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Abstract

Background: Tumor targeting of radiotherapy represents a great challenge. The addition of multimodal nanoparti-
cles, such as 3 nm gadolinium-based nanoparticles (GABNs), has been proposed as a promising strategy to amplify
the effects of radiation in tumors and improve diagnostics using the same agents. This singular property named
theranostic is a unique advantage of GdBNSs. It has been established that the amplification of radiation effects by
GdBNs appears due to fast electronic processes. However, the influence of these nanoparticles on cells is not yet
understood. In particular, it remains dubious how nanoparticles activated by ionizing radiation interact with cells and
their constituents. A crucial question remains open of whether damage to the nucleus is necessary for the radiosensi-
tization exerted by GdBNs (and other nanoparticles).

Methods: We studied the effect of GdBNs on the induction and repair of DNA double-strand breaks (DSBs) in the
nuclear DNA of U87 tumor cells irradiated with y-rays. For this purpose, we used currently the most sensitive method
of DSBs detection based on high-resolution confocal fluorescence microscopy coupled with immunodetection of
two independent DSBs markers.

Results: We show that, in the conditions where GdBNs amplify radiation effects, they remain localized in the cyto-
plasm, i.e. do not penetrate into the nucleus. In addition, the presence of GdBNs in the cytoplasm neither increases
induction of DSBs by y-rays in the nuclear DNA nor affects their consequent repair.

Conclusions: Our results suggest that the radiosensitization mediated by GdBNs is a cytoplasmic event that is
independent of the nuclear DNA breakage, a phenomenon commonly accepted as the explanation of biological
radiation effects. Considering our earlier recognized colocalization of GdBNs with the lysosomes and endosomes, we
revolutionary hypothesize here about these organelles as potential targets for (some) nanoparticles. If confirmed, this
finding of cytoplasmically determined radiosensitization opens new perspectives of using nano-radioenhancers to
improve radiotherapy without escalating the risk of pathologies related to genetic damage.
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Background

Radiation-based therapies are used to treat half of can-
cer patients. Most common treatments based on highly
penetrating MeV photons (X-rays and y-rays) have the
advantage of being non-invasive and applicable on inop-
erable tumors. However, the photon radiotherapy suffers
from a serious disadvantage—it lacks tumor specificity.
Photons induce damage all along their tracks, inflicting
thus severe side effects in the healthy tissue. On the other
hand, some tumors are resistant to high-energy photons.
Therefore, a simultaneous enhancement of tumor selec-
tivity and biological effectiveness of radiations is a long-
lasting objective of cancer radiotherapy.

Nanoparticles (NPs) composed of high-Z atoms have
been proposed as new nanodrugs able to improve both
these desired aspects of radiation-based therapies (speci-
ficity and efficiency). Results obtained with various NPs
showed that they can specifically increase radiosensitiv-
ity of tumor cells [1-4]. The use of nano-size agents that
preferentially accumulate in the tumor (even passively
due to the enhanced permeability and retention effect,
EPR) [5, 6] may achieve the paradigm of local treatment
of solid tumors. Among metal-based NPs, gold NPs have
been widely used for diagnostics as contrast agents, and
for therapy as nano-enhancers of radiation effects [7—
11]. Gold NPs potentiate the effects of different photon
beams, both in vivo and in vitro [1-4, 10, 12—14]. More
recently, we have found [15, 16] that also platinum NPs
enhance the effects of radiations, y-rays as well as fast
medical ions. Likewise, metal oxide nanoparticles are
already on the market, currently evaluated in oncology
clinical trials as compounds for tumor diagnostic and
cancer treatment [17, 18].

An important step forward has been the development
of gadolinium-based nanoparticles (GdBNs), which
can act as multimodal agents and improve not only the
therapeutic index of the treatment but also MRI perfor-
mance (theranostics) [19, 20]. Due to its atomic mass
(Z = 64), gadolinium is a good electron emitter, which
is the property required to enhance the radiation effects.
When applied in combination with both low and high-
energy X-rays, y-rays [21, 22], or fast ions [23], GdBNs
significantly amplify radiation-induced cell killing, even
in the case of U87 glioblastoma cells derived from a
highly aggressive and radio-resistant human tumor [24,
25]. Concomitantly, GABNs can serve as good contrast
agents [19, 26] while they are rapidly eliminated from the
organism by the kidneys, with no evidence of toxicity [24,
27-30].

GdBNs exert strong radiosensitizing effect on tumors
[22-24, 31-33] when combined with several types of
radiation of different energies (>keV). For y-rays used
in this work, the radiosensitization appears due to

Page 2 of 15

prominent physical processes, namely the photoelec-
tric and Compton effects, in dependence of the photon
beam energy. The cascade of GdBNs-mediated processes
resulting to cell radiosensitization starts with electron
‘showers’ emitted from nanoparticles upon irradia-
tion and continues with water radiolysis producing free
reactive oxygen species (ROS) [34, 35]. As these ROS
are concentrated in nano-clusters, they induce complex
nanosized bio-damages that are lethal for the cells [36,
37]. NPs thus increase the ionizing density (and dam-
age) at the nanoscale, without influencing the macro-
scopic dose deposition [36, 38—40]. In accordance with
this hypothesis, Burger and co-workers [41] showed that
a high focal concentration of NPs is required to ensure
an increased cellular inactivation by irradiated NPs. Also
the local effect model (LEM) simulations suggested that
the nanosized character of dose amplification is the key
aspect of the ‘nanosensitization’ [38, 39].

Though the radio-enhancing effect of GdBNs has been
clearly proved and explained in terms of physics, the
structures and processes targeted by these (and other)
nanoparticles in cells remain a subject to controversy.
The nuclear DNA is logically the first suspect: it repre-
sents a critical cell structure and its damage by double
strand breaks (DSBs) is commonly considered as the
cause of radiation-induced cell death [42, 43]. Hence, it
has been proposed that nanoparticles radiosensitize cells
through amplifying the DSBs damage. However, several
in vitro studies demonstrated [12, 13, 23, 32, 44, 45] that
the radiosensitizers (metal complexes or NPs) are located
in the cell cytoplasm. Stated in other words, NPs seem to
amplify cell killing without entering the nucleus. As dis-
cussed below, these results open the question of whether
secondary electrons only produced in close vicinity of
cytoplasmically localized NPs may reach and damage to a
sufficient extent the cell nucleus or whether cytoplasmic
structures in closer proximity to NPs represent another
(or even a more important) target for NPs-mediated
radiosensitization.

Jones et al. [46] showed that also the dose enhancement
mediated by NPs can spread as far as several microme-
ters. Leung et al. [47] reported that electrons can travel
up to 3 um or even 1 mm when activated by a 50 kVp and
6 MV source, respectively; this flying range is sufficient
to reach the nuclear DNA. Thus, at least some electrons
from NP-mediated electron showers might directly dam-
age the nuclear DNA [41]. Whether this is sufficient to
enhance cell killing remains a question.

Important evidence that the cytoplasmic damage may
strongly influence the cell nucleus emerged from recent
microbeam experiments. The group of Kevin Prise dem-
onstrated that also cytoplasmically micro-irradiated
cells develop 53BP1 protein foci—the markers of DNA
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DSBs—dispersed in the nucleus [48]. Moreover, these
experiments revealed that the radiation damage to the
cytoplasm can elicit 53BP1 foci formation both in directly
exposed and bystander cells, independently of the dose
and number of cells targeted. Hence, we can conclude
that the cytoplasmic injury might also be followed by
DNA damage with a corresponding biological response,
though its kinetics for the pan-cellular and cytoplasmic
irradiations differs.

The expansion of radiation damage from the cytoplasm
to the nucleus is thus probably mediated by ROS [49]. In
accordance, we can hypothesize that NPs might enhance
the nuclear DNA damage by amplifying ROS production
in the cytoplasm. In addition, disruption to protein trans-
port and synthesis in the cytoplasm upon high radiation
doses may slow down or even preclude DNA repair and
further contribute to the cell killing by irradiated NPs.
However, the information on the damage exerted by NPs
to the nuclear DNA remains very limited and conflicting
as available studies feature huge heterogeneity precluding
the combination of results. This situation calls for further
comprehensive analyses comparing the impact of phys-
ico-biological properties of various NPs and different
treatment protocols on the radiosensitization processes.

