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ABSTRACT
Glioblastoma is a heterogeneous disease with multiple genotypic origins. Despite treatment protocols
such as surgery, radiotherapy and chemotherapy, the prognosis for patients remains poor. This study
investigates the cytotoxic and radiation dose-enhancing and radiosensitizing ability of five rare earth
oxide nanoparticles, in two different immortalized mammalian cell lines; U-87MG and Mo59K.
Significant cytotoxicity was observed in U-87MG cells when exposed to Nd2O3 and La2O3. Autophagy
was also detected in cells after incubation with Nd2O3. Radiosensitization was observed in U-87MG
when incubated with Gd2O3, CeO2-Gd and Nd2O3:Si. Importantly, these elements did not cause any
intrinsic toxicity in the absence of irradiation and so could be considered biocompatible. The Gd2O3

and CeO2-Gd nanoparticles were also seen to generate ROS in U-87MG cells after irradiation.
Furthermore, the Mo59K and U-87MG cells responded very differently to exposure to the rare earth
nanoparticles. This may indicate the importance of the genotype of cells in the successful use of rare
earth oxides for treatment.
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Introduction

The prognosis for glioblastoma (GBM) patients remains poor
with no significant progress over the last decade in prolong-
ing the median survival of 14months [1]. GBM account for
15% of all primary brain cancers [2,3] with multiple genotypic
origins resulting in a very heterogeneous disease [4]. At pre-
sent, conventional treatment protocols involve surgical resec-
tion, followed by concurrent radiotherapy and chemotherapy
[1]. In children under the age of three, however, treatment
options are further limited since radiotherapy cannot be used
due to the risk of neurological sequelae. Consequently, novel
treatments which can improve the survival rates of GBM
patients are desperately needed.

This study explores the use of rare earth oxide nanopar-
ticles as cytotoxic and radioenhancement agents. The rare
earth elements (REE) are a series of chemically similar metal-
lic, nonradioactive, elements that include the fifteen lanthan-
ide elements, plus scandium and yttrium. These can be
further divided into the light REEs which include lanthanum,
cerium, praseodymium, neodymium, samarium and europium
and the heavy REEs gadolinium, terbium, dysprosium, hol-
mium, erbium, thulium, ytterbium, lutetium, scandium and
yttrium. The unique electronic configuration of the REEs
means that they react vigorously with oxygen and produce

stable oxides, generally as (REE)2O3, although one notable
exception is CeO2. The rare earth oxides may then easily be
formulated into nanoparticles as a consequence of their
chemical stability. The advantage in using nanoparticles
rather than free REEs is the potential to localize the particles.
In vivo animal studies have shown that nanoparticles up to
160 nm in size are able to pass the blood brain barrier into
brain matter [5–7]. Furthermore, the enhanced permeation
and retention (EPR) effect could be used to either administer
the particles, or to retain the particles in the tumour for
greater efficacy and to enable repeat radiosensitization with-
out repeat administration.

There is considerable evidence to show that REEs inhibit
proliferation and induced apoptosis in a number of different
cancer cell lines [8–11] and that they may also act as autoph-
agy inducers [12]. In addition to their cytotoxic activity, the
REEs may also act as radiosensitizers or dose-enhancers.
Radiation therapy is often used in the treatment of GBM,
either to reduce the size of the tumour prior to surgery, or as
an adjuvant therapy [13]. All radiotherapy works by either dir-
ect interaction with DNA or the radiolysis of water and subse-
quent generation of highly reactive oxygen species (ROS). The
ROS are unstable and interact with proteins, lipids and nucleo-
tides within the cell, compromising cellular repair mechanisms,
and may also trigger apoptosis which leads to cell death. Due
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to the differences in antioxidant capacity, threshold and
growth rates, cancerous cells are more susceptible than
healthy ones. The efficacy of radiotherapy can be enhanced
further by the use of radiosensitizers at the tumour site,
enhancing therapeutic ratio. Classical radiosensitizers are high
atomic number (Z) materials, which work by increasing the
photoelectric cross section resulting in dose enhancement due
to an increase in photoelectron production in the nanopar-
ticles. These photoelectrons are predominantly emitted from
the inner shell and, therefore, will also be accompanied by the
emission of Auger electrons. The Auger effect describes the
release of an electron from an outer-shell to replenish an
inner-shell ionized by radiation, which then leads to an energy
emission [14]. REEs also display the Auger effect in response
to irradiation due to their electronic structure.

Herein, we investigate the efficacy of nanoparticles of
three light REE and one heavy REE in causing cytotoxicity or
radiosensitization in two different GBM cell lines. Cell death,
proliferation, autophagy and ROS generation were assessed
to establish whether these particles could be used to
improve the treatment protocols of brain cancer.

Methods

Materials

Rare earth nanopowders were purchased from Sigma Aldrich
(Poole, UK): Cerium (IV) oxide nanopowder (< 50 nm), Cerium
oxide nanopowder doped with 10% gadolinium (< 100 nm),
Neodymium oxide nanopowder (< 100 nm), Lanthanum (III)
oxide nanopowder (< 100 nm), Gadolinium (III) oxide nano-
powder (< 100 nm).

