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1. Details on Materials and Methods
1.1. Detection of reactive oxygen species (ROS)

The BxPC3 cells are incubated with MNPs at 50 pug/ml for 48 h. After this time,
aliquots of treated MNP-cells are exposed to hyperthermia treatment (42°C for 30 minutes).
The generation of cellular ROS are detected by incubation of cell samples with dichlorodi-
hydrofluorescein diacetate (DCFH-DA), which penetrates the cells and is hydrolysed to
DCFH, a nonfluorescent compound that remains trapped within the cells. The different
cell samples (MNPs alone, MNPs+Hyperthermia and control) are incubated with 10 uM
DCFH-DA in PBS (phosphate-buffered saline) for 45 minutes at 37°C. Following incuba-
tion, the samples are put at 4°C overnight. Cells incubated without MNPs are used as
negative control and cells treated with ImM H;O; as a positive control. ROS are assessed
by analysing the cells by flow cytometry using the FL1 channel. At least 5x10* cells are
analysed for each sample. A similar protocol was followed for cell samples treated with
MNPs, irradiated, and exposed to hyperthermia treatment.

1.2. Cell cycle analysis

Briefly, immediately after irradiation of cells without MNPs and after irradiation +
hyperthermia of cells treated with MNPs: (i) aliquots of cell suspensions are centrifuged
at 1800 rpm for 10 minutes; the cell pellets are then resuspended in cold absolute ethyl
alcohol and placed at -20°C for subsequent treatments for the flow cytometric analysis of
the cell cycle; (ii) aliquots of same cell suspensions are seeded in flasks T25 and placed in the
incubator (37°C, 5% CO,) of the CNAO Radiobiology laboratory. After about 30-34 hours,
these samples are transported to the Radiobiology Laboratory of the Physics Department
of Milan, where they are trypsinized and the cells are resuspended in culture medium
and centrifuged at 1800 rpm for 10 minutes. The cell pellets are then resuspended in cold
absolute ethanol and placed at -20°C for subsequent treatments for the flow cytometric
analysis of the cell cycle. A similar protocol was followed for cell samples irradiated with
photons, immediately and about 24 hours after irradiation and hyperthermia treatment.
For cytofluorimetric analysis the cells are treated with Ribonuclease A (100 ug/ml — Sigma
Aldrich) for 30 min at 37°C and then stained with propidium iodide (50 pg/ml — Sigma
Aldrich) for about 12-14 hours. The flowcytometer BD ACCURI C6 is used for the experi-
ments and at least 4x 10* cells are counted at each point. The proportion of cells at different
phases is gated and calculated using the ModFit Lt software.

1.3. Cell invasion

Cell invasion is measured using the QCM EC Matrix Cell Invasion Assay (Merk
Millipore) with 8 im pore size polycarbonate membrane. About 1.5 x 10° cells are plated in
upper wells in serum-free medium. After incubation at 37°C for 24 hours, the non-invading
cells are scrubbed off the upper membrane, while invading cells on the lower membrane
are stained with crystal violet stain and counted by optical microscopy (x50 magnification).
The invasive capacity is measured as the ratio between invading cells and the total number
of cells initially seeded, obtained values are normalized to the control ones.
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2. Magnetic nanoparticles
2.1. X-ray diffraction

The magnetic cores of the nanoparticles were characterized by X-ray diffraction (fig. S1).
All the peaks of the diffraction pattern match the reference pattern of magnetite (red bars),
indicating the presence of a single crystalline phase in the sample. The lattice parameter is
also compatible with that of magnetite.
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Figure S1. Diffraction pattern of MNPs (blue line) compared with the reference pattern of magnetite
(red bars).

2.2. Specific Absorption Rate

The hyperthermic efficiency was estimated by evaluating the specific absorption rate
(SAR), by recording (see fig. S2) the temperature rise of a MNPs solution sample (0.98
mg/mL) under the effect of an alternating magnetic field (f = 183 kHz, H= 17 kA /m). The
value obtained by the initial slope method is SAR = 225 W/gp,.
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Figure S2. Temperature increases upon time under the application of an alternating magnetic field.
The red line denotes the initial slope of the curve, used for the SAR estimate. The arrows indicate the
on/off switching times of the field.

2.3. Magnetic measurements

The field and temperature dependencies of the MNPs magnetization was evaluated
by recording the ZFC-FC curves with ygH = 5x1073 T and the hysteresis loop at 260 K
(see fig. S3). The maximum of the ZFC-FC curve is broadened around the end of the
measuring temperature range, suggesting that MNDPs are in a sort of transition between
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“blocked /unblocked” (superparamagnetic) regimes at 250 K. The absence of hysteretic
behavior at 260 K indicated that the MNPs are in the superparamagnetic regime at room
temperatures.
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Figure S3. (a) ZFC/FC magnetization curves collected with a magnetic field yoH = 5x 1073 Tesla
and (b) hysteresis loop at 260 K.

