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The Mdssbauer effect using °’Fe-ferrabisdicarbol-
lide ([o->’FESANI™): a glance into the potential of a
low-dose approach for glioblastoma radiotherapy+

Ana B. Buades,? Laura C. J. Pereira, 2 ° Bruno J. C. Vieira, 2° Ana C. Cerdeira, ©°
Jodo C. Waerenborgh, (2 ° Teresa Pinheiro, (2 ¢ Anténio P. A. Matos,®

Catarina G. Pinto,” Joana F. Guerreiro, (2 ° Filipa Mendes, (2 ° Srecko Valic,®
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Although a variety of cancers are initially susceptible to chemotherapy, they eventually develop multi-
drug resistance. To overcome this situation, more effective and selective treatments are necessary using
anti-tumour agents that act in two or more ways and offer greater therapeutic benefits over single-
mechanism entities. In this study, we report on treating cancer with Na[3,3'->"Fe(1,2-C,BgH11),], which
offers the possibility of dual action (radiation—drug combinations) to improve the clinical benefits and
reduce healthy tissue toxicity. An approach to evaluating the potential of [o->’FESAN]™ to treat glioblas-
toma using the Mdssbauer effect is presented. As the therapeutic outcomes rely on the amount and dis-
tribution of [0->"FESAN]™ inside the cells, several studies, using magnetization, Mdssbauer spectroscopy
and nuclear microscopy techniques, were performed to ascertain the uptake of [0->FESAN]™ in
U87 glioblastoma cells. [o->"FESAN]~ was found to be within the cells; 29% of its uptake was in the
nuclear fraction, which is a particularly desirable target, because the nucleus is the cell's control centre
where DNA and the transcription machinery reside. Irradiation studies with 2D and 3D cellular models of
U87 cells showed that the growth inhibition effect observed was more pronounced when [o->"FESAN]~
was used in combination with the M&ssbauer effect in low total dose regimens, suggesting that this pro-
cedure either alone or as adjuvant may be useful for glioblastoma treatment.

year until 2030, making cancer the leading cause of death
worldwide.

Cancer is a multifactorial disorder, resulting from the com-
bined effect of genetic and environmental factors. Predictions
indicate an increase of up to 21.6 million cases of cancer every
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The hallmarks of cancer include independence from
growth signals, non-response to signals that stop cell division,
uncontrolled replication and the evasion of apoptosis.
Mossbauer spectroscopy, based on the recoilless emission and
absorption of gamma rays in solids, is a versatile technique
that provides important information regarding the chemical,
structural and magnetic properties of a material in many areas
of science, such as Physics, Chemistry, and Biology." The
applications of Mossbauer spectroscopy in biomedical
research have become established through at least fifty years
of experience in this field.

For iron-containing coordination complexes, Mossbauer
spectroscopy is effective in determining the iron oxidation
state (Fe*" and Fe®'), as well as the electronic spin-state,
coordination number and environment, effectively discrimi-
nating different iron sites.

Iron is an ideal element for Mossbauer spectroscopy.” A
source of >’Co (t, = 270 d) decays by electron capture (EC
from the K-shell) to the 136 keV nuclear level of *’Fe. This
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excited state decays to the ground state of >’Fe (15%) to the
14.4 keV level (85%). The half-life of this level (¢,/, ca. 100 ns)
and the emission of the 14.4 keV photon are ideally suited for
>’Fe Mossbauer spectroscopy. A fraction of the emitted
14.4 keV photons is recoil free and can be absorbed by a *>’Fe
nucleus in a sample. Since the Mdossbauer effect is only
observed in the *’Fe nuclei, which account for 2% of natural
Fe, the study of samples with very low Fe content requires
enrichment of the *’Fe isotope.

In fact, in biological systems, iron is by far one of the most
structurally and relevant metal ions and *’Fe Mossbauer spec-
troscopy has been very useful in the elucidation of the elec-
tronic structures of iron-containing biomolecules, the role of
iron in living processes and pathological changes in living
systems, organs and tissues.*>™®

Radiation therapy (RT) is the most frequently used thera-
peutic option for the treatment of cancer but high doses of
ionizing radiation are delivered to tumours since only a small
fraction of the absorbed dose can damage cancer cells.
Moreover, the efficacy of RT is limited by the resistance of
tumours as well as by the toxicity to normal cells and tissues.”
The use of radiosensitizers has been suggested as a promising
option to overcome the adverse side effects of RT and make
this treatment more effective without increasing the dose of
radiation, which may be detrimental to normal tissues. The
radiosensitizing effect of platinum(u) cisplatin, whose primary
target in cells is DNA,® has encouraged the design of many
other transition metal coordination complexes or organo-
metallic complexes and their assessment as anticancer
candidates.”™""

Mossbauer absorption represents a method of increasing
the radiosensitivity of tumours in terms of orders of magni-
tude via selective energy deposition in cancer cells. The sec-
ondary radiation accompanying resonance absorption of
Mossbauer radiation in *’Fe nuclei may be able to produce a
powerful local effect on biological tissues. After gamma ray
absorption, the excited nucleus decay is accompanied by a
cascade of Auger or low-energy (of the order of 1 keV) conver-
sion electrons that have much higher biological efficiency than
the primary quanta. Therefore, a targeted radiation cancer
treatment is foreseen using a method based on the use of sec-
ondary radiation excited in a *’Fe target by a Mossbauer
source. Moreover, irradiated tumour cells preloaded with iron
(°*’Fe) compounds with resonant Méssbauer y rays could result
in DNA damage through the production of Auger electrons
and X-rays. The DNA double-strand breaks are more efficiently
produced by Auger electrons (1-10 eV) generated in proximity
to DNA. The energy of these electrons is dissipated within a
cell diameter and produces multiple double-strand DNA
breaks. A single Auger event can be lethal to a cell and is com-
parable with more than 10° photon absorption events in con-
ventional radiotherapy. *’Fe(m)-Bleomycin, administered to
malignant cells in vitro and in vivo and irradiated with res-
onant Mossbauer gamma rays (14.4 keV), causes ablation of
the malignant cells, presumably by Auger cascade, with extre-
mely small radiation doses, about 10> Gy. As a basis for com-
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parison, a dose of about 5 Gy is necessary to achieve a similar
effect with conventional radiotherapy."?

