoscale Adv., 2026, 8, 2003-2020 | 2009
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Fig. 4 The colony-forming performance of cancer cells following chemo- and radiation treatment. HfO,NP, SAHA, and their combination
significantly decreased the colony-forming ability of A549 cells (A) and MCF-7 cells (B) upon ionizing radiation. Two-way ANOVA, Tukey's
multiple comparisons test, ****P < 0.0001, ***P < 0.0005, **P < 0.005, *P < 0.05.

For this aim, first, we performed a DCFDA staining to assess
whether HfO,NPs, SAHA, or their combination, together with
ionizing radiation, enhance the production of reactive oxygen
species (ROS) in tumor cells (Fig. 5). In the A549 cell line,
treatments with any of the agents in the absence of irradiation
did not result in an increase in ROS levels compared to
untreated controls (Fig. 5A). Upon exposure to a dose of 2 Gy
ionizing radiation, either SAHA or HfO,NPs alone did not
enhance ROS production significantly, however, the combined
treatment with SAHA and HfO,NPs under irradiation induced
a pronounced increase in ROS levels, surpassing those obtained
in both the irradiated control and the groups receiving indi-
vidual treatments (Fig. 5A).

Similar results were gathered from the experiments on the
MCF-7 cell line after 2 Gy irradiation. However, in this case,
already at 0 Gy dose, the SAHA and HfO,NPs combination
proved to trigger significant ROS generation compared to
individual drug treatments and control cells (Fig. 5B). Based on
this, it was not surprising that samples subjected to SAHA and

2010 | Nanoscale Adv., 2026, 8, 2003-2020

HfO,NPs, as well as to 2 Gy radiation dose, induced similarly the
formation of substantial amounts of reactive oxygen species.

These findings imply that the combination of SAHA and
HfO,NPs effectively enhances intracellular ROS levels in both
cell lines.

The HfO,NP treatment significantly enhances the DNA-
damaging effect of ionizing radiation

To assess the extent of DNA damage induced by the treatments,
we conducted immunofluorescent staining for y-H2AX, a well-
established marker of DNA double-strand breaks. Quantitative
analysis included determining the proportion of y-H2AX-
positive cells in the samples within each treatment group, as
well as quantifying the number of y-H2AX foci per nucleus, to
evaluate the frequency and severity of the DNA double-strand
breaks at the single-cell level (Fig. 6).

In the case of non-irradiated A549 cells, we observed no
increase in the number of y-H2AX-positive cells compared to
the control group, regardless of the treatment applied. However,
in samples exposed to the combination of SAHA and HfO,NP

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The degree of oxidative stress induced by hafnium oxide nanoparticles, SAHA and ionizing radiation in cancer cells. The combination of
HfO,NP and SAHA significantly increases the level of reactive oxygen species upon ionizing radiation in A549 cells (A) and in MCF-7 cells (B).
One-way ANOVA, Tukey's multiple comparisons test, ****P < 0.0001, ***P < 0.0005, **P < 0.01, *P < 0.05. Scale bar: 100 pm.
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Fig. 6 The extent of DNA damage induced by hafnium oxide nanoparticles, SAHA, and ionizing radiation in cancer cells. The combination of
HfO,NP and SAHA significantly increases the amount of DNA double-strand breaks upon ionizing radiation in A549 (A) and in MCF-7 cells (B).
One-way ANOVA, Tukey's multiple comparisons test, ****P < 0.0001, ***P < 0.0005, **P < 0.005, *P < 0.05. Scale bar 50 pm.
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subjected to a 2 Gy radiation dose, there was a significant
increase in the number of y-H2AX-positive cells compared not
only to the control but also to individual SAHA or HfO,NP
treatments (Fig. 6A). Regarding the number of intracellular y-
H2AX foci, we found no differences between the treatments in
the non-irradiated samples, similarly to the results on y-H2AX-
positive cells. However, in samples exposed to irradiation,
HfO,NP administration led to an increase in the number of
intracellular foci. Notably, the combination of SAHA and
HfO,NP resulted in a significant enhancement in the number of
DNA double-strand breaks within cells when compared to the
control and the individual treatments (Fig. 6A).

