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The biomedical application of cerium oxide nanoparticles (nanoceria) is a focal point of research for a few years. The
biochemical effects of nanoceria depend on various factors including particle size, oxidation state of cerium, oxygen
vacancies on the surface, use of dispersants or coatings, pH and cell type. Due to their autocatalytic redox-activity, these
particles are considered to act as a specific anti-cancer tool with less side effects on healthy cells and tissues, as the
particles kill tumor cells, while protecting healthy cells from oxidative damage. In the present study, four different types of
nanoceria were investigated with regard to their impact on biochemical parameters in vitro, which play a pivotal role in
tumor-stroma interaction. The obtained data and presented in vitro test parameters will be helpful in designing nanoceria
compositions, which are ideally suited for anticancer therapy, either as a ‘stand alone drug’ or in combination with other
chemotherapeutics.
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BACKGROUND
Numerous data dealing with neoplastic transformation
and tumor progression solely focus on tumor cells and
often address the question of how anticancer drugs affect
tumor cell survival.1–6 However, tumor cells interact with
apparently normal (healthy) cells in their direct envi-
ronment, called the tumor microenvironment. Here, a
bilateral communication exists between cancer cells and
the stroma,7–10 which was initially thought to have only
supportive function in tumor development. Yet, there is
increasing evidence that stromal components actively take
part in tumor progression, in immunosuppression, and in
the development of drug resistance.11–14 Beside immune
cells, endothelial cells, soluble factors, and components
of the extracellular matrix, another crucial cell type of
the stroma is the cancer-associated fibroblast,15�16 a mod-
ulated fibroblast expressing the biomarker alpha-smooth
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muscle actin (aSMA) and interacting with cancer cells
in tumor invasion and angiogenesis.13�15�17�18 Traditional
options in the treatment of cancer comprise surgery, radi-
ation therapy and/or chemotherapy, but often resulting in
harmful side effects on healthy cells and holding the risk of
late secondary cancer. Still, anthracyclines (e.g., daunoru-
bicin, doxorubicin, epirubicin, idarubicin) are among the
most effective antineoplastic agents, which are used for the
treatment of many neoplastic diseases, both in non-solid
and solid tumors, such as leukemia, Hodgkin’s disease,
non-Hodgkin’s lymphoma, Wilms’ tumor, lung, ovary,
breast, prostate, and skin cancer.19–21 Even though anthra-
cyclines are frequently used, the incidence of severe side
effects such as alopecia, vomiting, nausea, mucositis and
cardiotoxicity, as well as the occurrence of drug resistance
is well known.21 In conclusion, the clinical application
of such chemotherapeutics is limited in many cases.3�22�23

In recent years, considerable efforts have been made to
improve the therapeutic outcome of cancer chemotherapy
and, finally, the quality of life of patients. In that context,
monoclonal antibodies,5�24 kinase inhibitors,6 and protea-
somal inhibitors4 for anticancer therapy were developed
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and already tested in clinical trials, often with only modest
results. A rather novel field to improve anticancer thera-
pies and to lower side effects is nanomedicine, the medi-
cal application of nanoparticles, whose size is 100 nm or
below and, therefore, giving them exceptional therapeu-
tical options.25�26 One of the most important options of
nanotechnology comprise drug delivery, i.e., transport of
chemotherapeutics in nanoparticles to specific targets. For
instance, the anticancer drug Doxorubicin was delivered
to mitochondria of HeLa tumor cells with triphenylphos-
phonium functionalized mesoporous silica nanoparticles
resulting in enhanced cell killing.27 Furthermore, so-called
nanopharmaceuticals, nanoparticles themselves acting as
pharmacological substance, have recently been introduced
as ‘stand alone drugs’28–30 or in combination with clas-
sical chemotherapeutical agents such as imatinib31 or
doxorubicin.32�33 As the number of publications on the
health effect of nanomaterials continuously increased over
the last years, the attention for potential harmful effects
is now a focal point34 and, indeed, several in vitro and
in vivo studies, especially with silver, zinc oxide, and
titanium dioxide nanoparticles, have demonstrated adverse
effects.35–39