In the field of tumour pathology, as an alternative to or in
support of conventional radiotherapy, cancer cell inactivation
by Mossbauer effect could also have future applications.
Patients with chronic myelogenous leukemia (CML) could
benefit from this therapeutic modality. Experiments done with
bone marrow cells collected from normal donors and K562
leukaemic cells demonstrated a growth inhibition effect after
treatment with hematin and low-energy y rays from a *’Co
Mossbauer source.” Thus, Méssbauer cancer therapy prom-
ises the advantages of selective radiation without systemic
exposure of normal tissue, as well as higher killing effect per
event secondary to the production of Auger electrons.

Radiotherapy is a common step during the treatment of
glioblastoma multiforme (GBM), the most malignant brain
cancer among adults and the second most common pediatric
malignant tumour, with a very poor prognosis.'* Rapid pro-
liferation, high invasiveness and radiation resistance are the
main reasons behind the poor therapeutic outcomes. To
increase the effectiveness of radiotherapy, the use of radiosen-
sitizers can enhance the radiosensitivity of tumour cells and
reduce the radiation dose and the adverse effects on normal
brain tissue. The radiosensitization effect of high-Z metals has
been evaluated. It was found that the radiation dose was
enhanced due to the generation of secondary X-rays, photo-
electrons and Auger electrons with subsequently higher energy
deposition in the cancer cells.'® At present, the conventional
radiotherapy sensitizers used in the clinic include 5-fluoroura-
cil, temozolomide and platinum drugs, which can enhance the
radiotherapy sensitivity of tumour cells through different
mechanisms of action. However, these conventional radiother-
apy sensitizers can cause many adverse side effects and
acquired resistance."®

Recent studies have demonstrated that 3D hybrid organic-
inorganic compounds, known as carboranes, can have a role
in the development of novel small molecules for the treatment
of various types of cancer."” ! The synthetic flexibility of car-
boranes, along with their rigid structure and chemical stabi-
lity, makes them appealing moieties for their use in cancer
drug development.”>** Although carborane-based drugs are
yet to be approved for therapeutic purposes, many compounds
have shown promising properties for biomedical applications,
in particular for boron neutron capture therapy (BNCT).>*° In
other biomedical fields, cobaltabis(dicarbollide) complexes
known as [0-COSAN]™ species have shown important selective
HIV-1 protease inhibition activity and, if combined with
specific biomolecules, could be promising for targeted
therapy.*'

A study by Mossbauer spectroscopy of intramolecular
rotations and electronic states of Fe in the salt Cs[o-FESAN]
and the zwitterion boron compound [Fe(8-(C,H,0),-1,2-
C,BoH10)(1,2"-C,BoHy;)] was recently published.®* In the
present work, we aim to evaluate the potential of *”Fe-ferrabis
(dicarbollide), herein [0->’FESAN]™, as a radiosensitizer via the
Mossbauer effect to treat glioblastoma. As the therapeutic
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efficiency relies on the cellular amount and distribution of
[0-"’FESAN]", we have evaluated quantitatively the net iron
uptake in both GBM and normal astrocyte cell lines (U87 and
rat astrocyte RA, respectively). Furthermore, the spatial subcel-
lular distribution of iron has been measured with nuclear
microscopy techniques, which rely on energetic ion beams
focused to micrometre dimensions.*® These techniques offer
the distinct possibility of imaging the morphology of single
cells with relatively high resolution and quantitating elemental
distribution with high-sensitivity (ug g~* range) in conditions
close to those found in vivo, without the need for stains or con-
trast agents.>® These possibilities are of the utmost importance
for the preservation of the original physiological conditions to
ensure realistic two-dimensional microanalysis in single cells,
enabling Fe distribution to be visualized and its uptake
quantified.

Experimental
Synthesis of Na[o->’FESAN]

The first step was the synthesis of [NMe,][o->’FESAN] (see
ESIYT), which was achieved by the complexation reaction of the
dicarbollide ligand ([7,8-C,BoHy;]*”) with *’FeCl, using a
modified method® for the original synthesis by Hawthorne
et al®® The sodium salt of the anionic [0->’FESAN]™ was
obtained by means of the cationic exchange resin of its
caesium salt as displayed in Scheme 1. The Na' salt was
characterized by 'H and ''B NMR, EPR as well as by
MALDI-TOF, as reported in the ESL{

Paramagnetic properties of Na[o-FESAN]

As the anionic [0-FESAN]™ complex is an S = 1/2 species, to
assess the magnetic properties of the paramagnetic Na|o-
FESAN], EPR measurements on Na[o-FESAN] were also run in
the solid state and in acetone solution. The EPR spectra of the
recently reported low-spin [NMe,][o-FESAN] salt®” and ferro-
cene were also run for comparison.