Silica coating

Silica coating can sometimes alter the way in which particles
aggregate and interact with cells. To enable a pairwise com-
parison Nd2O3 nanoparticles were coated with silica. The
Nd2O3 nanoparticles were resuspended in 200ml distilled
water (pH 4.5) [Solution I]. Next, 3-Maercaptoethnaol-trime-
thoxy-silane (1.89ml; Sigma-Aldrich) was added to 50ml dis-
tilled water [Solution II]. Twenty millilitres of solution II were
then added to solution I and stirred. After 1 h, sodium silicate
(40ml; Sigma-Aldrich) was added. Samples were removed
after 10min, centrifuged immediately and washed with dis-
tilled water three times.

Zeta potential measurement

The zeta potential of the nanoparticles was measured using a
Malvern Zetasizer Nano and folded capillary cells (DTS1060,
Malvern). Samples were prepared at a concentration of
0.2–0.3mg ml�1 in PBS

Immortalized cell culture

Two human GBM tumour cell lines (U-87MG, Mo59K) were used
for experimentation: U-87MG (American Type Tissue Culture

Collection [ATCC] no.HTB-14) derives from a male patient with
suspected GBM, and is the prototypical GBM cell line used for
investigations. The Mo59K line (ATCC no. CRL-2365) derives from
a 33-year-old male patient with known GBM.

Cells were grown in Dulbecco’s Modified Eagles Medium –
high glucose (DMEM; Aldrich) supplemented with 10% Fetal
calf serum (FCS; Aldrich), 2mM L-Glutamine (Aldrich), 100U/
ml Penicillin (Aldrich) and 0.1mg ml�1 Streptomycin (Aldrich).
Cells were incubated at 37 C in a 5% CO2 atmosphere and
passaged when confluent (approximately every four days).

Growth rate determination

Cells were seeded at a density of 1� 104 cells per well in a
96 well plate in 100ll of growth medium (see Materials sec-
tion). Cells were incubated at 37 �C in 5% CO2 atmosphere
and allowed to adhere overnight. On sequential days, the
plates were removed from the incubator and cells washed
with PBS to remove nonadherent cells. Cells were then fixed
with 100ll of 1% glutaraldehyde for 30min. The glutaralde-
hyde solution was removed and 100 ll of 0.5% (w/v) crystal
violet solution added to each well for 1 h, to stain cells. The
plate was then washed in copious amounts of water, and left
to dry overnight. The dye was solubilized with 100 ll of solu-
biliser per well (1% Sodium dodecyl sulphate; 10% (w/v)
acetic acid). After incubating for 1 h, the absorbance at
595 nm was measured. For each cell line the growth rate was
determined by measuring cellular content at 2, 3, 4
and 5 days.

Cytological effects of rare earth oxide nanoparticles

Cells were seeded at a density of 1� 104 cells per well in 96-
well plate. Cells were incubated at 37 �C in 5% CO2 atmosphere
overnight to allow adherence to the plate. Nanoparticles were
then added to the media at concentrations of 10, 20, 30 and
40lM. The cells were then returned to the incubator to allow
for cellular uptake to occur overnight. To investigate whether
the nanoparticles affected cell survival, U-87MG and Mo59 cells
were analysed 24 and 72h after NP exposure respectively due
to their differences in proliferation rate. To test for radiosensiti-
zation properties, the cells were exposed to 3Gy radiation 24h
after NP exposure, and then incubated for a further 24 and
72h after irradiation for U-87MG and Mo59 respectively. To
assess cell viability after treatment, the cells were washed with
100ll of PBS to remove nonadherent dead cells. Adherent live
cells were then detached using 50ll Trypsin-EDTA (Sigma-
Aldrich) and placed inside an incubator for 20min. The enzyme
activity was then neutralised with 50ll of growth medium per
well. The viable cells were then counted manually with a
haemocytometer. These experiments were performed in tripli-
cate on two separate occasions.

Irradiation schedule
Cells were exposed to 250 kV x-rays (0.25mm copper filter,
resulting in a half-value layer of 1.0mm Cu). This results in a
broad spectrum of x-ray energies up to 250 keV with an
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average energy of approximately 90 keV. The dose rate was
0.58Gy min�1. Cells were exposed to a total of 3 Gy irradi-
ation before being returned to the incubator for 24 h prior to
determining cell proliferation.

Clonogenic assay

The clonogenic assay, or colony formation assay, is an in vitro
cell survival assay based on the ability of a single cell to
grow into a colony. A colony is defined as a cluster of at
least 50 cells that can often only be determined microscopic-
ally. The assay essentially tests every cell in the population
for its ability to undergo ‘unlimited’ division.

RE nanoparticles were added at 40 lM to the cell culture
media, and cells incubated overnight. Cells were then irradi-
ated at either 0 or 3 Gy. The media was then removed, and
cells washed with PBS. Cells were then removed from the
flasks using trypsin and cell number ascertained using a
haemocytometer. Cells were added to the wells in triplicate
for each treatment. (Results showed that 500 cells for U-
87MG, and 750 cells for Mo59K cells, were appropriate start-
ing cultures). The cells were incubated for at least two weeks
at 37 �C in a 5% CO2 atmosphere. Subsequently cells were
stained for counting. Firstly, media was removed and cells
washed with PBS. Cells were then fixed with glutaraldehyde
for 30min. Cells were then stained with crystal violet solution
for at least 1 h. The cells were then washed with water and
left to dry prior to counting.

