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Abstract

Background: Radiosensitizers can be used to enhance tumor response and mitigate toxicity
in healthy tissues during radiation therapy. This study investigates the radiosensitizing po-
tential of the metallacarborane Fe/57Fe-ferrabisdicarbollide in SK-BR-3 and MDA-MB-231
breast cancer cells, using two distinct gamma-photon sources: high-dose 60Co (2.08 Gy) and
low-dose 57Co (37.55 mGy, 57Fe Mössbauer effect). Methods: We evaluated cell viability
and survival in 2D monolayer and 3D spheroid cultures, as well as the mechanism of cell
death (ROS production, apoptosis or necrosis). Computational dosimetry was used to
calculate the average absorbed dose. Results: In 2D models, both radiation sources induced
reduced viability and increased ROS, with distinct cell death patterns dependent on the
source (apoptosis or necrosis). Comparing 2D and 3D MDA-MB-231 models revealed that
spheroid survival was significantly more impaired. The low-dose 57Co source caused a sig-
nificant radiosensitization in MDA-MB-231 spheroids, dramatically impacting viability and
survival. This effect is attributed to the Mössbauer effect, where the resonant absorption of
14.41 keV radiation by 57Fe leads to a massive, localized dose enhancement. The subsequent
cascade of Auger and conversion electrons (local high LET) caused significantly greater
cellular damage than sparse photon radiation. Conclusions: Fe/57Fe-ferrabisdicarbollide
demonstrates a potent radiosensitizing effect depending on the cell model and the radiation
source used. Crucially, the observed radiosensitization allows for the development of a
new, more efficient cancer radiotherapy approach that can achieve therapeutic efficacy
using a significantly lower radiation dose to the patient. This paves the way for safer and
better-tolerated cancer treatments.
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1. Introduction
Cancer is among the leading causes of death globally. Different options are available

to treat and manage cancer, and the success of treatment depends on the type of cancer,
its location, and its stage of progression. Surgery, chemotherapy and radiation therapy
(external or radionuclide therapy) are the conventional treatment options aiming to improve
survival rates and reduce side effects. Nevertheless, there are still challenges and limitations
that need to be overcome [1–3].

External beam radiotherapy is one of the most common cancer treatments, and it
is quite effective for loco-regional solid tumors [4]. Photons, in particular high-energy
X-rays, are the most commonly used radiation type for external radiotherapy. However,
many tumors are insensitive to radiation due to tumor type and heterogeneity, as well as
resistance (either intrinsic or that acquired shortly after treatment) [5]. Moreover, despite
technological advances that allow for a higher degree of tumor control, the surrounding
healthy tissues are still affected [6,7].

The goal for an effective radiotherapy consists in maximizing cancer cell killing while
sparing adjacent healthy tissues as much as possible. As cancer is a heterogeneous dis-
ease, great efforts have been devoted to identifying biomarkers associated with intrinsic
and acquired radioresistance. Therefore, several strategies have been explored to develop
radiosensitizers to enhance the radiation damage to the tumor and reduce side effects
in healthy tissues, allowing radiotherapy to evolve to a more effective treatment modal-
ity [8–11].

The physical phenomenon known as the “Mössbauer effect” (Mössbauer resonant
absorption), has been used as a powerful research tool in many areas of research [12]
including biomedicine [13,14]. The use of the secondary radiation emitted by a 57Fe nucleus
excited by a 57Co source was already considered a viable option for cancer treatment
(Randell L. Mills, US48154476) but it remains unexplored as a targeted radiation modality.
In relation to cancer therapy, very few studies have been reported since the pioneering work
of R. L. Mills et al. more than 40 years ago [15]. The authors reported the elegant concept of
this type of radiation in HTB26 and MCF-7 breast cancer cells after the administration of
57Fe(III) bleomycin. Irradiation with resonant Mössbauer gamma-rays (14.41 keV) induced
cell death, presumably by Auger cascade and secondary radiation, with extremely small
radiation doses (~10−5 Gy), which are about 105 times lower than those necessary to achieve
a similar effect with conventional gamma rays. This form of radiotherapy represents a
method of increasing the radiosensitivity of tumors through selective energy deposition in
cancer cells. A previous study revealed that the Mössbauer effect, when combined with
57Fe-enriched boron clusters, could be a promising radiation modality for glioblastoma
treatment [16].

Modern radiotherapy relies on accurate dosimetry to optimize cancer treatment and
to avoid severe radiotoxicity [17]. Radiation dosimetry in external radiation therapy is
routinely performed in clinical settings through accurate tumor treatment planning. Differ-
ential and cumulative dose–volume histograms (DVHs) are commonly used to summarize
and characterize 3D dose distributions. The DVH summarizes the minimum, maximum,
and median doses, as well as the dispersion near the median dose [18].

It is largely accepted that the establishment of the absorbed dose–effect relationship is
of paramount importance to better plan the treatment and therefore to be able to maximize
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the killing effect on tumor cells [19,20]. In addition, with the use of radiosensitizers, new
challenges in terms of radiation dosimetry could be addressed. In this context, it is impor-
tant to distinguish between dose enhancements, which increase the energy deposited in
the target volume due to the presence of radiosensitizers, and radiosensitization, which is
the increase in the biological effects of radiation using radiosensitizers. Radiosensitization
is often significantly greater than the increase in physical dose, and effects are observed, for
example, using clinical megavoltage X-ray sources, where the addition of a radiosensitizer
leads to only negligible increases in the macroscopic dose. These results indicate that macro-
scopic dose enhancement alone is not a useful predictor of radiosensitization [21]. The
enhanced biological outcomes observed with radiosensitizers may be partially explained by
the physical dose distribution at the micro- and nanoscales, alongside with their chemical
and biological effects within the target tissues.

In radiation treatment, iron complexes have not been extensively explored in combina-
tion with ionizing radiation. Only a few studies report the radiosensitizing properties of
ferrocene, a benchmark sandwich organometallic complex, displaying anticancer proper-
ties [10,22,23]. The development of multifunctional small molecules with additive thera-
peutic effects, aimed at enhancing safety, is both a pressing need and a significant challenge
in cancer treatment. Ferrabisdicarbollide ([3,3′-Fe(1,2-C2B9H11)2]−), herein abbreviated
as [o-FESAN]−, was shown to be a promising candidate for therapeutic applications as a
radiosensitizer, given its exceptional chemical and thermal stability, aqueous solubility, and
its ability to intercalate with double-stranded DNA [24,25].