Regarding MCF-7 cells (Fig. 6B), there was no detectable
difference in the number of y-H2AX-positive cells between the
individual treatments in the 0 Gy samples. However, in samples
exposed to a radiation dose of 2 Gy, the combination treatment
of SAHA and HfO,NP resulted in a significant increase in the
number of y-H2AX-positive cells. Analysing the intracellular -
H2AX foci, no significant rise in their number was observed
upon either treatment when the samples were not irradiated.
Conversely, in the irradiated cells, the incidence of intracellular
DNA double-strand breaks increased significantly following the
SAHA and HfO,NP treatment (Fig. 6B).

Overall, our results suggest that without any irradiation, the
treatments with either SAHA or HfO,NP alone or their
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combination do not induce DNA damage; however, when
ionizing radiation is also applied, the combination of the
nanoparticle and the HDAC inhibitor enhances not simply the
number of y-H2AX-positive cells but also the number of DNA
damage foci within the cells.

Treatments with HfO,NP individually and in combination
with SAHA significantly damage the mitochondria and trigger
apoptosis
To assess the mitochondrial-damaging effects of the treat-
ments, JC-1 staining was performed, and the resulting images
were analyzed using Image] software (Fig. 7). In unhealthy or
apoptotic cells due to an increased membrane permeability and
consequent loss of electrochemical potential, JC-1 retains more
of its original green fluorescence; thus, a reduction in the red-
to-green fluorescence intensity ratio is characteristic of mito-
chondrial depolarization resulting from the applied treatments.
In the case of the A549 cell line, the mitochondrial-damaging
effects of the treatments were evident even in the non-irradiated
samples. When compared to the control and SAHA-treated
samples, both HfO,NP and the HfO,NP and SAHA combina-
tion treatment significantly reduced the intensity of the red/
green fluorescent signal. In samples exposed to a radiation
dose of 2 Gy, SAHA exposure again did not induce a significant
difference in mitochondrial membrane potential compared to
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Fig.7 The grade of mitochondrial damage induced by hafnium oxide nanoparticles, SAHA, and ionizing radiation in cancer cells. HfO,NP and the
combination of HfO,NP and SAHA induce significant loss of mitochondrial membrane potential in A549 cells (A). In MCF-7 cells, HfO,NP, SAHA,
as well as their combination led to mitochondrial membrane depolarization (B). One-way ANOVA, Tukey's multiple comparisons test, ****P <

0.0001, ***P < 0.0005, **P < 0.005, *P < 0.05. Scale bar: 100 pm.
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the control, while HfO,NP triggered a marked decrease in red/
green fluorescent ratio. The most prominent effect was
observed with the HfO,NP and SAHA combination treatment,
which led to a substantially reduced red/green intensity signal
compared to the other conditions (Fig. 7A).

For the MCF-7 cell line, we observed that all three treatments
induced mitochondrial dysfunction in the non-irradiated cells
compared to the control. Notably, the HfO,NP and SAHA
combination treatments led to a significant decrease in the
intensity of the red/green fluorescent signal compared to the
individual treatments. In irradiated samples, all three treat-
ments induced mitochondrial damage; however, the combina-
tion treatment again exhibited the most pronounced effect.
Administration of HfO,NP + SAHA led to a significant reduction
in the intensity of the red/green fluorescent signal compared to
the control, SAHA, and HfO,NP samples (Fig. 7B).

Based on the above-described observations, it seems plau-
sible that HfO,NPs, as well as the HDAC inhibitor, have the
potential to induce mitochondrial dysfunction, but their
combination has the most significant impact on the mito-
chondrial membrane potential, a feature that is maintained
when cells are exposed to high-energy ionizing radiation.

We found so far that the treatments resulted in oxidative
stress, generating a massive amount of reactive oxygen species,
which in turn would target biomolecules and cellular organ-
elles, thereby inducing DNA damage, genotoxic lesions,
membrane disorder, and disruption of mitochondrial
membrane potential. It is known that oxidative stress and di-
srupted calcium homeostasis can induce endoplasmic retic-
ulum (ER) stress, activating the unfolded protein response
(UPR), which might end in apoptosis if the restoration of ER
function is no longer possible. Impaired mitochondrial func-
tion itself can trigger the release of various pro-apoptotic
factors, leading to compromised cell survival and converging
to the apoptotic cell death pathway in cancer cells.