On the other hand, cerium oxide (CeO2/Ce2O3�

nanoparticles (CNP, nanoceria) with oxidation states
IV and III seem to have more beneficial effects due
to their oxygen vacancies dependent characteristics.40�41

These vacancy-engineered particles indicate antioxida-
tive enzyme-mimetic activity, detoxifying hydroxyl rad-
icals, superoxide, hydrogen peroxide, and peroxynitrite
(ONOO−� in cell-free test systems and in different cells
and tissues in vitro and in vivo.41–48 However, the outcome
of some studies suggest that cerium oxide nanoparticles
also trigger damaging mechanisms.49�50 In our studies we
recently showed a bifunctional role of dextran-coated and
oxygen vacancies containing CNP, a prooxidative increase
in cell killing and lowering of the invasive capacity of
squamous skin carcinoma and melanoma cells while show-
ing an antioxidative, rather protecting effect on (stromal)
fibroblasts.30�51�52

The mode of action and cytotoxicity of nanoparticles
even of the same type are often controversially discussed.
Inconsistent data situation may depend, for example, on
surface charge, size, zeta potential, coating, and biocom-
patibility of the nanoparticles as well as the surrounding
environment, e.g., pH values.42�53–56 In this study, four dif-
ferent types of nanoceria were investigated with regard to
their efficacy on cell biological and biochemical param-
eters in vitro, which play a pivotal role in tumor-stroma
interaction. These data can be a piece of the puzzle, which,
in the future, should result in a cerium oxide nanoparti-
cle composition ideally suited for an anticancer therapy,
either as ‘stand alone drug’ or in combination with other
chemotherapeutics.

MATERIAL AND METHODS
Chemicals, including cell culture medium Dulbecco’s
modified Eagle medium (DMEM), were obtained from
Sigma or Merck Biosciences, unless otherwise stated. The
fetal calf serum (FCS) was purchased from Pan Biotech.
The Protein Assay Kit (Bio-Rad DC, detergent com-
patible) was from Bio-Rad Laboratories. The enhanced
chemiluminescence system (SuperSignal West Pico/Femto
Maximum Sensitivity Substrate) was supplied by Pierce.
Penicillin/Streptomycin was obtained from Biochrom and
Glutamax from Gibco. The monoclonal mouse antibod-
ies raised against human �-tubulin and �-smooth muscle
actin (�SMA) were obtained from Sigma. The poly-
clonal horseradish peroxidase (HRP)—conjugated rabbit
anti-mouse IgG antibody (DAKO) was used as secondary
antibody.

Cell Culture
The human malignant melanoma cell line A375, originally
derived from a 54-year-old woman, was purchased from
ATCC (ATCC®CRL-1619™).57 Human dermal fibroblasts
(HDF) were purchased from Promocell (NHDF f-c.) and
were originally isolated from the dermis of juvenile fore-
skin of a healthy donor. HDF were used in passages 2
to 12, corresponding to cumulative population-doubling
levels of 3 to 27.58 Human melanoma cells and HDFs were
cultured in low glucose DMEM (Sigma) supplemented
with 10% FCS (FBS Premium, Pan Biotech). For treatment
with CNP cells were cultured in serum free high glucose
DMEM (Sigma).

Cerium Oxide Nanoparticles
CNP-2 (Ce IV, water based suspension; 1.5 mg/ml,
1–10 nm) were purchased from Scivention and are sta-
bilized in sodium polyacrylate (1.27 mg/ml). CNP-3 (Ce
IV, water based suspension, 10 wt.%, <25 nm) were pur-
chased by Sigma. CNP-4 (JRCNM02101a) were obtained
from European Commission, Joint research center, Direc-
torate I, Institute for Health and Consumer Protection in
form of powder. It was dissolved (8.7 mM) in water by
stirring and sonication for 1 hour. CNP-1 (Ce III/Ce IV,
5 mM, dextran coated, 3–5 nm) were synthesized in
dextran (molecular weight: 1,000 Da) using previously
described methods.59 Briefly, stoichiometric amounts of
dextran were dissolved in deionized water followed by
cerium nitrate hexahydrate. The solution was stirred for
2 hours followed by addition of ammonium hydroxide
(30%, w/w). The pH of the solution was kept below 9.5
to avoid precipitation of cerium hydroxide.

