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ABSTRACT
Despite decades of intense research, cancer remains a major global health challenge, with a clear need for new and more
efficient therapies. Among emerging approaches, high atomic number (Z) nanomaterials capable of modulating the interaction
between radiation and matter have attracted growing interest as radiotherapy enhancers. In this work, ultra-small Platinum-
based nanoparticles with a metallic core diameter of 2–3 nm were synthesized from H2PtCl6 using polyvinylpyrrolidone as
stabilizer. This nanomaterial exhibits low acute toxicity, catalase-like activity and enhances DNA damage under pre-clinical X-ray
irradiation, increasing the antitumoral effect of X-ray alone. In vitro and in vivo studies, including intratumoral and intravenous
administration, demonstrate improved tumor control and prolonged survival without detectable systemic toxicity under the tested
conditions, establishing ultra-small Pt-nanoparticles as efficient materials for radiotherapy enhancement.
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Introduction

ancer remains a major global health issue, with almost 20
illion new cases in 2022 and 9.7 million cancer-related deaths
orldwide. By 2050, newly diagnosed cancer cases are expected
o rise to 33 million and cancer-related deaths to 18.2 million
1]. Current treatments present a set of drawbacks that limit
heir efficiency and application. Thus, the main challenge in
lassic antitumoral therapies, such as chemotherapy (CT) or
adiotherapy (RT), is the lack of specificity toward the tumor [2],
ausing devastating side effects [3]. On the other hand, surgical
xcision is not always possible, and when carried out, it usually
nvolves the elimination of a certain degree of healthy tissue to
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
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ensure the success of the procedure [4]. Clearly, new and more
effective antitumoral therapies are required.

However, CT and RT are well-established and widely used
treatments that have proven their efficiency in specific scenarios,
despite their drawbacks. In particular, RT works by delivering
high amounts of electromagnetic energy that damages DNA in
the irradiated cells, with the aim of inducing death in tumoral
cells. Among its different modalities, external beam therapy
stands out as a local treatment, where irradiation is delivered
by a machine, typically a linear accelerator [5, 6]. Although
noninvasive and easy to administer, important limitations of RT
include the development of radio-resistance by some kinds of
its use, distribution and reproduction in any medium, provided the original work is properly
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ells, as well as the low absorption of radiation energy by the
umoral tissue [4, 7, 8], since soft tissues usually present a lower
bsorption rate. This often makes it necessary to increase the
adiation dose, which can induce toxicity in both tumoral and
earby healthy cells, since both kinds of cells display similarmass
nergy absorption trends [9, 10]. In this context, a significant
ffort is being dedicated to improving the efficiency of external
eam irradiation in order to lower the doses necessary to obtain
herapeutic effects.

o this end, new radiosensitizing agents are being actively devel-
ped as co-adjuvants to RT. These agents are designed to enhance
he effects of ionizing radiation, allowing for dose reduction or
mproved tumor control at conventional doses [11]. Radiosensitiz-
rs operate through diversemechanisms, including the inhibition
f DNA repair pathways (e.g., homologous recombination and
onhomologous end joining), enhanced local electron emission
nd dose deposition near high-Z nanoparticles, and alleviation
f tumoral hypoxia [12–16]. Among them, second- and third-
ow transition metals have attracted considerable attention in
his regard due to their high atomic numbers (Z), which confer
dvantageous radiophysical properties for RT enhancement [17].
his includes elements such as gold (Au) [18, 19], platinum
Pt) [20, 21] and Gadolinium (Gd) [22, 23]. Also, post-transition
etals such as gallium (Ga) [24] have demonstrated potential as
adiosensitizing agents. These materials, in general, are based on
he enhancement of local energy deposition [25].

t is worth noting that two nanomaterials based on the use of
igh-Z atoms as radioenhancers have moved forward to clinical
rials: On the one hand, NBTXR3 from Nanobiotix, consists of 50
m spherical nanoparticles composed of hafnium oxide (HfO2)
rystallites and phosphate groups, which act as radioenhancers
hanks to the high Z number of hafnium (Z = 72) [26–28].
his treatment is currently under phase 3 clinical trial for the
reatment of locally-advanced head and neck squamous cell
arcinoma, among others [29]. On the other hand, AGuIX is a
adolinium oxide-based nanoparticle with a polysiloxane shell
nd a hydrodynamic diameter of 3 nm (Z = 64 for Gd) [22] that
as been demonstrated to passively reach the tumors in rodent
ancer models, displaying no overall toxicity thanks to renal
learance, and efficiently exerting its antitumoral effect, when
ctivated by X-ray irradiation [30]. Currently, it has reached a
hase I/II clinical trial as an RT enhancement plus concomitant
emozolomide for treatment of newly diagnosed glioblastoma
31], and a phase II clinical trial as a combined treatment with
tereotactic radiation for management of brain metastases [32].

mong the named materials, platinum (Pt), in particular, holds
prominent position due to its long-standing clinical application
n oncology as cisplatin and related compounds [33]. These Pt-
ased chemotherapeutics have been extensively characterized
nd are widely utilized in CT, yet the dose at which they can
e administered is limited by their systemic toxicity [2]. Instead,
anoparticulate formulations of platinum offer a compelling
lternative, enabling a reduction in toxicity and improved bio-
ompatibility [34, 35]. Furthermore, Pt nanoparticles can exhibit
atalase-like activity, catalyzing the decomposition of hydrogen
eroxide (H2O2) into molecular oxygen (O2), thus mitigating
umor hypoxia, a major contributor to radioresistance [34]. This
ual functionality, encompassing both physical dose enhance-
of 24
ment, thanks to its high atomic number, and catalytic activity
capable of alleviating hypoxia in the tumor microenvironment
(TME), positions Pt-NPs as highly promising candidates for
synergistic RT augmentation.

However, most Pt-NPs employed to date display relatively large
sizes, with diameters typically above 20 nm, either due to
substantial particle growth during synthesis [36] or as a con-
sequence of being embedded in bulky support matrices [34,
37]. A large particle size is usually considered a disadvantage
as it reduces mobility and hinder tumor penetration. Also, it
often results in suboptimal pharmacokinetics, prolonged tissue
retention, and elevated risk of long-term toxicity [34, 38, 39].
Moreover, larger NPs exhibit reduced surface-to-volume ratios,
potentially diminishing both their energy deposition efficiency
(related to Auger electrons) [14] and their catalytic activity
[34]. As shown by Loscertales and coworkers working with
Au [40], smaller metallic NPs show a larger radiosensitizing
effect than their larger counterparts. Finally, and perhaps most
importantly, larger Pt-NPs cannot undergo renal filtration and
urinary excretion, and this favors longer-term accumulation
after systemic administration. It should be noted, however, that
potential renal elimination cannot be inferred from size alone:
renal excretion of ultrasmall metal nanostructures has been
reported to be variable depending on NP nature and surface
chemistry [41], and therefore, biodistribution and clearance must
be experimentally validated for each formulation. Consistentwith
the size-dependence of nanoparticle biodistribution, Yang et al.
provided one of the first PET-quantified in vivo pharmacokinetic
studies of radio-enhancer platinum nanoparticles (ca. 9 nm) and
nanoflowers (ca. 35 nm), reporting peak tumor accumulation at
∼24 h and sustained retention [42]. To address these limitations,
in the present work we have developed ultrasmall Pt-NPs using
polyvinylpyrrolidone (PVP) as stabilizer, giving a NPs population
withmetallic core diameter of 2.6± 1.1 nmmeasured by TEM and
in any case with diameters below 6 nm, within the commonly
cited glomerular filtration size range [43], although as stated,
specific validation for each formulation is required. For clarity,
throughout this manuscript, “nanoparticle size” refers to the
TEM-measured metallic core diameter unless otherwise stated.

In this regard, a broad range of Pt-based materials have been
developed as nanoparticles intended to enhance X-ray effects
without other irradiation sources or co-therapy, as summarized
in Table S1. However, the number of works carried out with ultra-
small nanoparticles is quite scarce. To the best of our knowledge,
only the studies by George et al. [44] and Pagáčová et al. [45]
have previously proposed the use of ultra-small NPs (< 6 nm in
diameter) based on Pt for the enhancement of X-ray therapy in
tumoral cells, although they were not tested in vivo. Other works
have likewise performed complete studies of ultra-small Pt-NPs
[46], including their use in vivo [47]; however, although their
TEM-measured metallic core diameters were below 6 nm, the
presence of organic coatings increased their hydrodynamic sizes
relative to the core.

In this work, we present a comprehensive investigation of
ultrasmall Pt nanoparticles with a TEM core diameter of 2.6 ±
1.1 nm (Pt-NPs) and their capacity to enhance radiotherapeutic
efficacy via both radiophysical and biochemical mechanisms,
demonstrating low toxicity in several conditions and cell lines,
Advanced Functional Materials, 2026
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FIGURE 1 Pt-NPs as radiosensitizers. Schematic representation of
the therapeutic strategy followed by ultrasmall Pt-NPs administration, as
well as the cellular effects when Pt-NPs are combined with x-rays.
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s well as enhanced toxicity and DNA damage when combined
ith pre-clinical X-ray therapy. Following the in vitro study,
heir capability to enhance radiation effects was assessed in
ivo with intratumoral injection of Pt NPs, demonstrating an
xcellent performance in the reduction of xenograft tumors
rom two different tumoral cell lines. Finally, the therapeutic
erformance and systemic safety of systemically (IV injection)
dministered Pt-NPs in combination with localized irradiation
ere also assessed in vivo, thereby complementing intratumoral
dministration studies and providing a more clinically realistic
ssessment of radiosensitization. The experimental procedure for
n vivo irradiation, as well as the proposed mechanism of action
or Pt-NPs, is displayed in Figure 1.

Results and Discussion

.1 Synthesis and Characterization of Pt-NPs

he Pt-NPs were synthesized via a solvothermal method using
2PtCl6 as Pt precursor and 10000-MW polyvinylpyrrolidone
PVP) as stabilizer, following the simplified visual workflow
resented in Figure 2A. The reaction presumably proceeds via
two-step reduction pathway, where the Pt (IV) precursor is
dvanced Functional Materials, 2026
reduced to a Pt (II) intermediate during an induction period,
followed by a complete reduction to metallic Pt(0) species, with
ethanol playing a dual role as a co-solvent and a reducing agent.
This redox process is coupled with the oxidation of ethanol
into acetaldehyde, promoting the transformation of the metallic
precursors until the accumulation of Pt(0) atoms reaches the
concentration necessary for nucleation. The role of PVP as
stabilizer is presented in Figure S1. PVP attaches to platinum
surfaces via chemisorption of the carbonyl oxygen, regulating
particle growth and preventing their aggregation (Figure S1A)
[48]. The nascent Pt0 clusters are capped by PVP (MW 10 000),
which adsorb on the metallic surface and sterically stabilizes the
nuclei, suppressing ripening and aggregation (Figures S1B,C and
S2), leading to PVP-stabilized ultrasmall Pt NPs. In our synthesis,
the PVP:Pt mass ratio in the reaction mixture was approximately
5:1 (w/w), with a significant excess of polymer relative to metal.
While this PVP corona is expected to increase the hydrodynamic
diameter, with 2–3 nm core particles, the final size was still under
the range of conventional sizing techniques such as dynamic light
scattering (DLS) or nanoparticle tracking analysis (NTA). Indeed,
as expected, size measurements on our Pt NP dispersions did not
give any reliable readings.