In this work, together with providing a detailed infor-
mation on the intracellular localization of GdBNs, we
evaluated by currently the most sensitive method to
detect DSBs how these nanoparticles influence the radia-
tion damage introduced to the genomic DNA and how
these lesions are consequently repaired during a long
period of time post-irradiation (PI) in radioresistant U87
human glioblastoma cells. Our results represent new,
direct and surprising evidence on the radiosensitizing
mechanism of GdBNs: We demonstrate that this mecha-
nism does not rely on the amplification of DSBs damage
in the genomic DNA. Rather, based on our previous find-
ings, we suppose that injury to the endosomes and lys-
osomes play a crucial role. These results may change the
current dogma suspecting the nuclear DNA and/or mito-
chondria as the key targets for the nanoparticle-mediated
radiosensitization.

Methods

Gadolinium-based nanoparticles (GABNs) were syn-
thesised by the group of O. Tillement (LPCML, Lyon,
France). Briefly, the GABN consist of a polysiloxane core
surrounded by gadolinium chelates covalently grafted
on the inorganic matrix. The procedure of synthesis is
detailed in Morlieras et al. [50] and Mignot et al. [27].
Briefly, the diameter of GdBNs was 3.0 = 1.0 nm and
their molecular mass 8.5 + 1 kDa. These nanoparti-
cles are stable, so they can be lyophilized and stored at
4 °C. For the analysis of DNA DSBs, label-free GdBNs
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were used. For the localization experiments by confo-
cal microscopy, GdBNs were fluorescently labeled with
Cyanine 5.5 (GdBNs-Cy5.5) as described elsewhere [50].
We have demonstrated earlier, by using different micros-
copy techniques [including synchrotron radiation deep
ultraviolet microscopy (SR-DUV), transmission electron
microscopy, and confocal microscopy], that labeling of
GdBNs with cyanine 5.5 does not influence the nanopar-
ticle localization [31].

Cell culture

U87 cells grew (37 °C, 5 % CO,) in Dulbecco’s modified
essential medium (Life Technologies) supplemented with
10 % heat-inactivated fetal calf serum (PAA), 100 U/ml
penicillin (PAA), 100 pug/ml streptomycin (PAA), and 1 %
NEAA (Life Technologies).

Cell irradiation with y-rays

U87 cells grown on microscopic slides (for DNA dam-
age detection experiment) or in culture flasks (for the
clonogenic survival experiment) were irradiated in cul-
ture medium at room temperature (RT) with 1 or 4 Gy
of y-rays (1 Gy/min), delivered by a ®°Co irradiator
(Chisostat, Chirana). During irradiation, the samples
were kept in thermo-isolating boxes to prevent sample
infection and temperature changes, and then immedi-
ately returned to the incubator (37 °C, 5 % CO,).

Quantification of GdBN-mediated cell radiosensitization

by clonogenic assay

Part of U87 cells followed incubation with 1 mM GdBNs
for 1 h and consequently some samples were irradiated
with 1 or 4 Gy of y-rays as described above. The survival
of cells was quantified by clonogenic assay and compared
for non-irradiated and irradiated cells, in both cases
either incubated or not incubated with GdBNs. After
irradiation, cells were trypsinized and plated into 60 mm
Petri dishes (Falcon 3002) at a density of 100 surviv-
ing cells per dish. The plating efficiency was 13 %. After
14 days of incubation, the colonies were fixed with 50 %
methanol and stained with 1 % methylene blue. The colo-
nies were counted manually by an experience examiner
to determine the cell surviving fractions.

Confocal microscopy studies of GdBNs localization

U87 cells were incubated with GdBNs labeled with
Cy5.5 (GdBNs-Cy5.5) (1 mM) for 1, 6, and 16 h, respec-
tively. Afterward, the cells were rinsed three times with
1x PBS and maintained in HBSS medium during the
time of observation. The localization of GdBNs by con-
focal microscopy was performed with a LEICA SP5
confocal system, under constant temperature and CO,
levels (37 °C and 5 % CO,), at the Centre de Photonique
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Bio-Medical (CPBM), University Paris Sud, Orsay,
France. GdBNs-Cy5.5 fluorescence was excited at 633 nm
and the emission was detected in the 650—-750 nm range.
Images were recorded for three different z-positions
(0.2 um-thick confocal slices) for each cell. Transmission
imaging was performed to visualize the size and shape
of the cells and to discriminate between the nucleus and
the cytoplasm. The fluorescence images obtained were
merged with the transmission images by Image] soft-
ware (Rasband, W.S., Image], U. S. National Institutes of
Health, Bethesda, Maryland, USA, http://www.image;j.
nih.gov/ij/, 1997-2011) to determine the intracellular
localization of GdBNs-Cy5.5. The same settings were
used to perform fluorescence spectroscopy. The spectra
for different cell compartments were registered together
with random background (out-of-cell) values.

Immunostaining of nuclear DSBs and their visualization

by confocal microscopy

DSBs were detected in spatially (3D) fixed cells using a
high-resolution confocal microscopy; the procedure was
optimized by Falk et al. [51]. To maximize the sensitivity
and fidelity of DSBs analyses, we took advantage of a dual
fluorescence immunostaining to simultaneously visualize
YH2AX and 53BP1 repair foci, the independent markers
of nuclear DSBs [52, 53].

U87 cells were incubated with 1 mM GdBN:ss for 1, 6, and
24 h, respectively, and consequently some samples were irra-
diated with 1 or 4 Gy of y-rays (1 Gy/min) as described. At
the times post-irradiation (PI) of 5, 15, 30 min, 1, 2, 4, 8, and
24 h, the cells were spatially (3D) fixed with 4 % formaldehyde
in 1X PBS for 10 min/RT, washed 3 times for 5 min each in
1X PBS, permeabilized with 0.2 % Triton X 100/PBS for
15 min/RT, and again washed 3 times for 5 min each in
1X PBS. Before the incubation with the primary antibod-
ies (10 min RT and then overnight at 4 °C), the cells were
blocked with 7 % inactivated fetal bovine serum +2 % bovine
serum albumin/PBS for 30 min at RT.

Antibodies from two different hosts were used to
simultaneously detect two DSBs markers in the same
nuclei: anti-phospho-H2AX (serine 139) (mouse, mono-
clonal, dilution 1:500, Upstate Biotechnology) and anti-
53BP1 (rabbit, polyclonal, dilution 1:500, Cell Signalling).
Secondary antibodies, affinity purified FITC-conjugated
donkey anti-mouse (diluted 1:200) and Cy3-conjugated
donkey anti-rabbit (diluted 1:100) (both from Jackson
Laboratory), were applied for 1 h in the dark at RT after
the pre-incubation of slides with 5.5 % donkey serum/
PBS for 30 min at RT. After washing 3 times for 5 min
each in 1X PBS, cells were counterstained with 1 pM
TOPRO-3 (Molecular Probes) in saline sodium citrate
(2x SSC). Vectashield medium (Vector Laboratories)
was used for the final mounting of slides.
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Forty z-stacks, acquired at 0.2 pm steps, were recorded
(at IBP ASCR Brno, CR) in three separate spectral
channels by the confocal microscope Leica SP5 (Leica
Microsystems) and an automated Leica DM RXA fluo-
rescence microscope equipped with a Nipkow disk
(Jokogawa, Japan) for confocal imaging (in detail
described in Kozubek et al. [54, 55]). The visualization
and analysis of the 3D images were performed using
the Aquarium software [56], 3D image viewer [56], and
Image] software (Rasband, W.S., Image], U. S. National
Institutes of Health, Bethesda, MD, USA, http://www.
imagej.nih.gov/ij/, 1997-2011). Fifty to 100 cells were
analyzed for each treatment and period of time PI. This
approach allowed us to analyze (a) the initial induction
of DSBs immediately after the irradiation (5 min PI), (b)
the repair kinetics of these lesions during a long period of
time post-irradiation (up to 24 h), and (c) the persistence
of unrepaired DSBs at late times PI (8 and 24 h). The rep-
resentative maximum images composed of 40 confocal
0.2 pm thick slices are shown in Figs. 3, 4, 5 and 6.

Data analysis

The SigmaPlot 12.5 (Systat Software Inc.) has been used
for data analysis. The Mann—Whitney Rank Sum Test
was employed to compare at all the particular periods of
time PI the distributions of DSBs (yH2AX/53BP1 foci)
numbers per nucleus in untreated control cells and cells
incubated with 1 mM GdBN:ss for 1 h. The relevant P val-
ues are indicated in Tables 1 and 2. Around 100 nuclei
were quantified in each single experiment. To mutually
compare the distributions of DSBs for untreated con-
trols and cells incubated with GdBNs for 1, 6, and 24 h,
respectively, the Kruskal-Wallis One Way Analysis of
Variance on Ranks (a non-parametric equivalent of the
one-way analysis of variance, ANOVA) was applied; the
corresponding P values are shown in Table 3.