Wound healing assay

A wound healing assay (scratch test) was performed to evalu-
ate cell migration and invasion. In a typical test, U-87MG or
Mo59K cells were cultured into a 24-well sterile microplate
(Corning). The cells were allowed to proliferate, spread and
form a confluent monolayer. A 1000 ml pipette tip was used
as a pin tool to scratch across the cell layer to form a cell-
free zone in each well. Rare earth nanoparticles were then
added to the cell culture media. Images were collected pre-
migration and postmigration. The width was measured three
times across both the vertical and the horizontal scratches to
calculate the average.

Radical oxygen species assay

Fluorescence was used as a qualitative measure for ROS pro-
duction. We used the ROS indicator CM-H2DCFDA which pas-
sively diffuses into cells, where it’s acetate groups are
cleaved, allowing binding with intracellular components for
longer retention within cells. Oxidation of the compound
results in an increase in fluorescence which can be monitored
using a fluorescence microscope.

Cells were seeded at a density of 1� 104 cells per well in
200ll of growth medium followed by incubation at 37 �C in
5% CO2 atmosphere overnight, to allow adherence. Cells
were pre-stained with 1 lM 20,70-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA; Invitrogen) for 45min, followed by
washing in growth medium. Nanoparticles were then added

at 40lM concentration. The cells were then exposed to 0Gy
or 3Gy radiation, and left for 1 h. Cells were then imaged
using a Motic AE31 microscope with filters for Fluorescein
(Ex. 465 nm; Em. 510 nm). This experiment was performed in
triplicate on two occasions.

Labelling of autophagic vacuoles with
monodansylcadaverine

Cells were allowed to adhere to plates overnight, followed by
incubation with 40lM nanoparticles for 16 h. Cells were
washed with PBS and then incubated with 0.05mM mono-
dansylcadaverine (MDC) in PBS at 37 �C for 10min. After incu-
bation the cells were washed 4 times with PBS and collected
in 10mM Tris-HCL, pH 8 containing 0.1% Triton X-100.
Intracellular MDC was measured by fluorescence (Ex. 380 nm/
Em. 525 nm) in a Tecan microplate reader. To normalize to
the number of cells present, a solution of ethidium bromide
was added to a final concentration of 0.2lM and the DNA
fluorescence measured (Ex. 530 nm/Em. 590 nm)

Blood interaction studies

Defibrinated horse blood was used to assess the haemotoxic-
ity of the melanin nanoparticles. Blood (10ml) was trans-
ferred to a centrifuge tube, and centrifuged at 2000 g for
5min to pellet the red blood cells. The pellet was resus-
pended in PBS and centrifuged for 2000 g for 5min. The
wash was repeated twice more. After the final wash the
supernatant was removed and the pellet resuspended in 1:10
(v/v) PBS. The sample was then divided into equal volumes
in separate tubes. A positive control comprised adding 400 ll
water to the sample, and a negative control used the same
volume of PBS. The MNPs were added at different concentra-
tions in 400 ll PBS. All samples were incubated at 37 �C for
an hour. The samples were then centrifuged at 10,000g for
5min. Supernatant (100 ll) was taken from each tube and
placed in a 96 well plate. The absorbance was measured at
595 nm. The experiment was repeated on three separ-
ate occasions.

Statistical analysis

Quantitative cell viability data were analysed using GraphPad
Prism 7.0 software. Analysis involving comparison of grouped
means was conducted with a one-tailed Student’s t-test if
there was normal distribution; p values of <.001 (���), .001
to .01 (��), .01 to .05 (�) were considered to be significant.

Results

Physicochemical characterization

The rare earth elements are a group of 17 chemically similar
metallic elements, including the 15 lanthanides, scandium and
yttrium. The lanthanides have similarities in their electron con-
figuration which explains most of the physical similarities.
Generally speaking, the lanthanides follow the Aufbau rule, and
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the 4f sublevel is filled as atomic number increases (Table 1).
The 4f electron configuration is very important and determines
the magnetic and optical behaviours of the elements. In par-
ticular the unpaired electrons may affect the ways in which the
elements interact with cells. Lanthanides also differ in their bas-
icity which is the ease with which an atom will lose electrons.
Basicity decreases in the following way:

La3þ> Ce3þ> Pr3þ> Nd3þ> Pm3þ> Sm3þ> Eu3þ> Gd3þ

> Tb3þ> Dy3þ> Ho3þ> Er3þ> Tm3þ> Yb3þ> Lu3þ

The series can be further divided into ‘heavy rare earth
elements’ which includes Gadolinium, and ‘light rare earth
elements’ which includes lanthanum, cerium and neodym-
ium. All nanoparticles tested were purchased from Sigma-
Aldrich, and were all less than 100 nm in diameter. The zeta

potential of the nanoparticles was determined for all the
nanoparticles, and shown to be positive for all the rare earth
oxides (Table 1). Neodymium oxide was also coated with a
thin layer of silica which then showed negative charge and
could be used for comparison.