This limitation is consistent with the presence of ultrasmall
metallic nanoclusters whose scattering cross-section falls below
the reliable detection range of conventional DLS/NTA methods.
For this reason, we report only the TEM-measured metallic core
size as the most accurate descriptor of the inorganic core, and we
interpret thematerial as PVP-stabilized Pt nano-cores rather than
“naked” Pt, even though the low-Z PVP corona is not visible in
Z-contrast imaging.

Transmission Electron Microscopy (TEM) analysis (Figure 2B)
confirmed ultrasmall cores of Pt-NPs with a size around 2–3
nm (2.6 ± 1.1 nm) with crystalline facets associated with cubic
Pt (Figure 2C). HAADF-STEM confirms isolated ∼2–3 nm Pt
cores (Figure S1B,C). X-ray diffraction analysis (XRD) further
confirmed the crystalline phase of Pt with a face-centered cubic
structure (Figure 2D). X-ray photoemission analysis of the Pt
4f region also confirmed the metallic nature of Pt species with
binding energies of 71 and 74.3 eV for the Pt 4f7/2 and Pt 4f5/2
regions, respectively (Figure 2E) [35, 36, 49]. In this case, the
catalase-like activity was tested by monitoring the evolution of
dissolved O2 levels following successive injections of a H2O2
solution. The Pt-NPs were very active in generating oxygen (O2)
from hydrogen peroxide (H2O2), as can be seen in Figure 2F.
However, this catalytic activity was demonstrated under cell-free
conditions. To exert their catalase-like activity inside cells, Pt-NPs
would have to be internalized andmaintain their catalytic activity
after the process. These aspects have not been investigated in this
work. Finally, these particles showed high colloidal stability over
time, with no significant changes after being stored at 4◦C for 4
months (Figure S2).

2.2 In Vitro Cytotoxicity of Pt-NPs

The in vitro cytotoxicity of the Pt-NPs was assessed using two
tumoral cell lines (U-251 MG and HeLa), and a nontumorigenic
cell line (human placenta mesenchymal stem cells, hpMSCs).
These cell lines were incubated with increasing concentrations of
3 of 24
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FIGURE 2 Pt-NPs characterization. (A) Schematic workflow of Pt-NPs synthesis, indicating the main steps followed during this process. (B)
Representative TEM images of a Pt-NPs stock solution in distilled water (dH2O), under two different magnifications. (C) Histogram representing the
relative frequencies of the different diameters for Pt-NPs, measured with ImageJ software from TEM images. (D) XRD and (E) XPS analysis of a stock
solution of Pt-NPs. (F) Oxygen generation capacity of Pt-NPs in the presence of H2O2 across time. 2 mL of H2O2 (1 mM) were initially added, then
0.05 mL of H2O2 (20 mM) was subsequently added at 10 and 20 min, as indicated in the graphic.
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FIGURE 3 Cell viability after Pt-NPs administration. Viability of tumoral (U-251 MG, HeLa) and nontumoral (hpMSCs) cell lines after treatment
with increasing concentrations (from 3.1 to 100 µg⋅mL−1) of Pt-NPs for 24, 48, and 72 h. Data are shown as mean ± SD (n = 3).
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t-NPs (ranging from 3.1 to 100 µg⋅mL−1) and cell viability was
etermined after 24, 48, and 72 h based on metabolic activity,
ormalized to untreated controls. Overall, results indicated a low
cute cytotoxicity of the Pt-NPs across all tested cell lines and
imespans (Figure 3). Notably, HeLa cells exhibited increased
ensitivity after 72 h of exposure, representing the only condi-
ion in which cell viability dropped below 70% at the highest
oncentration used.

onsidering the results of the cell viability assay, 100 µg⋅mL−1

as the Pt-NPs concentration selected for further experiments,
ince all cells (except for HeLa after 72 h) presented a good
esponse to this concentration, and even HeLa cells did not
isplay a dramatic viability reduction. Especially, nontumoral
ells (hpMSCs) displayed a good viability at this concentration. In
ddition, as it will be later explained, the optimal internalization
ime was established at 24 h, a time at which cell viability was
bove 75% in all cases. These findings are consistent with previous
iability studies conducted at similar concentrations, both in
dvanced Functional Materials, 2026
systems containing Pt as the sole metallic component [20, 50], as
well as in materials that combine Pt with other metals [7, 51, 52].

2.3 Internalization of Pt-NPs in Cells

Although the cell viability assays yielded favorable results, it
was essential to quantitatively determine NPs internalization to
ascertain whether the high viability values observed resulted
from actually low toxicity or from insufficient internalization
of Pt-NPs. To evaluate nanoparticle internalization, cells were
incubated with 100 µg⋅mL−1 Pt-NPs using the same time intervals
as in the viability assays. Following incubation, noninternalized
Pt-NPs were removed by PBS washing, and cells were imaged
by confocal microscopy and later digested for quantitative Pt
analysis. Confocal images shown in Figure 4 and Figures S3–S5
should be interpreted as qualitative localization of aggregates and
cannot yield quantitative uptake measurements, as its resolution
does not allow to observe well-dispersed Pt NPs inside cells.
5 of 24
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FIGURE 4 Internalization of Pt-NPs. (A) Quantification of Pt internalized in different cell lines after incubation with 100 µg⋅mL−1 of Pt-NPs
during 24, 48, and 72 h. Data obtained from MP-AES elemental analysis are shown as mean ± SD (n = 3). (B) Confocal microscopy images of Pt-NPs
internalization in several cell lines after the treatment. A few bright green dots (left column) can be spotted, corresponding to the metallic reflection of
Pt-NPs aggregates. Also, the use of a photomultiplier for transmitted light (T-PMT) allows the detection of clusters of nanoparticles by contrast, appearing
as black dots (right column). Detector gain was 600 for Channel 1 (red, phalloidin) and Channel 2 (gray, DAPI), 680 for Channel 3 (green, reflection),
and 440 for Channel 4 (T-PMT).

6 of 24 Advanced Functional Materials, 2026
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uantification by MP-AES constitutes the primary evidence
f Pt-NPs uptake, whereas reflection/T-PMT confocal imaging
rovides qualitative support only. Because individual 2–3 nm
t-NPs are below the optical resolution limit, this imaging
odality detects only clustered or highly reflective Pt-containing
ssemblies. Therefore, these images support intracellular local-
zation of detectable aggregates, but cannot be interpreted as
ndication of Pt-NPs distribution inside the cells. Both U-251 MG
nd hpMSCs exhibited evident uptake of Pt-NPs at all times
tudied. Notably, HeLa cells exhibited the lowest level of particle
nternalization among the cell lines tested (Figure 4A). These
esults are consistent with the study by Encabo-Berzosa et al.,
ho reported reduced internalization of a metallic nanomaterial
n HeLa cells compared to mesenchymal stem cells [53]. Also, the
aximum nanoparticle content was observed at 24 h in all cell
ines for our Pt-NPs.

onfocal microscopy was therefore used to confirm intracellular
nternalization, and rule out other phenomena, such as surface
dhesion on the outer cellular membrane. To this end, cells
ere incubated de novo with Pt-NPs for 24 h and examined
ia confocal microscopy to visualize intracellular nanoparticle
ggregates. After exposure, cells were extensively washed to
emove noninternalized material, fixed, and stained. Then, a Z-
tack image was obtained, compressing all the slices between
he top point and the bottom point of the cell. Figure 4B and
igures S3–S5 show a representative example of these Z-slices for
ach cell line, with nuclei stained in grey (DAPI) and actin fibers
n red (Phalloidin-Alexa Fluor 488, see Experimental Section
or details). Nanoparticle aggregates (as stated, individual 2–3
m particles are far below the resolution limit of the confocal
icroscope), detected by reflection of the incident light, can be
potted as green dots. These slices are accompanied by their
rthogonal projections along the X and Y axes of the image,
roviding a Z-axis cross-sectional view, helping to confirm the
resence of the nanoparticle aggregates inside the cells (yellow
ircles). It is likely that much more Pt is present in the cell as
ispersed NPs, under the resolution of the confocal microscope,
s confirmed by MP-AES.

dditionally, the photomultiplier for transmitted light (T-PMT)
f the confocal microscope revealed nanoparticle aggregates
s high contrast black dots in bright field images (Figure 4B;
3–S5). Although this modality does not confirm the intracel-
ular location of Pt-NPs, it provides complementary informa-
ion regarding aggregate distribution. In contrast, when the
ame procedure was applied to cells that did not undergo any
reatment with nanoparticles (negative control), the aggregates
ere absent from both fluorescence images and transmitted-
ight images (Figure S6). Thus, quantitative MP-AES measure-
ents together with orthogonal confocal projections provide
omplementary evidence of nanoparticle internalization, com-
ining elemental quantification with spatial localization of
ggregates.

s previously noted, and as summarized in Table S1, research
orks dealing with ultra-small Pt-NPs as radiosentitizers are
carce. We highlight the works by George et al. [44], Pagáčová
t al. [45], Salado-Leza et al. [46], and Yaray et al. [54]. Also,
aking into account that size is one of the main factors affecting
ellular uptake, it is hard to make direct comparisons regarding
dvanced Functional Materials, 2026
the internalization efficiency among different Pt nanoparticles.
Previous studies indicate that Pt-NPs may display different sub-
cellular distributions depending on nanoparticle design and cell
type, but localization in the nucleus is not required to observe
enhanced radiosensitization. Thus, in HeLa cells, radiosensitiza-
tion has been reported for Pt-based nanomaterials predominantly
localized in the cytoplasm rather than in the nucleus [46, 55],
whereas for ultrasmall 2 nm Pt-NPs, a measurable intranuclear
platinum fraction has been described in HepG2 cells [56]. It
should also be noted that not all Pt NPs produce the same
outcome under irradiation. Some studies have shown weaker or
absent enhancement under other cellular models and irradiation
settings, underscoring that platinum-based radio-enhancement
is strongly model- and condition-dependent [57]. In this work,
data clearly support cellular uptake and intracellular localization
of detectable Pt-containing aggregates. While nuclear internal-
ization of a fraction of Pt NPs also seems likely given their
size, this was not determined in this case. Several studies have
reported internalization values for different metal nanoparticles
and can be used for comparison. Thus, internalization of Au@Pt
nanodendrites (∼30 nm) [58] and Pt-prodrug@Fe3O4 NPs (∼20
nm) [59] has been investigated in 4T1 cells. Reported values of∼90
ng Pt/104 cells in both studies (after 24 and 2 h, respectively) show
a higher internalization rate than the values herein observed for
U-251 MG and hpMSCs (22.4 and 42.4 ng Pt/104 cells after 24 h,
respectively). Regarding HeLa cells, Liang et al. reported ∼950
fg Au / cell after 30 min incubation with the highest studied
concentration of modified Au nanoclusters [60]. This value is
close to the Pt contentmeasured in our studywithHeLa cells after
24 h (820.1 fg Pt/cell). This latter comparison might be relevant
since the clusters were smaller than 2 nm.