In Figs. 3, 4 and 5, the data are displayed in the form
of box graphs showing the distributions of DSBs foci per
nucleus. The boxes include 50 % of the values (25th to
75th percentile) centred on the median (the horizontal
line through the box). The mean values are represented
by the squares within the boxes. The vertical lines begin
at the 5th percentile and end at the 95th percentile. Rep-
resentative nuclei for each time point PI are shown above
the respective box.

Results

Uptake and localization of GdBNs in U87 cells

First, we analyzed by confocal microscopy the cellular
uptake and localization of 1 mM GdBNs in U87 cells
during 16 h-long period of observation. Figure 1a shows
exclusively cytoplasmic localization of GdBNs (labelled
with Cy5.5) as demonstrated by ‘correlative’ transmission
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Table 1 Effect of GABNs on DSBs quantity in irradiated (1 Gy) U87 cells

NI 5 min 15 min 30 min 1h 2h 4h 8h
us7 14 18.1 211 19.7 14.9 8.7 55 3.1
U87 4+ GdBNs 1.2 16.7 19.3 175 15.7 86 5.0 29
P 0.533 0.111 0.083 0.096 0.379 0.970 0485 0.241

Table 2 Effect of GdBNs on DSBs quantity in irradiated
(4 Gy) U87 cells

NI 1h 4h 8h 24h
us7z 1.9 424 206 12.2 50
U87 + GdBNs 2.0 429 20.1 12.3 49
P 0.059 0.731 0.916 0.350 0.686

Table 3 Effect of incubation times with GABNs on DSBs
quantity in irradiated (1 Gy) U87 cells

NI 5 min 1h 4h 24h
us7 1.6 12.7 12.3 4.9 2.2
U87 + GdBNs 1 h 1.6 144 12.7 58
U87 + GdBNs 6 h 1.5 11.3 125 5.1 1.8
U87 4+ GdBNs 24 h 12.3 1.9 6.0 20
p 0433 0.091 0647 0328 0.699

light images and confocal fluorescence images. To further
probe the intracellular distribution of GdBNs, we com-
pleted confocal microscopy by fluorescence spectroscopy

(Fig. 1b) of the regions of interest located in (a) the
nucleus, (b) the cytoplasm, and (c) the extracellular space
(plain medium). The spectra measured in the cytoplasm
displayed an intensive peak at A = 688 nm, which cor-
responds to the fluorescence of GdBNs labelled with
Cyanine 5.5. This peak was clearly absent in the spectra
obtained inside the nucleus or outside the cells. Both
microscopy and spectrometry thus confirmed absence of
GdBNs in the cell nucleus.

Next, we compared the uptake and localization of
GdBNs in U87 cells also for two shorter incubation peri-
ods: 1 and 6 h. As demonstrated by Fig. 2, GdBNs were
already internalized after 1 h incubation and longer
incubation times of 6 and 16 h (see also Fig. 1) had no
influence on GdBNs uptake efficacy. For all the periods
of time studied, GABNs were localized in the cytoplasm
of U87 cells without penetrating into the nucleus. In con-
trast to the situation described for SQ20B cells by Miladi
and coworkers [33], we observed no clustering of NPs on
the cytoplasmic membrane.

Effect of GABNs on nuclear DNA damage in U87 cells
We investigated whether GdBNs alone or in combination
with irradiation cause the nuclear DNA damage and/or

Mean Intensity

b 250
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Fig. 1 Localization of GdBNs-Cy5.5 nanoparticles in U87 cell. a Correlative fluorescence confocal image and transmission light image of U87 cell
with internalized GdBNs-Cy5.5 (red) at the end of 16 h-long observation. The scale bar equals to 10 um. The circles represent the regions of fluores-
cence spectroscopy measurements, cytoplasm (blue), nucleus (red), and plain medium (green). b Fluorescence emission spectra of the three regions
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Fig. 2 Localization of GdBNs-Cy5.5 nanoparticles in U87 cells as a function of the incubation time. Correlative fluorescence confocal images and
transmission light images of U87 cells incubated with 1 mM GdBNs-Cy5.5 (red) for three different incubation times:a—1 h, b—6 h and e—16 h.
Scale bars equal to 10 pm

influence repair of these lesions. We focused on the DNA
double strand breaks (DSBs; visualized as YH2AX foci
co-localizing with 53BP1 foci) that represent the most
important type of DNA damage.

Effect of GABNs on nuclear DNA in non-irradiated cells
(nanoparticle genotoxicity)

Biological toxicity of nanoparticles represents a criti-
cal issue in therapy. We demonstrated earlier [31] that
GdBNs used in this study are not toxic and neither
the survival nor the division of cells. However, several
authors reported that the silver [57-59] and gold nano-
particles enhance the levels of yH2AX [60] and the oxida-
tive stress [61], both in normal and cancer cells. Hence,
we further investigated the effect of our GABNs on the
DNA integrity in U87 cells without irradiation.

Figure 3 compares the distribution of yYH2AX/53BP1
(DSBs) foci numbers in U87 cells never incubated with
GdBNs (control cells) and incubated with 1 mM GdBNs
for 1 and 6 h, respectively. For both the periods of time,
without irradiation, the cell treatment with GdBNs had
no effect on the number of DSBs detected. The aver-
age values from two independent experiments were 1.6
DSBs/nucleus for untreated cells, 1.5 DSBs/nucleus
for cells incubated with GdBNs for 1 h, and 1.6 DSBs/
nucleus for cells incubated with GdBNs for 6 h. Hence,
GdBNs of parameters used in this work are not genotoxic
by themselves.

Effect of GABNs on nuclear DNA DSBs induction and repair
inirradiated U87 cells

In the next step, we studied how cytoplasmic GdBNs
influence the extent and reparability of DSBs intro-
duced to the nuclear DNA by irradiation with two

61 no IR
5 —95%

Nb of DSBs foci
@

2 —75%

o o o —mean
14 — median
0 1 —25%

T
1 6
Incubation time (h)
Fig. 3 Effect of GABNs on DSBs formation in non-irradiated U87 cells.
Distribution of DSBs foci numbers are compared for non-irradiated
U87 cells never incubated with GdBNs (black) and incubated with
1 mM GdBNs for 1 h (purple) and 6 h (blue). The respective cell nuclei
are shown as the maximum images (composed of 40 confocal slices
0.2 um-thick) with 3D projections; yH2AX—green, 53BP1—red, chro-
matin—artificially blue

o

different doses of y-rays, 1 and 4 Gy, respectively. The
application of high resolution confocal immuno-fluo-
rescence microscopy with two independent DSBs mark-
ers (YH2AX and 53BP1) allowed us to precisely analyze
the extent of DSBs induction in intact cells as early as
5 min post-irradiation (PI). Consequently, we evaluated
the repair of DSBs in terns of YH2AX/53BP1 foci disap-
pearance over 8 h-long period of time PI; this period is
sufficient to repair the majority of DSBs and allows con-
sidering effects of the two main DSBs repair pathways,
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NHEJ—non-homologous end-joining, and HR—homolo-
gous recombination. To follow both the kinetics and the
final efficiency of DSBs repair, we scored yH2AX/53BP1
foci in 7 time points PI. The results for U87 cells irradi-
ated with 1 Gy of y-rays and incubated or not incubated
with 1 mM GdBNs for 1 h are summarized in Fig. 4 and
Table 1.

Average numbers of DSBs foci per nucleus at indi-
cated periods of time PI are compared for U87 cells
irradiated with 1 Gy of y-rays in absence or presence of
1 mM GdBNs (1 h incubation). Non-irradiated control
cells (NI) are included. P values indicate the significance
of differences between cells untreated and treated with
GdBNes, respectively.

For all the periods of time PI, we observed compara-
ble mean/median numbers of YH2AX/53BP1 foci per
nucleus between the U87 cells incubated with GdBNs
and the untreated controls. These results show that both
the extent of DSBs induction measured at 5 min PI and
the kinetics of DSBs repair between 5 min PI and 8 h PI
are not affected by GdBNs present in the cytoplasm of
irradiated U87 cells.