H
a) b)
— 3 [HNMej] ;
i
ii)
O C-H
O B-H
O S7Fe

—‘> [NMC4]
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Magnetization and Mossbauer spectroscopy studies

Magnetic measurements of the parent ferrabis(dicarbollide),
[0->’FESANE]™ anion, as well as of the U87 glioblastoma and
RA cells exposed to [0->’FESAN], were performed using a
SQUID magnetometer S700X (Cryogenic Ltd) in the 4-300 K
temperature range under fields of 0.1 T (iron compound) and
1 T (cell samples). Méssbauer spectra of parent Na[o->’ FESAN]
and U87 and RA cells loaded with Na[o->’FESAN] (300 puM, 6 h
incubation) were collected at 80 K using a conventional con-
stant acceleration spectrometer and a *’Co (Rh) source. The
velocity scale was calibrated with an a-Fe foil. The spectra were
fitted to Lorentzian lines using a non-linear least-squares
method.*® The measurements run at 80 K were obtained with
the samples immersed in He gas in a bath cryostat.

Irradiation studies

For cell irradiation with the *’Co source, the velocity range of
the spectrometer transducer was restricted to the Doppler fre-
quencies where resonant y-ray absorption was observed in the
Mossbauer spectra of the cells. This procedure implies that the
sample was permanently subjected to the y-ray absorption via
the Mossbauer effect during the irradiation time of ~2 h. The
dose received by the sample due to all the y- and X-rays
emitted by the *’Co source was ~0.4 mGy.

Biological studies

Cell viability assays. The glioblastoma cell line U87 (ATCC)
and the rat astrocyte (RA) cell line (Sigma-Aldrich) were cul-
tured in MEM (U87) containing GlutaMax-I supplemented
with 10% FBS and in astrocyte medium (RA) (Gibco,
ThermoFisher) at 37 °C in a humidified atmosphere of 5%
CO, (Heraeus, Germany). Cells were seeded in 96-well plates at
a density of 2 x 10* cells (U87) and 5 x 10” cells (RA) per well in
200 pL of culture medium and left to incubate overnight for
optimal adherence. After careful removal of the medium,
200 pL of a dilution series of the Na[o->’FESAN] compound
(from a stock solution of 1 mM in medium) were added and

Scheme 1 Synthesis of Nalo->’FESANI]. (a) Partial deboronation of the neutral closo 1,2-C,BioH1,. (b) Complexation reaction of the monoanionic
nido [7,8-C;BgH,]™ ligand in two steps: (i) deprotonation reaction with K[t-BuQO] in dry THF and (i) complexation of the dianionic nido [7,8-
C,BgH1,]%~ with ’FeCl, to obtain [3,3'->"Fe(1,2-C,BgH13)-1~ (abbreviated as [0->’FESAN]") that was precipitated as a salt of [NMe,4]*. (c) The Na* salt

was obtained from the [NMey4]* using cationic exchange resin.
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incubation was performed at 37 °C/5% CO, for 24 h. Cell viabi-
lity was evaluated using the MTT assay as described in the lit-
erature.”® The ICz, values were determined from dose-
response curves using the GraphPad Prism software (vs. 5).

Analysis of cellular uptake of small anionic [0->’FESAN]~
molecules. The concentration of Fe in U87 and RA cells was
determined using particle-induced X-ray emission (PIXE) tech-
nique at the Van de Graaf accelerator of the Instituto Superior
Técnico (IST). The cells were incubated with the Na[o->’FESAN]
at 50 uM for 24 h. Whole cells and nuclear fractions were ana-
lyzed. The cell pellets (total whole-cell fraction) were obtained
by centrifugation after washing the cells with PBS to remove
the culture medium. The cellular nuclear fraction was
obtained as described,’® incubating the cells after treatment
for 15 min at 4 °C with an isotonic buffer containing 0.1%
IGEPAL CA-630, followed by vortexing and centrifugation at
400g for 5 min. After centrifugation, the supernatant was
removed and the harvested nuclei pellets were collected. Both
fractions were freeze-dried and digested in nitric acid together
with yttrium (Y) (100 mg 17%) as an internal standard. The pro-
cedure combined ultrasound cycles and microwave-assisted
acid digestion. The detailed methodology encompassing
sample preparation, PIXE analysis, concentration calculation
and quality control, was as previously described."”*> The
elemental concentrations were obtained in pg per g (of dry
material) and converted to pg per 10° cells.

Imaging Fe distribution in U87 cells. U87 cells (5-6 x 10°
cells) were prepared for nuclear microscopy experiments by
seeding the cells on silicon frames with 5 x 3 windows of
0.56 mm? covered with a 100 nm thick silicon nitride mem-
brane (Silson Ltd, UK) in 6-well plates and incubated over-
night. The silicon nitride windows were previously sterilized
with UV light. Cells were incubated with Na[o-"’FESAN] for
24 h at 50 pM (a non-cytotoxic dose) at 37 °C in a 5% CO, incu-
bator. After incubation, the medium was removed and the
windows were washed with cold PBS. Samples were frozen at
—80 °C and then dried in a cryostat at —25 °C for subsequent
analysis as described elsewhere.*® Nuclear microscopy analysis
of single cells was carried out in a vacuum with a 2.0 MeV
proton beam focused to 2 pm dimensions at the nuclear
microprobe facility (Oxford Microbeams Ltd, UK) of IST.** By
scanning the beam across the target cell on the silicon nitride
window, several techniques can be used simultaneously,
enabling visualization of the distribution of several elements
and their localization and quantitation in the cell. Two-dimen-
sional images of Fe and physiological elements in the cell can
be obtained with PIXE, together with cell morphological
details using scanning transmission ion microscopy (STIM) to
obtain density maps and matrix composition estimation by
analyzing the elastic backscattering spectrometry (EBS)
spectra, which is necessary for PIXE mass normalization and
to obtain quantitative data (pg per g dry material).”>* Images of
whole U87 cells were taken with scan sizes ranging between 53
x 53 and 25 x 25 pm?’. Data acquisition, image processing
and concentration calculation were performed using the
OMDAQ-2007 system.*
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View Article Online