Cell doubling time

The growth rate of the GBM cell lines was determined over
96 h. It has previously been reported that the sensitivity of
different cell lines to apoptotic agents is related to their dou-
bling time [15]. Both U87-MG and Mo59K cells showed an
exponential increase in growth (R2 values¼ 0.987 and 0.9732,
respectively). Faster growth rates were observed in U87-MG
compared to Mo59K (Figure 1).

Rare earth elements can cause cytotoxicity and
radioenhancement

To assess the degree of cell death in the presence of the rare
earth nanoparticles, the two GBM cell lines were tested with
concentrations of the different nanoparticles, up to 40 lM. In
the Mo59K cell line there was very little effect of the Rare
earths in inducing cell death. The only statistically significant
reductions were seen with Cerium oxide at 30 lM and gado-
linium at 30 lM (p< .05 for both). In the U-87MG cell line
significant reductions in cell number were seen for neodym-
ium oxide, and lanthanum oxide. The greater sensitivity to
the chemical agents in U-87MG rather than Mo59K cells is
consistent with the results of [15] whereby the faster growing
cells were more susceptible to the compounds applied.

Cell numbers were then assessed in the presence of nano-
particles after being treated with either 0 Gy or 3Gy radiation.
U-87MG cells were assessed after 24 post-irradiation, Mo59K
cells after 72 h, due to the differences in their growth rates.
Mo59K cells showed an average decrease in cell number of
41.5% compared to the more radioresistant U-87MG cells (see
Table 2) which only showed a decrease of 30.8% (data not
shown). After irradiation Mo59K cells showed decreases in

Figure 1. Cell growth characteristics of Mo59K (light grey) and U-87MG (dark grey) cells were determined over 4 days. Each sample was replicated (n¼ 20). Data
shows the mean ± standard deviation.

Table 2. The relative radiosensitivity of a small number of immortalized cancer
cell lines for comparison against Mo59K and U-87MG.

Cell line Mo59J Mo59K HeLa SW620 U251 HT29 U-87MG

Origin GBM GBM ACA Colon
ACA

Astrocytoma Rectosigmoid
ACA

GBM

SF2 0.05 0.39 0.41 0.64 0.69 0.73 0.78
Reference [34] [34] [35] [34] [34] [34] [36]

The surviving fraction following a single 2 Gy dose of radiation (SF2) is shown.

Table 1. The zeta potential of NPs.

NP, RE
component ion

Zeta
potential (mV) Z

Effective ionic
radii (pm)

Number of unpaired
electrons in

outer-orbital of ion

La2O3, La
3þ 14.8 57 103.2 0

CeO2, Ce
4þ 14.2 58 87 1

CeO2-Gd, Ce
4þ 14.9 58 87 0

Nd2O3, Nd
3þ 23.7 60 98.3 3

Nd2O3-Si, Nd
3þ �4.68 60 98.3 3

Gd2O3, Gd
3þ 17.0 64 93.5 7

All samples measured in 1mM solutions of distilled water. Referenced against
atomic number, effective ionic radii and number of unpaired electrons. Note
that ionic radii of Ca2þ is 100 pm. The Gd3þ ion is the most stable ion listed,
which has seven unpaired electrons that half-fill perfectly its outer orbital,
4f, which can accommodate 14 electrons. NP: nanoparticle; RE: rare earth; Z:
atomic number.
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cell number when incubated with neodymium oxide and lan-
thanum oxide (Figure 2(A)). However, the levels of reduction
seen were not significantly different from the same concentra-
tions of the specific rare earth when unirradiated, therefore,
showing no radioenhancement with the elements in Mo59K
cells. Conversely, U-87MG cells (Figure 2(B)) showed radioen-
hancement with neodymium oxide at 30 lM (61.3% without
radiation versus 37.4% with radiation) and with the silica coat-
ing. Interestingly the latter showed biocompatibility at 40lM
in the absence of irradiation (94.3%), but reduced cell count
to (54.3%) after 3 Gy irradiation thereby showing specific
radioenhancement. A similar situation was seen for gadolin-
ium oxide at 30 lM and 40 lM showing 91.4% versus 59.4%
(p< .01) and 103.7% versus 62.6% (p< .05), respectively, for
the presence and absence of irradiation. Lanthanum oxide,
whilst not biocompatible, did show a degree of radioenhance-
ment at 30 lM (30.3% vs. 15.0%, p< .05).

Rare earth elements can prevent cell division

A clonogenic assay (or Colony Formation Assay; CFA) tests
every cell in the population for its ability to undergo unlim-
ited division. Therefore, the CFA is the gold standard method
to show that a drug has irreversible/reversible effects on long
term growth. In the absence of radiation Mo59K cells showed
significant reductions in colony numbers (Figure 3(A)) after
incubation with cerium oxide nanoparticles (18.83 ± 1.18) and
lanthanum oxide (5.00 ± 2.83) compared to control cells
(28.00 ± 6.13) (student’s t-test, p< .05 and p< .005,

respectively). After irradiation, significant reductions were
seen in the presence of silica coated neodymium oxide
(8.33 ± 1.41), gadolinium oxide (7.17 ± 0.24) and lanthanum
oxide (5.67 ± 2.36), compared to the irradiated cell control
(11.67 ± 1.89). However, there was no significant difference
between colony numbers in the presence of lanthanum
whether irradiated or not. U87 cells showed large reductions
in colony numbers (Figure 3(B)) in the presence of neodym-
ium oxide (2.11 ± 1.54), silica coated neodymium oxide
(4.33 ± 1.67) and lanthanum oxide (4.33 ± 1.20), compared the
unirradiated control (25.33 ± 9.61). The same rare earths also
showed reductions after irradiation, although only silica
coated neodymium oxide and lanthanum oxide showed sig-
nificant differences between unirradiated and irradiated sam-
ples (p< .01 and p< .005, respectively).