To check whether these conclusions hold also for higher
radiation doses, we repeated the above described experi-
ments also with 4 Gy irradiation. This dose also ensures
more extensive DNA damage which in turn allows recog-
nition of smaller differences between the compared sam-
ples. U87 cells were again incubated with 1 mM GdBNs
for 1 h; however, this time we have focused on less time-
points (1, 4, 8 and 24 h) but dispersed along a period of
time extended up to 24 h PI Indicated time-points were
selected as they allowed us to estimate: (1) the extent of
DSBs induction (since the numbers of yH2AX/53BP1
foci at 1 h PI still approach the maximum values), (2)
the efficiency of NHE] and HR repair pathways (4/8 h
PI, respectively), and (3) also the extent of DSBs that are
repaired only with difficulty (and persist in nuclei 24 h PI,
when the repair process are usually accomplished even
for 4 Gy and higher dose y-irradiations). The results are
summarized in Fig. 5 and Table 2. As for 1 Gy, we found
only insignificant differences between the mean/median
YH2AX/53BP1 (DSBs) foci numbers in cells incubated or
not incubated with GdBNs.

Altogether, these results indicate that our GdBNs
(1 mM)—alone or in combination with irradiation—do
not affect nuclear DNA. GdBNs of defined parameters
influenced neither the induction of DSBs nor the kinetics
and efficiency of their repair. Based on these results, we
conclude that GdBNs may amplify radiation-induced cell
killing through effects independent on the nuclear DNA.

Average numbers of DSBs foci per nucleus at different
periods of time PI are compared for U87 cells irradiated
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with 4 Gy of y-rays in absence or presence of 1 mM
GdBNs (1 h incubation). Non-irradiated control cells
(NI) are also included. P values indicate the significance
of differences between cells treated and untreated with
GdBNS.

Influence of the incubation time with GdBNs on DSBs foci
induction by y-rays and their repair

As reviewed in Sancey et al. [24], available studies on
GdBNs used different nanoparticle incubation times. At
the same time, several reports with gold [62] and gado-
linium [32] NPs demonstrated that this experimental
parameter has a significant effect on NPs concentration
and distribution in the cells. This makes comparisons and
interpretations of results problematic. Thus, we investi-
gated how different times of incubation with our GdBNs
influence the induction of DSBs by y-rays and repair of
these lesions.

As in the previous experiments, we quantified
YH2AX/53BP1 (DSBs) foci in U87 cells incubated with
1 mM GdBNs and exposed to 1 Gy of y-rays. The results
for 0, 1, 6, or 24 h-long incubations followed by DSBs
quantification at 5 min, 1, 4, and 24 h PI, respectively, are
presented in Fig. 6 and Table 3. Evidently, the prolonged
incubations increased neither the induction of DSBs
lesions nor delayed their repair. These results thus agree
with our observation presented in Fig. 2 that GABNs do
not penetrate in the nucleus even at longer incubation
times.

Average numbers of DSBs foci per nucleus in different
periods of time PI are compared for U87 cells irradiated
with 1 Gy of y-rays in absence or presence of GdBNs,
applied for 1, 6 or 24 h prior to irradiation. Non-irradi-
ated control cells (NI) are also included. P values indicate
the significance of differences between samples for each
period of time PL

Radiosensitizing effect exerted by irradiated GABNs

Recently, we have shown that GdBNs of the parameters
and concentration used in this work (1 mM) exert a sub-
stantial radiosensitizing effect in CHO cells irradiated
with He2+ or C6+ high energy ions [23]. In our previ-
ous work, we have also confirmed the radiosensitizing
effect of these GABNs in U87 cells irradiated with y-rays
[31]. However, a controversy exists in the literature on
the radiosensitizing efficiency of higher (about >1 mM)
GdBN concentrations. Hence, we confirmed here by
clonogenic assay the effects of 1 mM GdBNs on the cell
vitality and proliferation potential. Figure 7 shows sig-
nificantly lower clonogenic survival of U87 cells in pres-
ence of GdBNs at doses 1 and 4 Gy, respectively; the
non-irradiated controls are also included. Though the
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NP-mediated radiosensitization is less prominent at
4 Gy as compared with 1 Gy dose (see Discussion), these
results unequivocally confirm the presence of the radio-
sensitizing effect upon the conditions used in this work.
Therefore, missing effects of GdBNs on nuclear DNA
damage and repair support the idea of cell radiosensitiza-
tion by GdBNs that originates in the cytoplasm, instead
of reflecting the absence of the radiosensitizing effect.
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Discussion

To our best knowledge, there are only few other reports
on the effects of nanoparticles on DSBs formation and/
or repair upon irradiation. In this work, we show that
nanoparticles irradiated in the cytoplasm can potentiate
radiation-induced cell killing without a need to penetrate
into the cell nucleus and damage DNA. This conclusion
might be surprising concerning the fact that the nuclear
DNA is undoubtedly the most important and, at the same
time, fragile structure in the cell. For a long time, a direct
damage to DNA has been assumed as the key event start-
ing the cascade of reactions mediating the cell response
to irradiation [63]. However, microbeam irradiations only
restricted to specific cellular subcompartments [49, 63,
64] clearly demonstrated that DNA can be damaged even
without being directly hit; the cytoplasmic and also the
extracellular irradiation triggered similar DNA damage
and associated important cellular pathways as the dose
deposited in the nucleus [65—-67]. Moreover, several stud-
ies suggested that damage to the mitochondria or cell
membrane markedly contribute to the cytotoxic effect
of radiations [68]. Therefore, the whole cell, rather than
DNA only, should be considered a sensor of radiation
exposure [64].

The only cytoplasmic organelles containing DNA in
human cells are the mitochondria. As the ‘energy gen-
erators, the mitochondria are vital for the cell. However,
our previous colocalization studies [31] excluded the
possibility that GdBNs localize into (or close to) these
organelles. On the other hand, we have revealed that
GdBNs of parameters used in this work colocalize with
the lysosomes in U87 cells [31]. In the light of our fur-
ther findings presented here, i.e. that NPs affect neither
the damage nor the repair of the nuclear DNA, we pro-
pose a provoking hypothesis that the radiosensitization
mediated by our GdBNss is triggered by damage to the
lysosomes and endosomes and potentially other cyto-
plasmic organelles in their proximity.

Several reports [69-72] revealed only recently that
the lysosomes, these still mysterious organelles, play an
important role in the initiation of the cell death signalling
(reviewed e.g. in [72, 73]), regulation of the cell cycle [73]
and energy metabolism (reviewed e.g. in [74]). Already a
moderate lysosomal rupture forces the cell to apoptosis
while more pronounced lysosomal leak results in necro-
sis without caspases activation [72, 73, 75]. Though we
currently run experiments on this topic, we cannot pro-
vide a direct evidence for the lysosome damage mediated
by our GdBNs (since these NPs are no more available).
Nevertheless, Heid et al. [76] recently demonstrated that
release of mitochondrial ROS subsequently leads to the
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lysosomal membrane permeabilization (LMP). Hence,
we can legitimately suppose that huge amounts of ROS
produced by irradiated NPs in the lysosomes can easily
disintegrate the membranes in their substantial fraction,
with the already described consequences for the cell.

In accordance with fundamental changes in the long-
accepted paradigm on the role of the cytoplasm in the
cell response to radiation, our results seem to disclose
new important features of the mechanism by which
GdBNs exert their radiosensitizing effect; however, the

details and complexity of NPs-mediated cellular radio-
sensitization still remain a mystery. We speculate here
about new molecular targets for NPs, other than the
nuclear or mitochondrial DNA; this offers a broad scale
of new opportunities for much safer therapeutic attacks
on cancer cells. Indeed, many survival attributes of neo-
plastic cells are determined by extra-nuclear structures
and processes, including mitochondrial and lysosomal
proteins involved in (anti)apoptotic, cell cycle, and cell
damage signaling pathways.
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Our preliminary experiments (results not shown) with
other cell types and nanoparticle types of the similar
size as GdBNs used in this work suggest that the conclu-
sions (the cytoplasm damage-based radiosensitization,
no escalation of DNA damage and no DNA repair inhi-
bition), postulated in the above paragraphs for U87 cells
and GdBNs, could be more generally valid.