2.4 Combined Effect of Pt-NPs and X-Ray
Irradiation in Tumoral Cells Lines

2.4.1 Pt-NPs Radiosensitizing Effect

Following the assessment of the effects of Pt-NPs incubation
alone, the next step involved evaluating their impact under
X-ray irradiation in cell culture. To this end, an initial cyto-
toxicity assay was conducted to evaluate the Pt-NPs’ ability
to enhance the effects of X-ray exposure. This enhancement
would be consistentwith high-Z-mediated dose amplification and
short-range secondary electron emission, mechanisms widely
recognized as primary contributors to nanoparticle-mediated
radiosensitization.

RT alone has reportedly been able to reduce cell viability in
different tumoral cell lines, such as lung cancer [20], murine
breast cancer [50, 52] or hypopharyngeal cancer [61], showing
variable effects depending on the cell line. In this regard, HeLa
(cervical adenocarcinoma) [60, 61] and U-251 MG (malignant
glioblastoma) [62] cells, both used in this study, exhibit a dose-
dependent response toX-ray treatment. Clinically, the application
of RT differs between cervical cancer and glioblastoma. RT plays
a central role in the clinical management of cervical cancer [63].
In contrast, newly-diagnosed glioblastoma is typically treated
with surgical resection followed by RT and temozolomide CT,
however, median survival from initial diagnosis is less than 15
months [64]. In any case, it should be noted that the equipment
7 of 24
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erein employed (Faxitron Multirad 225) works in the energy
ange of kV, whereas according to the I.A.E.A. Human Health
eport of 2022, 6MV is currently the commonest choice of energy
or single energy standard linear accelerators or robotic RT [65].
ndeed, the range of MV is often found in clinics for different
ypes of tumors: glioblastoma [66] or glioma [67], and cervix
arcinoma [68, 69].

rior in vitro studies with these two cell lines demonstrated
hat irradiation doses below 6 Gy did not induce substantial
ytotoxicity [60–62]. These findings support the rationale to use
t-NPs to enhance RT effects while reducing X-ray irradiation
osing and minimizing damage to healthy tissues. To investigate
hether Pt-NPs administration could significantly amplify X-ray-
nduced cytotoxicity, cells were treatedwith Pt-NPs (100 µg⋅mL−1)
or 24 h, then noninternalized Pt-NPs were rinsed with PBS
ashing, and cells were subsequently exposed to increasing X-
ay doses ranging from 0 to 4 Gy, in the irradiation machine
Figure S7). This equipment incorporates a built-in dosimeter,
n ion chamber located in the center of the turntable, which
ommunicates to a dosimetermodule, allowing themeasurement
nd handling of the irradiation rates and doses. Cell viability was
etermined by counting adherent cells 7 days after the irradiation.
esults showed that, in both cell lines, Pt-NPs addition led
o increased cytotoxicity compared to X-ray irradiation alone
Figure 5A).

n the case of HeLa cells, despite moderate effects, the results are
otable given the low Pt-NPs internalization observed in these
ells (Figure 5A). In U-251 MG cells, radiation alone already
nduced a strong cytotoxic effect, which was, however, notably
ncreased by Pt-NPs treatment (Figure 5A). This enhancement
s generally expected for Pt-based nanoparticles, as shown in
revious studies [20, 50]. However, the increase observed in this
ase is especially noteworthy, taking into account the ultrasmall
ize of the Pt-NPs used, which resulted in a moderate internal-
zation (22.4, 8.2, and 42.4 ng Pt/104 cells after 24 h for U-251
G, HeLa, and hpMSCs, respectively). Next, the mechanism of
ction was further investigated using a 4 Gy dose in subsequent
xperiments.

he gap between both curves corresponding to U-251 MG cells in
igure 5A indicates that Pt NPs already have amoderate cytotoxic
ffect on these cells. This was not detected in the cytotoxicity
xperiments of Figure 3, for these experiments were carried out
or a maximum time of 72 h. However, for Figure 5A, data were
aken 7 days after irradiation (i.e., 8 days after initial exposure to
t-NPs), and a delayed cytotoxicity appears. In contrast, for HeLa
ells, this effect was negligible. To distinguish this basal cytotoxic
ffect from actual radio sensitization, we performed an additional
nalysis in which each treatment group was normalized to its
wn baseline of 0 Gy (0 Gy/0 µg⋅mL−1 for the control curve
nd 0 Gy/100 µg⋅mL−1 for the Pt-NPs curve), and compared
he dose response slopes using linear regression (Figure S8).
hile the fitting gives a slightly higher slope for the Pt-NPs

reated cells, the differences for U-251 MG were not statistically
ignificant, indicating that most of the total loss of viability in
his line reflects the combination of late Pt-NP cytostatic and
rradiation. In contrast, in HeLa cells, the slopes were signifi-
antly different (p = 0.0397), indicating that Pt-NPs significantly
of 24

e C
re
potentiate the cytotoxic effect of X-ray irradiation in this cell
line.

To quantitatively compare the enhancement of X-ray cytotoxicity
by Pt-NPs, we calculated a dose-modifying ratio at 50% viability,
DMR_50(viability). This parameter is defined as the ratio between
the radiation dose required to reach∼50% viability in the absence
of Pt-NPs and the dose required to reach the same viability after
Pt-NPs incubation. Thus, DMR_50(viability) > 1 indicates that
the nanoparticles allow achieving the same cytotoxic effect with
a lower radiation dose, consistent with radio sensitization. This
approach is conceptually analogous to the “dose-modifying ratio
at 50% survival” and “dose-modifying factor at SF_50” commonly
used in nanoparticle radio sensitization studies [70, 71], adapted
here to our viability-based assay rather than clonogenic survival.
We observed DMR_50(viability) > 1 for both U-251 MG and HeLa
cells, even after correcting for baseline Pt-NPs effects, supporting
that Pt-NPs act as enhancers of radiation effects in both models.
Full methodology, normalization strategy, and numerical values
are provided in Methods S2.

2.4.2 Effects on γH2AX Histone and 53BP1 Expression

DNA damage induced by X-ray irradiation usually manifests as
double-strand breaks (DSBs), which can result from ionizing
radiation or cytotoxic agents, causing lethal disruptions in DNA
strands [72]. The presence of this kind of damage triggers two
repair systems in DNA, named as homologous recombination
(HR) and nonhomologous end joining (NHEJ) [73, 74]. One
of the cellular responses to DSBs involves the recruitment and
activation of the ataxia-telangiectasia mutated (ATM) kinase
by the sensor complex, which leads to the phosphorylation of
histoneH2AX on serine 139, resulting in γH2AX, which promotes
DNA damage signal amplification and DSBs repair through
HR [75, 76]. The presence of this phosphorylated histone in
the DSB sites is required for the downstream accumulation of
several DNA-damage response (DDR) proteins. Among them,
p53-binding protein 1 (53BP1) plays a key role in promoting DNA
repair by NHEJ, maintaining the balance between the two major
repair systems [73–76].

The expression of γH2AX histone was evaluated by immunocy-
tochemistry, since its phosphorylated form appears as nuclear
fluorescent “foci,” corresponding to the DSB sites. The quan-
tification of γH2AX nuclear foci is broadly accepted as a
biomarker of DNA damage in a living cell [76, 77], and
correlates with an increase in impaired proliferation or cell
death.

To assess the effect of irradiation on DNA damage, cells were
irradiated at 4 Gy either in the presence or absence of Pt-
NPs, then were fixed for immunocytochemistry 60 and 120
min after X-ray administration. These time points were selected
based on previous reports showing that the appearance of this
phosphorylated histone occurs shortly after the DNA damage
event (in this case, ionizing radiation). For instance, Gaudreau-
Lapierre et al. reported that γH2AX signals should emerge at 5
min and persist up to 3–4 h after the DNA damage takes place
[78]. Similarly, Martinez-Pastor et al. detected foci indicative of
Advanced Functional Materials, 2026
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FIGURE 5 X-ray cytotoxicity enhancement of Pt-NPs. (A) Effect of increasing doses of X-ray on the viability of U-251 MG and HeLa cells, in the
presence or absence of Pt-NPs (100 µg⋅mL−1), incubated for 24 h. Cells counted 7 days after X-ray administration (n = 3). (B) Counting of γH2AX foci
number for every condition at different times after irradiation. Both U-251 MG and HeLa cells were assessed (nuclei number between 188 and 335 for
U-251 MG and between 250 and 469 for HeLa). (C) Counting of 53BP1 foci per cell nucleus 2 h after X-ray application, for U-251 MG and HeLa cells
(nuclei number from 140 to 271 for U-251 MG, and from 190 to 341 for HeLa). Data are shown as mean ± SD. Statistical significance assessed by t-test
applying Welch’s correction when necessary: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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NA damage 15 min after gamma irradiation, with persistence
or 90 min, followed by a decrease from 6 h onward [75].

n our case, confocal imaging confirmed clear nuclear staining of
H2AX. Fluorescence signal was almost negligible in nonirradi-
ted cells and in cells incubated with Pt-NPs alone (100 µg⋅mL−1),
hen, in experiments with X-ray irradiation alone, the γH2AX
ignal clearly increased, rising further when the radiation dose
as combined with a prior incubation with Pt-NPs (Figure 5B).
he differenceswere highly significant (p< 0.0001) forHeLa cells
nd for U-251 MG after 1 h. These findings were corroborated by
rthogonal projections of confocal images, revealing an increased
umber of γH2AX foci signals in both U-251 MG (Figure S9) and
n HeLa cells (Figure S10) under combined treatment. Overall,
hese results indicate that Pt-NPs amplify DNA damage signaling
ollowing irradiation, as shown by the number of γH2AX foci
resent in the nuclei, especially in HeLa cells.

imilarly to the role of γH2AX, the expression of 53BP1 has
een associated to an increased DNA damage. Thus, for instance,
3BP1 expression was spotted by Martinez-Pastor and coworkers
5 min after gamma irradiation, and, similar to their observations
egarding γH2AX, it persisted during the first 90 min and started
ecreasing 6 h after gamma irradiation [75]. Given the sustained
H2AX foci expression observed with the combined treatment (1
in U-251 MG, 2 h in HeLa), 53BP1 expression at the 2-h mark
ould serve as an additional indicator to validate the persistence
f DNA damage, with lower foci expected for X-ray alone.

mmunocytochemistry for 53BP1 was performed in a similar
ay to γH2AX, using Alexa Fluor 488-conjugated secondary
ntibodies. Once again, images were evaluated by counting the
umber of 53BP1 active pixels, and the results are displayed in
igure 5C. On the one hand, the combined treatment in U-251
G presented a tendency toward increasing the foci number per
ucleus compared to the application of irradiation alone (yet
t was not statistically significant due to the wide dispersion
f data). On the other hand, 53BP1 foci significantly rose their
umber inHeLa cell nuclei after the combined therapy, compared
o the X-ray treatment alone, 2 h after the treatment appli-
ation. Representative orthogonal confocal projections support
he quantitative analysis, confirming increased foci formation
Figure S11).