U-87MG cells generate additional ROS after irradiation
in the presence of RE nanoparticles

The production of local radical oxygen species (ROS) which
are highly reactive compounds and can damage cellular DNA
compromise cellular repair mechanisms and trigger apoptotic
processes within cancer cells. It was, therefore, investigated
whether the addition of the RE nanoparticles increased the
amount of ROS generated after irradiation. A qualitative assay
was used due to the interference of the nanoparticles with
optical assays. The Mo59 cell line showed no fluorescence
either before or after irradiation, nor in the presence or
absence of the RE nanoparticles (data not shown).

Figure 2. Viable cell count after incubation with nanoparticles, and subsequent irradiation with either 0 Gy or 3 Gy. Cells were counted using a hemocytometer 72
and 24 h after irradiation for (A) Mo59K, or (B) U-87MG cells, respectively. Results are expressed relative to either the O Gy or 3 Gy cell only control, as appropriate.
Data shows the average ± standard deviation of three independent experiments, each perfomed in triplicate. Statistical data was assessed by Student t-test, and
significance is shown as � p< .05, �� p< .01, ��� p< .005 when compared to the relevant cell only control.
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Conversely, fluorescence due to ROS production was
observed in the U87 cell line radiated at both 0Gy and 3Gy
(Figure 4). Fluorescence was increased in the presence of NPs
after irradiation, and most particularly in cells exposed to
Gd2O3 and CeO2-Gd.

Reduction in cell migration

A scratch test was performed to evaluate cell migration and
invasion in the presence of the rare earth nanoparticles. In a
typical test cells were cultured in 24-well sterile microplates
until they formed a monolayer. A pipette tip was then used
to scratch away the cell layer and the cells incubated with
the different rare earth nanoparticles. Images were taken
over a period of time to compare the closure of the gap in
the control samples with those incubated with nanoparticles.

In the absence of radiation, Mo59K cells showed a
decrease in metastatic potential (between 39.02% and
84.83% gap remaining) when incubated with any of the Rare
Earth elements compared to the control (25.96% ± 11.59)
(Figure 5(A); blue bars). In particular gadolinium oxide nano-
particles, were shown to significantly reduce regrowth com-
pared to the control (student t-test, p< .005).

Irradiation reduced the gap closure and hence the meta-
static potential in the control sample (76.5% ± 19.16 gap
remaining). This indicates that Mo59K cells are fairly

responsive to radiation treatment. This was also seen with
the Rare Earth nanoparticles (between 60.52% and 84.23%
gap remaining) with the exception of Ce where gap closure
was actually increased after irradiation (28.68% ± 5.89). This
could relate to the dual pro-oxidant and anti-oxidant func-
tions seen with Ce.

In the absence of radiation U-87MG cells are similarly
affected by the presence of the rare earth nanoparticles as
Mo59k cells. Neodymium oxide nanoparticles showed an
almost complete arrest in the regrowth of the cells
(98.82±4.78%, student t-test p< .005). U87 cells were seen to
be more radioresistant (data not shown) and this is reflected in
the minimal change in re-growth in the control after irradiation
(Figure 5(B)). Once again all of the rare earths except Ce
decreased the amount of regrowth. Both neodymium oxide
and gadolinium oxide nanopowders showed a highly signifi-
cant reduction in regrowth (105.37 ±27.56%, and 100±26.11%,
respectively; student t-test p< .005). This is particularly import-
ant given the radioresistant nature of U-87MG cells.

Autophagy

Since Neodymium oxide nanoparticles have been shown to
induce vacuolization and autophagic cell death in non-small
cell lung cancer NCI-H460 cells [18], we further investigated
whether autophagy occurred in the presence of the

Figure 3. Clonogenic Assay. Rare earth elements were incubated with either (A) Mo59K, (B) U-87MG cells. Cells were incubated with nanoparticles, and irradiated
with either 0 Gy or 3 Gy. Cells were then plated and colonies counted. Technical replicates were performed in at least triplicates, experimental repeats were per-
formed in triplicate. Data shows the average ± standard deviation. Statistical data was assessed by student t-test and is shown as � p< .05, �� p< .01, ��� p< .005
when compared to the relevant cell only control.
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nanoparticles in glioma cells. It has been reported that the
autofluorescent drug MDC is a selective marker for autopha-
gic vacuoles [19]. MDC was, therefore, used as a marker, and
results normalized using a Propidium iodide signal as a proxy
for cell number (Figure 6). While there was a general trend
for increasing amounts of autophagy in U-87MG cells with
the rare earth nanoparticles, the only statistically significant
increase was seen with neodymium oxide nanoparticles
(2.97 ± 0.68, compared to control value of 1.74 ± 0.41, student
t-test p< .05). The Mo59K cells showed no significant change
in autophagy compared to the control. Comparison between
the two cell types showed that there was a statistically sig-
nificant increase in autophagy in U87-MG compared to
Mo59K cells for cerium oxide, cerium oxide doped with gado-
linium, neodymium oxide and gadolinium oxide. This is con-
sistent with the fact that cell death in the presence of
nanoparticles was shown in U-87MG and not Mo59K cells
(Figure 1(A)). U87-MG cells were particularly affected by neo-
dymium oxide and lanthanum oxide which could suggest
that cell death in the former proceeds via autophagy but
that a different mechanism may be involved in the latter.