As discussed later in more detail, many key factors may
determine intracellular localization and distribution of
NPs and, in turn, the extent and the mechanism of radi-
osensitization. It is, for instance, the size of NPs, which
also dictates the effectivity of NPs intake and exclusion
by the cells (e.g. Moser et al. [77]). The NPs concentra-
tion and composition as well have been reported to influ-
ence distribution of NPs in cells [32, 33] with a significant
impact on the radiosensitization intensity and, perhaps,
its mechanism (see later). Finally, as also demonstrated
by our results, the radiation dose seems to be unimpor-
tant concerning the mechanism of NP-mediated cell
radiosensitization (physical processes of NPs activation
and damage introduction to biomolecules are still the
same) but the contribution of NP-mediated effects to cell
killing by irradiation depends on the dose (see Fig. 7). As
soon as the radiation dose is high enough to activate NPs
to an extent sufficient for damaging cytoplasmic orga-
nelles (lysosomes or other) in NPs proximity, additional
dose escalation could not be expected to further increase
the radiosensitization (while radiation damage to DNA
still grows with the dose). Hence, for higher doses, the
additional value of radiosensitization to therapy relatively
decreases (see Fig. 7). These results may also explain why
some authors, working with higher radiation doses, did
not observed radiosensitizing effect of 1 mM GdBNs
[22]. To conclude, our results are not limited to the cell
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type, nanoparticle type and conditions used herein; how-
ever, they should be generalized only with caution since
our understanding to biological processes that take place
in cells after the cytoplasmic irradiation, especially if NPs
are present, is still very limited. Systematic studies in liv-
ing cells are also necessary to understand how the key
physical and biological factors mutually interact in pro-
viding the final radiosensitizing effect.

In addition to the efficiency, the genotoxicity of NPs
represents another crucial issue in the context of therapy.
It has been already demonstrated for cells loaded with sil-
ver NPs [58, 59] that even cytoplasmically localized NPs
can induce DSBs without being irradiated. Preferentially
sequestered in tumors though, NPs thus seem to unde-
sirably damage also normal cells. By contrast, we showed
here by currently the most sensitive method to detect
DSBs that GdBNs of our parameters and under condi-
tions used in this work are not genotoxic. This points
to the importance of careful studies on the genotoxicity
of each particular NPs type. Taken together, our results
open new optimistic horizons for further development of
efficient but safe NPs-based therapies of malignant and
also non-malignant diseases; however each individual
NPs type should be carefully characterized before being
used in clinical practice, both in terms of its physical
properties and biological activity.

There are only few studies our results can be compared
with. In agreement with the present work, Jain et al. [2]
demonstrated that 1.9 nm gold NPs neither enhance
radiation-induced DSBs formation nor inhibit DNA
repair in MDA-MB-231 breast cancer cells irradiated
with MV electrons. On the other hand, Chithrani et al.
[3] observed an increase of DSBs induction in HeLa cells
incubated with 50 nm citrate-coated gold NPs irradiated
with 6 MV photons. Similarly, Berbeco and co-work-
ers [78] described a significant increase in DNA dam-
age for 50 nm gold NPs in HeLa cells when activated by
clinical MV photon beams. Finally, Zhu and co-workers
[79] showed augmentation of DNA damage for mega-
voltage X-rays (6 MeV) and gold NPs in the size range
of 20-74 nm (HepG2 cells). Taken together, it seems
that bigger gold NPs enhance the DNA damage while
the smaller NPs do not. Contradictory effects of NPs on
DNA might be thus, at least partially, explained by their
size. Indeed, for physical reasons, nanoparticles of 50 nm
in diameter provide stronger radioenhancing effect than
their smaller variants [3, 41]. However, Mowat et al.
[22] and Miladi et al. [33] evidenced a significant rise in
the nuclear DNA damage when they irradiated U87 or
SQ20B cells in presence of GdBNs as small as 3 nm.

In the context of present article, Mowat’s work [22] is
particularly interesting since the authors used similar
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experimental design (U87 cells, gadolinium-based NPs,
and y-ray irradiation) but came to different conclusions.
The difference between our results and those of Mowat
and coauthors [22] might reflect several factual and/or
experimental factors:

1. Nanoparticles design: The design of GdBNs used in
the present and Mowat’s work [22] is different. We
cannot exclude that differently designed NPs (gado-
linium oxide core surrounded by polysiloxane shell
vs. polysiloxane core surrounded by gadolinium
chelates covalently grafted on the inorganic matrix),
though composed of the same material, behave dif-
ferently in cells and increase cell killing by various
biological mechanisms.

2. Nanoparticles concentration and intracellular locali-
zation: Rima et al. [32] revealed by transmission elec-
tron microscopy that the number per cell of vacuoles
containing GdBNs as well as the average size of these
vacuoles increase with GdBNs concentration up to
0.6 mM; however, for concentrations up to 2 mM the
average vacuole size still increases but their number
per cell decreases. Confirming a functional impor-
tance of these findings, another work demonstrated
that the size of NPs clusters is more relevant param-
eter determining the radiosensitizing effect of NPs
than their intracellular concentration as the whole
[32]. The concentration effects were also mentioned
in a recent article of Miladi et al. [33] where GdBNs
(labelled with Cy5.5) started to cluster on the mem-
brane of SQ20B cells when higher (>0.8 mM) NP
concentrations were used. By contrast, with 1 mM
GdBNs, we observed an intensive nanoparticle
uptake by U87 cells without any signs of their accu-
mulation on the membrane. This strictly cytoplasmic
residence of 1 mM GdBNs agrees with our previous
results in CHO cells [23] obtained with NPs of the
same parameters.

Along with influencing the NPs intracellular distri-
bution, the concentration of NPs seems to affect the
mechanism of radiosensitization and the final radio-
sensitizing effect. The experiments have been per-
formed particularly using low gadolinium concentra-
tions ranging from 0.1 to 1 mM (see Table 3 in the
review paper [24]). In two different cancer cell lines,
U87 (glioblastoma cell line) and SQ20B (squamous
cell carcinoma cell line), the moderate gadolinium
concentrations (0.4—0.7 mM) potentiated the effects
of radiation most efficiently in in vitro conditions
[22, 28]. Mowat and co-workers [22] showed that
while 0.5 mM GdBNs substantially enhance radia-
tion-induced DSBs foci formation as quantified by
comet assay, this effect is absent or only minor for
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higher (1 and 2 mM) GdBNs concentrations. In other
studies [22, 29], enhanced DNA damage as moni-
tored by YH2AX levels appeared for the concentra-
tions between 0.4 and 0.6 mM but not for the con-
centration of 2 mM [22]. In accordance, Rima et al.
[32] found that the quantity of gadolinium in U87
cells and SQ20B cells increases almost linearly with
the GdBNs concentration but the cell killing by irra-
diation peaks at the concentration of 0.6 mM and
almost disappears at 1 mM. In contrary to the above
mentioned studies, Porcel et al. [23] demonstrated
significant radiosensitization of CHO cells exposed
to He2+ and C6+ high energy ions, respectively, in
presence of 1 mM GdBNs of the same parameters
as used in the present work. The extent of U87 cell
radiosensitization by 1 mM GdBNss after irradiation
with 1 or 4 Gy of gamma rays is quantified in Fig. 7
and is obvious. Even small differences in the GdBNs
concentration (in combination with other factors)
may thus dramatically change the radiosensitizing
effect; the concentrations around 1 mM seem to be
most controversial in this respect. Hence, by choos-
ing 1 mM GdBNs, we aimed to complete the men-
tioned studies and make another step towards our
better understanding of the radiosensitization medi-
ated by these NPs.

. Nanoparticle surface modifications and labeling:

Mowat et al. [22] used GdBNs conjugated with FITC
for their DSBs studies. While we have proved consist-
ently that the intracellular behavior of free GdBNs and
GdBNs labeled with Cy5.5 does not differ [31], it is pos-
sible that FITC influences the uptake, distribution, and
intracellular localization of NPs. This becomes evident
when one compares the localization of GdBNs conju-
gated with Cy5.5 [31] and those with FITC [22]. Con-
sidering this risk of experimental artifacts, we deliber-
ately used GdBNs without any fluorescent marker in
our present study on the DSBs induction and repair, as
well as in our earlier works on the cell survival [23, 31].

. Methodology used to monitor DSBs damage induc-

tion and repair: detection of DSBs repair foci by
confocal immunofluorescence microscopy currently
represents the most sensitive method to detect DSBs
and monitor their repair. However, one should keep
in mind some limitations of this method. Recent evi-
dence suggests that YH2AX (histone H2AX phos-
phorylation on Ser139) alone may not always cor-
respond with DSBs. In addition to ATM-mediated
phosphorylation, H2AX can be phosphorylated also
by ATR kinase in response to single-stranded DNA
formation [60-62], such as during the replication
stress caused by the replication fork arrest. Further,
DNA-PK mediates phosphorylation of H2AX in cells
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during the apoptotic DNA fragmentation [52, 80].
Finally, yH2AX staining independent of DNA DSBs
formation but related to nucleotide excision repair
has previously been observed with primary human
fibroblasts after UV irradiation [81]. In addition, it
may be sometimes difficult to discriminate between
true YH2AX foci and the background noise, espe-
cially in short periods of time post-irradiation (about
2—15 min PI) that are most relevant when DSBs
induction is concerned [82]. Hence, we used inde-
pendent immunolabelling of two DSBs markers—
YH2AX and 53BP1—in combination with high-res-
olution confocal microscopy [82]. According to our
best knowledge, this approach increases the accuracy
of the DSBs recognition [83—-86], and has not been
used in earlier studies.