3. Biological Effects
3.1. MNPs and Hyperthermia Cell Toxicity

The plating efficiency of BxPC3 cells decreases from about 50% to 23% when MNPs
are added, due to the MNPs toxicity at 14 days. A further decrease of PE to about 6% is
observed when hyperthermia is also applied. Therefore, hyperthermia in cells treated with
MNPs shows a further effect of cell mortality compared to treatment with MNPs alone.
Similar results were reported in the work of Russel et al. [1], that investigated the toxic
effect of SPIONSs using the clonogenic assay. The obtained values of plating efficiencies
after 24 hours of exposure to SPIONs (Superparamagnetic iron oxide nanoparticles), having
a concentration equal to 23.5 ug/ml, showed a significant decrease in plating efficiencies of
U87 and HEPG2 cells. The work of Khoei et al. [2] showed that the presence of IUdR/MNPs
( SPIONES, as a carrier of 5-iodo-2-deoxyuridine, in short IUdR) in monolayer culture of
U87MG cells increased the toxicity; moreover, the reduction of the plating efficiencies due
to the combination effect of IUAR/MNPs and MFH was significantly more than that of
each treatment alone.

3.2. Double strand breaks studies

The kinetics of DNA double strand breaks (DSBs) rejoining has been evaluated by
means of y-H2AX and 53BP1 foci formation by immunofluorescence analysis (see fig. S54).

3.3. Dose enhancement factor (DEF)

The dose enhancement factor, i.e. the ratio between the radiation doses used alone
and in conjunction with the MNPs in order to obtain the same biological endpoint, has
been evaluated for protons, photons and carbon ions (fig. S5).

3.4. Detection of reactive oxygen species

Reactive oxygen species (ROS) generation has been evaluated for different cell samples,
incubating with 50 yg/ml-MNPs and treated with hyperthermia (fig. S6), irradiated with
carbon ions (fig. S7), protons (fig. S8) and photons (fig. S9). In literature, several studies
have suggested that iron oxide nanoparticles induce ROS formation [3-7]. It has also been
described that iron oxide MNPs may generate ROS, which could be enhanced by local
hyperthermic effects when MNPs are exposed to a alternating magnetic field [8-11].
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Figure S4. Representative images of 53BP1 (green) and y-H2AX (red) stained cells. Unirradiated cells
treated with MNPs and MNPs+Hyp (upper figure) and Proton irradiated cells in combination with
MNPs and MNPs+Hyp (4Gy; fixed 6h after irradiation - lower figure)

B 10% Survival
2% Survival

Dose enhancement factor

Photons Protons Carbon ions

Figure S5. Comparison between the dose enhancement factors of the different radiation beams,
measured at 10% and 2% of cell survival. Error bars represent one standard error of the mean of 4
independent experiments.
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Figure S6. Flow cytometry analysis of cells to detect ROS induction after staining with DCFH-DA.
Mean =+ SD (3 experiments). Control is negative control, untreated cells; contrH,O; is positive control,
cells incubated with 1mM H;Oy; MNPs, cells with MNPs-50 pig/ml; MNPs+Hyp: cells with MNPs-50
ug/ml and hyperthermia treatment.
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Figure S7. Flow cytometry analysis of BxPC3 cells to detect ROS induction after carbon ion irradiation
and following hyperthermia. Control: untreated cells; C-ions: cells irradiated with 2 Gy of carbon
ions; MNPs+Hyp: cells with MNP-50 pg/ml and hyperthermia treatment; MNPs+C-ions+Hyp: cells
with MNPs-50 ug/ml, irradiated with 2 Gy carbon ions and hyperthermia treatment. Mean £ SD (2

experiments).
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3.5. Cell cycle analysis

The data reported in Table S1 show that there are no significant variations in the values
of the cell phases in samples treated with MNPs for 48 h (50 yig/ml), without irradiation
and hyperthermia treatments, and untreated (control). This result indicates that MNPs
incorporated into BxPC3 cells does not alter the cell cycle. Similar results have been found
in several works with different cell lines. Calero et al. with breast cancer cells, MCF-7,
incubated with 0.4 mg/ml-SPION for 24 h [3], Ma et al. with human lung cancer cells,
NCI-H460, incubated with 400 pg/ml of magnetic nanoparticles clusters, MNCs, for 24
hours [12] and Xia et al. with myelodysplastic syndrome cells, SKM-1, incubated for 24
hours with MNPs [13].