Dynamic Light Scattering (DLS) Measurements
DLS determines the size of particles (typically in the sub
micron region) by measuring their Brownian motion with
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light scattering. The Brownian motion is the randommove-
ment of particles suspended in a solvent caused by col-
lisions with molecules in the surrounding medium. The
velocity of the Brownian motion is defined by a property
known as the translational diffusion coefficient, which is
used by the calculation of the size of particles with the
Stokes-Einstein equation;

d�H�= kT

3��D

where d�H� is the hydrodynamic diameter, D is the trans-
lational diffusion coefficient, k is the Boltzmann’s con-
stant, T is the absolute temperature, � is the viscosity.

All DLS measurements were carried out using a Zeta-
sizer Nano S (Malvern Instruments Ltd., U.K.). The
Nano S uses a 4 mW He–Ne laser operating at a wave-
length of 633 nm and a detection angle of 173� (backscat-
tering detection). The size and size distribution of all
cerium oxide nanoparticles were determined in a solution
with a minimum concentration of 0.5 mg/ml. Each sam-
ple was measured three times at a constant temperature
of 20 �C. The instrument software was used to calculate
the volume-weighted size distributions and to create the
graphs.

UV/VIS Spectrometry
For UV/VIS spectrometric analyses the transmission of a
1 mM CNP solution in phosphate buffered saline (PBS)
was used. PBS was used as a blank. The transmission of
the solutions was measured with an Ultospec3000 pho-
tometer (Pharmacia Biotech) in a range between 190 and
1100 nm. The 1 mM CNP solution was oxidized with
75 mM H2O2 and the spectra were recorded again.

Cell Viability
The cell viability was measured by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay.60 The reduction of MTT (Sigma) by mito-
chondrial dehydrogenases to formazan indicates the
metabolic activity of cells and is an indicator of cellular
viability. Briefly, serum-free medium containing MTT
(0.5 mg/mL) was added to the cells after incubation with
different concentrations of CNP. After incubation with
MTT, cells were washed with PBS and lysed in DMSO.
The formation of the blue formazan was measured at
570 nm. The results were presented as percentage of
untreated controls, which were set at 100%.

Preparation of Conditioned Media (CM)
The CM was obtained from HDFs (CMHDF� and myofi-
broblasts (CMMF�. For this, seeded 1.5 Mio HDFs were
grown to subconfluence (70% confluence) in 10 cm diam-
eter dishes. The serum-containing medium was removed,
and after washing in PBS, the cells were treated with
10 ng/ml or without rTGF�1 in a serum-free DMEM for

48 h. This medium was removed, and after washing in
PBS, all cells were incubated in 5 ml serum-free DMEM
for further 48 h before collection of the CMHDF and CMMF.
The CM was freshly used or stored at −20 �C up to
2 weeks before use.

Invasion Assay
Cell culture inserts (transwells) were covered with
125 mg/ml growth factor-reduced Matrigel and placed in a
24-well plate. A375 melanoma cells (5×104 cells/insert),
either mock-treated or pretreated with 150 	M CNP (rep-
resenting 25,8 	g/ml), were seeded on top of the Matrigel
in a serum-free DMEM. CMHDF and CMMF were used
as chemoattractants in the lower chamber. After 48 h at
37 �C, the melanoma cells were removed of the upper
side of the filter using cotton swabs and the A375 cells,
which invaded toward the lower side of the insert, were
stained with Coomassie Blue solution (0.05% Coomassie
Blue, 20% MeOH, and 7.5% acetic acid). The number of
invaded cells was counted.

Measurement of Reactive Oxygen Species (ROS)
The intracellular ROS level was measured using the
fluorescent dye H2DCF-DA, which is cell membrane
permeable and is intracellular hydrolyzed to the non-
fluorescent derivative H2DCF. In the presence of per-
oxides, H2DCF is converted into the fluorescent DCF
(2′,7′-dichlorofluorescein). For assays, subconfluent A375
melanoma and HDF monolayer cultures were loaded with
100 	M H2DCF-DA in Hank’s balanced solution buffer
(HBSS, Sigma) for 30 min at 37 �C. After washing with
HBSS, the loaded cells were subjected to 300 	M CNP
in HBSS. ROS generation was detected as a result of
the oxidation of H2DCF and the fluorescence intensities
(excitation 480 nm; emission 520 nm), given in relative
fluorescence units, were measured with Optima Fluostar
platereader (BMG labtech) for 90 min in 5 min intervals.