Further experimental incompatibility between stud-
ies follow from the fact that some authors analyzed the
DSBs foci induction early PI [22] but the others [10, 46]
rather followed the repair process, assuming that only the
unrepaired DNA damage would lead to cell death or at
least prevent further cell division. Here, we studied both
the formation of DSBs immediately (5 min) PI and the
removal of these lesions in several periods of time PI, up
to 24 h PI Therefore, we significantly extend the DSBs
experiments performed by Mowat et al. [22] and Miladi
et al. [33] in several aspects.

Conclusions

We demonstrate that GdBNs of parameters defined
in this study are localized in the cell cytoplasm and are
not genotoxic. In conditions where these NPs exert sig-
nificant radioenhancing effect they affect neither the
induction of DNA double strand breaks nor their repair
kinetics and efficiency. While further studies are needed
to shed more light on processes forcing the cells to die
after the cytoplasmic damage, and on the role of NPs in
these processes, we can reasonably hypothesize on the
basis of our results that electron showers and ROS emit-
ted by irradiated NPs accumulated in lysosomes can dis-
integrate these organelles. This could be accompanied by
a massive release of degradation enzymes into the cyto-
plasm and consequently auto-digestion and death of the
cell. New super-resolution ‘nanoscopy’ techniques [77,
87] open opportunities to test our hypothesis directly in
future.

Authors’ contributions

LS cooperated substantially in designing of the study, performed the irradia-
tion and microscopy experiments, image acquisitions and analyses of images
and data, proposed the interpretation of data and the manuscript draft. SL
participated substantially in study design and drafting of the manuscript and
revising it critically. DS was involved in microscopy image acquisitions. EPo
was engaged in study design and the data interpretation. EPa participated in

Page 13 of 15

microscopy image acquisition. OT and FL designed and prepared GdBNs. DD
helped with part of image analysis. SK took care of microscopy systems and
participated in statistical evaluation of the data. MF contributed substantially
on study design and drafting of the manuscript and in statistical evaluation
of the data and their interpretation. All authors read and approved the final
manuscript.

Author details

! Department of Cell Biology and Radiobiology, Institute of Biophysics of ASCR,
Brno, Czech Republic. 2 Institute des Sciences Moléculaires d'Orsay (ISMO),
Université Paris Sud 11, CNRS, Université Paris Saclay, Bat 351, 91405 Orsay
Cedex, France. ? Institut Lumiére Matiére, Université Claude Bernard Lyon1,
CNRS, 69622 Villeurbanne Cedex, France.

Acknowledgements

The work was supported by the following projects: the Ministry of Health
of CR (16-29835A), The Ministry of Education, Youth and Sports of CR (OPVK
(CZ.1.07/2.3.00/30.0030), the Czech Science Foundation (P302/12/G157 and
16-12454S), EU COST MP1002 Nano-IBCT, and the Czech contribution to JINR
Dubna 2015/2016-2018. The research leading to these results has received
funding from the People Programme (Marie Curie Actions) of the European
Union’s Seventh Framework Programme (FP7/2007-2013) under REA Grant
Agreement No [624370].

Competing interests
Authors have read and understood BioMed Central's guidance on competing
interests and declare no competing interests in this manuscript.

Received: 13 May 2016 Accepted: 18 July 2016
Published online: 28 July 2016

References

1. Hainfeld JF, Slatkin DN, Smilowitz HM. The use of gold nanoparticles to
enhance radiotherapy in mice. Phys Med Biol. 2004;49:N309-15.

2. Jain S, Coulter JA, Hounsell AR, Butterworth KT, McMahon SJ, Hyland WB,
et al. Cell-specific radiosensitization by gold nanoparticles at megavolt-
age radiation energies. Int J Radiat Oncol Biol Phys. 2011;79:531-9.

3. Chithrani DB, Jelveh S, Jalali F, van Prooijen M, Allen C, Bristow RG, et al.
Gold nanoparticles as radiation sensitizers in cancer therapy. Radiat Res.
2010;173:719-28.

4. Hainfeld JF, Dilmanian FA, Slatkin DN, Smilowitz HM. Radiotherapy
enhancement with gold nanoparticles. J Pharm Pharmacol.
2008;60:977-85.

5. MatsumuraY, Maeda H. A new concept for macromolecular therapeu-
tics in cancer chemotherapy: mechanism of tumoritropic accu-
mulation of proteins and the antitumor agent smancs. Cancer Res.
1986;46:6387-92.

6. NoguchiY,Wu J, Duncan R, Strohalm J, Ulbrich K, Akaike T, et al. Early
phase tumor accumulation of macromolecules: a great difference in
clearance rate between tumor and normal tissues. Jon J Cancer Res.
1998;89:307-14.

7. Powell AC, Paciotti GF, Libutti SK. Colloidal gold: a novel nanoparticle for
targeted cancer therapeutics. Methods Mol Biol. 2010,624:375-84.

8. Lim Z-ZJ,Li J-EJ, Ng C-T, Yung L-YL, Bay B-H. Gold nanoparticles in cancer
therapy. Acta Pharmacol Sin. 2011;32:983-90.

9. Hainfeld JF, Slatkin DN, Focella TM, Smilowitz HM. Gold nanoparticles: a
new X-ray contrast agent. Br J Radiol. 2006;79:248-53.

10. Chattopadhyay N, Cai Z, Kwon YL, Lechtman E, Pignol J-P, Reilly RM.
Molecularly targeted gold nanoparticles enhance the radiation response
of breast cancer cells and tumor xenografts to X-radiation. Breast Cancer
Res Treat. 2013;137:81-91.

11. Mieszawska AJ, Mulder WJM, Fayad ZA, Cormode DP. Multifunctional
gold nanoparticles for diagnosis and therapy of disease. Mol Pharm.
2013;10:831-47.

12. Chang M-Y, Shiau A-L, Chen Y-H, Chang C-J, Chen HH-W, Wu C-L.
Increased apoptotic potential and dose-enhancing effect of gold nano-
particles in combination with single-dose clinical electron beams on
tumor-bearing mice. Cancer Sci. 2008;99:1479-84.



Stefancikova et al. J Nanobiotechnol (2016) 14:63

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

Zhang X, Xing JZ, Chen J, Ko L, Amanie J, Gulavita S, et al. Enhanced radia-
tion sensitivity in prostate cancer by gold-nanoparticles. Clin Investig
Med Médecine Clin Exp. 2008;31:E160-7.

Zheng Y, Hunting DJ, Ayotte P, Sanche L. Radiosensitization of DNA by
gold nanoparticles irradiated with high-energy electrons. Radiat Res.
2008;169:19-27.

Porcel E, Kobayashi K, Usami N, Remita H, Le Sech C, Lacombe S. Photo-
sensitization of plasmid-DNA loaded with platinum nano-particles and
irradiated by low energy X-rays. J Phys Conf Ser. 2011;261:12004.

Porcel E, Li S, Usami N, Remita H, Furusawa Y, Kobayashi K, et al. Nano-
Sensitization under gamma rays and fast ion radiation. J Phys Conf Ser.
2012;373:12006.

Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, et al.
Efficacy and safety of intratumoral thermotherapy using magnetic
iron-oxide nanoparticles combined with external beam radiotherapy

on patients with recurrent glioblastoma multiforme. J Neurooncol.
2011;103:317-24.

Bradbury MS, Phillips E, Montero PH, Cheal SM, Stambuk H, Durack JC, et al.
Clinically-translated silica nanoparticles as dual-modality cancer-targeted
probes for image-guided surgery and interventions. Integr Biol. 2013;5:74-86.
Sharma P, Brown SC, Walter G, Santra S, Scott E, Ichikawa H, et al. Gd
nanoparticulates: from magnetic resonance imaging to neutron capture
therapy. Adv Powder Technol. 2007;18:663-98.

Tillement O, Roux S, Perriat P, Leduc G, Mandon C, Mutelet B, et al. Utilisa-
tion de nanoparticules a base de lanthanides comme agents radiosen-
sibilisants; 2008. http://www.google.com/patents/EP2200659A27cl=fr.
Accessed 23 Jul 2015.