For this aim, we investigated the possibility of ER stress and
UPR induction in A549 and MCF-7 cells exposed to SAHA,
HfO,NPs, or their combination, followed by irradiation. We
selected 8 different marker genes, namely binding immuno-
globulin protein (BiP), C/EBP homologous protein (CHOP),
activating transcription factor 4 (ATF4), ER degradation-
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Fig. 8 Apoptosis induction based on the activity of executioner cas-
pases in irradiated cancer cells pretreated with SAHA, hafnium oxide
nanoparticles, and their combination after 2 Gy irradiation. The
HfO,NP, SAHA, and their combination induce apoptosis in A549 cells
and MCF-7 cells upon ionizing radiation. Two-way ANOVA, Dunnett's
multiple comparisons test, ****P < 0.0001, **P < 0.01.
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enhancing alpha-mannosidase-like protein (EDEM), activating
transcription factor 6 (ATF6), heat shock protein 90 kDa beta
member 1 (GRP94, also known as endoplasmin), and X-box
binding protein 1 (XBP1), including both segmented (XBP1s)
and total forms (XBP1t), and their expression was assessed by
qPCR. Our results revealed no signs of ER stress or UPR trig-
gered by the agents and the ionizing radiation in the tested
cancer cell lines, suggesting that ER stress is not inherently
involved in the molecular mechanism of the enhanced cytotoxic
and radiosensitizing features and the therapeutic synergy of
SAHA and hafnium oxide nanoparticles (Fig. S5 and S6).

To examine whether the treatments and the irradiation
together induce apoptosis in the subjected cancer cells, a cas-
pase-3/7 activity assay was performed (Fig. 8). Although MCF-7
cells are known to lack functional caspase-3 due to a deletion
in the corresponding gene, caspase activity assays targeting
other caspases - particularly executioner caspases such as
caspase-7 — can still provide meaningful results about the
apoptotic signalling in this cell line. In both A549 and MCF-7
cells, significantly higher caspase-3/7 activity was measured
upon treatments with HfO,NPs, or with the combination of
HfO,NPs and SAHA after 2 Gy irradiation (Fig. 8). The individual
SAHA treatment induced only a mild induction of apoptosis in
these cells. Importantly, the highest caspase-3/7 enzyme activity
was detected in the HfO,NP + SAHA-treated cells, both in A549
as well as in MCF-7 cells. Therefore, the activation of apoptotic
signalling pathways is indeed an essential part of the molecular
mechanism behind the augmented radiosensitizing effects of
the nanoparticle - SAHA combination across the tested cancer
cell lines.

The combination of HfO,NP and SAHA significantly reduces
the colony-forming capacity of cancer cells in 3D spheroids

While conventional 2D cell cultures are widely used models for
investigating how tumor cells react to anti-cancer treatment
modalities, they offer only a partial representation of an in vivo
tumor microenvironment, particularly regarding structural
complexity, physiological drug penetration barriers, and radia-
tion response of solid tumors. To complement our findings and
improve their physiological relevance, we expanded our inves-
tigation to include 3D spheroid models as well.

For this aim, colony formation assays were carried out using
homotypic tumor spheroids to better estimate the impact of
treatments on the division of cells within a 3-dimensional
tumor model. Spheroids received individual SAHA, HfO,NP,
and also HfO,NP + SAHA combinations as well as radiation
treatment in the 3D form, then the spheroids were converted to
single cell suspensions, and the samples were prepared for
clonogenic assay, similarly to the original 2D cultures (Fig. 9). In
the case of the irradiated A549 spheroids, either SAHA or the
nanoparticles applied alone did not lead to a significantly
reduced colony-forming ability of the cells (Fig. 9A). However, as
expected, the combination of HfO,NP + SAHA resulted in
a notable decrease in both adhesion and division capabilities of
the cells compared to the control, SAHA, and HfO,NP treat-
ments (Fig. 9A).
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Fig. 9 The HfO,NP, SAHA, and their combination significantly decreased the colony-forming ability of A549 cells (A) and MCF-7 cells (B) grown

in 3D cell cultures upon ionizing radiation. Two-way ANOVA, Tukey's

The colony-forming ability of MCF-7 cells within the spher-
oids exposed to the nanoparticles, either alone or in combina-
tion with the HDAC inhibitor, significantly diminished
following irradiation with a 2 Gy dose. On the other hand,
exposure of spheroids to SAHA and irradiation did not result in
a statistically meaningful difference in colony-forming ability of
these cells (Fig. 9B). Importantly, as anticipated, the HfO,NP +
SAHA combination treatment, together with ionizing radiation,
significantly decreased the number of colonies initiated from
these cells compared to individual SAHA or HfO,NP adminis-
tration (Fig. 9B). We can therefore prove that the SAHA-
complemented, HfO,NP-mediated enhanced cellular effects of
irradiation manifest also in 3D spheroids, validating further the
synergistic concept of hafnium oxide nanoparticles and HDAC
inhibitors upon irradiation.