owever, the fact that solely incubation with Pt-NPs already
roduced a significant increment in 53BP1 foci numbers in HeLa
ells (Figure 5C) must not be overlooked, since although it was a
mall increase, it was significant. A small increase (though not
tatistically significant) could also be ascertained in Figure 5B
or the Pt-NPs-treated HeLa cells in the γH2AX experiment.
oth results would suggest that, specifically for this cell line,
here is some DNA damage associated with the internalization
f Pt-NPs. The explanation for this phenomenon is still unclear
o us, although some studies have reported the increment in
3BP1 foci expression following cisplatin exposure in tumor cell
ines, such as A549 [79], and SiHa [80] (a cervical carcinoma
ell line). A slight, nonsignificant increase in γH2AX and 53BP1
as observed in HeLa cells after incubation with Pt@Au NPs
7], yet the thorough explanation for this phenomenon has not
een previously described, to our knowledge. It seemed possible
hat, due to the ultrasmall size of the Pt-NPs used in this work,
0 of 24

a

with an extremely high external surface to volume ratio, some Pt
dissolutionmay take place, and in this case, the observed behavior
would reflect the effect of leached Pt behaving analogously to
cisplatin. In any case, the amount of Pt that could be potentially
dissolved from our nanoparticles is necessarily very small (to
check this, we incubated 0.2 mg of Pt-NPs for 8 h in 1 mL
of cell culture medium at 37◦C and the amount of leached Pt
was under the MP-AES detection limit), and indeed our cell
viability experiments showed that Pt-NPs treatment at the tested
concentrations did not induce cytotoxicity even in HeLa cells at
24 or 48 h post-incubation.

Both proteins, γH2AX and 53BP1, have also been assessed in
similar works. In the case of γH2AX, previous studies involv-
ing Pt-based nanomaterials have reported comparable results,
including noticeable increases in foci per cell [20], or enhanced
nuclear fluorescence intensity at early time points [50]. Besides,
bimetallic Au-Pt-NPs have also shown a pronounced effect on
γH2AX expression and nuclear localization [7, 52, 81]. In contrast,
53BP1 has been less frequently studied, yet there are some
precedents. For instance, Jackson et al. reported a moderated
increase in 53BP1 foci 24 h after 2 Gy irradiation, when Au
NPs were combined with docetaxel, compared to Au NPs + X-
ray alone [82]. It is also noteworthy the work by Zhang et al.,
who used 36 nm Pt@Au nanoparticles to induce enhanced RT
effects and noticed increased γH2AX foci per cell. However,
they also found that cells with the highest number of γH2AX,
also displayed the lowest number of 53BP1 foci, suggesting that
DSB repair was impaired by the treatment [7]. In contrast, in
this work, 53BP1 and γH2AX foci count variations seemed to be
highly correlated, giving strong evidence that the Pt-NPs used
in this work enhance and prolong DNA damage signaling when
combined with X-ray irradiation.

Finally, we performed intracellular ROS measurements to assess
whether the additional loss of viability observed in the presence
of Pt-NPs could be attributed simply to amplified ROS generation.
Total ROS levels were quantified using the H2DFCDA probe and
plate reader detection 30 min after irradiation, and the results are
shown in Figure S12. As shown, irradiation at 4 Gy produced a
modest and nonsignificant upward trend in ROS in both U-251
MG and HeLa cells, while the addition of Pt-NPs did not further
increase the ROS signal at this time. This does not contradict
the observed increase in γH2AX and 53BP1 foci with Pt-NPs
+ X-rays, as ultra-small Pt-NPs are expected to increase local
energy deposition and short-range electron emission under irra-
diation, producing highly localized DNA double-strand breaks
through a Pt-mediated catalytic redox process consistent with
the H2O2 decomposition and O2 generation observed in cell-
free assay (Figure 2F), which could contribute to oxygenation-
dependent fixation of radiation-induced DNA lesions. Both
effects can intensify persistent DNA damage without causing
a significant increase in global ROS, since the catalytic action
of Pt NPs depletes H2O2, one of the main contributors to ROS
measurements.

From a mechanistic point of view, the radiosensitizing action
of ultrasmall Pt-NPs is likely multifactorial. Pt high-Z properties
can enhance local physical interactions under irradiation, while
previous studies also support catalytic H2O2 decomposition/O2
generation as a possible contributor to RT enhancement [20].
Advanced Functional Materials, 2026
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n the present work, the catalytic activity of the ultrasmall
t NPs used has been clearly shown in cell-free conditions,
hereas intracellular or in vivo catalytic activity was not directly
easurable. It is important to note that catalysts may lose
heir activity in biological environments, e.g. due to poisoning
y sulfur-containing molecules [83]. Therefore, the catalytic
ontribution should be interpreted as a likely local component
f radiosensitization rather than as a demonstrated intracellular
echanism in this case.

.5 In Vivo Radiosensitization Performance of
t-NPs

ncouraged by the clear potential shown by Pt-NPs to enhance
he effects of X-ray irradiation and their capability to induce a
igher,more enduringDNAdamage,we also studied the effects of
he combined treatment (Pt-NPs + RT) in vivo. For this purpose,
wo different xenograft tumor models were established using
-251 MG and HeLa cells in 6–10-week athymic female mice.
umor implantation methodologies for both xenograft models
ave been adapted from previous works [2, 84, 85] with minor
odifications (see further details in the Experimental section).
o evaluate bothmechanistic efficacy and translational relevance,
n vivo experiments were performed using two administration
trategies: intratumoral administration and intravenous delivery.
ntratumoral administration was used as a mechanistic proof-of-
oncept to isolate intrinsic radiosensitizing capacity fromdelivery
imitations, in a dose-controlled scenario. On the other hand,
ntravenous injection allows to study a more relevant therapeutic
cenario of systemic administration, where only a fraction of the
Ps injected reaches the tumor. Off-target deposition is likely
n this case, and therefore, endpoint serum biochemistry and
iver/kidney histology are reported for the IV study.

.5.1 Intratumoral Treatment in the U-251 MG
enograft Model

he results of the treatment in the case of the xenograft originat-
ng from U-251 MG cells are presented in Figure 6. As depicted in
igure 6A, after subcutaneous injection ofU-251MG cells, tumors
ere allowed to grow for 7 days, then a single Pt-NPs intratumoral
njection (100 µL, 3 mg⋅mL−1 in PBS) was administered. X-ray
rradiation (4 Gy) was applied the following day (day 8) and again
n day 13 (total dose: 8 Gy).

he irradiation dose used for this assay was selected taking into
ccount other studies working with metal-based radiosensitizers
hat obtained significant results in the range between 4 and 12 Gy
f total dose [7, 77, 86–88]. Thus, we decided to administer a total
-ray dose of 8 Gy (4 Gy x 2 days).

egarding the quantity of Pt-NPs injected, there is consider-
ble variability in the literature regarding the total mass of
ntratumorally administered nanomaterials. In some cases, the
reatment was only one 50 µL injection at concentrations ranging
rom 1 to 3.8 mg⋅mL−1 of the nanomaterial [77, 88]. In another
ork, Zhang et al. administered 100 µL of the nanomaterial at
concentration of 10 mg⋅kg−1 [7]. Also, Yong et al. treated the
ice with 20 µL injections of the nanomaterial at 2 mg⋅mL−1,
dvanced Functional Materials, 2026
improving the therapeutic effectiveness [86]. In our case, we
decided to carry out only one injection of Pt-NPs (100 µL at 3
mg⋅mL−1). In spite of this, the employed concentration was still
a slightly higher quantity of nanomaterial compared to other
related works. However, the low toxicity that Pt-NPs showed
in vitro (although it was moderately increased 8 days after NP
incubation in U-251 MG), led us to consider this quantity as safe
and suitable for the performance of this in vivo assay.

Tumor size evolution was measured until day 22, where the
comparison ended since several tumors reached the maximum
size allowed for welfare (Figure 6B). Also, a Kaplan-Meier
survival analysis was performed for the different treatments.
Although tumor size follow-up finished earlier, survival analysis
was conducted until day 43 of the experiment (Figure 6C). Final
time points for each animal were individually decided under the
criteria described in the Experimental Section.

The results in Figure 6B show that the injection of Pt-NPs alone
did not have anymeasurable effect compared to the control group,
confirming that the moderate cytotoxic effect observed for U-251
MG cells in vitro is not sufficient to cause an antitumoral outcome
in U-251-MG-derived xenograft tumors. This phenomenon also
reinforces the idea of an enhanced radiosensitive effect, rather
than an additive one. On the other hand, X-ray administration
at 4 Gy + 4 Gy was effective in attaining a strong tumor
reduction. However, this was further improved in the presence
of Pt-NPs. Indeed, the combined treatment produced a complete
tumor growth arrest until the end of the measurements, whereas
tumors that underwent X-ray administration, while displaying
a notably reduced size, seemed to resume their growth by the
22ndday (Figure 6B).Absolute tumor volumemeasurements con-
firmed the halted tumor progression in the combined treatment
group, in contrast to the X-ray treatment alone, where tumor
growth resumed, and the antitumoral effect was not sustained
(Figure S13A).

The survival graphic was broadly coincident with the tumor size
results (Figure 6C). However, it can be noted that the X-ray
and negative control groups ended the experiment with no alive
mice, followed by the Pt-NPs group, where only one mouse was
considered alive after 43 days. Meanwhile, three mice belonging
to the group where the combined therapy was applied were
still alive after finishing the assay. This outcome suggests not
only that combined therapy is clearly more effective than simple
irradiation, but also that this effect can be maintained in the mid-
term, slowing tumor growth and improving survival prospects
during, at least, one and ahalfmonths. It should also be noted that
neither the applied X-ray therapy nor the local administration
of Pt-NPs produced an important weight loss in mice of the
irradiated groups (Figure S13B).