Le Duc G, Miladil, Alric C, Mowat P, Brauer-Krisch E, Bouchet A, et al.
Toward an image-guided microbeam radiation therapy using gadolin-
ium-based nanoparticles. ACS Nano. 2011;5:9566-74.

Mowat P, Mignot A, Rima W, Lux F, Tillement O, Roulin C, et al. In vitro
radiosensitizing effects of ultrasmall gadolinium based particles on
tumour cells. J Nanosci Nanotechnol. 2011;11:7833-9.

Porcel E, Tillement O, Lux F, Mowat P, Usami N, Kobayashi K, et al. Gadolin-
jum-based nanoparticles to improve the hadrontherapy performances.
Nanomed Nanotechnol Biol Med. 2014;10:1601-8.

Sancey L, Lux F, Kotb S, Roux S, Dufort S, Bianchi A, et al. The use of thera-
nostic gadolinium-based nanoprobes to improve radiotherapy efficacy.
Br J Radiol. 2014;87:20140134.

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al.
The 2007 WHO Classification of Tumours of the Central Nervous System.
Acta Neuropathol (Berl.). 2007,2007(114):97-109.

Bridot J-L, Faure A-C, Laurent S, Riviere C, Billotey C, Hiba B, et al. Hybrid
gadolinium oxide nanoparticles: multimodal contrast agents for in vivo
imaging. J Am Chem Soc. 2007;129:5076-84.

Mignot A, Truillet C, Lux F, Sancey L, Louis C, Denat F, et al. A top-down
synthesis route to ultrasmall multifunctional Gd-based Silica nanoparti-
cles for theranostic applications. Chem Eur J. 2013;19:6122-36.

Lux F, Mignot A, Mowat P, Louis C, Dufort S, Bernhard C, et al. Ultrasmall
rigid particles as multimodal probes for medical applications. Angew
Chem Int Ed. 2011;50:12299-303.

Roux S, Tillement O, Billotey C, Coll JL, Duc GL, Marquette CA, et al.
Multifunctional nanoparticles: from the detection of biomolecules to the
therapy. Int J Nanotechnol. 2010;7:781.

Bianchi A, Dufort S, Lux F, Courtois A, Tillement O, Coll J-L, et al. Quantita-
tive biodistribution and pharmacokinetics of multimodal gadolinium-
based nanoparticles for lungs using ultrashort TE MRI. Magn Reson Mater
Phys Biol Med. 2014,27:303-16.

Stefan¢ikova L, Porcel E, Eustache P, Li S, Salado D, Marco S, et al. Cell
localisation of gadolinium-based nanoparticles and related radiosensitis-
ing efficacy in glioblastoma cells. Cancer Nanotechnol. 2014;5:1-15.
Rima W, Sancey L, Aloy M-T, Armandy E, Alcantara GB, Epicier T, et al. Inter-
nalization pathways into cancer cells of gadolinium-based radiosensitiz-
ing nanoparticles. Biomaterials. 2013;34:181-95.

Miladi I, Aloy M-T, Armandy E, Mowat P, Kryza D, Magné N, et al. Combin-
ing ultrasmall gadolinium-based nanoparticles with photon irradiation
overcomes radioresistance of head and neck squamous cell carcinoma.
Nanomed Nanotechnol Biol Med. 2015;11:247-57.

Butterworth KT, McMahon SJ, Taggart LE, Prise KM. Radiosensitization by
gold nanoparticles: effective at megavoltage energies and potential role
of oxidative stress. Trans| Cancer Res. 2013;2:269-79.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

Page 14 of 15

Misawa M, Takahashi J. Generation of reactive oxygen species induced by
gold nanoparticles under x-ray and UV Irradiations. Nanomed Nanotech-
nol Biol Med. 2011;7:604-14.

Porcel E, Liehn S, Remita H, Usami N, Kobayashi K, Furusawa, et al.
Platinum nanoparticles: a promising material for future cancer therapy?
Nanotechnology. 2010;21:85103.

Krpeti¢ Z, Nativo P, Sée V, Prior IA, Brust M, Volk M. Inflicting controlled
nonthermal damage to subcellular structures by laser-activated gold
nanoparticles. Nano Lett. 2010;10:4549-54.

McMahon SJ, Hyland WB, Muir MF, Coulter JA, Jain S, Butterworth KT, et al.
Nanodosimetric effects of gold nanoparticles in megavoltage radiation
therapy. Radiother Oncol. 2011;100:412-6.

McMahon SJ, Hyland WB, Muir MF, Coulter JA, Jain S, Butterworth KT,

et al. Biological consequences of nanoscale energy deposition near
irradiated heavy atom nanoparticles. Sci Rep. 2011;1. http://www.nature.
com/srep/2011/110620/srep00018/full/srep00018.html. Accessed 22 Jul
2015.

Lechtman E, Mashouf S, Chattopadhyay N, Keller BM, Lai P, Cai Z, et al.

A Monte Carlo-based model of gold nanoparticle radiosensitization
accounting for increased radiobiological effectiveness. Phys Med Biol.
2013;58:3075-87.

Burger N, Biswas A, Barzan D, Kirchner A, Hosser H, Hausmann M, et al. A
method for the efficient cellular uptake and retention of small modified
gold nanoparticles for the radiosensitization of cells. Nanomed Nano-
technol Biol Med. 2014;10:1365-73.

Kassis Al, Adelstein SJ. Radiobiologic principles in radionuclide therapy. J
Nucl Med Off. Publ Soc Nucl Med. 2005;46(Suppl 1):45-12S.

Belli M, Sapora O, Tabocchini MA. Molecular targets in cellular response to
jonizing radiation and implications in space radiation protection. J Radiat
Res. 2002;43(Suppl):S13-9.

Usami N, Furusawa Y, Kobayashi K, Lacombe S, Reynaud-Angelin A, Sage
E, et al. Mammalian cells loaded with platinum-containing molecules are
sensitized to fast atomic ions. Int J Radiat Biol. 2008;84:603—11.

KongT, Zeng J, Wang X, Yang X, Yang J, McQuarrie S, et al. Enhancement
of radiation cytotoxicity in breast-cancer cells by localized attachment of
gold nanoparticles. Small. 2008;4:1537-43.

Jones BL, Krishnan S, Cho SH. Estimation of microscopic dose enhance-
ment factor around gold nanoparticles by Monte Carlo calculations. Med
Phys. 2010;37:3809.

Leung MKK, Chow JCL, Chithrani BD, Lee MJG, Oms B, Jaffray DA. Irradia-
tion of gold nanoparticles by X-rays: Monte Carlo simulation of dose
enhancements and the spatial properties of the secondary electrons
production. Med Phys. 2011,38:624-31.

Tartier L, Gilchrist S, Burdak-Rothkamm 'S, Folkard M, Prise KM. Cytoplas-
mic irradiation induces mitochondrial-dependent 53BP1 protein relocali-
zation in irradiated and bystander cells. Cancer Res. 2007,67:5872-9.

Wu L-J, Randers-Pehrson G, Xu A, Waldren CA, Geard CR, Yu Z, et al.
Targeted cytoplasmic irradiation with alpha particles induces mutations
in mammalian cells. Proc Natl Acad Sci. 1999,96:4959-64.

Morlieras J, Chezal J-M, Miot-Noirault E, Roux A, Heinrich-Balard L, Cohen
R, et al. Development of gadolinium based nanoparticles having an affin-
ity towards melanin. Nanoscale. 2013;5:1603-15.

. Falk M, Lukasova E, Gabrielova B, OndrejV, Kozubek S. Chromatin dynam-

ics during DSB repair. Biochim Biophys Acta. 2007;1773:1534-45.
Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA double-
stranded breaks induce histone H2AX phosphorylation on serine 139.J
Biol Chem. 1998,273:5858-68.

Bakkenist CJ, Kastan MB. DNA damage activates ATM through inter-
molecular autophosphorylation and dimer dissociation. Nature.
2003;421:499-506.

Kozubek M, Kozubek S, Lukdsové E, Mareckova A, Bartové E, Skalnikova
M, et al. High-resolution cytometry of FISH dots in interphase cell nuclei.
Cytometry. 1999;36:279-93.

Kozubek M, Kozubek S, Lukasova E, Bartova E, Skalnikova M, Matula

P, et al. Combined confocal and wide-field high-resolution cytom-
etry of fluorescent in situ hybridization-stained cells. Cytometry.
2001;45:1-12.