Research Article

3D spheroid cultures. U87 spheroids were prepared in
Nunclon™ Sphera™ ultra-low-attachment 96U-well plates.
Briefly, U87 cells from 80-90% confluent monolayer cultures
were trypsinized and seeded at a density of 1250 cells per well.
The plates were then centrifuged at 1500 rpm for 5 min and
incubated at 37 °C in a humidified atmosphere of 5% CO,.
Spheroid growth was monitored daily in a Primovert Inverted
ZEISS microscope (objective 4x) with an integrated HD
camera, and images were analysed using the free software
SpheroidSizer (http://pleiad.rwjms.rutgers.edu/CBII/down-
loads/SpheroidSizer.zip), a high-throughput MATLAB-based
image analysis software. When the spheroids reached dia-
meters in the range of 350-400 pm (typically on day 3), the via-
bility assay was performed.

Cell viability of spheroid cultures. U87 cells were cultured as
spheroids for 3 days. Then 100 pL of culture medium were
removed from each well and 100 pL of Na[o->’FESAN] were
added to final concentrations of 100 pM, 150 uM and 200 uM,
and the spheroids were incubated for 24 h at 37 °C/5% CO,. As
a control, wells were incubated with 100 pL of complete
culture medium. Cell viability was evaluated using the
CellTiter-Glo® 3D Cell Viability Assay. Briefly, 100 pL were
removed from each well and 40 pL of the reagent solution were
added. Plates were incubated for 15 min in the dark with agita-
tion at room temperature, after which 100 pL were transferred
to a 96-well white-bottom plate and luminescence was deter-
mined in a Varioskan LUX Multimode Microplate Reader.

Irradiation of spheroid cultures. U87 spheroids were
obtained as described above and incubated with Na
[0-"’FESAN] diluted to final concentrations of 100, 150 and
200 pM. As a control, wells were incubated with 100 pL of com-
plete culture medium. After 24 h of incubation, the plates were
irradiated with the *’Co source (0.4 mGy). Afterwards, the
medium was carefully removed, 200 pL of fresh medium were
added and a 24 h incubation was performed at 37 °C/5% COs,.
Cell viability was then evaluated using the CellTiter-Glo® 3D
Cell Viability Assay as described above. For comparison pur-
poses, spheroids were treated with the same protocol, except
for the irradiation step.

Imaging nuclear morphology in U87 cells. U87 cells (ca. 10°
cells) were seeded into 6-well plates containing a coverslip and
allowed to attach overnight. The next day, cells were incubated
(or not, as the control) with 50 uM of Na[o->’FESAN] for 24 h at
37 °C, after which they were irradiated with the *’Co source
(0.4 mGy, 2 h). Then, the medium was removed, and the cells
were washed with PBS before being fixed with 4% formal-
dehyde for 15 min at room temperature. After washing, cells
were mounted in Fluoroshield with DAPI (Sigma-Aldrich) and
visualized in a Zeiss Axioplan2 imaging microscope (64x
magnification).

Imaging cellular morphological alterations (TEM). U87 cells
seeded into 6-well plates at approx. 70% confluence were
treated with Na[o->’Fe-FESAN] at 50 pM for 24 h. After incu-
bation, cells were irradiated with the *’Co source (0.4 mGy,
2 h) and processed following a standard procedure described
previously.**
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Results
Magnetization and Mossbauer spectroscopy

The magnetization of Na[o-"’FESAN] was measured as shown
in Fig. 1. From 4 K up to 300 K the magnetization increases,
indicating that the magnetic moments gradually align along
the magnetic field direction, showing a paramagnetic behav-
iour. At room temperature, the effective magnetic moment of
2.1up fu™ (2.1uy per formula unit, consequently per Fe atom)
is consistent with Fe(ur) in the low spin state, S = 1/2, which
agrees with the already reported data for several other ferri-
based carboranes**™® and corroborates the Mossbauer spec-
troscopy results.

To estimate the magnetic parameters, the representation of
the temperature dependence of the inverse of the magnetic
susceptibility, y, was plotted (inset of Fig. 1) and fitted with
the Curie-Weiss expression y = C/(T — 0), where C is the Curie
constant, 7 is the temperature and 6 is the Weiss temperature.
The small and negative value of @ = —16.7 K suggests weak
antiferromagnetic interactions between the unpaired spins of
the ions. From the obtained C value, C = 0.392 emu mol™" K™%,
the magnetic moment was determined, pesr = 1.77up fu™t,
which is very close to the reported values for several ferrabis
(dicarbollides)**™*® and consistent with its low spin d°
configuration.

The magnetic contribution of [o-"’FESAN]™ present in both
U87 and RA cells was determined by testing the temperature
dependence of the magnetization under a magnetic field of 1
T, as shown in Fig. 2. Since the cells evidenced a strong dia-
magnetic response, measurements of a control sample for
each type of cell without [0->’FESAN] were performed under
the same temperature and magnetic field conditions to sub-
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Fig. 1 Magnetic properties of Nalo->’FESAN] powder sample: tempera-
ture dependence of the magnetization under a magnetic field of 0.1
T. Inset: temperature dependence of the inverse of the magnetic sus-
ceptibility. The solid red line is the fit to the Curie—Weiss law of the
experimental data (solid square symbols).
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Fig. 2 Temperature dependence of the magnetization under a mag-
netic field of 1 T of U87 and RA cells loaded with [0->’FESAN]".

tract the diamagnetism and to determine the paramagnetic
signal of the loaded [0->’FESAN]™ in the cells. At room temp-
erature, the magnetic moment reached 2.39 and 2.20ug fu™,
for U87 and RA cells, respectively, which were slightly higher
than the value obtained for the pristine Na[o->’FESAN]. This
reveals not only that [0->’FESAN]™ has entered the cells, but
also that a reaction has taken place, increasing the magnetic
signal. In addition, the magnetic behaviour of the Fe atoms is
preserved as paramagnetic Fe(ur) in the low spin state, S = 1/2.