Haemotoxicity

Since there is the potential for RE nanoparticles to be admin-
istered intravenously, the degree of haemolysis induced by
the nanoparticles was assessed (Figure 7). Water is used as a
control since the osmotic potential will cause the red blood
cells to burst, releasing haemoglobin, which can be detected
spectroscopically. None of the nanoparticles tested showed

any significant degree of haemolysis, indicating the biocom-
patibility of the particles in blood.

Discussion

Cytotoxicity of REs

This study has investigated the potential of five RE oxide NPs
to be cytotoxic and radiosensitizing in U-87MG and Mo59K,
two different GBM cell lines. There were significant findings
found in both aspects, predominantly within the U-87MG
cell line. This includes a cytotoxic effect trend with Nd2O3

and La2O3 NPs and radiosensitizing effects associated with
Gd2O3 and CeO2-Gd doped NPs in U-87MG.

Significant cytotoxicity with RE oxide NPs was most evi-
dent in the U-87MG cell line exposed to Nd2O3 and La2O3. It
has long been postulated that the biological effects of rare
earths may be due to their similar ionic radii to Caþþ. This
means that the RE elements could compete with Caþþ ions
and interfere with the natural regulatory processes involving
Caþþ ions [20]. The propensity of certain RE elements to
interfere in such processes may be connected to the
‘lanthanide contraction’. This relates to the fact that higher
atomic number lanthanides have smaller ionic radii. This is
due to the increase in nuclear charge which is not com-
pletely screened by the additional 4f electrons in the series
of lanthanides. Consequently the increased effective charge
draws in the electrons closer to the nucleus and, therefore,
results in a smaller radius. This also accounts for the
decreased basicity (see Results section).

Indeed, both Nd3þ and La3þ which had the most cytotoxic
effect in both cell lines (Figure 3) have the closest ionic radii
size to Ca2þ amongst the RE oxide NPs tested (Table 1). It is
worth noting that toxic effects which have been commonly
observed in other studies are for RE element concentrations
between 100 nM to 100 lM [20], a similar range to that used
in this study. Previous studies investigating the use of rare
earth chlorides found that lanthanum chloride, cerium chlor-
ide and mixed rare earth chlorides were able to inhibit the
growth, morphology and microtubule structure of PAMC82
(human gastric cancer cell line) at concentrations between
0.5 and 1.5mM [8]. A similar study in melanoma cells showed
that growth rates were significantly slowed by 1mM concen-
trations of the rare earth elements La3þ, Ce3þ, Nd3þ, Sm3þ,
Gd3þ and Yb3þ [21]. Lanthanum chloride and cerium chloride
have also been shown to inhibit the leukaemic cells lines HL-
60 and NB4. The anti-tumour activity of the rare earth ele-
ments appears to include changes to the cell membrane flu-
idity, permeability, ATP activity, intracellular and extracellular
ion-exchange, cell mitosis and DNA synthesis; all of which
affect the function of tumour tissues and cells [22].

Radiosensitization using REs

Due to their unique electronic configuration there is the
potential for rare earth elements to play a role in enhancing
radiotherapy. Brain cancers have a particularly bleak progno-
sis and so we investigated the possibility that rare earth ele-
ments could act as radiosensitizers in our model cell lines.

Figure 4. Cell fluorescence marker indicating ROS in U-87MG cells. Adherent
cells were incubated with a variety of Rare Earth nanoparticles at a concentra-
tion of 40 lM for 24 h. The cells were then exposed to either 0 Gy (no radiation)
or 3 Gy irradiation. After a further 1 h fluorescence was assessed with an
inverted microscope (Optimal Ex. 465; Em. 510 nm) using a 4 s exposure to
record images. Brighter fluorescence indicates greater ROS production.
Representative images are shown from n¼ 3 sample repeats, and n¼ 2 inde-
pendent experiments.
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The lines that we chose were Mo59K and U-87MG. The radio-
sensitivity of the lines, in comparison to other commonly
used cell lines, is indicated in Table 2 which shows the sur-
viving fraction following a single 2Gy dose of radiation (SF2)
by clonogenic assay. The Mo59K is, therefore, defined as
being ‘radioresistant’, whereas U-87MG is ‘very radioresistant’.
Our results also showed U-87MG to be more radioresistant
than Mo59K under the conditions tested.