Discussion

Radiation therapy is a cornerstone of modern oncologic care,
employed in the management of more than half of all cancer
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multiple comparisons test, ****P < 0.0001, ***P = 0.0001, *P < 0.05.

patients either as a definitive treatment, as an adjuvant
modality, or for palliation. Technological innovations of the last
decade, with state-of-the-art modalities such as intensity-
modulated, image-guided, stereotactic body radiotherapy as
well as proton therapy, have improved the accuracy of dose
delivery, enabling higher precision in subjecting tumor tissues
to ionizing radiation and enhancing tumor eradication.’*
Although these developments can ameliorate the tumor-
targeting efficacy, damage to the surrounding healthy tissues
by high-energy ionizing radiation cannot be completely elimi-
nated. To attenuate further and minimize the collateral damage
of healthy tissues, radiosensitizing agents can be utilized.
Another challenge to face is the inherent or acquired radio-
resistance which is often noticed in certain breast, non-small
cell lung, and androgen-independent prostate cancers. To
overcome such radioresistance without continuously increasing
the irradiation dose could be realized by the administration of
radiosensitizers. These molecules enhance the susceptibility of
cancer cells to ionizing radiation, improve tumor control while
allowing for lower radiation doses. As research advances, novel
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radiosensitizers and combination regimens aim to further
improve the therapeutic ratio, offering the possibility of more
effective, personalized, and less toxic cancer treatments.*>*® A
key principle in designing radiosensitizing combinations, is to
identify the lowest drug concentration that preserves biological
activity yet produces the strongest radiation-dependent thera-
peutic gain, since the primary therapeutic benefit is intended to
arise only upon exposure to ionizing radiation. Among the
various agents explored for this purpose, hafnium oxide nano-
particles have gained considerable attention. Compared to
other high-Z nanoparticles, HfO,NPs possess a combination of
advantageous traits such as chemical stability under physio-
logical conditions, low inherent toxicity, clinical readiness,
evidenced by ongoing trials with the NBTXR3. This formulation
contains phosphate-functionalized, 50 nm-sized HfO,NPs, for
intratumoral administration before radiotherapy, with early-
phase clinical trials demonstrating its safety and tolera-
bility.**"*® While the promise of HfO,NPs is substantial, chal-
lenges such as optimization of delivery methods, patient
selection strategies, and integration with multimodal therapies,
including chemotherapy and combinational modalities, need to
be thoroughly investigated before widespread adoption.
Building on this evidence, we designed this present investiga-
tion on the radiosensitization potential of HfO,NPs in combi-
nation with the HDAC inhibitor SAHA across various cancer
models, with a particular focus on elucidating underlying
mechanisms and assessing translational relevance in both 2D
and 3D tumor systems. We have selected A549 cells as one of the
model systems to represent typical radioresistant cancer types,
in order to examine whether these challenging tumors could be
efficiently eliminated by radiotherapy combined with HfO,NPs
and SAHA exposures.

For effective anti-tumor applications, nanoparticles must be
delivered to tumor cells with high efficiency and selectivity to
maximize therapeutic effects and minimize off-target actions.
Once in the tumor mass, in the vicinity of cancer cells, nano-
particles can be internalized by these cells through a variety of
active uptake mechanisms, including clathrin-mediated or
caveolin-mediated endocytosis, phagocytosis, and micro-
pinocytosis. The predominant pathway is strongly influenced by
both intrinsic properties of the nanoparticles, like size, surface
charge, morphology, and functionalization, and also by some
characteristics specific to the particular malignant cell type,
such as receptor expression profiles, metabolism, membrane
composition, and cell surface charge.**** Beyond these physi-
cochemical determinants, certain features of the tumor micro-
environment also play a critical role in nanoparticle uptake.
These are extracellular matrix composition and density,
vascular permeability, interstitial fluid pressure, and 3D struc-
ture of the tumor, just naming a few.*® In the context of radio-
therapy, the efficient intracellular accumulation of the
nanoparticles is a prerequisite for maximizing the radio-
sensitizing effect of these agents in order to achieve selective
delivery and potent dose amplification.