At almost every stage of breast cancer, radiation therapy can be used and constitutes
an effective method to reduce the risk of recurrence. As a result, there has been growing
interest in developing new radiation protocols that minimize the dose to surrounding
healthy tissues and reduce side effects. The present study investigates the radiosensitizing
mechanisms and biological impacts of two different sources of gamma radiation, gamma
rays (2.08 Gy) and the 57Fe Mössbauer effect (37.55 mGy). The mechanisms of cell death
were studied in two breast cancer cell models, SK-BR-3 and MDA-MB-231, grown in 2D
monolayers or 3D spheroids (only MDA-MB-231), upon incubation with ferrabisdicarbol-
lide ([o-FESAN]−/[o-57FESAN]−). Cell death mechanisms were evaluated in terms of ROS
production, caspase 3/7 activation and electron microscopy (TEM and SEM). Dosimetric
calculations at the cellular scale are also presented.

2. Materials and Methods
2.1. Gamma Ray Irradiation Experiments

For the irradiation studies, SK-BR-3 (ATCC, HTB-30) and MDA-MB-231 (ATCC,
HTB-26) cells (1–2 × 104 cells/well for 2D cultures, 1250 cells/well for 3D cultures) were
seeded into 96-well plates and incubated with Na[o-FESAN] at selected concentrations for
24 h before irradiation. Irradiations were performed in the 60Co experimental irradiator
(PRECISA22, Pantatron Ltd., London, UK; Graviner Mfg. Co. Ltd., Gosport, UK) at C2TN.
Cell plates were put on a holder that rotates during the irradiation to obtain an optimized
absorbed dose uniformity. The distance to the sources was set to an average dose rate of 1.01
± 0.05 Gy min−1 across the whole plate. This value was obtained from a dosimetric study
carried out with an FC65P ionizing chamber (IBA Dosimetry GmbH, Schwarzenbruck,
Germany). Individual dose rate values were collected for each well position with the
rotation system. Whenever necessary, the distance of the plates to the radioactive sources
was decreased using a fine adjustment knob to compensate for the radiation decay and to
maintain a constant the average dose rate.
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2.2. Mössbauer Effect Absorption Irradiation Experiments

For the irradiation studies, SK-BR-3 and MDA-MB-231 cells (1–2 × 104 cells/well for
2D cultures, 1250 cells/well for 3D cultures) were seeded into 96-well plates and incubated
with Na[o-57FESAN] or Na[o-FESAN] at selected concentrations for 24 h before irradiation
with 14.41 keV gamma rays for Mössbauer effect absorption. The irradiation was performed
at room temperature with the 57Co source (3.51 mCi/0.13 GBq), and the velocity range of
the spectrometer transducer was restricted to the Doppler velocities where resonant gamma
ray absorption was observed in the Mössbauer spectra of the cells [16]. This procedure
implies that the sample was permanently subjected to the gamma ray appropriated for the
Mössbauer effect during the irradiation time (~2 h).

2.3. Cell Line Selection, Culture Protocols, and FESAN Stock Preparation

The SK-BR-3 (ER−, PR−, HER2+) and MDA-MB-231 (triple negative, ER, PR−,
HER2−) human breast cells were sourced from ATCC (Manassas, VA, USA). Growth
was supported by Dulbecco’s Modified Eagle’s Medium (DMEM + GlutaMAX™ high
glucose, Gibco™, Thermo Fisher Scientific™, Waltham, MA, USA) containing 10% fetal
bovine serum (FBS), with cultures equilibrated at 37 ◦C in a standard moisture-saturated
incubator (5% CO2). Fresh 10 mM stock solutions of Na[o-FESAN] were solubilized in
serum-free DMEM immediately prior to use. Subsequent working concentrations were
achieved by diluting the concentrate into growth medium enriched with 10% FBS. The
cytotoxic effects of the Na[o-FESAN] and Na[o-57FESAN] were assessed using the MTT
assay as previously reported [16]. Both compounds were solubilized in the medium to
prepare serial dilutions in the range of 1–300 µM. The IC50 values were determined from
dose–response curves using the GraphPad Prism software (version 6). For the experiments
in 3D models, MDA-MB-231 spheroids were prepared in Nunclon™ Sphera™ ultra-low
attachment 96U-well plates (Thermo Fischer Scientific™, Waltham, MA, USA). Briefly, cells
from 80–90% confluent monolayer cultures were trypsinized and seeded at 1250 cells/well.
The plate was then centrifuged at 1500 rpm for 5 min and incubated at 37 ◦C in a hu-
midified atmosphere of 5% CO2. Spheroid growth was monitored daily in a Primovert
Inverted ZEISS Microscope (objective 4×, Oberkochen, Germany) with an integrated HD-
cam camera, and the images were analyzed using SpheroidSizer, software version 1.0, a
high-throughput MATLAB-based image analysis method (https://www.jove.com/t/51
639/high-throughput-image-analysis-tumor-spheroids-user-friendly-software), accessed
on 1 January 2025. The biological assays were performed when the spheroids reached
diameters in the range of 350 µm (typically at day 3).

2.4. Cellular Uptake by PIXE

Cellular uptake experiments were carried out using SK-BR-3 and MDA-MB-231
cells, which were incubated with either Na[o-FESAN] or Na[o-57FESAN] at a concen-
tration of 50 µM for 24h. Untreated cells were used as controls. Cell pellets (containing
~106 cells/2 mL) from both cell lines were used to determine the total concentration of
Fe and 57Fe via the PIXE (particle-induced X-ray emission) technique after acid digestion
in HNO3, using Yttrium (CERTIPUR, Merck KGaA, Darmstadt, Germany) as an internal
standard, as previously described [16]. Concentrations were expressed in ng Fe/106 cells.
Uptake in individual MDA-MB-231 cells was also evaluated using nuclear microscopy tech-
niques at the nuclear microprobe (Oxford Microbeams Ltd., Oxfordshire, United Kingdom)
setup of the CTN/IST Van de Graaff accelerator (High Voltage Engineering, Amersfoort,
The Netherlands). A 2 MeV proton beam focused to micrometer dimensions was used
to image Fe distribution and visualize its preferential localization in cells. The setup and
methodology are described in detail elsewhere [26].
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2.5. Post-Irradiation Viability and Survival Evaluation