The Méssbauer spectrum of Na[o->’FESAN] is virtually iden-
tical to the spectrum of [NMe4][o-FESAN], as reported.”” The
estimated isomer shift (IS) at 80 K in a previous report®” is
given relative to sodium nitroprusside, while in the present
study it is given relative to Fe metal. Considering that isomer
shifts relative to sodium nitroprusside are 0.26 mm s~ ' higher
than those relative to Fe metal at room temperature,*® the esti-
mated isomer shift and quadrupole splitting, QS, reported for
[NMe,][o-FESAN] are equal within the experimental error to
those obtained in the present study for Na[o-"’FESAN]
(Table 1).

The estimated isomer shifts relative to aFe at 295 K, IS, are
within the range of values reported for low-spin Fe*" (S = 1/2),
in agreement with magnetization data. The asymmetry of the
quadrupole doublet and the broadness of the absorption
peaks may be related to slow-spin relaxation of Fe*" or to the

Table 1 Estimated parameters from the Mdssbauer spectra taken at
80 K

Sample IS(mms™) QS(mms™)
Na[0->’FESAN] 0.26 0.67
U87 cells incubated with *"Fe compound ~ 0.25 1.21

IS, Isomer shift relative to metallic a-Fe at 295 K; QS quadrupole
splitting. Estimated errors are <0.02 mm s .
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Gol'danskii Karyagin effect as discussed in detail in [NMe,]
[0-FESAN].*

The spectrum obtained for the cells incubated with
Na[o->’FESAN] consists of a symmetric quadrupole doublet
(Fig. 3). The small relative transmission for the cell measure-
ments is due to the very small amount of Fe in the cells. The
recoilless factor and consequently the relative transmission do
not change significantly between 80 and 4 K. The IS is the
same as in Na[o->’FESAN], showing that the electronic state of
Fe in the cells is the same as in the starting Na[o->’FESAN].

RELATIVE TRANSMISSION

_IBI_IAI_IZI El] 1
VELGCITY ( mm/s )

+I2 | +IL'. | +6

Fig. 3 M®&ssbauer spectra of Na[o->’FESAN] (a), and the U87 cells incu-
bated with Nalo->’FESAN] (b) taken at 80 K in the solid state. The lines
over the experimental points are fitted quadrupole doublets. The esti-
mated parameters are collected in Table 1.
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The strong increase in the quadrupole splitting, QS, con-
firms that the Fe** environment within the cells is different
from [0-*’FESAN] in the starting Na[o->’FESAN]. This may be
related to the fact that [0-FESAN]|™ produces intercalative inter-
action with DNA.*®

Cytotoxic activity in 2 D cell model

The concentrations of [0->’FESAN]™ for the irradiation studies
were previously optimized by calculating the ICs, values at
24 h of incubation. The effect of [0->’FESAN]™ on the cellular
viability of U87 cells and of RA cells, used as non-tumour,
normal glial cells, was evaluated using the MTT assay, and the
results are depicted in Fig. 4. As can be seen, the ICs, values
obtained for both cell lines indicated that, after 24 h of treat-
ment, Na[o->’FESAN] concentrations lower than 100 pM did
not induce severe cytotoxic effects and, accordingly, were
selected for the subsequent studies with the 2D cell model.

Cellular uptake by PIXE

The radiosensitizing potential of Na[o->’FESAN] could strongly
depend on its uptake by the cells. Therefore, studies were
carried out to quantify the levels of Fe inside the cells
using PIXE and to evaluate any difference in the uptake of
[0-""FeSAN] ™, between the U87 and RA cells. PIXE is a multi-
elemental technique that enables quantification of other
elements inside the cells, such as K, Ca, Cu and Zn, and thus
gives insights into any imbalance in these physiological
elements. The results depicted in Fig. 5 show that the cells
loaded with [0->’FESAN]™ present higher Fe levels than the
control (non-treated cells) for both cell lines. However, the
uptake in the U87 cells is approximately four times higher
than that in the RA cells, in either the whole cells or the
nuclear fractions.

These results support the entry of [0->’FESAN]™ into the
cytoplasm of the cell, reaching the nucleus, which is a particu-

— ICs0 (M), 24h
100- . RA U7 RA
- U87
80+ 150+ 23 182 +£ 57

% cellular viability
[<2]
o
L

40
20+
0 T T T 1
-5.5 -5.0 -4.5 -4.0 -3.5
log C (M)

Fig. 4 Cell viability of U87 and RA cells after 24 h exposure to Nalo->’FESAN]. The ICs; values were calculated from dose—response curves analysed

with the GraphPad Prism software (vs. 5.0).
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Fig. 5 Concentrations of Fe in U87 and RA whole cell (T) and nuclear
(N) fractions after treatment with 50 pM Nalo->’FESAN]. The Fe concen-
trations in the whole-cell and nuclear for the control cells are also
plotted. Values are shown as the mean + SD.

larly desirable target because the nucleus is the cell’s control
centre, in which DNA and the transcription machinery reside.
Actually, in silico studies (Monte Carlo simulations) have
shown that the cell-killing effect is more efficient if the energy
deposition of the radiation reaction occurs in the nucleus of
cells compared with a uniform distribution within the whole
cell.®® To date, only studies related to DNA interaction with Na
[0-FESAN] that demonstrate a strong intercalative interaction
between Na[o-FESAN] and CT-dsDNA have been reported.*’
The high cellular uptake of small anionic [0->’FESAN]™ mole-
cules by U87 cells and their accumulation in the nucleus
(29%) support earlier theoretical results of the effect of the
charge and hydrophobicity properties on the translocation of
model particles through the nuclear pore complex.”® The
generic hydrophobicity and negative charge of model particles
are necessary for their easy translocation through nuclear
membranes.”*