SDS-PAGE and Western Blotting
Sodium dodecyl sulfate-polyacrylamide gel electrophorese
(SDS-PAGE) was performed according to the standard
protocols published elsewhere61 with minor modifications.
Briefly, cells were lysed after incubation with CNP 1–4 in
1% SDS with 1:1000 protease inhibitor cocktail (Sigma).
After sonication, the protein concentration was determined
by using a modified Lowry method (Bio-Rad DC). SDS-
PAGE sample buffer (1.5 M Tris-HCl pH 6.8, 6 mL
20% SDS, 30 mL glycerol, 15 mL �-mercaptoethanol,
and 1.8 mg bromophenol blue) was added, and after
heating, the samples (20–30 	g total protein/lane) were
applied to 10% (w/v) SDS-polyacrylamide gels. After
blotting, immunodetection was carried out (1:1000 dilu-
tion of primary antibody (anti-�SMA, Cell Signaling;
1:20000 dilution of anti-mouse antibody conjugated to
HRP). Antigen–antibody complexes were visualized by an
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enhanced chemiluminescence system (Pierce). �-tubulin or
Coomassie staining was used as internal control for equal
loading.

Long Term Experiment
To examine the effects of a long term exposure to CNP in
subconfluent A375 melanoma cells and HDF were incu-
bated with 150 or 300 	M CNP-2 in serum free DMEM-
high glucose (4500 mg glucose/l). After 96 h cells were
trypsinized and the cumulative population doubling (CPD)
was calculated by cell counting. For regeneration cells
were cultured in DMEM—low glucose (1000 mg glu-
cose/l) supplemented with 10% FBS for 72 h. Thereafter,
the 96 h treatment followed by trypsinizing and culturing
in 10% FBS DMEM was repeated finally 19 times.

RESULTS
Size Distribution of CNP
Dynamic light scattering (DLS) is a widely used tech-
nique to determine the size and the size distribution pro-
file of nanoparticles in solution.62 Figure 1 shows the size
distribution of all cerium oxide nanoparticles (CNP 1–4),
whereas the average sizes (calculated with the software
of Zetasizer) are presented in Table I. CNP-1 and CNP-2
have the smallest diameter with an average size of 4.5±
1.7 nm (±standard deviation) and 4.7±3.6 nm. In contrast
to CNP-1 and CNP-2 the nanoparticles CNP-3 and CNP-4
show an increase in size and a broader diameter distri-
bution. CNP-3 have an average size of 76.4± 29.7 nm,
whereas CNP-4 show two peaks at 188.6±128.4 nm and
5046 (±855,3) nm, which may be due to agglomeration
of the particles.

Redox-Activity of CNP
The redox-activity of CNP and in consequence the biolog-
ical activity is described to be dependent of the content
of Ce3+ and Ce4+ as well as on oxygen vacancies on the
surface of the particles.63 UV-visible transmission spec-
tra of the nanoparticle solution provide indications for the

Figure 1. Particle size distribution of cerium oxide nanopar-
ticles. Dynamic light scattering (DLS) measurements were
carried out to determine the size distribution of CNP-1 (A),
CNP-2 (B), CNP-3 (C) and CNP-4 (D). The graphs represent the
average results of three independent measurements (created
by the software of Zetasizer), which show the volume-based
size distribution as diameter (in nm). All measurements were
performed three times.

Table I. The average particle size of cerium oxide nanoparti-
cles (CNP) measured by DLS and calculated by the software
of Zetasizer.

CNP D (nm)a

1 4,5 (±1,7)
2 4,7 (±3,6)
3 76,4 (±29,7)
4 188,6 (±128,4)

5046 (±855,3)

Notes: aD (nm): Average particle size as diameter, reported as mean± stan-
dard deviation.