To assess viability, measurements were conducted 72 h post-irradiation directly within
the 96-well plates. For 2D monolayers, the MTT colorimetric method was employed, while
3D cultures were analyzed via a CellTiter- Glo® 3D luminescent assay (Promega, Madison,
WI, USA). Survival assessments were initiated immediately following radiation exposure.
In brief, the cells or spheroids were trypsinized from the 96-well plates and the number of
cells counted. Cell suspensions were then seeded in 6-well plates (3 wells per condition).
The number of cells was in the range 100–300, dependent on the cell line and concentration
of Na[o-FESAN] or Na[o-57FESAN] used, i.e., for MDA-MB-231, 100 cells for control (no
treatment), the lowest and intermediate concentrations and 200 cells for the highest, and,
for SK-BR-3, 200 cells for control (no treatment), the lowest and intermediate concentrations
and 300 cells for the highest concentration. Following an 11-day incubation period at 37 ◦C,
the cultures were processed in accordance with the aforementioned protocols [16,27].

2.6. Intracellular ROS Levels

The levels of intracellular ROS were detected via fluorescence using the cell permeable
probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). The intensity of the resulting dichlorofluorescein (DCF)
fluorescence is directly proportional to the amount of ROS present in the cell [28]. For
the assays, cells (~104 cells/well) in 96-well plates (4 wells per condition) were treated
with Na[o-FESAN] or Na[o-57FESAN] at 50 and 100 µM for 24 h with or without subse-
quent irradiation. Then, the probe (10 µM) in colorless medium (FluoroBrite™ DMEM,
Gibco™, Thermo Fisher Scientific™, Waltham, MA, USA) was incubated with the cells for
an additional 30 min. at 37 ◦C. Afterwards, the medium was removed and replaced with a
fresh one. DCF fluorescence (excitation/emission: 492/517 nm) was measured throughout
for 48 h utilizing a Varioskan LUX scanning multimode reader (Thermo Fisher Scientific,
Waltham, MA, USA). The resulting fluorescence data (mean ± S.D.) are presented as the
fold increase compared to the non-irradiated control group.

2.7. Apoptosis (Caspase-3/7 Assay)

The activity of caspase-3/7 was assessed using the Caspase-Glo® 3/7 assay kit
(Promega, Madison, WI, USA). The assay uses a proluminescent substrate (DEVD-
aminoluciferin) that is cleaved by active caspases-3 and -7 in apoptotic cells, which releases
aminoluciferin. The free aminoluciferin reacts with luciferase in the reagent, producing
a luminescent signal. The intensity of the light is directly proportional to the amount of
caspase activity present in the cells.

For the assays, cells (~104 cells/well) in 96-well plates (four wells per condition)
were treated with Na[o-FESAN] or Na[o-57FESAN] at 20, 50 and 100 µM for 24 h with or
without subsequent irradiation. Afterwards, 100 µL of the medium was removed from
each well. Caspase 3/7® reagent was added in a 1:1 ratio, and the plate was shaken for 30 s
at 300–500 rpm and then incubated at RT for 1.5 h, protected from light. The luminescent
signal was measured using a Varioskan LUX scanning multimode reader (Thermo Fisher
Scientific, Waltham, MA, USA). Results of luminescence (mean ± SD) were expressed as
the fold change relative to non-irradiated controls.

2.8. Morphological Assessment Using TEM

MDA-MB-231 cells in the medium were seeded into 6-well plates at around 70%
confluence and left to adhere overnight. Then, cells were treated with Na[o-FESAN] or
Na[o-57FESAN] at 50 µM for 24 h. Following the incubation period, cell cultures were
subjected to irradiation using either a 60Co or a 57Co source. Subsequent processing was
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carried out in accordance with a previously described method [16]. The fixation procedure
took place after 2 h irradiation for the two irradiation modalities.

2.9. Morphological Features by SEM

MDA-MB-231 cells in the medium were seeded over glass lamellae in 6-well plates
at around 70% confluence and left to adhere overnight. Then, cells were treated with
Na[o-FESAN] or Na[o-57FESAN] at 50 µM for 24 h. Upon incubation, cells were irradiated
with the 60Co source or the 57Co source and processed following a previously described
procedure [29]. After irradiation, the medium was discarded and the cell-covered glass
lamellae were fixed in 2 mL of 3% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.3 for 4 h at 4 ◦C and rinsed three times in the same buffer. The lamellae were then
dehydrated in ascending ethanol concentrations and treated three times with tert-butanol.
After cooling at 4 ◦C, the solid samples were transferred to a vacuum desiccator containing
a cooled metal block to prevent the liquefaction of the cold tert-butanol. The desiccator was
evacuated using a rotary vacuum pump for two hours to allow complete sublimation of
the solid tert-butanol. The freeze-dried samples were coated with gold in a JEE-4× vacuum
evaporator, observed and photographed using a JEOL 5400 scanning electron microscope
(JEOL USA, Peabody, MA, USA).

All remaining experimental details are available in the Supplementary Information.

3. Results and Discussion
Characterized by significant heterogeneity, breast cancer is categorized into subtypes

according to the expression of estrogen (ER), progesterone (PR), and human epidermal
growth factor 2 (HER2) receptors. These molecular signatures dictate specific risk assess-
ments and therapeutic strategies [30,31]. In this study, two human breast cancer cell lines
were used: SK-BR-3, which is ER- and PR- negative but exhibits HER2 overexpression,
and MDA-MB-231, which serves as a model for a highly aggressive triple-negative breast
cancer (TNBC) that lacks ER, PR and HER2 receptors.

Key criteria for effective radiosensitizers involve ensuring low basal cytotoxicity
while maximizing the preferential uptake by neoplastic cells. The cytotoxicity of Na[o-
FESAN] and Na[o-57FESAN] in the two breast cancer cell lines was evaluated to select the
concentrations for the cellular uptake and irradiation studies.

The IC50 was calculated for both compounds upon 24 h treatment, revealing that both
Na[o-FESAN] and Na[o-57FESAN] had similar values of IC50 in both cell cultures of ca.
80 µM and 100 µM for the SK-BR-3 and the MDA-MB-231 cells, respectively (Table S1),
which indicates that the cytotoxicity levels of both Na[o-FESAN] and Na[o-57FESAN]
are similar.