On these grounds, an imperative and essential point of our
study was to examine whether hafnium oxide nanoparticles are
effectively taken up by the cancer cell models selected for
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investigation. Our analysis confirmed that, in fact, both A549
lung adenocarcinoma and MCF-7 breast carcinoma cells can
readily internalize and accumulate HfO,NPs to a substantial
degree, with predominant localization in the cytoplasmic
compartment, likely within endo-lysosomal vesicles. Intracel-
lularly accumulated high-Z metal-based nanoparticles provide
an electron-dense platform for the generation of reactive elec-
trons, which in turn induce the localized bursts of ROS forma-
tion predominantly through water radiolysis, resulting in
oxidative stress, which altogether promotes the oxidative
damage to nucleic acids, membrane lipids, proteins, and
various cellular organelles. If not effectively repaired, these
macromolecular and structural injuries can trigger intrinsic
apoptotic pathways.*” In addition to a direct radiosensitization,
hafnium-based nanoparticles, such as NBTXR3, have been re-
ported to exert immunomodulatory effects. Lysosomal
membrane permeabilization following nanoparticle uptake and
irradiation has been linked to the induction of immunogenic
cell death, where the released damage-associated molecular
patterns (DAMPs) activate antigen-presenting cells and enhance
anti-tumor immunity. Moreover, HfO,NPs were implicated in
inducing ferroptosis, the iron-dependent form of cell death, as
well, adding another layer to their molecular actions.***

To further improve the anti-tumor efficacy of radiotherapy,
nanoparticles can be administered in combination with other
therapeutic agents that enhance the cytotoxic effects of ionizing
radiation. Such combination strategies aim to exploit comple-
mentary mechanisms to induce additional molecular pathways
leading to cancer cell death, thereby increasing the likelihood of
malignant cell elimination. Radiosensitizing combinational
agents might target and interfere with DNA repair, modulate
hypoxia, or trigger further ROS generation to hinder tumor
survival pathways. Histone-deacetylase inhibitors, which are
already approved and applied in clinical settings for the treat-
ment of certain hematopoietic malignancies and are under
investigation for various solid tumors, can be suitable combi-
national and radiosensitizing partners of metal-based nano-
particles. By promoting hyperacetylation of the targeted histone
and non-histone proteins, HDAC inhibitor treatments result in
an increased chromatin relaxation, thereby enhancing DNA
accessibility to the DNA-damaging effects of ionizing radiation
and reactive oxygen species.*** HDAC inhibitors can also
impair the expression and function of key DNA repair proteins,
interfere with cell cycle progression, induce apoptosis in tumor
cells via the increased acetylation state of key proteins, such as
p53, trigger autophagy, and increase the level of ROS, all of
which synergize with the localized energy deposition mediated
by HfO,NPs.*"%

Therefore, we hypothesized that combining high-Z metal-
based nanoparticles with HDAC inhibitors offers the possi-
bility of a dual radiosensitization strategy, where the physical
phase of dose enhancement with secondary electron emission
from the HfO,NPs and the biological component of the dose
enhancement arising from the epigenetic modulation by HDAC
inhibitors are competently and profitably coupled. Such an
integrated approach enables an exceptional tumor control,
which is particularly advantageous in radioresistant cancers. In
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fact, we found that HfO,NPs and the HDAC inhibitor SAHA
efficiently radiosensitized tumor cells, the amount of intracel-
lular ROS increased in both cell lines upon irradiation. For this
particular experiment and also for further assays the concen-
tration of 60 pg mL ™" of hafnium oxide nanoparticles was set, as
this concentration ensured robust intracellular nanoparticle
accumulation and maximal radiation-dependent enhancement
of tumor cell killing, and at the same time avoiding direct
cytotoxic effects. It is also noteworthy that in MCF-7 cells, the
HfO,NPs + SAHA combination significantly increased the level
of ROS already without irradiation, indicating a chemosensitiz-
ing feature of their joint action on tumor cells prior to
irradiation.

To investigate whether the production of massive amounts
of reactive oxygen species induced structural and functional
damage in macromolecules and cell organelles, we examined
mitochondrial function, DNA damage, cell proliferation, colony
formation, apoptosis as well as ER stress induction in the
treated cancer cells.