Ce3+/Ce4+ ratios. In the presence of Ce3+ on the parti-
cles surface, a red-shift (a shift of UV absorption spectra
into longer wavelengths) can be observed after the oxida-
tion with H2O2. This shift is postulated to be caused by
a change in the oxidation state from Ce3+ to Ce4+.64–67

The UV-visible transmission spectra of all nanoparticle
solutions (1 mM in PBS) were recorded before and after
oxidation with H2O2 and are presented in Figure 2. The
transmission spectra of CNP-1 and CNP-2 are compara-
ble and both show the above mentioned red shift. After
oxidation with H2O2 a shift to longer wavelength (=red
shift, around 100 nm) was observed in CNP-1 and CNP-2
solutions. In contrast, CNP-3 and CNP-4 showed differ-
ent transmission characteristics. CNP-3 absorbs UV/VIS
light in broader range, but no shift after H2O2 treatment
was detectable. CNP-4 only showed a marginal shift after
oxidation with H2O2.

Cytotoxicity of CNP
The biological activity of CNP comprising cytotoxic
effects are dependent on several factors including parti-
cle size, Ce3+/Ce4+ ratio, use of dispersants, solution pH
etc., and especially on cell type. For a potential use of
CNP as chemotherapeutic agent it is crucial to determine
the impact on viability of tumor cells and also on normal,
healthy cells, as systemic application would act on all cells
and tissues, not alone on tumor cells. The effects of the
different cerium oxide nanoparticles on cell viability were
assessed by performing MTT assays with A375 melanoma
cells and human dermal fibroblasts (Fig. 3), as fibroblasts
are the most common cells of the skin and play a piv-
otal role in tumor-stroma-interaction.16 All of the tested
CNP exerted cytotoxic effects in A375 melanoma cells,
whereas CNP-1 and CNP-2 were the most toxic particles
with IC50 values of around 150 	M and 250 	M. More-
over, at a concentration of 1500 	M CNP-1 and CNP-2
the cell viability was decreased to 38% and 28% com-
pared to the untreated control. CNP-3 showed an IC50

of around 250 	M, as well, but at higher concentrations
the cell viability was not further decreased in contrast to
CNP-2, which showed a concentration dependent decrease.
For CNP-4 no IC50 could be determined in A375 cells, as
with the highest tested concentration (1500 	M) the cell
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Figure 2. Transmission characteristics and redox-activity of different CNP. UV/VIS transmission spectra of 1 mM CNP before
and after oxidation with 75 mM H2O2. The shift towards higher wavelengths (red shift) is due to a change in the oxidation state
from Ce3+ to Ce4+ indicating the content of Ce3+ within the particles and also demonstrating the redox-activities of the particles.

viability was decreased to 57%. None of the tested par-
ticles showed cytotoxic effect in HDF with exception of
CNP-3, which decreased the cell viability of HDF to 70%
at a concentration ≥500 	M compared to the untreated
controls.

Invasive Capacity of CNP on Melanoma Cells
The most critical step in progression of melanoma is the
invasion of tumor cells. Therefore, we tested the effect of
CNP on tumor cell invasion capacity using conditioned
media of fibroblasts (CMHDF� and myofibroblasts (CMMF�
as chemoattractant (Fig. 4). Conditioned medium of myofi-
broblasts contains proinvasive signals (e.g., Il-6, VEGF,
HGF)9 and thus serves as a positive control in this assay.
After treatment for 48 hours all tested CNP decreased the

Figure 3. Toxicity of CNP in tumor cells and healthy cells. Subconfluent A375 melanoma cells (A) and human dermal fibroblasts
(HDF, B) were treated with different concentrations of CNP for 96 h. Cell viability was assessed by MTT assay. The percentage of
cell viability in comparison to the untreated control, which was set to 100%, is presented. Data are presented as means±SEM.

number of invading tumor cells, whereas in CMMF CNP-1
shows the highest anti-invasive impact with a decrease to
20% invaded tumor cells compared to the untreated con-
trol, followed by CNP-3 and CNP-4 (30 % and 32%). In
CMHDF the number of invading tumor cells was lowered as
well, but to a lesser extent compared to tumor cells, which
invaded towards CMMF. CNP-2 showed less anti-invasive
impact on the melanoma cells compared to the other tested
particles, nonetheless diminished the number of invading
tumor cells to 55% in CMMF and 70% in CMHDF.