3.1. Cellular Uptake Analysis

The quantification of the internalization and cellular trafficking of Na[o-FESAN] or
Na[o-57FESAN] in SK-BR-3 and MDA-MB-231 cell lines plays pivotal roles in the effec-
tiveness of the effect upon irradiation. This evaluation was assessed using PIXE (Particle-
Induced X-ray Emission). After incubation with the compounds at 50 µM for 24 h, the
number of total Fe isotopes in cellular extracts was measured (Figure 1). We detected a
relevant uptake of both Na[o-FESAN] and Na[o-57FESAN], showing a 4- to 5-fold increase,
depending on the cell line. This uptake reveals a significant difference in iron concentra-
tions relative to non-treated cells (control). No major differences between the two cell lines
were observed.

Visualizing the distribution of Fe in individual MDA-MB-231 cells provides direct
evidence of intracellular Na[o-FESAN] uptake. Higher accumulation of Fe towards the
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cell center (likely the nucleus) was observed in contrast to untreated controls that showed
lower amounts of Fe with uniform distribution (Figure 1). These results not only provided
a quantitative measure of the compound internalized by the cells but also offered insights
into its subcellular localization.

Figure 1. Schematic representation of [o-FESAN]−, its distribution in MDA-MB-231 breast cancer
cells assessed via nuclear microprobe, and uptake by PIXE in SK-BR-3 and MDA-MB-231. The
nuclear microscopy images of Fe distribution (green to high intensity red) in MDA-MB-231 cells are
overlapped to mass density (Mass): control and cells incubated for 24 h with 50 µM Na[o-FESAN]
(top). The Fe content (ng Fe/106 cells) measured by PIXE after 24 h of exposure to Na[o-FESAN] at
50 µM (down).

Therefore, an increased concentration of Na[o-FESAN] in the nucleus can be inferred
from the Fe localization in individual cells. Tagliazucchi et al. [32] proposed a theoretical
model in which the translocation of particles through the nuclear pore complex depends
on charge and hydrophobicity. This is consistent with the experimental results observed
here, considering the known hydrophobic behavior of Na[o-FESAN]. Consequently, the
Fe sub-cellular distribution could indicate the nucleus as a cellular target for any potential
enhancement in radiosensitization.

Furthermore, melting temperature (Tm) measurements support the existence of DNA
interactions; the observed increase in the Tm of CT-dsDNA by 4.9 ± 0.2 ◦C upon incubation
with Na[o-FESAN]− is highly characteristic of an intercalative binding mode [33].

3.2. Fourier-Transform Infrared Spectroscopy (FT-IR) and Magnetic Studies of Breast Cancer Cells

The higher accumulation of Fe from [o-FESAN]− observed towards the center of
the cell, likely in the nucleus, could raise questions about whether it remained stable
during transport across membranes and whether the oxidation state of Fe3+ was preserved
throughout this process. For this purpose, FT-IR and magnetic studies were performed
in MDA-MB-231 cells after incubation with Na[o-FESAN]. The IR spectrum of the dry
cells (Figure S1) displays the absorption at 2570 cm−1, characteristic of the B-H stretching
frequency observed in the Na[o-FESAN] spectrum taken as a reference (dotted line in
Figure S1). The paramagnetic study conducted with a SQUID magnetometer shows a
magnetization of approximately 0.04 µB/g at room temperature (300 K). The susceptibility
data, obtained within a 5–300 K measurement range, are consistent with the existence of a
paramagnetic Fe(III) complex, indicating that the oxidation state of Na[o-FESAN] remained
unchanged after crossing the membrane in MDA-MB-231 cells.
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3.3. Gamma Irradiation and Mössbauer Resonant Absorption Studies

The cell killing efficiency and anti-proliferative effect of Na[o-FESAN] and Na[o-
57FESAN] were evaluated after gamma irradiation and nuclear gamma resonance
(57Fe Mössbauer effect), respectively, both in 2D cell cultures of SK-BR-3 and MDA-MB-231
and 3D cell cultures of MDA-MB-231 (Figures 2–4). The viability and survival (clonogenic)
assays were used as the two most important endpoints of the radiobiological effects [16].

Figure 2. Cellular viability of SK-BR-3 and MDA-MB-231 cells after incubation with Na[o-FESAN]
or Na[o-57FESAN] at 20, 50, and 100 µM for 24 h, followed by 60Co irradiation (2.08 Gy) (top) and
57Co irradiation that induces the 57Fe Mössbauer effect absorption (37.55 mGy) (bottom). Data are
represented by the mean values ± S.E.M. of 2 to 3 independent assays, as a percentage of the control
condition (cells incubated with regular culture medium and not irradiated). Statistical analysis was
performed using the GraphPad Prism software. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001;
ns = non-significant.

Cells were treated for 24 h with Na[o-FESAN] or Na[o-57FESAN] at concentrations
of 20 µM, 50 µM, and 100 µM and irradiated with a 60Co source (2.08 Gy) or with 57Co
radiation (37.55 mGy) suited for the 57Fe Mössbauer effect experiments, respectively. The
cellular viability was evaluated 72 h after irradiation. The results are shown in Figure 2,
using the conventional 2D monolayer culture models.

With 60Co irradiation, the decrease in cellular viability is concentration dependent
and does not vary much between the two breast cancer cell lines (Figure 2, top). In
addition, the difference between non-irradiated and irradiated treated cells shows low
statistical significance in almost all cases apart from 20 µM in SK-BR-3 cells, where a
significant radiosensitizing effect was observed. With 57Co irradiation and Mössbauer
effect absorption, statistically significant differences were observed in the viability of MDA-
MB-231 after incubation with Na[o-57FESAN] and irradiation at concentrations of 50 µM
and higher, which indicates a radiosensitizing effect. For the SK-BR-3 cells, this effect
was observed to be concentration dependent, particularly at 100 µM of Na[o-57FESAN]
(Figure 2, bottom).
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Figure 3. Cellular survival of SK-BR-3 and MDA-MB-231 cells after incubation with Na[o-FESAN]
or Na[o-57FESAN] at 20, 50, and 100 µM for 24 h, followed by 60Co irradiation (2.08 Gy) (top) and
57Co irradiation that induces 57Fe Mössbauer effect absorption (37.55 mGy) (bottom). Data are
represented by mean values ± S.E.M. of 2 to 3 independent assays, as a fold to the control condition
(cells incubated with regular culture medium and not irradiated). Statistical analysis was performed
using the GraphPad Prism software; ns = non-significant.