U87 - Control

uU87 - 5

mass
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Concerning the relevant physiological elements (see
Table S1 at the ESI}), the following data were observed: (i) in
both U87 and RA whole cells, the Zn levels increased twice
after treatment with Na[o->’FESAN] (in ng per 10° cells, U§7
controls vs. treated, 99 + 7 and 180 + 17; RA controls vs.
treated, 28 + 2 and 48 + 3); while (ii) in the respective nuclear
fractions an opposite effect was observed for Zn and Ca (in ng
per 10° cells, U87 control vs treated, Zn = 60 + 2 and 20 * 2;
Ca = 460 + 10 and 180 + 4; RA controls vs. treated, Zn = 57 + 4
and 26 + 2, Ca = 415 + 8 and 237 + 4). In treated RA whole cells,
K decreased by 40% (controls 2000 + 100, treated 1125 + 37).
However, in both cell lines, Cu remained essentially
unchanged. This observation indicates a similar response of
U87 and RA cells towards [0-"’FESAN]". The changes in K, Ca
and Zn contents in glial cells may reflect disturbances in the
K" channels involved in the membrane potential, intracellular
Ca®" signalling and impaired nuclear activity, after treatment
with Na[o-*’FESAN]. These changes may have consequences
for the level of growth control, cell volume and activity regu-
lation in cancer cells.’*>* Nevertheless, the interpretation of
these results requires further experiments.

Imaging and elemental distribution by nuclear microscopy

The U87 cells that showed a higher uptake towards
[0->’FESAN]™ were inspected by nuclear microscopy techniques
to visualize the micro distribution of Fe and other physiologi-
cal elements, such as P, K, Ca and Zn. Fig. 6 depicts represen-
tative images of mass density and elemental distributions
in U87 cells under the control and 50 pM Na[o->’FESAN]
conditions.

The images of mass density showed that U87 control cells
are larger with a denser central region, probably corresponding
to the nucleus. In treated U87 cells, the density images showed
a reduction in the cell size that can translate to a volume
decrease.

Fig. 6 Mass density (ass) and 2D elemental maps of the distribution of P, K, Zn and Fe in whole U87 cells: control and 50 uM Nalo->’FESAN] treated
conditions. The dotted lines indicate the cell contour and the central nuclear region. The mass density and elemental distributions are represented
by a colour gradient with a dynamic scale: high level, red, to the low level, dark blue.
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The most remarkable difference in the elemental distri-
bution of treated U87 cells was the Fe uniform distribution
and its increased content across the whole cells, contrasting
with the scattered distribution in the control, as can be
observed in Fig. 6. The average Fe concentration in whole
control cells was low, below 150 pg per g dry weight, whereas
in treated cells a 6-fold increase to 849 + 296 ug per g dry
weight was observed. In treated cell peripheral regions and in
the denser central nuclear region Fe concentrations did not
significantly differ (780 + 320 vs. 950 + 230 pg per g dry
weight). These concentration values are similar to those
obtained in the bulk analysis of whole cells and nuclear frac-
tions (concentrations ranging from 600 pg g~ ' in total cells to
850 pg g ' in the nuclear fraction, on a dry weight basis).
Therefore, even for non-toxic concentrations of Na[o->’FESAN],
the Fe content in treated cells dramatically increased, which is
in line with uptake results. More importantly, Fe does not
seem to be compartmentalized in the cell, as its distribution is
relatively homogeneous throughout the cell.

The micro distribution of P, K, Ca and Zn in U87 treated
cells cannot give a clear definition of cell compartments, con-
trasting with control cells, where the nuclear region is clearly
associated with high contents of P, K and Zn (Fig. 6). In par-
ticular, the changes in the microdistribution of Zn reflect
those observed in whole cells and nuclear fraction as
described above. The rationale behind these elemental finger-
prints is the essentiality of the phosphate backbone in the
DNA structure,”® of the K" cation in chromatin stability
(although K* is mainly a cytoplasm ion)*® and of Zn as a con-
stituent of protein domains (zinc fingers) and a cofactor of
enzymes intrinsically linked to DNA replication machinery.>*
Therefore, the alteration of P, K and Zn compartmentalization
in U87 treated cells suggests cellular remodeling after exposure
to [o->’FESAN]™ and the subsequent intracellular increase in
the Fe concentration.

Evaluation of the Mossbauer irradiation effect

The radiosensitizing potential of [0-"’FESAN]~ was evaluated
in both cell lines, using the MTT assay before and after
Méssbauer irradiation with and without Na[o-’FESAN]. Cells
were previously treated with Na[o->’FESAN]™ at 50 and 100 pM
followed by 24 h incubation before irradiation. Concerning the
non-irradiated cells, no significant cytotoxicity was observed
after 24 h of incubation at 50 pM Na[o->’FESAN] for U87 cells,
as shown in Fig. 7. The exposure to Mossbauer radiation on
the U87 cells incubated with 50 puM Na[o-"’FESAN] induced a
decrease in cellular viability of about 30% compared with the
control (irr) and of about 30% compared with Na[o->’FESAN]
(non-irr). At higher doses (100 pM Na[o-’FESAN]), an
enhanced radiosensitizing effect was observed for
Na[o-"FESAN] (19.7 + 3.8%), 80% higher compared with the
control (irr) and about 60% higher compared with
Na[o->’FESAN] (non-irr). For the RA cells, only a slight
enhancement of the radiation effect was observed at the same
higher dose (100 pM Na[o->’FESAN]), indicating that this effect
was rather specific for cancer cells.