Significant radiosensitization was observed in U-87MG
when incubated with Gd2O3, CeO2-Gd and Nd2O3:Si
(Figure 2(B)). Importantly, these elements did not cause any
intrinsic toxicity in the absence of irradiation and so could be
considered biocompatible. A similar study by Mowat et al.
showed a radiosensitizing effect with Gd2O3-based NP in U-
87MG by demonstrating a significant decrease in cell survival
in the presence of NPs using the MTT assay following
irradiation with 6MV x-rays (similar to those used in routine
X-ray therapy) in the presence of NPs [23]. In addition, Le Duc

et al. [7] demonstrated significantly longer survival times in
GBM 9LGS-inoculated mice after radiation with Gd2O3-based
NPs, using a synchrotron produced white spectrum of pho-
tons ranging from 50 to 350 keV (mean energy of 90 keV).

The fact that CeO2-Gd doped NPs were radiosensitizing
whilst CeO2 were not indicates that the effect is due to the
gadolinium dopant, rather than the Ceþþ core. In a similar
fashion, it was shown that the Nd2O3 nanoparticles were
cytotoxic, whereas the silica coating on the particles pre-
vented toxicity, yet were still radiosensitizing. This may be
connected to the findings of Li et al. [24] who showed that
rare earth oxide nanoparticles release the RE ions and are
rapidly bound by free phosphates which results in the crys-
tallization of REPO4 deposits on the particle surface. This
leads to a morphological change and ‘urchin-shaped’ par-
ticles. Once all of the free phosphates have been depleted
then the RE ions are capable of stripping phosphates from
membranes leading to organelle damage. It is, therefore,

Figure 5. Scratch test. Confluent adherent cell layers were scratched to produce a gap. Nanoparticles were added to the incubation media. Cells were then either
exposed to 0 Gy or 3 Gy irradiation. Microscopic images were taken at time zero, and after regrowth, and the gap closure calculated. (A) Mo59K cells (B) U-87MG
cells. Statistical data is shown as � p< .05, �� p< .01, ��� p< .005 when compared to the relevant cell only control. Data shows the average ± standard deviation
of triplicate repeats, two independent experiments.
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possible that the silica coating is preventing such events in
the case of the Nd2O3 nanoparticles.

In contrast to the effects seen in U-87MG cells, no radiosen-
sitization was seen in Mo59K from cell counts after 24h.
However, clonogenic assays which indicate the ability of a cell
to divide over several generations, demonstrated that in a simi-
lar fashion to that seen in Figure 2, the Mo59K cells were radio-
sensitized by incubation with Gd2O3, Ce2O3-Gd and Nd2O3:Si.
The differences seen between the two cell lines may be a con-
sequence of the different growth rates of the cell lines
(Figure 1), genotypic differences and potential differences in
the ability of the different cells to internalize the nanoparticles.

Reduction of cell migration using RE elements

Rare earth elements may also have the potential to control
cell migration. Our experiments showed that in U-87MG cells,

Nd2O3:Si and Gd2O3 prevented cell regrowth after a ‘scratch
test’ and irradiation, and were biocompatible. In Mo59K cells
Ce2O3, Nd2O3 and Gd2O3 stopped invasion into the cell free
area in the absence of irradiation, but none of the elements
tested in this cell line showed a further decrease in cell
growth after irradiation. A previous study investigating nano-
particulate Nd2O3 showed S-phase arrest in NCI-H460 cells
[18]. Such cell cycle arrest could explain the prevention of
regrowth in our experimental system. The restriction of
regrowth may be important with respect to a cells ability to
metastasise.

In normal cells, metastasis is prevented by the death of
cells which become detached from the extracellular matrix; a
process known as anoikis. However, metastatic cells are able
to evade the process of anoikis which would result in pro-
grammed cell death, and are able to invade other tissues
and form secondary tumours. Previously, rare earth elements

Figure 6. Autophagy assay. Rare earth elements were incubated with either Mo59K cells (light grey bars) or U-87MG cells (dark grey bars). Cells were incubated
with 40 lM nanoparticles for 16 h, and irradiated with either 0 Gy or 3 Gy. Cells were then plated and colonies counted. Data shows the average ± standard devi-
ation, of triplicate experiments. Statistical data is shown as � p< .05, �� p< .01, ��� p< .005.

Figure 7. Haemotoxicity assay. Red blood cells were prepared and incubated with either water, PBS or nanoparticles in PBS. Rare earth nanoparticles were tested at
concentrations of 10, 20, 30 and 40 lM concentrations.
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have been shown to induce anoikis in cancer cells [25]. The
presence of low concentrations of lanthanum citrate (0.001
to 0.1mmol/l) could induce anoikis in HeLa cells after 48 h
of treatment.

Generation of additional ROS in the presence of RE
nanoparticles

The use of radiation therapy to target cancer cells works pri-
marily as a result of radiation induced DNA damage, as a
result of both direct interaction with DNA and importantly
indirectly through reactions with short-lived local radical oxy-
gen species (ROS) generated by water radiolysis in the sur-
rounding water. X-rays interact within the body resulting in
the production of fast electrons and it is via these electrons
that energy is deposited within the cells traversed. This is in
the form of highly structured tracks of ionisation and excita-
tion events as they lose energy and slow down, which result
in an increase in the probability of producing correlated
damage (e.g. DNA double-strand breaks) on DNA and other
macromolecules. In addition to the generation of short-lived
ROS (such as superoxide anion O2