Figure 4. Effects of exposure to 60Co radiation (2.08 Gy) (top) or to 57Co source for the Mössbauer
effect absorption (37.55 mGy) (bottom) after incubation with Na[o-FESAN] or Na[o-57FESAN] at
50 and 100 µM for 24 h on the growth, cellular viability, and survival of MDA-MB-231 spheroids.
Spheroids growth was represented as the mean spheroid area (mean values ± S.E.M.) as a function
of time. Viability and survival data are presented as mean values ± S.E.M. of the percentage and
fold to the control condition (spheroids in culture medium, non-irradiated), respectively. For all the
experiments, 2 to 3 independent assays were performed. Statistical analysis was performed using the
GraphPad Prism software ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns = non-significant.
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The results from the survival assays (Figure 3, top) indicate that cell survival was
not affected by 60Co irradiation, although an antiproliferative effect of Na[o-FESAN] was
observed, especially for MDA-MB-231 cells incubated with 100 µM. The survival assays
performed after 57Co irradiation (Figure 3, bottom) demonstrate that the proliferative
capacity of the breast cancer cells, in particular MDA-MB-231, was affected by Na[o-
FESAN] in the highest concentration; however, no statistical significance was observed
between the irradiated and non-irradiated conditions.

Comparing the viability results between the two types of irradiation, in both cell lines,
an opposite effect is observed when increasing the concentration of Na[o-FESAN] or Na[o-
57FESAN]. While, in the case of 60Co irradiation, a decrease in the radiosensitizing effect is
observed, with 57Co irradiation, the reverse was observed, i.e., there was a proportional
effect between the concentration and the radiosensitizing effect. This result provides a clear
indication of the superior radiosensitizing power for the combination of Na[o-57FESAN]
and 57Co irradiation with Mössbauer effect absorption.

Spheroids were used as a relevant 3D cell culture model that can more accurately
depict and simulate the complex environment of microtumors [16,34,35].

One important point to mention is that the proper internalization and distribution of
Fe on the spheroid structure are crucial. One of the factors contributing to drug resistance
is the inability of anticancer drugs to penetrate solid tumors [36,37]. In this study, ICP-MS
on intact spheroids was also used to evaluate total uptake; however, it was not possible
to accurately detect the presence of boron or iron on the spheroids. This probably stems
from the fact that the number of cells in the spheroid sample are not sufficient to reach the
detection limit of the technique.

MDA-MB-231 spheroids were incubated with Na[o-FESAN] or Na[o-57FESAN] at two
different concentrations, 50 and 100 µM, and irradiated with a 60Co gamma source or
a 57Co source. The physical characterization of the spheroids upon incubation with the
compounds, namely, the evaluation of the spheroids’ mean area, was performed daily
up to seven days. The spheroids’ area, cellular viability, survival after incubation with
Na[o-FESAN] or Na[o-57FESAN] and exposure to the two radiations sources are shown in
Figure 4 and Figure S2. The shape and overall integrity of the MDA-MB 231 spheroids did
not seem to be significantly affected after irradiation.

For 60Co irradiation, the loss of viability in the spheroids was less pronounced, when
compared to the monolayer cultures, due to their higher sensitivity to anticancer drugs [35].
In terms of survival, a significant difference between the non-irradiated and irradiated
spheroids is observed in all conditions including the control cells, demonstrating the
impact of 60Co radiation in the spheroid proliferative capabilities. Moreover, spheroids
appear to be more sensitive to gamma rays than the 2D models. As far as we are aware,
spheroids’ increased sensitivity to radiation has not been reported in the literature. Further
investigation may be required to elucidate whether this phenomenon is only specific to the
conditions of this study [38].

After exposure to 57Co radiation capable of inducing Mössbauer effect absorption,
statistically significant differences in the viability of spheroids were only observed be-
tween irradiated and non-irradiated samples when incubated with Na[o-57FESAN]. The
enhanced loss of viability of incubated spheroids when compared to controls is most likely
due to the synergistic interaction of 57Co radiation and the Mössbauer effect induced
in Na[o-57FESAN]. In terms of survival, the Na[o-57FESAN] appears to affect the prolif-
erative capacities of the spheroid-derived cells in both concentrations after irradiation.
Such observations are another clear indication that the combination of Na[o-57FESAN]
with exposure to 57Co radiation capable of inducing the 57Fe Mössbauer effect results in
a radiosensitizing effect that affects cell survival. Is it important to acknowledge that,
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despite our efforts to minimize the existence of a necrotic core in the spheroid, mostly
by performing assays when the spheroids reached diameters in the range of 350 µm,
some pre-treatment death cannot be excluded, which might affect the evaluation of the
real efficacy of our therapeutic approach. Nevertheless, if this occurs, it will manifest
in all spheroids in a similar manner at the beginning of the treatment, so, by normaliz-
ing the viability and survival results to the non-treated control, the potential effect can
be minimized.

As a proof of concept and to confirm that the radiosensitizing effect observed in
Figure 4 was due to the synergistic interaction between Na[o-57FESAN] and the 57Co
source capable of inducing Mössbauer effect absorption, MDA-MB-231 spheroids were
incubated with Na[o-FESAN] and exposed to the 57Co source under the same experimental
conditions. Regarding the spheroids’ cellular viability and survival after incubation with
Na[o-FESAN], no significant differences were observed between the non-irradiated and
irradiated conditions, in the presence or absence of Na[o-FESAN] (Figure S3). These results
seem to confirm that the radiosensitizing effect observed was due to the combination of
Na[o-57FESAN] with 57Co radiation, capable of inducing the Mössbauer effect absorption.
It is worth noting that natural iron contains ≈2.12% of 57Fe, the active isotope in Mössbauer
spectroscopy. Therefore, isotopic enrichment to nearly 100% in 57Fe increases the effect by
over 47 times.