Silver nanoparticles have previously been shown to induce
cell death through the activation of endoplasmic reticulum
stress pathways.”*** The ER is generally responsible for main-
taining cellular homeostasis by regulating calcium ion storage,
sustaining redox balance, and ensuring proper protein folding.
Perturbations in ER function caused by oxidative or proteotoxic
stress can lead to the accumulation of misfolded proteins,
thereby triggering ER stress and eventually the unfolded protein
response (UPR).**** UPR serves as an adaptive mechanism
aimed at restoring homeostasis by attenuating protein
synthesis and upregulating ER chaperones; however, if ER
stress is prolonged or severe, the UPR switches to a pro-
apoptotic mode. Since ROS are key inducers of endoplasmic
reticulum stress, ER stress may arise as a consequence of
oxidative stress-inducing nanoparticle treatments.”” Based on
this rationale, we investigated whether HfO,NPs alone or in
combination with SAHA under ionizing radiation, could acti-
vate ER stress and UPR-related pathways in A549 and MCF-7
cells. For this, we quantified the mRNA expression of estab-
lished ER stress and UPR marker genes. Our results demon-
strated no biologically significant changes in the expression of
most critical ER stress and UPR genes following HfO,NPs,
SAHA, and their combined treatments with irradiation (SI
Fig. S5 and S6). Among the various markers, the only notable
alteration was a statistically significant upregulation of Xbp1t
gene in MCF-7 cells compared to the untreated control (SI
Fig. S6). This gene encodes the transcriptionally active spliced
form of X-box binding protein 1, a central regulator of the UPR.
These findings indicate that under the tested experimental
conditions, HfO,NPs and SAHA combined with irradiation do
not elicit pronounced ER stress response in these cancer cells,
suggesting that the observed radiosensitizing effects are
unlikely mediated via ER stress-driven cytotoxicity.

Mitochondria represent another subcellular target for metal-
based nanoparticles, as well as HDAC inhibitors and ionizing
radiation. Mitochondria are key organelles for energy produc-
tion, redox homeostasis, and the regulation of apoptosis. One of
the earliest indicators of mitochondrial distress is the loss of
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mitochondrial membrane potential, which is inherently asso-
ciated with the activation of the intrinsic apoptotic
pathways.*** In our experiments, individual HfO,NPs, or SAHA
treatments, or their combination without irradiation resulted in
a significant decrease in the mitochondrial membrane potential
compared to the untreated samples. This depolarization of the
mitochondrial membrane could be both a cause and a conse-
quence of high ROS levels, since excessive ROS can damage
mitochondrial membranes and the electron transport chain
components, while mitochondrial dysfunction can also aggra-
vate ROS generation, thereby producing a self-amplifying cycle
of oxidative stress. Upon ionizing radiation, the HfO,NP and
SAHA in combination produced an even more pronounced
decrease in the mitochondrial membrane potential compared
to the irradiated untreated cells and to cells receiving either
treatment alone. This synergistic depolarization under radia-
tion implies that the combination treatment augments mito-
chondrial damage beyond the additive effects and implicitly
also hints that such a degree of mitochondrial collapse would
trigger pro-apoptotic signaling pathways but may also sensitize
cancer cells to subsequent oxidative and genotoxic insults.
Based on the above, mitochondria must be the central execu-
tion points of the cytotoxic actions of HfO,NP and SAHA
combinations under ionizing radiation.