Sample G1 phase (%) | S phase (%) | G2+M phase (%) | subG1 phase (%)
control 60,3 +3,7 252 +1,8 145+1.3 -
MNPs-50 pg/ml 58,7 +4,5 22,8 +23 13,2+1,3 5305

Table S1. Cell cycle analysis of BXxPC3 cells measured by flow cytometry after 48 h of treatment with
MNPs (50ug/ml). The results for each sample are averaged over three independent experiments.
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Figure S8. Flow cytometry analysis of BxPC3 cells to detect ROS induction after proton irradiation
and following hyperthermia. Control: untreated cells; Protons: cells irradiated with 4 Gy of protons;
MNPs+Hyp: cells with MNP-50 ug/ml and hyperthermia treatment; MNPs+Protons+Hyp: cells
with MNP-50 pg/ml, irradiated with 4 Gy of protons and hyperthermia treatment. Mean + SD (2

experiments).
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Figure S9. Flow cytometry analysis of BxPC3 cells to detect ROS induction after photon irradiation
and following hyperthermia. Control: untreated cells; Photons: cells irradiated with 5 Gy of photons;
MNPs+Hyp: cells with MNP-50 pg/ml and hyperthermia treatment; MNPs+Photons+Hyp: cells
with MNP-50 pug/ml, irradiated with 5 Gy of photons and hyperthermia treatment. Mean + SD (2

experiments).
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3.5.1. Radiation alone

Exposure of BxPC3 cells to a dose of 2 Gy of carbon ions, 4 Gy of protons and 5 Gy of
photons resulted in an increase of cells in the G2/M phase. In fact, these samples, treated
with radiation alone, show a significant percentage of cells in the G2/M phase even after a
time of about 34 hours from irradiation (see Fig. 510). This effect induced by the radiation is
known in literature and is called “G2/M cell cycle arrest”; the intensity and duration of this
cell block in the G2/M phase depend on the cell line, the type of radiation, the radiation
dose and the time elapsed since irradiation. Naumann et al. [14] with the same cell line
(BxPC3), in cells irradiated with a dose of 4 Gy of photons found an increased percentage
of cells "blocked" in the G2/M phase after a period of 24 hours from exposure to radiation.
Our results showed that irradiation with carbons, protons and photons induced G2/M
arrest indicating a high level of DNA damage. Cells with unrepaired or poorly repaired
DNA damage can persist in the G2/M phase leading to genomic instability, cell death and
therefore to an inhibition of cell proliferation.

3.5.2. MNPs and hyperthermia treatments

The results of the cell cycle analysis after MNPs and hyperthermia treatments, without
irradiation, show an increase of the S phase, about 36% compared to a value of about 25% for
the samples without MNPs and hyperthermia treatments (see fig. S10). It is unknown how
hyperthermia affects the cell cycle distribution, but these data seem to confirm that S-phase
cell accumulation following hyperthermia treatment results in higher cell mortality. Ma et
al. [12] found that lung cancer cells (NCI-H460) treated with magnetic nanoparticle clusters,
irradiated with a dose of 4 Gy of 6 MV X-ray and subjected to magnetic hyperthermia
after a 24-hour period show a significant increase in the S phase compared to control
samples with or without MNPs and which did not undergo hyperthermia treatment.
For the MNPs+radiation+hyperthermia samples, the percentages of the Sand G2 / M
phases are practically the same, around 21%; perhaps any non-increase in phase S could be
"counterbalanced" by the increase in cells in the G2 / M phase due to radiation (see Figure
510).

3.5.3. Sub-Gl1 cell fraction

The samples treated with MNPs show a small percentage (about 5%) of apoptotic
cells; the subG1 population, cell fragments, is a marker of apoptosis [6,15] due to the
cytotoxicity of the nanoparticles (see Table S1 and Figures 57,58,59). The cell samples treated
with MNPs+hyperthermia and MNPs+radiation+hyperthermia (see Figure S11) show a
percentage of apoptotic cells around the value of 8-12% (immediately after irradiation and
after 24-34 hour post irradiation); this increase appears to be due the combination of the
treatments.

3.6. Cell invasion

Figure 512 shows the relative invasion index of BxPC3 cells untreated or treated with
MNP-50 pg/ml for 48 hours and subsequent hyperthermia treatment; the heating is applied
for 30 minutes at 42°C.

Cell invasion is related to cell migration, and defines the ability of cells to become
motile and to navigate through the extracellular matrix within a tissue or to infiltrate
neighbouring tissues. Cancer cells that become invasive may disseminate to secondary
sites and form metastases. Tumor cell invasion is an essential step of cancer progression
that is associated with an enhanced capability of tumor cells to degrade extracellular matrix
components. The application of nanomedicine using nanoparticles - MNPs - could be an
alternative approach to the treatment of cancers through the inhibition of cell invasion.
The values of the samples untreated or treated with the nanoparticles are similar to one
other, thus showing no effect on cellular invasiveness by incorporation of MPNs at this
concentration. Cells treated with MNPs and subjected to hyperthermia show a slight
decrease in the cellular invasiveness index. As concerns radiation effects, the relative
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Figure S10. Cell cycle phase distribution of BxPC3 cells with 50 pg/ml-MNPs, exposed to different
types of radiation and subsequent hyperthermia. Control: untreated cells; C-ions/Protons/Photons:
cells irradiated with 2 Gy of carbon ions or 4 Gy of protons or 5 Gy of photons; MNPs+Hyp: cells
with MNP-50 pg/ml and hyperthermia treatment; MNPs+C-ions/Protons/Photons+Hyp: cells with
MNP-50 pug/ml, irradiation and hyperthermia treatment. (Sub G1 cell fraction as marker for cell