3.4. Mechanisms of Cell Death

Radiation therapy induces both direct and indirect effects in cells. Direct effects through
radiation-induced DNA damage lead to cell damage. Indirect effects, via radiolysis of water
molecules, and other organic molecules in the cell, produce free radicals and ultimately
cause cell death [39]. In this study, the mechanism of cell death was evaluated according
to the production of reactive oxygen species (ROS), the induction of apoptosis and the
examination of cellular ultrastructure details (TEM and SEM).

3.4.1. Reactive Oxygen Species (ROS)

Ionizing radiation induces oxidative stress, resulting in the generation of ROS. The
increase in ROS (H2O2, OH•, O2•–) to a toxic level activates cell death pathways such as
apoptosis or necrosis and, additionally, can damage biomolecules such as proteins, lipids,
DNA, leading to alterations in their functions, with adverse cellular effects.

To better understand the effect of radiation in combination with Na[o-FESAN] or Na[o-
57FESAN], an evaluation of the possible radiobiological effects and mechanisms of cell
death was performed. Our results showed that 60Co and 57Co radiation in cells incubated
with Na[o-FESAN] or Na[o-57FESAN] (Figures 5 and 6) increased the relative levels of
ROS compared to the non-irradiated controls over time post-irradiation (until 48 h). This
effect was particularly pronounced in the MDA-MB-231 cell line. For the non-irradiated
cells (without/with treatment) there was no appreciable formation of ROS. A hypothetical
mechanism of the radiosensitizing effect by Fe in Na[o-FESAN] or Na[o-57FESAN] could
involve the formation of ROS as catalysts for the Haber–Weiss cycle and the Fenton reaction,
resulting in oxidative stress and cell death [10,40].

3.4.2. Apoptosis via Caspase-3/7 Activation

Caspases are a family of cysteine proteases that play critical roles in the regulation of
apoptosis. Based on their mechanism of action, caspase-3 and -7 are considered executioners
of the apoptosis pathways. Ionizing radiation alone or in combination with radioenhancers
generates ROS and activates caspases, resulting in apoptotic cancer cells [41].
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Figure 5. ROS production 1, 24 and 48 h after 60Co irradiation (2.08 Gy) in SK-BR-3 (top) and
MDA-MB-231 cells (bottom). Cells were treated with Na[o-FESAN] at 50 and 100 µM for 24 h before
irradiation. Data are presented as the mean ± S.D. of two independent assays of the fold change to the
control condition (non-irradiated cells incubated with regular culture medium or with Na[o-FESAN]).

Figure 6. ROS production 1, 24 and 48 h after 57Co irradiation (37.55 mGy) with Mössbauer effect
absorption in SK-BR-3 (top) and MDA-MB-231 cells (bottom). Cells were treated with Na[o-57FESAN]
at 50 and 100 µM for 24 h before irradiation. Data are presented as mean ± S.D. of two independent
assays of the fold change to the control condition (non-irradiated cells incubated with culture medium
with Na[o-57FESAN]).

We investigated the possible activation of apoptotic events in SK-BR-3 and MDA-MB-
231 cells treated with Na[o-FESAN or Na[o-57FESAN] at concentrations of 20, 50 and 100 µM
for 24 h before irradiation. As shown in Figure 7, the ability of the complexes to activate
caspase-3/7 is mostly dependent on the type of cells rather than the type of radiation. SK-
BR-3 cells treated with Na[o-FESAN or Na[o-57FESAN] exhibited lower caspase activation.
Interestingly, and in particular for the Mössbauer effect absorption, caspase activation
seemed to be in line with the production of ROS.
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Figure 7. Caspase 3/7 activation after 60Co irradiation (2.08 Gy) in SK-BR-3 and MDA-MB-231 cells
(top) or 57Co irradiation (37.55 mGy) with Mössbauer effect absorption in SK-BR-3 and MDA-MB-
231 cells (bottom). Cells were treated with Na[o-FESAN] or Na[o-57FESAN] at 20 µM, 50 µM and
100 µM for 24 h before irradiation. Data in luminescent units are expressed as the mean ± SD of two
independent assays of the fold change to the control condition (non-irradiated cells incubated with
culture medium or with Na[o-7FESAN] or Na[o-57FESAN].

3.4.3. Transmission Electron Microscopy (TEM) Studies

TEM studies of the morphological alterations in MDA-MB-231 cells, before and 2 h
post-irradiation with 60Co and 57Co sources, are depicted in Figure 8. The results showed
that, under the control conditions (without any treatment), cells had a normal morphol-
ogy (Figure 8(a1)) and cells incubated with (50 µM) Na[o-FESAN] only displayed denser
cytoplasmic matrix and vesiculation of cellular organelles, disclosing some toxicity to the
cells, although cell death was not detected (Figure 8(a2)). Cells treated with Na[o-FESAN]
(50 µM) and exposed to 60Co gamma rays showed disorganization of cell architecture and
signs of necrosis such as rupture of the plasma membrane (Figure 8b). Cells irradiated with
a 57Co source exhibiting a 57Fe Mössbauer effect on Na[o-57FESAN]-treated cells (50 µM)
(Figure 8c) showed less damage compared to 60Co irradiation, but many cells displayed
signs of apoptosis such as blebs of the cell surface in accordance with caspase activation.

(a) controls (b) 60Co-Gamma irradiation (c) 57Co-Mössbauer effect 

 

Figure 8. TEM studies comparing the morphological alterations in MDA-MB-231 cells, before
treatment (control) (a), 2 h after irradiation with 60Co (b) and with 57Co (c). Controls were cells
with no treatment, which had a normal morphology (a1) or cells incubated with Na[o-FESAN],
which showed vesiculation of cellular organelles but no signs of cytotoxicity (a2). Cells treated with
Na[o-FESAN] and gamma rays showed signs of plasma membrane rupture and necrosis (b). The
57Co induced 57Fe Mössbauer effect on Na[o-57FESAN]-treated cells showed signs of apoptosis (c).
N-nucleus; C-cytoplasm; V-vacuoles; B-plasma membrane blebs.
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Results showed that, 2 h after irradiation, MDA-MB-231 cells showed signs of apopto-
sis after exposure to 37.55 mGy of 57Co source and necrosis after 2.08 Gy of 60Co source.
Although different cell types have distinct radiation sensitivities, the pattern of cell death
following radiation is generally dose dependent. While high doses are more prone to
induce necrosis, low doses tend to trigger apoptosis [42]. These cell death modalities have a
distinct effect on the immune system. While necrosis is linked to an inflammatory response,
apoptosis is considered a less immunogenic cell death modality, suggesting that a low dose
would be non-immunogenic, in contrast to a high dose [43].