Ionizing radiation primarily damages the cellular membrane
structures and induces lesions in the DNA. Among these, the
most dangerous DNA damage is the DNA double-strand break,
as it disrupts the continuity of both strands and poses
a substantial challenge to the correcting mechanisms. Cells try
to repair these breaks by the homologous repair and the non-
homologous end joining, the latter being a faster but more
error-prone mechanism.* To quantify the extent of the DNA
damage, more specifically of DNA double-strand breaks, we
employed y-H2AX immunostaining, a sensitive and widely
utilized method to visualize double-strand breaks by detecting
the phosphorylated form of the H2AX histone at these sites. Our
quantification included not only the percentage of y-H2AX-
positive cells, but we also counted the number of y-H2AX foci
per nucleus, this way, we evaluated the frequency and the
severity of the DNA damage. Our results showed that without
irradiation, the treatments with either HfO,NP or SAHA alone or
their combination did not induce a measurable increase in DNA
damage. This suggests that the HfO,NPs and SAHA at the tested
concentrations are unlikely to induce genotoxic effects, a very
important issue regarding healthy cells and tissues, supporting
the safety of HfO,NPs. Nevertheless, when ionizing radiation is
also applied, the combination of the nanoparticle and the
HDAC inhibitor markedly amplifies DNA damage, evidenced by
the remarkable increase in the number of y-H2AX-positive cells
and also the number of DNA damage foci within the cells. The
potentiation of radiation-induced DNA double-strand breaks
reflects both the physical components of radiosensitization
involving HfO,NPs, which generate reactive secondary electrons
and ROS in the close proximity to DNA molecules. And also
mirror the biological phase of radiosensitization executed by
SAHA, promoting chromatin relaxation and inhibiting DNA
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repair by epigenetic mechanisms, thereby increasing the
persistence of ionizing radiation-induced DNA damage.

Our results demonstrate that both HfO, nanoparticles and
the HDAC inhibitor individually have the capacity to induce
oxidative stress and disrupt mitochondrial homeostasis;
however, when administered in combination, these agents
exerted the most pronounced effects, pointing toward a syner-
gistic interaction. This enhancement was observed under
baseline conditions (without irradiation) but was even further
amplified when ionizing radiation was also applied. This
implies that the HfO,NPs and SAHA combined treatment
installs an increased susceptibility of mitochondria to
radiation-induced injury, establishing thereby a clear mecha-
nistic link between oxidative stress induction, mitochondrial
dysfunction, and the potentiation of DNA damage in the radi-
osensitization effect of the HfO,NPs and SAHA combination.

Mitochondrial dysfunction, oxidative stress, and persistent
DNA damage are all critical determinants of the cellular deci-
sion to commit to apoptosis. From the damaged mitochondria,
a range of pro-apoptotic factors are released into the cytosol to
initiate caspase-dependent and independent cell death path-
ways. Such a factor is cytochrome c, which activates the initiator
caspase-9, this in turn triggers the executioner caspases,
particularly caspase-3 and caspase-7, culminating in the
proteolytic decay of structural and regulatory proteins.®*** In
this study, we proved by quantitative assays that the nano-
particle treatments in combination with HDAC inhibitor expo-
sure and irradiation led to a substantial increase in apoptosis,
confirming that the observed mitochondrial and DNA damage
translates into the activation of programmed cell death
pathways.

Although identifying the predominant pathway of nano-
particle uptake into cancer cells was beyond the scope of the
present study, from a mechanistic and functional perspective,
the exact route of entry is unlikely to critically influence the
radiosensitizing efficacy of the HfO,NPs + SAHA combination
examined here. The key prerequisite for physical dose
enhancement is the intracellular presence and retention of
high-Z material, rather than the specific vesicular pathway
through which the nanoparticles enter the cell. Nevertheless,
uptake-pathway-specific studies would be highly valuable for
a comprehensive nanobiological characterization and represent
an important direction for future research.