This journal is © the Partner Organisations 2022
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Fig. 7 Cell viability of U87 and RA cells after exposure to Mdssbauer
irradiation (0.4 mGy, 2 h). (A) U87 (blue colour) and RA (grey colour)
cells incubated with Nalo->"FESAN] at 50 pM; (B) U87 cells incubated
with Na[o-5’FESAN] at 100 uM. Results are shown as the mean + SD of
two independent experiments done with at least six replicates per
condition.

Further irradiation studies were also performed as proof-of-
concept experiments to confirm that the Mossbauer effect was
responsible for the cell death observed. >’Co (¢, = 272 d)
decays by electron capture to the 136.4 keV level in *’Fe, which
is de-excited both by 136.4 keV (12.3%) y rays and by emission
of 122 keV (87.5%) and 14.4 keV y rays (see the decay scheme
below). The 122 keV y rays have a relative probability of 87.5%.
Therefore, X-rays at equivalent energy and dose (0.4 mGy) were
used to irradiate cells. According to these results (Fig. 8), X-ray
irradiation did not induce significant killing of the cells.

Effects of Na[o-’FESAN] in 3D culture models

Cytotoxic activity of Na[o-"’FESAN] in 3D models. The cyto-
toxic activity of Na[o->’FESAN] was further evaluated in more
advanced culture models, where tumour cells were grown in a
3D environment, forming spheroids. The concentrations of Na
[0-""FESAN] selected to evaluate its cytotoxic activity in spher-
oid cultures of U87 GBM cells were based on IC;, values deter-
mined for monolayer cultures, using the MTT assay (around
150 uM for both cell lines), with concentrations one-third
below and above these values also being taken into consider-
ation. The viability of the spheroids was studied following a
24 h incubation period, as shown in Fig. 9a, using the
CellTiter-Glo® 3D Cell Viability Assay, suitable for advanced
culture models. In parallel, the spheroids’ growth was also
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Fig. 9 Effects of the incubation of Nalo->"FESAN] on U87 spheroids. (a) Cellular viability of U87 spheroids at 24 h, assessed using the CellTiter-
Glo® 3D Cell Viability Assay, and (b) spheroid growth after incubation with Na[o->’FESAN] at 100, 150 and 200 pM, for 24 h, on day 3, represented
by the mean spheroid area (in um?) as a function of the number of days in culture. Controls consist of spheroids incubated only with the medium.
Data are presented as the average + SEM of 5/6 replicates. Statistical significance was calculated using one-way ANOVA, followed by Dunnett's test

comparing treated spheroids with control spheroids (**** p < 0.0001).

evaluated throughout the culture period, as depicted in
Fig. 9b.

Qualitatively, the incubation of the spheroids with
Na[o->’FESAN] did not seem to affect the shape and integrity
of the spheroids. The circularity of the spheroids was also
not severely affected after incubation with Na[o-°’FESAN],
with the spheroids having maintained regular shapes as
reflected by circularity values very close to 1 (data not
shown). Quantitatively, the growth and size of the spheroids
from the U87 cell line were affected after 24 h of incubation
with Na[o->’FESAN] (Fig. 9b), considering that treated spher-
oids stopped growing after incubation with the compound,
which was not observed for spheroids from the control
condition.

The viability results obtained (Fig. 9a) reflect an obvious
cytotoxic effect of [0->’FESAN]™ on the spheroids from U87,

1498 | /norg. Chem. Front., 2022, 9, 1490-1503

suggesting that [0->’FESAN]™ can penetrate in more complex
cellular systems, affecting tumour resistance mechanisms.
Based on the importance of this type of metallacarborane
compound, we thus foresee that Na[o-’’FESAN] could be
explored within the scope of a low-dose approach for glioblas-
toma radiotherapy. In our previous report on metallabis
(dicarbollide), Na[o-COSAN], we demonstrated that this type
of compound showed no cytotoxicity in normal cells and no
acute toxicity in a mouse model.*® Although the results are
preliminary and further studies are needed for the validation
of this approach, the present work has lifted the veil on a new
type of low-dose radiation glioblastoma therapy with such
promising small anionic compounds. Therefore, we consider
that the ferrabis(dicarbollide) Na[o->’FESAN] described in
this study could constitute a promising approach for radi-
ation therapies, also benefiting from its solubility in water, as
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solubility is a main challenge in the development of che-
motherapeutic drugs.

Radiosensitizing effect of Na[o->’FESAN] on spheroids

The radiosensitizing effect of [0->’FESAN]” was further
evaluated in spheroid cultures from the tumour cell line,
U87, through the CellTiter-Glo® 3D Cell Viability Assay.
The concentrations used were chosen based on the ICj;,
values determined for monolayer cultures, using the MTT
assay, while concentrations one-third below and above
these values were also used, as before. Spheroids were
incubated with Na[o-°’FESAN] for 24 h, after which they
were irradiated and left to recover for an additional 24 h
period, followed by the viability assessment (Fig. 10a). In

A

a)
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parallel, the spheroids’ growth was evaluated throughout
the culture period, as depicted in Fig. 10b. As before, the
circularity of the spheroids was not severely affected by
incubation with Na[o-’’FESAN] and irradiation (data not
shown).

Spheroids from the tumour cell line stopped growing after
being subjected to incubation with Na[o->’FESAN] and
Mogssbauer irradiation (Fig. 10a). However, the irradiation
effect on its own is not significant when comparing irradiated
spheroids with spheroids that were not irradiated, both for the
control and for the Na[o->’FESAN] treated cells.