3.4.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy can visualize in detail the surface of the cells, in partic-
ular the morphological features of cells undergoing apoptosis, which include membrane
blebbing and loss of features, such as microvilli [44]. SEM studies were performed with
untreated MDA-MB-231 cells (controls) and MDA-MB-231 cells treated with Na[o-FESAN]
or Na[o-57FESAN] with/without 60Co or 57Co source irradiation. The results in Figure 9
depicted the cells before and 2 h post-irradiation. The results showed that, in the con-
trol conditions (Figure 9a) (without any treatment), cells appeared under division (white
cells) uniform in size and shape and with well-organized structures that are not so evi-
dent in Na[o-57FESAN]-treated cells only (Figure 9b). For the 57Co-irradiated control cells
(Figure 9c), some lost their microvilli and the cell surface displays an irregular texture, pre-
sumably related to the irradiation treatment. In 60Co-irradiated Na[o-FESAN]-treated cells
(Figure 9d), the results showed that they lost most of their microvilli due to the disruption
of cellular integrity and even showed cells destroyed by radiation damage, compatible
with necrosis. In 57Co-irradiated Na[o-57FESAN]-treated cells (Figure 9e), many displayed
a rounded condensed form, as well as smaller sizes and bleb aggregates in the extracellular
space and over the cells, compatible with apoptosis.

3.5. Comparative Dosimetry Studies

The aim of this dosimetry study was twofold: (i) to estimate the cell-absorbed doses, be-
cause they significantly influence the relationship between absorbed dose and cell survival,
which, in turn, affects models for DNA repair mechanisms, killing effects, and other related
processes; [45] (ii) to estimate the potential radioenhancement (physical dose enhancement)
of 57Fe radiosensitizer materials on tumor cells irradiated with a Mössbauer setup (using
14.41 keV 57Co resonant irradiation), and to compare this effect with 60Co irradiation.

The absorbed dose per cell estimations obtained for the two-irradiation modalities
are reported in Table 1. The MC model used to simulate external photon and electron
irradiations, as well as the one used to simulate the lines emission of 57Fe after 14.41 keV
resonant absorption, is reported in Figure 10.

Table 1. Calculated cellular doses for 57Co (Mössbauer effect) and 60Co irradiations, irradiation time
and starting activity).

Irradiation Type Contribution Type ID Irradiation Time Duration (s) Average Absorbed Dose per Cell (Gy)

Mössbauer
(14.41 keV with 57Co decay) C1

7200
(starting activity 0.13 GBq)

2.7 × 10−2 (7.3 keV K-conversion
electrons)

7.75 × 10−3 (5.6 keV KLL Auger
electrons)

2.8 × 10−3 (6.4 keV KX-ray)

Photoelectric
(photons of 14.41 keV with 57Co decay) C2 7200

(starting activity 0.13 GBq) 1.4 × 10−5

Photons of 122 keV (57Co decay) C3 7200
(starting activity 0.13 GBq) 1.3 × 10−5
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Table 1. Cont.

Irradiation Type Contribution Type ID Irradiation Time Duration (s) Average Absorbed Dose per Cell (Gy)

Photon of 136 keV (57Co decay) C4 7200
(starting activity 0.13 GBq) 1.6 × 10−6

Electrons of 130 keV (57Co decay) C5 7200
(starting activity 0.13 GBq) 3.6 × 10−4

Electrons of 115 keV (57Co decay) C6 7200
(starting activity 0.13 GBq) 6.1 × 10−4

Gamma-rays (60Co decay, 1.33 MeV) C7 120
(starting activity 52 TBq) 2.08

40 µm 

(a)  Control (b)  Na[o-57FESAN] 

40 µm 

(c)  Control 57Co IRR 

40 µm 40 µm 

(d)  Na[o-FESAN] 60Co, IRR 

40 µm 

(e)  Na[o-57FESAN] 57Co IRR 

Figure 9. SEM studies comparing the morphological features in MDA-MB-231 cells, before treatment
(control) (a), cells treated with Na[o-57FESAN] only (b), untreated cells 2 h after irradiation with
57Co (c), 60Co-irradiated Na[o-FESAN]-treated cells (d) and 57Co-irradiated Na[o-57FESAN]-treated
cells showing signs of apoptosis (e). Plasma membrane blebs are indicated by white arrows.

The estimated cell-absorbed doses in Table 1 show a strong correlation with the
viability results from both the 2D cell and 3D spheroid experiments.

The results obtained in Figure S3 are an example of this correlation. They show the
viability and survival of MDA-MB-231 spheroids incubated with Na[o-FESAN] (without
considering the Mössbauer effect). This reveals no radiosensitizer effect, since, in this
case, the estimated total absorbed dose per cell is only in the order of 1 mGy (sum of the
contributions C2 + C3 + C4 + C5 + C6 in Table 1).

https://doi.org/10.3390/pharmaceutics18020214

https://doi.org/10.3390/pharmaceutics18020214


Pharmaceutics 2026, 18, 214 16 of 21

Figure 10. Monte Carlo modeling setups for external irradiation by photon or electron emission by
the source decay of 60Co or 57Co (a) and example of conversion electrons simulations (b) emitted by
57Fe after the resonant 14.41 keV photon line absorption.

Nowadays, there is a high degree of certainty that multicellular tumor spheroids,
in contrast to monolayer cultures, can mimic some of the in vivo tumor features more
accurately, due to similar growth behaviors as well as cellular heterogeneity within the
spheroid, and the formation of molecular gradients, among others.

This is particularly evident for Mössbauer irradiation (see Figure 2 bottom). When
Mössbauer is considered (contribution C1 in Table 1), it is possible to see a significative
dose enhancement effect (Figure 2 bottom) of a factor of about 37 in contrast to the absence
of the Mössbauer effect (Figure S3), which corresponds only to the contributions C2 + C3 +
C4 + C5 + C6 of Table 1. The dose enhancement is mainly due to the large electron cascade
(Auger and Conversion) and X-ray emission after the resonant absorption of 14.41 keV line
by 57Fe. In fact, this physical dose increase correlates well with the Mössbauer viability and
survival data results and is evident in the case of 50 and 100 µM Na[o-57FESAN], for 3D
cell cultures (Figure 4) and 2D viability studies (Figure 2).