Finally, to assess the functional consequences of the
combined nanoparticle and HDAC inhibitor treatment on long-
term tumor survival, cell proliferation, and colony-forming
ability, we performed clonogenic assays on 2D monolayer
cultures and 3D tumor spheroid models. Our results verified
that the combination of HfO,NPs, SAHA, and ionizing radiation
produced a marked and statistically significant reduction in the
proliferation of tumor cells and their ability to form colonies in
2D and 3D models compared to single-agent treatments. It
looks like that the radio- and chemosensitizing effects of the
HfO,NPs + SAHA combination are quite robust and realize into
profound impairment of long-term survival and serious inca-
pacitation of the tumor cells to regrow. The inclusion of 3D
tumor spheroids in the study is particularly relevant as these
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models imitate more closely the in vivo environment than 2D
cultures. Spheroids exhibit physiologically appropriate gradi-
ents of nutrients, oxygen, pH, and metabolic activity, and also
some structural characteristics such as a hypoxic core and
proliferative surface, diffusion, and cellular heterogeneity, more
adequately resembling the architectural and metabolic situa-
tions in tumors. Moreover, these listed characteristics signifi-
cantly influence the drug penetration, the distribution of the
radiation dose, and affect also cellular responses, providing
a more realistic predictive platform to evaluate the efficiency of
a given treatment approach. As we demonstrate here that the
HfO,NPs + SAHA combination, together with irradiation, is
effective on 3D spheroids, we provide evidence that its thera-
peutic potential can be extended to more complex, tumor-like
microenvironments, which strengthens the translational value
of this particular multimodal combination. Importantly, as we
found no major differences between the behavior and the
effects of HfO,NPs, SAHA together with irradiation on A549 and
MCF-7 cells, these data also indicate that this combination
exerts potent cytotoxic effects in both intrinsically radiosensi-
tive and radioresistant cancer cell models. Thus, integration of
physical dose amplification from high-Z nanoparticles with
biological sensitization by HDAC inhibitors overcomes key
resistance mechanisms. Consequently, this approach holds
promise for targeting certain challenging, treatment-refractory
radioresistant malignancies. It is also important to emphasize
that HfO,NPs, SAHA and their combination, with or without
irradiation did not impair the viability or reduce the clonogenic
survival in non-cancerous MRC-5 fibroblasts, indicating a lack
of harmful effects on healthy cells under the tested conditions.
This cancer-selective action is likely attributable to the prefer-
ential accumulation of nanoparticles in tumor tissues and to
a larger susceptibility of malignant cells to oxidative and gen-
otoxic stress. Such a tumor-specific sensitization is highly
advantageous in radiotherapy as well as in any oncotherapeutic
treatment approach.

Based on these data, a comprehensive mechanistic frame-
work emerges behind the radiosensitizing effect of HfO,NPs
and SAHA. HfO,NPs are taken up by tumor cells, where they
accumulate in the cytosol. Histone deacetylase inhibitors also
enter the cell, and via their action on HDAC enzymes and
acetylated histone proteins, a highly relaxed chromatin struc-
ture is maintained. The HfO,NPs, in combination with HDAC
inhibitors, induce mitochondrial dysfunction and increase the
level of intracellular reactive oxygen species. Upon ionizing
radiation, the production of reactive electrons and reactive
oxygen species is further amplified, mitochondrial dysfunction
and DNA damage become even more profound, culminating in
apoptosis, and a radical impairment in long-term cancer cell
survival and regrowth. The fact that the combination retains its
high efficacy in 3D model highlights its potential in a next-
generation therapeutic approach for radioenhancement in
clinical settings but also to overcome the challenges of
microenvironment-mediated treatment resistance. Based on
this and previous studies of our laboratory,*>** it is plausible
that the concept presented here is inherently modular and
extensible. The strategy combines a clinically relevant high-Z
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nanoparticle platform and a clinically approved epigenetic
radiosensitizer. This dual-mode radiosensitization approach is
not restricted to SAHA or HfO,NPs and could be extended to
other HDAC inhibitors, alternative epigenetic modulators,
different high-Z nanoparticle systems, and additional radiation-
resistant tumor entities.

Conclusions

In this study, we demonstrate that the combination of hafnium
oxide nanoparticles and the histone deacetylase inhibitor
SAHA, when applied together with ionizing radiation, exerts
a potent multimodal radiosensitizing action by a series of
molecular and cellular mechanisms. This treatment induces
massive oxidative stress, disrupts mitochondrial membrane
potential, and amplifies radiation-induced DNA double-strand
breaks. The effects culminate in the activation of apoptotic
pathways, leading ultimately to a remarkable decrease in long-
term clonogenic survival, manifested both in 2D and 3D
tumor models. Importantly, this multimodal radiosensitizing
approach maintained its efficacy against radiosensitive as well
as radioresistant cancer cells, while exhibiting no adverse
effects on non-cancerous MRC-5 fibroblasts, suggesting a high
degree of tumor selectivity. The selective cytotoxicity, together
with the capacity to overcome radioresistance, emphasizes the
translational potential of this strategy. Thus, the integration of
high-Z nanoparticle-mediated physical dose enhancement with
HDAC inhibitor-driven biological radiosensitization offers
a tumor-selective method to improve radiotherapy outcomes
even in cases of the most challenging malignancies. Such novel
combination regimens of high-Z metal-based nanosystems and
HDAC inhibitors represent a highly versatile platform for next-
generation radiosensitizing nanomedicines that can be exploi-
ted to reduce cancer cell growth and advance the therapeutic
outcomes.
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