fraction in apoptosis).
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Figure S11. SubGl1 cell fraction of BXPC3 cells with 50 pg/ml-MNPs, exposed to different types of
radiation and subsequent hyperthermia (both immediately and after longer time periods). MNPs:
cells with MNP-50 ug/ml; MNPs+Hyp: cells with MNP-50 pg/ml and hyperthermia treatment;
Irradiation+MNPs+Hyp: cells with MNP-50 p1g/ml, irradiation and hyperthermia treatment.

1.5

BxPC3 cells treated with MNPs-50ug/ml for 48 hI

-

o
1
1

Relative Invasion Index
o
12
1
1

0.0

Control MNPs MNPs+Hyp

Figure S12. The relative invasion index of BxPC3 cells treated with MNPs and exposed to hyperther-
mia treatment. Control: untreated cells; MNPs: cells with MNP-50 microgrammi/ml; MNPs+Hyp:
cells with MNP-50 pig/ml and hyperthermia treatment. Error bars represent one standard error of
the mean of 3 experiments.
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Figure S13. The relative invasion index of BxPC3 cells exposed to carbon ions (a), protons
(b) and photons (c) treated or not with MNPs and hyperthermia. Control: untreated cells; C-
ions/Protons/Photons: cells irradiated with 2 Gy of carbon ions or 4 Gy of protons or 5 Gy
of photons; MNPs+Hyp: cells with MNPs-50 pug/ml and hyperthermia treatment; MNPs+C-
ions/Protons/Photons+Hyp: cells with MNP-50 ug/ml, irradiation and hyperthermia treatment.
Error bars represent one standard error of the mean of 2 experiments.

invasion index of BxPC3 cells exposed to photons (at dose of 5 Gy - fig. S13c), protons (at
dose of 4 Gy - fig. S13b) and carbon ions (at dose of 2Gy - fig. S13a) treated or not with
MNPs-50 ug/ml for 48 hours and subsequent hyperthermia treatment is shown. Reported
data are the mean of two independent experiments.

A reduction in the invasion rate is also observed in cells irradiated with carbon ions
treated with MNPs or untreated. Cell invasiveness is less reduced by proton irradiation
whereas photon irradiation seems to have no great effect on cell invasive capacity. Therefore
our data seem to indicate that carbon beam irradiation and, to a lesser effect, the irradiation
with protons suppressed invasiveness potential more effectively than photon irradiation.
The value of the invasiveness index in samples treated with MNPs, irradiated with protons
and carbon ions and subjected to hyperthermia seems to be slightly lower than that of only
irradiated samples, as if the hyperthermia treatment also contributed to the decrease in
invasive capacity. Several studies demonstrated that ionizing radiation might promote
migration and invasion of tumor cells by various pathways and other studies reported
that carbon ions and photon radiation produced different effects on the migration and
invasiveness of tumor cells [16,17]. Fujita et al. [18,19] reported that carbon ions suppress
migration and invasion in human pancreatic carcinoma cells (the BxPC3 cell line used in our
experiments) via the inhibition of the activity of Racl through Ub-mediated proteosomal
degradation. There are only few reports studying the effects of magnetic-nanoparticle
altered cell invasion. Veiseh et al. [20,21] explore a new approach of nanoparticle-based
therapy for treatment of cancer through the inhibition of tumor cell invasion, a strategy
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particularly suitable for highly invasive cancer as glioma. C6 rat glioma cells treated with
nanoparticles with polymer coating (PEG) and chlorotoxin (CTX)-PEG-CTX show inhibition
of cell invasion at the highest tested exposure concentration, while cells with nanoparticles
with PEG but not CTX show no evident cell invasion inhibition. Li et al. [22] show that the
invasiveness of lung cancer cells, A549, is severely impaired by the combined treatment of
cold atmospheric plasma (CAP) and nanoparticles (iron-oxide-based, MNPs), while cells
with only MNPs show a lower cell invasion inhibition. The objectives reported in the work
of Sasaki et al. [23] are different from those of our study. Indeed the aim of their study is to
evaluate cellular invasion ability of normal human fibroblasts labeled with MNPs coated
with chitosan and using magnetic forces; this may accelerate the development of cellular
strategies for the repair or replacement of normal tissue.
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