Importantly, even if the cell-absorbed doses with 57Co irradiation (Mössbauer effect)
are lower than those obtained for 60Co gamma irradiation, the radiosensitizer effect detected
should be due to the local high LET and low-energy electrons that are able to cause
significant cell damage, in contrast to the sparse photon radiation distribution. It is also
important to note that, even if the 57Co decay involves several decay particles, as shown
in Table 1 (e.g., photons of 136 keV or electrons of 130 keV), these contributions are two
or three orders of magnitude lower than the Mössbauer contribution (contribution C1
in Table 1).

Ultimately, significant constraints persist in radiation dosimetry across both experi-
mental and theoretical frameworks. Empirical measurements can be subject to uncertainties
as high as 30%, stemming primarily from challenges in geometric configuration and experi-
mental reproducibility [46]. Statistical uncertainties linked to the computational simulations
were at most 5%, depending on the energy of the source particle. Low-energy electrons
related to the C1 component can be measured (e.g., β spectroscopy) with energy resolutions
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less than 2%. The systematic uncertainty linked to these line energies on MC input is
consequently low. Major uncertainties arise from the limited availability of experimental
cross-sections for low-energy electrons in liquid water, which necessitates a reliance on
theoretical cross-section models. The use of different models for low-electron energy cross
sections can account for a variability in dose estimation of about 20% until 1 keV and can
reach even greater uncertainty for energy less than 1 keV [47,48].

4. Conclusions
In this study, we examined the radiosensitizing effects of Na[o-FESAN] using two

different radiation sources (60Co 2.08 Gy and 57Co 37.55 mGy) in breast cancer cells
SK-BR-3 and MDA-MB-231. The cellular uptake studies of Na[o-FESAN] by nuclear mi-
croscopy/PIXE (Fe) showed a four- to five-fold increase in Fe in treated cells as compared
to non-treated controls. Additionally, it also observed that Fe within single cells showed a
preferential accumulation in the cell center, likely the nucleus. FT-IR and magnetic studies
showed that, after the uptake of Na[o-FESAN] by the cells, the Fe retains its electronic state
as Fe3+.

The potential of Na[o-FESAN] or Na[o-57FESAN] as radiosensitizers for 60Co radiation
(2.08 Gy) and 57Co radiation (37.55 mGy) able to induce the 57Fe Mössbauer effect, was
explored in 2D cultures of SK-BR-3 and MDA-MB-231 cells. An important loss of cellular
viability was detected with both radiation sources, but no important inhibition of long-
term proliferation was observed. The modes of cell death via apoptosis and/or necrosis
were dependent on the type of radiation and evidence suggests they are mediated by
ROS. TEM and SEM studies revealed distinct cell death mechanisms for each radiation
source. Treated cells exposed to 60Co radiation showed signs of necrosis, while those
exposed to 57Co radiation exhibited less damage and signs of apoptosis. These findings
are also supported by the caspase-3/7 studies. The intercalation ability of Na[o-57FESAN],
combined with its accumulation at the center of the cell, probably the nucleus, observed
via nuclear microprobe, strongly supports a mechanism where the Auger cascades are
generated in the immediate vicinity of the nucleus, leading to high-LET (linear energy
transfer) damage that may be the origin of the observed lethality.

This study also compared the response to radiation in 3D MDA-MB-231 cell cultures
irradiated with 60Co and 57Co. The survival studies showed significantly higher radiosen-
sitivity in spheroids in comparison to the 2D models. This difference in radiosensitivity
is particularly significant in the case of 57Co irradiation, given the low radiation dose
used and the fact that tumor spheroids more closely mimic some characteristics of in vivo
tumors. Moreover, the precise collimation of the 14.41 keV radiation originated in the
57Co source, necessary for Mössbauer absorption, will amplify the dose–effect relationship,
potentially further reducing the overall radiation exposure to patients while maintaining
therapeutic efficacy.

The MC dosimetry simulations confirmed the strong local dose induced by the Möss-
bauer effect, validating the hypothesis of a synergistic cellular damage effect that far exceeds
the dose contributed by the conventional photoelectric effect alone.

Our data suggest that ferrabisdicarbollides offer notable potential for enhancing and
optimizing radiotherapy from a multimodal perspective. Because Na[o-57FESAN] exhibits
good biocompatibility (high IC50), we anticipate that the concentrations required for the
Mössbauer-triggered effect can be achieved through localized delivery strategies such as
intratumoral injection or targeted nanoparticle formulations in combination with localized
radiotherapy, such as intraoperative radiation therapy, thereby minimizing systemic expo-
sure and confining the effects triggered by the high-LET (linear energy transfer) particles
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to the tumor volume. These promising results underscore the potential for significant ad-
vancements in developing future new small-molecule radiosensitizers for cancer treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics18020214/s1, Figure S1: (a) FT-IR spectra of dry
MDA-MB-231 cells after 6 h of incubation with Na[o-FESAN] at 100 µM. (b) Magnetic susceptibility
of dry MDA-MB-231 cells after 6 h of exposure to Na[o-FESAN] at 100 µM.; Figure S2: Illustrative
microscope images of the effects of exposure to 60Co radiation (2.08 Gy) (top) and to 57Co source
suitable for Mössbauer effect absorption (37.55m mGy) (bottom) after incubation with Na[o-FESAN]
or Na[o-57FESAN] at 50 and 100 µM for 24 h on the growth of MDA-MB-231 spheroids.; Figure S3:
Effects of exposure to 57Co source (37.55 mGy) after incubation with Na[o-FESAN] at 50 and 100 µM
for 24 h on the cellular viability, and survival of MDA-MB-231 spheroids. Viability and survival
data are presented as mean values ± S.E.M. of the percentage and the fold to the control condition
(spheroids incubated with regular culture medium and not irradiated), respectively. For all the
experiments, 2 to 3 independent assays were performed.; Table S1: The IC50 values found with
Na[o-FESAN] and Na[o-57FESAN] for both cell lines after 24 h exposure.; Additional Materials and
Experimental Details. The references in supplementary material can be found in [33,49–55].
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