Interestingly, in the survival curve (Figure 6C), the Pt-NPs-only
group showed a modest delay in reaching endpoint criteria
compared to the untreated control, even though its mean
tumor volume continued to increase and did not exhibit a sus-
tained macroscopic growth arrest (Figure 6B; Figure S11A,S13A).
Because these experiments were performed in athymic nude
mice, which lack a fully competent adaptive T-cell response,
we interpret this slight survival benefit as a local intratumoral
effect (e.g., focal necrosis or vascular/structural disruption at
11 of 24
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FIGURE 6 In vivo assay (U-251 MG). (A) Schematic representation of the workflow followed for U-251 MG in vivo, from the moment U-251 MG
cells were injected. (B) Evolution of the relative tumor size during the experiment, normalized by the volume measured for each individual tumor on
the 8th day of the experiment (first irradiation). (C) Survival graphics of the different groups until the 43rd day. Statistical significance assessed by Long-
rank (Mantel–Cox) test and Gehan–Breslow–Wilcoxon test: *p < 0.05. (D) Representative images of H&E staining of xenograft U-251 MG tumors of the
different groups (Scale bar: 500 µm / Scale bar (insets): 100 µm). (E) Representative areas of Ki67 immunohistochemistry for xenograft tumors of the
different groups (Scale bar: 500 µm). Data are shown as mean ± SEM (n = 5).
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he injection site, or the already discussed delayed toxicity of
t-NPs in this cell line) rather than as a systemic immune-
ediated tumor rejection. In contrast, the combined Pt-NPs +
-ray treatment both limited tumor expansion and prolonged
urvival, indicating amore durable potentiation of RT rather than
purely local injection effect.

ematoxylin and eosin (H&E) staining was employed to evaluate
he morphological effects induced by the various treatments on
he xenograft tumors derived from U-251 MG cells at the end
f the experiment. In the control group, the tumors exhibited a
ense and compact architecture, solid with high cellularity, and
ell-arranged spindle cells. The nuclei of these cells are spin-
le shaped, hyperchromatic, and the cytoplasm is eosinophilic
Figure 6D). This structure was maintained along all the tumoral
ass, accompanied by necrotic and fibrotic zones as well as
mmune cell infiltration, predominantly in the central part of
he tumor (Figure S14A). Pt-NPs treatment lowered cell density
nd produced signs of cellular damage in localized areas, yet a
igh organization of the cells was still perceived (Figure 6D).
he tumor scanning showed notable heterogeneity, with highly
rganized structures, but also fibrotic and damaged areas, mainly
n the tumoral core, likely due to the tumoral growth since
ultiple blood vessels in the lower part of the tumor scan
ere spotted (Figure S14B). X-ray irradiation alone reduced
ellularity more clearly, showing higher spacing between cells
nd an increased degree of disorganization, effects that were
ncremented in the tumor treated with the combined therapy
Pt-NPs + X-ray) (Figure 6D). This trend was evident in most of
he peripheral regions of both tumors, yet the core of the tumor
reated with X-ray alone seemed to contain more organized areas
han the core of the tumor that received the combined therapy.
reas of necrotic tissue, fibrosis and immune cell infiltration
re also present in both tumors, and the abundance and size of
lood vessels are considerably lower in the tumor that received
he combined therapy than in the tumor treated with Pt-NPs
Figure S14C, S14D).

i67 is a nuclear protein that can be detected in proliferating
ells, and does not appear to be expressed during the DNA repair
rocess, being a critical biomarker for assessing proliferation in
linical specimens [89, 90]. The analysis of this protein showed
high degree of staining in negative control samples, especially
n the periphery, with some areas of dense staining (Figure 6E).
hese features and spatial patterns were observed throughout
he tumor mass, with a reduction of staining in the tumor
ore (likely related to the typical necrotic center of rapidly
rowing xenografts), accompanied by several zones of intense
ositivity (Figure S15A). Tumors treated with Pt-NPs exhibited a
eterogeneous Ki67 distribution, in concordance with the H&E
tudy, presenting highly stained areas along with several Ki67-
egative regions (Figure 6E). This irregular pattern was observed
cross the tumormass and, togetherwith the high vascularization
reviously noted, is consistent with an aggressive and spatially
eterogeneous tumor architecture (Figure S15B). Although the
i67 signal at the experimental endpoint may appear lower in
he Pt-NPs group than in the RT-only group, this should not be
verinterpreted as a more effective growth suppression: tumors
reated with Pt-NPs alone remained larger and continued to
ncrease in volume over time (Figure 6B). Their heterogeneous
i67 pattern likely reflects the presence of necrotic, hypoxic,
dvanced Functional Materials, 2026
and mechanically stressed regions (e.g., around the intratumoral
injection site) with reduced local proliferation, rather than a
global arrest of tumor expansion. Treatment with X-ray alone
appeared to diminish Ki67 positivity in many regions, evidencing
the antitumoral effect of irradiation (Figure 6E). Thewhole tumor
mass also displayed this reduction in Ki67 expression, although
relevant areas still showed proliferative foci (Figure S15C), which
is consistent with the incipient regrowth trend observed for
the X-ray group between the last irradiation (day 13) and the
end of tumor measurements (day 22) (Figure 6B). Finally, the
combined treatment (Pt-NPs + X-ray) resulted in an extensive
area of Ki67-negative staining compared to all other conditions
(Figure 6E). In the whole-tumor scan, although some localized
Ki67-positive regions remained, most of the mass displayed weak
or absent Ki67 staining (Figure S15D), and this is consistent with
a persistent suppression of tumor expansion and the absence of
late regrowth in that group (Figure 6B). Taken together, these
findings indicate that the combination of Pt-NPswith X-ray limits
the ability of the tumor to re-enter proliferation after irradiation,
confirming a radiation-potentiating effect rather than a purely
additive intrinsic toxicity.

2.5.2 Intratumoral Treatment in the HeLa Xenograft
Model

To compare the antitumoral effect across tumors of different
origin, a parallel in vivo study was additionally conducted using a
HeLa cell-derived xenograft model (Figure 7). The experimental
workflow was maintained as closely as possible to the U-251
MG in vivo assay, with the first X-ray dose administered 24 h
after Pt-NPs injection and a second dose delivered 5–6 days later
(Figure 7A). Some minor variations in timing were necessary to
adjust to the differing growth kinetics of the two tumor models.
These data support coordinating irradiation with the window of
maximal intratumoral Pt-NPs accumulation, rather than assum-
ing simple size scaling, echoing the PET-based pharmacokinetics
reported by Yang et al. [42]

After the subcutaneous inoculation of HeLa cells, tumors were
allowed to grow until day 11, when mice received a single
intratumoral injection of Pt-NPs (100 µL, 3 mg⋅mL−1 in PBS). X-
ray irradiation was subsequently administered on days 12 and 18,
delivering 4 Gy per session, and mice were monitored until day
25 (end of experiment).

The relative tumor growth evolution, normalized to day 13 (first
measurement after performing the first irradiation), is shown
in Figure 7B. It can be observed that, as in the case of the U-
251 MG xenograft, the negative control and the Pt-NPs groups
display roughly the same behavior, with a continuous progression
in tumor size throughout the experiment. Also, the irradiation-
only groupwas again effective in producing amarked reduction of
tumor growth, even though continuous growth could be observed
throughout the experiment. Finally, the combined Pt-NPs + RT
treatment produced the best results, virtually stopping tumor
growth after day 13. It can also be observed that, by the end
of the experiment, the combined treatment group exhibited a
statistically significant reduction in tumor size compared to theX-
ray-only group, indicating enhanced antitumor efficacymediated
13 of 24
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FIGURE 7 In vivo assay (HeLa). (A) Schematic representation of the workflow followed for HeLa in vivo, from the moment the tumor cells were
injected. On day 11, Pt-NPs were intratumorally injected, followed by irradiation on days 12 and 18. (B) Evolution of the relative tumor size during the
experiment, normalized by the measurement of each individual tumor on the 13th day of the experiment (first performed measurement right after the
first irradiation). (C) Survival graphics of the different groups until the end of the experiment (25th day). (D) Representative images of H&E staining of
xenograft HeLa tumors of the different groups (Scale bar: 500 µm / Scale bar (insets): 100 µm). (E) Representative areas of Ki67 immunohistochemistry
for HeLa xenograft tumors of the different groups (Scale bar: 500 µm). Data are shown as mean ± SEM (n = 5). Statistical significance assessed by t-test
applying Welch’s correction when necessary: *p < 0.05.
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y the addition of Pt-NPs (Figure 7B). The same trends were also
bserved by absolute tumor volumemeasurements (Figure S16A).

lso, as in the U-251 MG xenograft (although in this case the
uration was shortened to 25 days), the combined treatment
roup yielded superior survival outcomes, with no mice reaching
he predefined endpoints, although the results observed in the
-ray-only group were close (only one mice dead by day 17,
igure 7C), while 80% mortality (four mice) was observed in
he control group. Irradiated groups experienced transient, mild
eight loss following the first treatment, which was recovered in
ubsequent days and did not compromise mice welfare (Figure
16B). Lastly, the enhanced antitumor effect could also be visually
orroborated by ex vivo tumor images at the final point (Figure
16C).

hile intratumoral delivery was selected to maximize local
oncentration and demonstrate proof-of-concept radiosensiti-
ation, image-guided IT approaches are clinically established
eyond superficial tumors [28]. Prospective studies will eval-
ate intravenous administration, pharmacokinetics, and effi-
acy under MV fractionations to support translatability, noting
he typically low median tumor uptake after IV dosing (<1–
% ID) and the need for surface engineering and dosing
ptimization [91].

n general, H&E staining showed a tumor of polyhedral cells with
n epithelioid appearance, large and pleomorphic. They have
ounded to ovoid nuclei, with fine granular chromatin, slightly
ondensed toward the nuclear envelope, also presenting one
r more nucleoli. The cytoplasm is moderate and eosinophilic.
he cells are arranged in solid sheets. There is necrosis in
ll four tissues, appearing to be less present in the negative
ontrol sample, which revealed a highly organized structure,
levated cellularity and preserved architecture (Figure 7D). The
ull scanning of the tumor reveals this pattern in the majority of
he peripheral tumoral area, also spotting certain necrotic zones
ith immune cell infiltration in the tumoral core (Figure S17A).
umors treated with Pt-NPs showed a high cellular organization
nd density, along with the presence of necrotic spots and
mmune cells (Figure 7D). Similarly to the corresponding group of
he U-251MG in vivo assay, the presence of tumoral vessels across
he tumor is noteworthy, also presenting areas of fibrosis, likely
ndicating a complex and proliferative tumoral environment
Figure S17B). The application of RT alone reveals higher tissue
amage, evidencing large fibrotic areas in the tumoral periphery,
hich infiltrate into the more organized areas (Figure 7D).
his pattern is preserved along the tumoral mass, revealing
pots with lower cellular density, disorganization, necrosis and
mmune cell infiltration, not only restrained to the characteristic
ecrotic tumoral core. Still, several zoneswith a high organization
egree can be spotted (Figure S17C). Finally, the combined
t-NPs + X-ray group exhibited extensive tissue damage, low
ell density and a higher degree of cellular disorganization
Figure 7D). Complete scanning of the tumor confirmed these
eatures, also showing more fibrosis than necrosis along the
umoral mass, as well as barely detectable highly organized zones
Figure S17D).

egarding the Ki67 IHQ analysis, the untreated tumors exhibited
marked staining for this protein, indicating a high prolifera-
dvanced Functional Materials, 2026
tive activity (Figure 7E). The complete scanning of the tumor
confirmed this pattern, displaying a positive staining in most
of the tumoral area, markedly on the periphery, also showing
spots with intense staining (Figure S18A). Tumors treated with
Pt-NPs, as ascertained in the H&E staining, showed a high
heterogeneity for Ki67 IHQ, exhibiting areas with negatives
staining along with zones displaying an intense expression of
this protein (Figure 7E). The positive areas are spread over the
tumoral mass, surrounded by zones exhibiting negative staining,
as well as some areas with marked staining (Figure S18B). X-ray
treatment did not seem to notably affect the Ki67 expression, yet
some negatively stained zones can be appreciated (Figure 7E).
Indeed, the study of the whole sample revealed a high section
of the tumoral mass positively stained for Ki67, whereas only
localized zones demonstrated a negative Ki67-associated activity
(Figure S18C). On the other hand, tumors treated with com-
bined therapy exhibited a more homogeneous staining for Ki67.
Although complete negativity for this protein was not observed,
the intensity and abundance of the positive cells were lower
than those observed for the rest of the treatments (Figure 7E).
The complete scanning of the sample ascertained this pattern,
showing a more homogeneous staining along the tumoral mass,
and presenting a considerably lower positivity than the rest of
the sample, also highlighting the lack of highly stained areas
(Figure S18D).