�, hydrogen peroxide H2O2

and hydroxyl radical HO�) resulting from these ionisation
and excitation events, ionising radiation can also result in the
modulation of the background level of ROS production which
may continue for days and months following irradiation as a
result of perturbation of intracellular and intercellular signal-
ling [26, for review see Ref. 27]. The main weakness of con-
ventional radiation therapy is the lack of cancer specificity
and control for sensitivity. If the amount of energy deposited
at the tumour site could be enhanced by a radiation dose-
enhancement mechanism, less damaging amounts of radi-
ation would be needed to pass through healthy tissue. Our
data shows that in terms of ROS generation the most effect-
ive nanoparticles were Gd2O3 and CeO2-Gd. This is particu-
larly interesting since CeO2 has long been postulated as a
radioprotectant. However, a study by Briggs et al. [28]
showed that whether the CeO2 acted as a radioprotectant or
a radiosensitizer depends upon the energy of the incident
irradiation. The generation of ROS as a consequence of incu-
bation with RE nanoparticles may be due to the Auger effect,
whereby there is a release of low-energy electrons from
outer-shells to replenish inner-shells ionised by radiation
leading to a series of additional energy emissions to that of
the initial radiation dose and associated increase in biological
efficiency for a given dose [14,29].

ROS can be an effective control mechanism for cancer
treatment since noncancerous cells possess a greater antioxi-
dant reserve that allows them to tolerate higher levels of
ROS compared to cancerous cells [30]. As can be seen in this
study, the Gd2O3 and CeO2-Gd nanoparticles which were
effective in generating ROS in U87 upon irradiation were also
seen to cause cell death (Figure 2).

These studies along with many other studies on nanopar-
ticles have been performed using orthovoltage x-ray energies
(max energy less than 500 keV). At these energies the photo-
electric cross section scales approximately proportional to (Z/
E)3, where Z is the atomic number and E is the energy of the

incoming photon for high Z materials. These result in a sub-
stantially higher interaction cross section than that of soft tis-
sue. However, clinical radiotherapy is usually delivered using
MV X-rays; at these energies the photoelectric effect will no
longer dominate and the interaction cross section of high Z
material compared to soft tissue decreases at high energy
and, therefore, the resulting dose enhancement is signifi-
cantly reduced. However, despite the significantly reduced
interaction cross section of these nanoparticles, experiments
using clinical MV x-rays have still demonstrated a radiosensiti-
zation effect (e.g. Butterworth et al. [31]) which is believed to
be a result of increased oxidative stress

Autophagy and haemotoxicity

While both our study and others show that RE elements can
inhibit proliferation and induce apoptosis in selected cancer
cell lines (see review [32]) more recently RE oxides have also
been postulated to be autophagy inducers. We, therefore,
tested our cell lines against the selected RE elements. The
Mo59K cell line showed no significant autophagy with any of
the RE elements tested. Nd2O3 nanoparticles, however,
showed statistically significant increases in autophagy in the
U-87MG cell line. Chen et al. [18] also found that Nd2O3

nanoparticles induced autophagic cell death, and massive
vacuolization in NCI-H460 cells. Previously Man et al. [12] had
looked at Gd2O3 and Tb2O3 (heavy REE) and Sm2O3 and
Eu2O3 (light REE) as autophagy inducers in HeLa cells. They
observed autophagic structures and large transparent
vacuoles by TEM. The use of autophagy inducers is particu-
larly interesting for cancer therapies since normal cells, unlike
the rapidly growing cancer cells, are expected to be less sen-
sitive because of lower metabolic demands, and the normal
activity of regulators such as PI3K and Akt.

While it is desirable for the nanoparticles to be cytotoxic
or radiosensitizing, it would be important for intravenously
applied drugs to be compatible with the components of
blood. Our study indicated that none of the rare earth nano-
particles tested were haemolytic.

Differences in response based upon cell type

It was very obvious from our study that the Mo59K and U-
87MG cells responded very differently to exposure to the
rare earth nanoparticles. The Mo59K glial cell line was iso-
lated from a 33-year-old male patient with untreated GBM.
The modal Chromosome Number is 75 (with a range of 65 to
79) and a polyploidy Rate of 22% (Number of cells exam-
ined¼ 59). The Mo59K is wild-type for p53 and proficient in
DNA-PKCS which means that it is able to effect double strand
break repairs (unlike its isogenic line Mo59J which is deficient
in DNA-PKCS) [33].

The U-87MG cell line was derived from a stage four 44-
year-old GBM patient. This is a hypodiploid cell line with a
modal chromosome number of 44 occurring in 48% of cells,
and is wild type for p53 expression [16]. Both Mo59K and U-
87MG have been shown to express high levels of activated
DNA-PKcs (i.e. p- DNA-PKcs) in contrast to both normal
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human astrocyte cells and also the glioma cell lines A172
and H4 [17].

Mo59K cells were shown to be more radiosensitive than
U-87MG, but also slower growing. However, the Mo59k cell
line showed no increased ROS after irradiation either in the
presence or absence of RE nanoparticles, and very little effect
on cell death rates (Figure 2). This is contrast to that seen in
U-87MG which clearly shows that RE nanoparticles could be
beneficial in either a cytotoxic or radiosensitizing manner.
Thus, while RE nanoparticles have the potential to be a
potent method of attack against GBM, it appears that the
specific genotype may be important in the success of
this treatment.
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