The viability results obtained suggest that there is a cyto-
toxic effect on U87 spheroids that is slightly increased after
irradiation (Fig. 10a).
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Fig. 10 Radiosensitizing effects of Na[o->’FESAN] on U87 spheroids. (a) Cellular viability of U87 spheroids incubated with Nalo->’FESAN] for 24 h
and irradiated, assessed using the CellTiter-Glo® 3D Cell Viability Assay. (b) U87 spheroid growth after incubation with Nalo->’FESAN] at 100, 150
and 200 pM, for 24 h, on day 3, followed by irradiation on day 4 and viability assessment on day 5, represented by the mean spheroid area (in ym?)
as a function of the number of days in culture. Controls consist of spheroids incubated only with the medium. Data are presented as the average +

SEM of 2 replicates.
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Fig. 11 Fluorescence microscopy for visualizing cellular responses in non-treated cells (control; left panel), 50 pM Nalo->"FESAN]-treated but non-
irradiated cell (middle panel), or 50 pM Nalo->’FESAN]-treated cells that were also subjected to M&ssbauer irradiation (right panel). Morphological
damage to the nucleus was observed as indicated by the presence of nuclear fragments and abnormalities (white arrows).
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Fig. 12 Thin-section transmission electron microscopy images of U87 cells treated for 24 h with 50 pM [0->’FESAN]~ before and after Méssbauer
irradiation (see Experimental section for details). Samples were analyzed and photographed in a JEOL 1200-EX electron microscope. Non-irradiated
(left) and irradiated cells (right). N, Nucleus; g, Golgi apparatus; m, mitochondria; v, vacuoles. Bars = 1 micrometer.

Overall, these results suggest that [0->’FESAN]™ exerts a
cytotoxic effect that is increased after Mossbauer irradiation,
affecting its viability.

Cellular morphological alterations after irradiation

The cellular response to Mossbauer irradiation was evaluated
by fluorescence microscopy and transmission electron
microscopy (TEM) using the U87 cells. Cellular damage was
assessed by incubating the cells with 50 pM Na[o->’FESAN], fol-
lowed or not by irradiation as described above.

The results obtained using fluorescence microscopy clearly
show that there seems to be an increase in the number of
nuclear abnormalities and nuclear fragmentation in the
samples that had been treated with Na[o->’FESAN] and then
subjected to irradiation (Fig. 11), evidencing the toxic effect of
this prospective combined treatment modality.

The effects at the cellular organelle level were evaluated
using transmission electron microscopy (TEM). This technique
enables the visualization of the structural integrity of the cell,
providing a spatial resolution that is nearly three orders of
magnitude higher than conventional light microscopy, allow-
ing the resolution of structural details in the nanometre range.
Electron microscopic study of irradiated cells showed disrup-
tion of cellular structures with vacuolization of cytoplasmic
membranes and clumping of the chromatin, suggestive of
apoptotic phenomena (Fig. 12).

Conclusions

Despite aggressive treatment regimens that include surgery,
radiotherapy (RT) and chemotherapy, glioblastoma remains a
fatal disease. Treatment failure is mainly ascribed to the
tumour location, its high infiltrative capacity that prevents
complete tumour ablation and the lack of specificity and
efficacy among current chemotherapeutics.

In glioblastoma, the resistance of tumours, as well as tox-
icity to normal tissues, limits the efficacy of RT. Treatment pro-

1500 | /norg. Chem. Front., 2022, 9, 1490-1503

tocols using low-dose radiation could be more effective, provid-
ing local tumour control with minor toxicity to normal tissues.
In addition, low-dose radiation could stimulate immune
responses, the induction of DNA damage and the occurrence
of apoptosis that, all together, might provide effective local
tumour control.

One of the goals is to achieve a radiation treatment in
which the total dose of radiation is less than that given in stan-
dard RT. In low-dose radiation therapy, the total dose may be
given in fewer treatments or over a shorter period than stan-
dard RT, thus causing less damage to nearby healthy tissue.

Chemotherapy given as an adjuvant to RT or before RT has
been widely practiced in patients with glioblastoma. However,
such treatments have had limited success.

The present work demonstrates the potential of a low-dose
approach for glioblastoma treatment, exploring the Mossbauer
effect. The studies confirmed that the Mdssbauer effect is
responsible for the decrease in cellular viability observed in
both 2D and 3D cellular models of the U87 GBM cells. In
addition, the radiation effect on GBM cells differed from that
of normal glial cells (rat astrocytes). It was found that low
doses of radiation in combination with [0->’FESAN]™ at non-
toxic concentrations increase the killing effect by 60% in a
resonance radiation dose response.

[0->’FESAN]™ enters the cells and distributes randomly
through the cells; 29% was found in the nuclear cell fraction.
It should be highlighted that the absorption of 14.4 keV
photons results in a cascade of secondary radiation such as
Auger electrons that seems to be responsible for the cellular
damage observed. A single Auger event can be lethal for a cell
if generated near to cellular vital structures. Therefore, it is
expected that damage to cellular biological structures would
be more severe with charged particles (electrons), if generated
inside the cell, than with high-energy photons (y- and X-rays).

The results from this study support the use of low-dose regi-
mens either alone or as an adjuvant for glioblastoma treat-
ment, thus creating new platforms to explore innovative treat-
ment regimens for brain tumours.
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Improvements in particle technology, advances in medical
imaging and modelling and the fact that new irradiation facili-
ties are becoming available at hospitals make low-doses radio-
therapies, such as the Mossbauer effect, a viable choice for
cancer medical therapy especially indicated for tumours resist-
ant to chemotherapy and conventional radiotherapy. All of this
evidence promises to make the low-dose approach by the
Mossbauer effect a cutting-edge technology readily accessible
for glioblastoma radiotherapy.
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