2.5.3 Intravenous Treatment in the HeLa Xenograft
Model and Biosafety Evaluation

While intratumoral administration provides a controlled proof-
of-concept for radiosensitization, systemic delivery represents
a more clinically realistic scenario. Therefore, an additional
in vivo experiment was performed where we evaluated
whether intravenously injected Pt-NPs could still enhance
RT efficacy under conditions where nanoparticle biodistribution,
clearance, and tumor accumulation constitute limiting factors
(Figure 8).

Tumor-bearing mice received two intravenous doses of Pt-NPs
on days 6 and 7 (200 µL of Pt-NPs in PBS each dose, for a total
Pt amount of 4.24 µg), followed by X-ray irradiation (Figure 8A).
Tumor growth curves revealed that Pt-NPs alone did not signifi-
cantly alter tumor progression comparedwith untreated controls,
confirming that nanoparticles do not exert a relevant standalone
antitumor effect under systemic administration (Figure 8B).
Irradiation alone induced a moderate delay in tumor growth,
whereas the combination of Pt-NPs plus irradiation produced
a markedly stronger suppression of tumor expansion, yielding
significantly smaller tumors at late time points. Similar effects
were observed in the evaluation of absolute tumor size evolution
during the experiment (Figure S19A).

Kaplan–Meier survival analysis showed a consistent trend
(Figure 8C). Animals receiving the combined treatment exhibited
the longest survival, followed by irradiation alone, whereas
Pt-NPs alone behaved similarly to control animals. This demon-
strates that the radiosensitizing effect observed after intratumoral
administration is preserved after systemic delivery. Besides, no
significant evidence of weight loss was observed during the
experiment (Figure S19B).
15 of 24
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FIGURE 8 Systemically administered ultrasmall Pt-NPs act as radiosensitizers in vivo. (A) Schematic representation of the workflow followed for
HeLa in vivo, from the moment the tumor cells were injected. On days 6/7 two 200 µL containing 2.12 µg of Pt-NPs (total 4.24 µg/) were intravenously
injected, followed by irradiation on days 11 and 15. (B) Evolution of the relative tumor size during the experiment, normalized by the measurement of
each individual tumor on the 10th day of the experiment (first performed measurement after the first irradiation). Data are shown as mean ± SEM
(n = 5). Statistical significance assessed by t-test applying Welch’s correction when necessary: *p < 0.05. (C) Survival graphics of the different groups
until the end of the experiment. (D) Representative images of H&E staining of xenograft HeLa tumors of the different groups (Scale bar: 200 µm). (E)
Representative areas of Ki67 immunohistochemistry for HeLa xenograft tumors of the different groups (Scale bar: 200 µm). (F) Serum biomarkers were
grouped according to physiological system: hepatic (GPT/ALT, AST, albumin), renal (urea, uric acid), pancreatic (amylase), metabolic/lipid (HDL), and
cytotoxicity/tissue damage (LDH). 1. Data are shown as mean ± SD (n = 3–5 per group). No statistically significant differences versus control were
detected (one-way ANOVA).
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istological evaluation of tumor sections supported these macro-
copic findings. Hematoxylin-eosin staining revealed extensive
tructural disruption, reduced cellular density, and enlarged
ecrotic areas in tumors treated with Pt-NPs plus irradiation
ompared with treatment alone (Figure 8D). Consistently, Ki67
mmunohistochemistry showed a strong reduction in prolifer-
tive tumor cells in the combined treatment group, indicating
uppression of tumor repopulation capacity after irradiation
Figure 8E).

o evaluate systemic safety, major organs were analyzed histolog-
cally, and serum biochemical parameters were quantified at the
xperimental endpoint. H&E staining of liver and kidney tissues
howed preserved architecture, without necrosis, inflammatory
nfiltrates, or degenerative lesions in any treatment group (Figure
19C,D). Likewise, serum biomarkers associated with hepatic
unction (AST, GPT, albumin), renal function (urea, uric acid),
issue injury (LDH), lipid metabolism (HDL cholesterol), and
ancreatic activity (amylase) remained comparable across all
xperimental groups, with no consistent treatment-dependent
lterations (Figure 8F).

aken together, these results demonstrate that ultrasmall Pt-
Ps retain their radiosensitizing capability after intravenous
dministration while maintaining a favorable systemic safety
rofile, supporting their translational potential as RT enhancers.

n summary, the in vivo experiments corroborated the good
rospects detected in vitro, with the combined treatment
arkedly reducing tumor growth and improving survival in both
eLa and U-251 MG xenograft models under the experimental
onditions tested. RT alone achieved substantial antitumor effects
t high radiation doses, but in both models, the addition of Pt-
Ps amplified the radio-therapeutic outcome without apparently
nducing additional toxicity. Overall, the in vivo outcome is
onsistent with the in vitro radiosensitization signature observed
n HeLa cells. Although HeLa cells internalized less platinum
han U-251 MG (Figure 4A), incubation with Pt-NPs followed by
-ray irradiation produced a significant increase in the radiation
esponse in HeLa, quantified as a dose-modifying ratio at 50%
iability (DMR50(viability) > 1 after baseline correction), and
he slopes of the dose-response curves for 0 µg⋅mL−1 versus 100
g⋅mL−1 conditions were significantly different in this cell line
Figure S8). In U-251 MG, Pt-NPs also reduced viable cell number
days after irradiation, although part of that reduction reflects
modest delayed cytostatic/cytotoxic effect of Pt-NPs alone after
rolonged exposure, rather than a pure change in the radiation
ose-response slope.

lonogenic survival is the historical gold standard to assess in
itro radiation response [92]; however, the primary endpoint
n this work was different: we quantified viable adherent cell
umber 7 days post-irradiation, which integrates proliferative
rrest and cell death across multiple doublings. We comple-
ented this withmechanisticmarkers of persistent DNA damage
γH2AX and 53BP1 nuclear foci), which were more strongly
nduced by Pt-NPs + X-ray than by X-ray alone, particularly
n HeLa cells. Further, the results of in vivo tumor growth
ontrol and survival strongly support the efficacy of the com-
ined treatment. Together, these data confirm that Pt-NPs act
s radiation enhancers under our preclinical conditions. As an
dvanced Functional Materials, 2026
additional consideration, tumors in the in vivo studies were
harvested at endpoint, several days after the last irradiation,
whereas γH2AX/53BP1 are transient DDR markers that peak
within minutes-hours and then decline; therefore, late tumor
IHC can under-represent radiosensitization. In this work, we
quantified γH2AX/53BP1 at 1–2 h in vitro, showing increased
DDR signaling with Pt-NPs + X-rays, and observed improved
in vivo tumor control at the same radiation dose, providing
concordant evidence across endpoints.

These biological findings should also be interpreted in the context
of dose. In our preclinical model, the 2 × 4 Gy delivered at
185 kVp corresponds to a clinical equivalent dose (EQD2) of
approximately 10–15 Gy, i.e. the low end of what is typically
prescribed in the clinic. For example, definitive RT for glioblas-
toma is ∼60 Gy EQD2 in 2-Gy fractions, and common palliative
regimens such as 20 Gy in 5 fractions correspond to ∼23 Gy
EQD2 [93, 94]. The fact that Pt-NPs + X-ray therapy prevented
late tumor regrowth and suppressed proliferative recovery under
suchmodest biological dose, while X-ray therapy alonewasmuch
less efficient, is consistent with a true radiation-enhancing effect
rather than a purely additive intrinsic toxicity. Further evaluation
of these Pt-NPs under clinically relevant megavoltage irradiation
schemes would be needed to confirm their potential.

Overall, the concordance betweenmechanistic assays, two tumor
models, and two administration routes supports the robust-
ness of the radiosensitizing effect observed for these ultrasmall
Pt-NPs. While subcutaneous xenograft systems do not fully
reproduce the complexity of native TMEs and, in particular for
the glioblastoma-derived model, they do not replicate blood–
brain barrier constraints or orthotopic tumor architecture, they
remain well-established preclinical platforms that enable con-
trolled comparisons between treatment conditions. Importantly,
consistent therapeutic enhancement after both intratumoral and
intravenous administration indicates that the observed effect is
not restricted to a single delivery scenario.

3 Conclusions

Ultrasmall (2–3 nm core) Pt-NPs exhibited radiosensitizing
activity under preclinical kV X-ray irradiation, improving the
antitumor effect of irradiation both in vitro and in vivo. The Pt-
NPs alone displayed overall low toxicity across multiple cell lines
up to 72 h, and were also well tolerated in vivo under the tested
conditions, although a modest delayed cytostatic/cytotoxic effect
was detected in vitro for U-251 MG after 8 days. Enhancement of
RT efficiency in vitro was evidenced by: (i) a reduction in viable
adherent cell number 7 days after irradiation that could not be
explained by irradiation alone; (ii) a significant leftward shift in
the radiation response, quantified as a dose-modifying ratio at
50% viability (DMR50(viability) > 1) and a significant change in
the dose-response slope in HeLa cells after correcting for baseline
Pt-NPs effects; and (iii) an early and sustained increase in DNA
damage signaling (γH2AX and 53BP1 nuclear foci) when Pt-NPs
were combined with X-rays, particularly in HeLa.

Intratumoral administration of Pt-NPs (3 mg⋅mL−1) followed by
two 4 Gy fractions of X-ray irradiation (total 8 Gy) produced
durable suppression of tumor progression and improved survival
17 of 24
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n both U-251 MG- and HeLa-derived xenograft models, whereas
either Pt-NPs alone nor irradiation alone could reach the same
esults. Comparable qualitative trends were also observed after
ntravenous administration, indicating that the radiosensitizing
ffect is not restricted to local administration and can also be
chieved via systemic delivery. Based on our kV to MV biological
quivalence analysis, this 2 × 4 Gy schedule corresponds to
n EQD2 of ∼10–15 Gy, i.e., at the low end of clinical dosing,
upporting that the effect observed for the combination is not
erely additive cytotoxicity at an extreme radiation dose.

verall, these results show the potential of ultrasmall Pt-NPs as
adiation enhancers for RT in preclinical models. However, we
cknowledge that clonogenic survival assays under clinical MV
hoton energies and systemic biodistribution studies to ascertain
he conditions under which a sufficient amount of Pt-NPs can
e delivered to the tumor, will be required in order to foster
ranslatability and to benchmark against existing radiosensitizing
gents.