Matula P, Maska M, Danek O, Matula P, Kozubek M. Acquiarium: free soft-
ware for the acquisition and analysis of 3D images of cells in fluorescence
microscopy. In: IEEE International Symposium on Biomedical Imaging:
from Nano to Macro 2009 ISBI 09; 2009. p. 1138-41.


http://www.google.com/patents/EP2200659A2?cl=fr
http://www.nature.com/srep/2011/110620/srep00018/full/srep00018.html
http://www.nature.com/srep/2011/110620/srep00018/full/srep00018.html

Stefancikova et al. J Nanobiotechnol (2016) 14:63

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kim S, Choi JE, Choi J, Chung K-H, Park K, Yi J, et al. Oxidative stress-
dependent toxicity of silver nanoparticles in human hepatoma cells.
Toxicol In Vitro. 2009,23:1076-84.

Ahamed M, Karns M, Goodson M, Rowe J, Hussain SM, Schlager JJ, et al.
DNA damage response to different surface chemistry of silver nanoparti-
cles in mammalian cells. Toxicol Appl Pharmacol. 2008;233:404-10.
Zheng Q, Yang H, Wei J, Tong J, Shu Y. The role and mechanisms of
nanoparticles to enhance radiosensitivity in hepatocellular cell. Biomed
Pharmacother. 2013,67:569-75.

Kang B, Mackey MA, El-Sayed MA. Nuclear targeting of gold nanoparti-
cles in cancer cells induces DNA damage, causing cytokinesis arrest and
apoptosis. J Am Chem Soc. 2010;132:1517-9.

LiJJ, Zou L, Hartono D, Ong C-N, Bay B-H, Lanry Yung L-Y. Gold nanopar-
ticles induce oxidative damage in lung fibroblasts in vitro. Adv Mater.
2008;20:138-42.

Trono JD, Mizuno K, Yusa N, Matsukawa T, Yokoyama K, Uesaka M. Size,
concentration and incubation time dependence of gold nanoparticle
uptake into pancreas cancer cells and its future application to X-ray drug
delivery system. J Radiat Res. 2011;52:103-9.

Prise KM, Folkard M, Kuosaite V, Tartier L, Zyuzikov N, Shao C. What role for
DNA damage and repair in the bystander response? Mutat Res (Tokyo).
2006;597:1-4.

Zhou H, Hong M, Chai Y, Hei TK. Consequences of cytoplasmic irradiation:
studies from microbeam. J Radiat Res (Tokyo). 2009;50(Suppl A):A59-65.
Morgan WF. Non-targeted and delayed effects of exposure to ionizing
radiation: I. Radiation-induced genomic instability and bystander effects
in vitro. Radiat Res. 2003;159:567-80.

Morgan WF. Non-targeted and delayed effects of exposure to ionizing
radiation: Il. Radiation-induced genomic instability and bystander effects
in vivo, clastogenic factors and transgenerational effects. Radiat Res.
2003;159:581-96.

Mothersill C, Seymour CB. Radiation-induced bystander effects—implica-
tions for cancer. Nat Rev Cancer. 2004;4:158-64.

Prise KM, Schettino G, Folkard M, Held KD. New insights on cell death
from radiation exposure. Lancet Oncol. 2005;6:520-8.

Cuervo AM, Dice JF. Lysosomes, a meeting point of proteins, chaperones,
and proteases. J Mol Med. 1998;76:6-12.

Eskelinen E-L, Tanaka Y, Saftig P. At the acidic edge: emerging functions
for lysosomal membrane proteins. Trends Cell Biol. 2003;13:137-45.

Luzio JP, Pryor PR, Bright NA. Lysosomes: fusion and function. Nat Rev Mol
Cell Biol. 2007;8:622-32.

Turk B, Turk V. Lysosomes as “suicide bags”in cell death: myth or reality? J
Biol Chem. 2009;284:21783-7.

Boya P, Kroemer G. Lysosomal membrane permeabilization in cell death.
Oncogene. 2008;27:6434-51.

Settembre C, Fraldi A, Medina DL, Ballabio A. Signals for the lysosome: a
control center for cellular clearance and energy metabolism. Nat Rev Mol
Cell Biol. 2013;14:283-96.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

Page 15 of 15

KurzT, Terman A, Gustafsson B, Brunk UT. Lysosomes in iron metabolism,
ageing and apoptosis. Histochem Cell Biol. 2008;129:389-406.

Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD. Mitochondrial
reactive oxygen species induces NLRP3-dependent lysosomal damage
and inflammasome activation. J Immunol. 2013;191:5230-8.

Moser F, Hildenbrand G, Mdiller P, Al Saroori A, Biswas A, Bach M, et al.
Cellular uptake of gold nanoparticles and their behavior as labels for
localization microscopy. Biophys J. 2016;110:947-53.

Berbeco R, Korideck H, Ngwa W, Kumar R, Patel J, Sridhar S, et al. DNA
damage enhancement from gold nanoparticles for clinical MV photon
beams. Radiat Res. 2012;178:604-8.

Zhu C, Zheng Q, Wang L, Xu H-F, Tong J, Zhang Q, et al. Synthesis of novel
galactose functionalized gold nanoparticles and its radiosensitizing
mechanism. J Nanobiotechnol. 2015;13. http://www.jnanobiotechnology.
com/content/13/1/67. Accessed 30 Mar 2016.

Mukherjee B, Kessinger C, Kobayashi J, Chen BPC, Chen DJ, Chatterjee

A, et al. DNA-PK phosphorylates histone H2AX during apoptotic DNA
fragmentation in mammalian cells. DNA Repair. 2006;5:575-90.

. Marti TM, Hefner E, Feeney L, Natale V, Cleaver JE. H2AX phosphorylation

within the G1 phase after UV irradiation depends on nucleotide exci-
sion repair and not DNA double-strand breaks. Proc Natl Acad Sci USA.
2006;103:9891-6.

Hofer M, Falk M, KomUrkova D, Falkova |, Bacikova A, Klejdus B, et al. Two
new faces of amifostine: protector from DNA damage in normal cells and
inhibitor of DNA repair in cancer cells. ] Med Chem. 2016;59:3003-17.
Falk M, Lukasova E, Falkova |, Stefancikova L, Jezkova L, Bacikova A, et al.
Chromatin differentiation of white blood cells decreases DSB dam-

age induction, prevents functional assembly of repair foci, but has no
influence on protrusion of heterochromatic DSBs into the low-dense
chromatin. J Radiat Res (Tokyo). 2014;55:i81-2.

Jezkové L, Falk M, Falkové |, Davidkova M, Bacikovd A, Stefan¢ikovd L,

et al. Function of chromatin structure and dynamics in DNA damage,
repair and misrepair: y-rays and protons in action. Appl Radiat Isot.
2014;83:128-36.

de Feraudy S, Revet |, Bezrookove V, Feeney L, Cleaver JE. A minority of
foci or pan-nuclear apoptotic staining of yH2AX in the S phase after UV
damage contain DNA double-strand breaks. Proc Natl Acad Sci USA.
2010;107:6870-5.

Wakasugi M, Sasaki T, Matsumoto M, Nagaoka M, Inoue K, Inobe M, et al.
Nucleotide Excision Repair-dependent DNA Double-strand Break Forma-
tion and ATM Signaling Activation in Mammalian Quiescent Cells. J Biol
Chem. 2014. doi:10.1074/jbc.M114.589747.

Falk M. Nanoscopy and nanoparticles hand-in-hand to fight cancer: an
exciting entrée into the rising NANOworld. Biophys J. 2016;110:872-3.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.jnanobiotechnology.com/content/13/1/67
http://www.jnanobiotechnology.com/content/13/1/67
http://dx.doi.org/10.1074/jbc.M114.589747

	Effect of gadolinium-based nanoparticles on nuclear DNA damage and repair in glioblastoma tumor cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture
	Cell irradiation with γ-rays
	Quantification of GdBN-mediated cell radiosensitization by clonogenic assay
	Confocal microscopy studies of GdBNs localization
	Immunostaining of nuclear DSBs and their visualization by confocal microscopy
	Data analysis


	Results
	Uptake and localization of GdBNs in U87 cells
	Effect of GdBNs on nuclear DNA damage in U87 cells
	Effect of GdBNs on nuclear DNA in non-irradiated cells (nanoparticle genotoxicity)
	Effect of GdBNs on nuclear DNA DSBs induction and repair in irradiated U87 cells

	Influence of the incubation time with GdBNs on DSBs foci induction by γ-rays and their repair
	Radiosensitizing effect exerted by irradiated GdBNs

	Discussion
	Conclusions
	Authors’ contributions
	References