Experimental Section

.1 Synthesis of Pt-NPs

ynthesis of Pt-PVP-2 nm (referred to in the main text as Pt-
Ps) was performed using 10 000-MW PVP (Sigma Aldrich)
s a stabilizer. Briefly, 100 mg of PVP were resuspended in
0 mL of dH2O using a 250 mL 3-neck round-bottom flask.
hen, 255 µL of chloroplatinic acid solution (Sigma Aldrich)
H2PtCl6 / MW: 409.81 g/mol / 8% w/v in H2O) and 22.5 mL
f 96% EtOH were added to the mixture, and the suspension
as subsequently heated to 85◦C overnight [19]. In this mixed
2O/EtOH medium, ethanol acts both as a cosolvent and as an
n situ reducing agent, promoting Pt4+ to Pt0 formation, while
VP (MW 10 000) coordinates and caps the nascent Pt nuclei,
reventing ripening and aggregation. PVP (10 kDa) was first
issolved in deionized water; ethanol was then added together
ith H2PtCl6 (water/ethanol mixture). Under heating (85◦C),
thanol serves as the reductant, while PVP caps Pt surfaces. The
VP:Pt mass ratio in the reaction mixture was approximately 5:1
w/w). The following day, unreacted precursors were removed
fter two centrifugation cycles with Amicon Ultra Centrifugal
ilter (10 kDa MW CO, Merck Millipore), using 20 mL of
H2O for the washings. The centrifugations were performed
t 2080 g for 50 min at room temperature (RT). The obtained
ellet was resuspended in dH2O and stored at RT. Platinum
oncentration was measured through elemental analysis (MP-
ES), and all concentration/dose values in the text refer to
lemental platinum concentration, unless otherwise indicated.
ll syntheseswere independently reproduced at least three times,
ielding comparable nanoparticle size distributions and catalytic
ctivity profiles, confirming batch-to-batch reproducibility.

.2 Characterization of Pt-NPs

ransmission electron microscopy (TEM) analysis was carried
ut using a FEI TECNAI T20 instrument (Tecnai, Eindhoven,
he Netherlands) operated at an accelerating voltage of 200
eV. For TEM imaging, a small volume of Pt-NPs dispersion
8 of 24
was deposited onto a holey carbon-coated copper grid and
allowed to dry. Because ultrasmallmetallic nanoparticles fall near
or below the reliable detection limits of light-scattering-based
techniques, TEM core measurements were used as the primary
size descriptor throughout this study. Quantitative analysis of
platinum content for the determination of Pt-NPs concentration
in the samples was conducted by inductively coupled plasma
mass spectrometry (ICP-MS) using a 4100 MP-AES spectrome-
ter (Agilent Technologies, USA). Particle size distribution was
evaluated by processing TEM images with ImageJ software.
Structural characterizationwas performed using X-ray diffraction
on a Malvern PANalytical Empyrean diffractometer configured
in the Bragg–Brentano geometry, employing Cu Kα radiation
and a PIXcel1D detector. Surface chemical composition was
examined by X-ray photoelectron spectroscopy (XPS) using an
Axis Ultra DLD spectrometer (Kratos Analytical) equipped with
a monochromatic Al Kα X-ray source (1486.6 eV), operated at 12
kV and 10 mA. Spectra were recorded with a step energy of 20 eV,
and binding energieswere calibrated against theC 1s peak at 284.3
eV. Data analysis and peak fitting were conducted using CasaXPS
software, employing a combination of Lorentzian and Gaussian
line shapes after applying Shirley background subtraction.

4.3 Catalase-Mimicking Activity for Molecular
Oxygen Production

The ability of Pt-NPs to mimic catalase activity by generating
oxygen from H2O2 was assessed by monitoring the generation of
dissolvedmolecular oxygen (O2) with the help of an oximeter. For
these experiments, 1mLof a Pt-NPs suspension at a concentration
of 0.05 mg⋅mL−1 was introduced into a 2 mL reaction vial. The
catalytic performance was evaluated with a first addition of 2 mL
of H2O2 (1 mM), followed by subsequent additions of 0.05 mL of
H2O2 (20mM) to corroborate the sustained catalytic activity of Pt-
NPs for O2 production. Catalytic measurements were performed
in cell-free buffer systems and therefore represent intrinsic
nanozyme activity rather than intracellular measurements.

4.4 Cell Lines

HeLa and U-251 MG cell lines were purchased from Cancer
Research UK Cell Services. Besides, hpMSCs were purchased
from Cellular Engineering Technologies Inc. All cell lines
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with 4.5 g/L of glucose, supplemented with 1% Penicillin-
Streptomycin-Amphotericin (PSA), 1% L-Glutamine and 10%
Fetal Bovine Serum (FBS). Culture medium for hpMSCs was
additionally supplemented with Recombinant Human FGF-basic
(154 a.a.) at 5 µg⋅mL−1. Cells were maintained in an incubator at
37◦C and 5% CO2.

4.5 Cytotoxicity Assay

To study the impact of Pt-NPs on cell viability, cells were plated
in 96-well plates, at a density of 3 × 103 cells per well for U-251
MG and HeLa, and 4 × 103 cells per well for hpMSCs, due to
their slower growth. Cells were allowed to attach for 24 h, and
subsequently, serial concentrations of Pt-NPs (ranging from 3.1 to
Advanced Functional Materials, 2026
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00 µg⋅mL−1) were dispersed in DMEMand added to the cultures.
s a control, the same volumewas replacedwith freshmedia. Rel-
tive cell viability was measured 24, 48, and 72 h after treatment
n a plate reader, using Blue Cell Viability Assay Kit (KA1605,
bnova, Taiwan), as per the manufacturer’s instructions. The
atio of fluorescent values of different conditions, compared to
ontrol condition values (i.e., no treatment condition), led to the
elative viability measurement for each condition. Excitation and
mission wavelengths used were 528 and 590 nm, respectively.

.6 Pt-NPs Quantification by MP-AES

he cumulative internalization of Pt-NPs at different times was
valuated in a quantitative manner using MP-AES. Elemental
uantification by MP-AES was considered the primary quan-
itative method for uptake determination, while microscopy
echniques were used as qualitative localization tools. Briefly, 2
105 cells per well were plated in a 6 well-plate, and cells were
llowed to attach for 24 h. Then, a solution of Pt-NPs in DMEM
t 100 µg⋅mL−1 was added to the cells. For control conditions,
n equivalent volume was replaced with fresh media. Cells were
etachedwith a solution of 0.25% Trypsin in PBS and counted in a
eubauer chamber 24, 48, and 72 h after treatment. Subsequently,
ells were centrifuged at 6700 g for 5 min, and the pellet was
igested with Aqua Regia overnight, followed by a 1:5 dilution in
istilled water. Then, intracellular platinummass was quantified
y Microwave Plasma Atomic Emission Spectroscopy (Agilent
100 MP-AES).

.7 Internalization Assay by Confocal
icroscopy

nternalization of Pt-NPs inside the cellswas observed by confocal
icroscopy. Cells were seeded at a density of 2 × 104 cells in a 24-
ell plate, each well containing a Ø 12 mm round coverslip at the
ottom. Cells were allowed to attach to the coverslip overnight,
nd subsequently, Pt-NPs in DMEM at 100 µg⋅mL−1 were added.
ells were washed three times with PBS 24 h after the treatment
o remove non-internalized NPs, followed by fixation with 4%
araformaldehyde (PFA, Alfa Aesar) in PBS for 30 min, and three
dditional PBS washes. After fixation, cells were permeabilized
nd blocked in a 0.1% saponin-1% BSA solution in PBS (w/v).
ubsequently, samples were incubated for 1 h with Phalloidin-
lexa Fluor 488 (Invitrogen) in 0.1% saponin-1% BSA solution
dilution 1:200), to stain actin fibers. Samples were then washed
ith 1% BSA in PBS (w/v) and with dH2O, followed by the
ddition of mounting media, which was Fluoromount-G + DAPI
ANAME) for nuclei staining. Due to their metallic composition,
ggregates of NPs could be observed thanks to the reflection of
he incident light, and by high contrast captured with the T-PMT.
hese observations were performed in a ZEISS LSM 880 Confocal
icroscope, using a Plan-Apochromat 63x/1.4 Oil DIC M27
bjective. Due to the ultrasmall size of individual nanoparticles,
nly aggregated or clustered Pt-NPs can be detected by reflection-
ased confocal microscopy. Confocal imaging was therefore used
s a method to observe aggregates and not as a quantitative
nternalization measurement.
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4.8 Sensitization to RT in Tumoral Cell Lines

For this experiment, 1.5 × 103 cells/well were seeded in 24-well
plates, then allowed to attach to the wells for 24 h. Then, cells
were treated with a 100 µg⋅mL−1 Pt-NPs solution in DMEM for
the next 24 h (for control cells, medium was just replaced with
fresh medium). After this period, cells were washed with PBS to
remove the excess of noninternalized Pt-NPs, and then irradiated
at different intensities (0, 1, 2, and 4 Gy). The irradiation was
carried out utilizing a MultiRad Faxitron 225 unit, a cabinet X-
ray system for use as an irradiation device, placing the cell plates
on the stage of the cabinet and setting up the X-ray dose of
interest on the equipment. X-ray treatment was applied at pre-
clinical energy values (185 kVp, 10 mA). Once the treatment
was applied, cells were maintained in culture for 7 days from
the time of irradiation (total duration of experiment: 10 days),
renewing the culturemedium every other day. Once the endpoint
was reached, cells were detached with trypsin (0.25%) and then
counted, and this workflow was performed for each condition.
In this way, calculating the ratio of each condition (compared
to the corresponding control conditions), a relative cell viability
study could be established, thus allowing the assessment of the
potential sensitization to X-rays mediated by Pt-NPs.

4.9 γH2AX Foci Quantification

Cells were seeded at a density of 7.5 × 103 cells/well in sev-
eral µ-slide 18-well, each well having a surface modification
of #1.5 polymer coverslip. Cells were allowed to attach to the
bottom overnight, and subsequently, Pt-NPs in DMEM at 100
µg⋅mL−1 were added. Then, 24 h after the treatment, cells
were washed with PBS to remove noninternalized Pt-NPs, and
subsequently irradiated at 4 Gy. After the corresponding time
for each condition (1 or 2 h), they were washed three times
with PBS, followed by fixation with 4% PFA in PBS for 10 min,
and three subsequent PBS washes. After fixation, cells were
permeabilized and blocked in a 0.5% Triton X-100 (v/v), 5%
BSA (w/v) solution in PBS for 1 h. Subsequently, cells were
washed with washing buffer (0.5% Triton X-100 (v/v), 1% BSA
(w/v) solution in PBS), then incubated with primary antibody α-
phospho-histone H2A.X Ser139 (9718S (20E3), Rabbit mAb #9718,
Cell Signaling Technology) diluted in washing buffer overnight
(dilution 1:200). The next day, sampleswerewashedwithwashing
buffer and then incubated with Alexa Fluor 488 Goat Anti-
Rabbit IgG (Invitrogen) for 1 h in darkness, at a 1:200 dilution.
Cells were then stained with Hoechst 33342 trihydrochloride
trihydrate (Invitrogen) diluted 1:5000 in PBS for 10 min, rinsed
in dH2O and incubated at 4◦C in PBS until the moment of
sample visualization. Samples were visualized in a ZEISS LSM
880 Confocal Microscope, using a Plan-Apochromat 40X/1.3 Oil
DIC UV-IR M27 objective. To quantify the effects of γH2AX, foci
were counted using a macroinstruction in ImageJ software. For
a particular image, raw data were exported from the czi file,
then the nucleus area was selected in the Hoechst channel in
ImageJ, supported by the nucleus silhouette. Then, this selection
was applied to the Alexa Fluor 488 channel and, in the delim-
ited areas corresponding to each nucleus, spotted points were
automatically counted. Confocal settings and staining conditions
were optimized tominimize background; γH2AX/53BP1 foci were
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uantified with a pre-specified pipeline (“parameters in Equation
1” and S2. For each condition, n>140 nuclei were analyzed. The
omplete code for this macroinstruction applied to γH2AX can be
ound in Equation S1.

.10 53BP1 Foci Quantification

ells were seeded in a 24-well plate, at a density of 2 × 104
ells/well, each well containing a 12 mm round coverslip. Cells
ere incubated for 24 h to allow their attachment to the coverslip.
fter that, a dissolution of Pt-NPs in DMEM at 100 µg⋅mL−1

as added for 24 h. Cells were washed and media was renewed
o remove noninternalized Pt-NPs, and cells were irradiated.
hen, 2 h after X-ray therapy, they were washed three times
ith PBS, followed by fixation with 4% PFA in PBS for 10 min,
nd three additional PBS washes. After fixation, coverslips were
ermeabilized and blocked in a 0.5% Triton X-100 (v/v) and
% BSA (w/v) solution in PBS for 1 h. After that incubation,
ells were washed with washing buffer and then incubated
ith the primary antibody α-53BP1 (4937S, #4937, Cell Signaling
echnology) overnight at a 1:100 dilution. The next day, coverslips
ere rinsed with washing buffer and then incubated with Alexa
luor 488 Goat Anti-Rabbit IgG (Invitrogen) for 1 h in darkness.
inally, cells werewashed onemore timewithwashing buffer and
tained with Hoechst 33342 trihydrochloride trihydrate (Invitro-
en) diluted 1:5000 in PBS for 10 min. One last rinse in dH2O
as performed, and then coverslips were mounted in slides with
roLong Glass Antifade Mountant (Invitrogen). Samples were
isualized in a ZEISS LSM880ConfocalMicroscope, using a Plan-
pochromat 40X/1.3 Oil DIC UV-IR M27 objective. To quantify
he effects of 53BP1, fociwere counted using amacroinstruction in
mageJ software. For a particular image, raw data were exported
rom the czi file, then the nucleus area was selected in the
oechst channel in ImageJ, supported by the nucleus silhouette.
hen, this selection was applied to the Alexa Fluor 488 channel
nd, in the delimited areas corresponding to each nucleus,
potted points were automatically counted. The complete code
or this macroinstruction applied to 53BP1 can be found in
quation S2.

.11 ROS Generation Analysis with H2DFCDA

OS generation mediated by Pt-NPs was studied using the probe
′,7′-Dichlorodihydrofluorescein diacetate (H2DFCDA, Thermo
isher Scientific). This nonfluorescent compound, in the pres-
nce of oxidant species, gets oxidized to highly fluorescent 2′,7′-
ichlorofluorescein (DCF), revealing the presence of intracellular
OS. Considering this, 4 × 104 cells per well (U-251 MG or
eLa) were seeded in a 24-well plate. After cell attachment (24
), cells were treated with 100 µg⋅mL−1 of Pt-NPs for another
4 h. After that time, cells were washed with PBS to remove
oninternalized Pt-NPs, then incubated with a solution of 10 µm
2DCFDA in PBS for 30 min at 37◦C. Cells were then washed
gain to eliminate the noninternalized probe, and subsequently
rradiated at 4 Gy. Then, 30 min after the irradiation, cells were
ashed and incubated in a lysis buffer (Tris-HCl +NaCl + Triton
-100) for 40min.After that time, the fluorescence of the different
ells was measured in a TECAN plate reader (Ex: 484 nm/
m: 529 nm).
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4.12 Licenses and Animal Models

Animal experiments were reviewed and approved by the
Research Ethics and Animal Welfare Committee of Instituto
de Salud Carlos III, Madrid (PROEX 235.0/22) and performed
according to the Spanish Policy for Animal Protection RD53/2013
and the European Union Directive 2010/63 regarding the pro-
tection of animals destined for experimental and other scientific
purposes. For these assays, 6 to 10-week female Hsd:Athymic
Nude-Fox1nu mice acquired from Envigo were used. At the
moment of their arrival, animals remained under quarantine for
1 week, and they were fed ad libitum during all the experiments,
keeping a 12 h light-dark cycle under sterile conditions.When the
experiments were finished, the mice were sacrificed using a CO2
chamber.

4.13 Protocol of Mice Irradiation

Irradiation of mice was performed with the same Multirad
Faxitron 225 X-ray irradiator that was used for in vitro assays.
To perform X-ray administration, mice were anesthetized with a
mixture of ketamine (75 mg/kg) and medetomidine (0.5 mg/kg)
injected intraperitoneally. When mice were asleep, they were
transported in a closed box to the irradiator. Before applying X-ray
treatment, a hydrating lotion was applied to mice’s eyes to avoid
drying during the anesthesia effect. Mice were then disposed
inside the irradiation chamber, covered with plumbed paper in a
way that only the xenograft tumor was exposed to the irradiation
source, thus protecting the rest of the body.

X-ray treatment consisted of two fractions of 4 Gy delivered with
a 185 kVp cabinet X-ray unit (10 mA), separated by 5 days. To aid
translation and assuming the modestly higher relative biological
effectiveness (RBE) of kV versus clinical MV photons (RBE ≈

1.1–1.2), each 4 Gy kV fraction is approximately equivalent to
4.4–4.8 Gy with 6–15 MV beams; thus, our 2 × 4 Gy kV course
approximates 2 × 4.4–4.8 Gy MV. We also report the regimen as
EQD2 (equivalent dose in 2-Gy fractions), the linear-quadratic
conversion that expresses any fractionation as a biologically
equivalent 2-Gy schedule to facilitate comparison with clinical
regimens. Full RBE assumptions and EQD2 calculations are
provided in Methods S1.

When the irradiation was completed, mice were treated with
the reversal agent (Atipamezole, 1.25 mg/kg), intraperitoneally
administered, to allow them recover from anesthesia. Mice were
then transported back to their cages and monitored until they
were completely awake.

4.14 In Vivo Antitumoral Evaluation in
Xenograft Tumor Models

Two human tumor xenograft models were used: U-251 MG
glioblastoma and HeLa cervical carcinoma. Tumors were estab-
lished by subcutaneous injection of tumor cells into the flank
of 6–10-week-old athymic female mice. U-251 MG tumors were
generated using 7 × 106 cells suspended in 200 µL Matrigel:PBS
(1:1 v/v), whereas HeLa tumors were induced using 2 × 106 cells
in 200 µL PBS. Tumor growth was monitored periodically until
Advanced Functional Materials, 2026
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reatment initiation. Before treatment, animals were randomly
ssigned to four experimental groups with matched mean tumor
olumes to ensure inter-group homogeneity: (i) control (no
reatment, no irradiation), (ii) X-ray only, (iii) Pt-NPs only, and
iv) Pt-NPs + X-ray. Two administration routes were evaluated.
ntratumoral administration (U-251MG and HeLa models) was
elected to directly assess intrinsic radiosensitizing capacity
ndependently of pharmacokinetic and delivery barriers, whereas
ntravenous administration (HeLa model) was used to evaluate
ystemic tolerance and translational feasibility.

ntratumoral administration. For the U-251 MG model,
single intratumoral injection of Pt-NPs (100 µL at 3
g⋅mL−1concentration) was administered on day 7 after tumor
noculation (average tumor volume approximately 0.17 cm3).
or the HeLa model, the same single intratumoral injection was
dministered on day 11 (average tumor volume approximately
.25 cm3). X-ray irradiation (4 Gy per time) was applied 24 h after
t-NPs injection and repeated 5–6 days later (days 8 and 13 for
-251 MG, and days 12 and 18 for HeLa).

ntravenous administration. For systemic delivery experiments,
eLa tumor-bearing mice received two intravenous injections of
t-NPs in 200 µL of PBS (4.24 µg of total Pt mass) on days 6
nd 7 after tumor inoculation. X-ray irradiation (4 Gy) was sub-
equently administered on days 11 and 15. Tumor size and body
eight were recorded every other day. Relative tumor volume
alues were calculated with respect to the first post-irradiation
easurement for each model. Survival analysis considered ani-
als to have reached endpoint when any of the following criteria
ere met: death, tumor volume >1.5 cm3, or body-weight loss
15% sustained for two consecutive days. Animal welfare was
ontinuously monitored, and humane endpoints were applied in
ccordance with institutional ethical guidelines. Kaplan–Meier
urvival curves were generated using GraphPad Prism 8.0.1.

.15 Histological and Immunohistochemical
nalysis

xtracted tumors and organs were fixed in 4% paraformaldehyde
n PBS, then rinsed and stored at 4◦C in 70% ethanol. Samples
ere dehydrated through graded ethanol solutions and embedded
n paraffin using an automated tissue processor (Leica TP1020)
nd embedding station (Leica EG1150H). Paraffin blocks were
ectioned at 3 µm thickness with a rotary microtome (Leica
M2255) and mounted on glass slides.

ematoxylin and eosin (H&E) staining was performed at a certi-
ied histopathology core facility using standard protocols. Briefly,
ections were deparaffinized in xylene, rehydrated through
raded ethanol solutions, stained with Carazzi’s hematoxylin
ollowed by eosin, dehydrated, cleared, and mounted with
ermanent mounting medium.

or immunohistochemical detection of Ki67, sections were
irst deparaffinized and rehydrated as described above. Antigen
etrieval was performed using a PT Link system (Dako) at
5◦C for 20 min in low-pH retrieval buffer (Dako). Endogenous
eroxidase activity was blocked using EnVision FLEX Peroxi-
ase Blocking reagent, followed by incubation with ready-to-use
dvanced Functional Materials, 2026
anti-Ki67 primary antibody for 20 min. Signal detection was
carried out using an ABC-based visualization system (Quimigen)
with 3,3′-diaminobenzidine (DAB) as chromogen. Slides were
counterstained, dehydrated, and mounted. Histological sections
were examined under bright-fieldmicroscopy, and representative
images were acquired at multiple magnifications.

4.16 Statistical Analysis

Data were treated with GraphPad Prism 8.0.1 software. Results
of the experiments are expressed as mean ± standard deviation
(SD). Absolute and relative tumor size evolution, aswell asmouse
weight evolution, are expressed as mean ± standard error of the
mean (SEM). Outlier detection in the experiments was performed
and analyzed with the ROUT method (Q = 1%). Significance
analysis was carried out by performing a two-tailed unpaired
t-test assuming a Gaussian distribution and applying Welch’s
correction when necessary. Statistically significant differences
were expressed as: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and
**** (p < 0.0001).
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