Impact of CNP on Myofibroblast Formation
The TGF-�1 mediated transition of fibroblasts to myofi-
broblasts is ROS dependent9 and plays a pivotal role in
tumor invasion, as myofibroblasts form an invasive front
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Figure 4. Effects of different CNP on tumor cell invasion.
Subconfluent melanoma cells (A375) were treated with 150 �M
CNP or mock-treated for 48 h before used for invasion assays.
The invasive capacity of these cells was tested with condi-
tioned medium of HDFs (CMHDF� and myofibroblasts (CMMF�,
which was used as chemoattractant. The data represent the
mean±standard error of the mean (SEM) of three independent
experiments. ∗p < 0�05 versus CMMF (Student’s t-test).

supporting the degradation of the extracellular matrix and
thereby enhancing invasion of tumor cells.16 Hence, we
studied the effect of the various CNP on myofibroblast for-
mation by determining protein levels of �-smooth muscle
actin (�SMA), which is used as a marker for myofibrob-
lasts (Fig. 5). Therefore, HDF were pretreated with the
different types of CNP for 24 h or 48 h followed by a
48 h treatment with recombinant TGF�-1 to induce myofi-
broblast formation. The �SMA levels in fibroblasts were
decreased after 24 h and 48 h of treatment with each of
the tested particles, however CNP-4 is the most effective
showing a decrease to 24% after 24 h and to 14% after
48 h compared to the TGF-treated control. In comparison
CNP-1, CNP-2 and CNP-3 lowered the �SMA levels in

Figure 5. Effect of CNP on TGF�1-induced and ROS-mediated myofibroblast formation. Subconfluent HDF were incubated with
150 �M CNP for 24 h (A) or 48 h (B) before treatment with 10 ng/ml TGF�1 (black columns) for further 48 h. After TGF�1-treatment
cells were lysed and prepared for western blot analyses to detect �SMA protein levels. A representative Western Blot and the
x-fold change versus untreated controls of the densitometric analyses (mean intensities±SEM) of three independent experiments
is shown. �-tubulin and coomassie staining were used as loading controls.

Figure 6. Effect of different CNP on intracellular ROS levels.
Subconfluent A375 melanoma cells and human dermal fibrob-
lasts were incubated with H2-DCF-DA for 30 min and excess
DCF was removed. Afterwards cells were treated with 300 �M
CNP and fluorescence intensities were measured for 90 min
in 5 min intervals. A representive measurement of three inde-
pendent experiments are presented.

TGF-treated HDF to 58%, 77% and 66% after 24 h pre-
treatment, respectively.

Intracellular ROS Generation by CNPs
Numerous studies show that cerium oxide nanoparticles
exhibit a redox-activity in cell free system, in differ-
ent cell lines and also in animal models, though the
results are still contradictory.41�45–47�66�68 Antioxidant, but
also prooxidative effects of CNP were found depend-
ing on experimental settings, composition of the parti-
cles and environmental conditions that were mentioned
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Figure 7. Influence of CNP long term exposure on prolifera-
tion of HDF. HDF were incubated with 150 �M (grey bars) or
300 �M (black bars) CNP-2. After 96 h cells were trypsinized
and the cumulative population doubling (CPD) was calculated.
For regeneration cells were cultured in DMEM—low glucose
(1000 mg Glucose/l) supplemented with 10% FBS for 72 h.
Thereafter, the 96 h treatment followed by trypsinizing and cul-
turing in 10% FBS DMEM was repeated 19 times. Ct = white
bars.

above. To measure the effect of the set of particles on
ROS generation in A375 melanoma cells and human der-
mal fibroblasts the fluorescent dye DCF was used, which
detects intracellular peroxides (Fig. 6). All of the stud-
ied CNP increased the ROS levels in tumor cells after
90 min treatment, while in HDF only a slight increase was
detected. Most potent ROS generation in tumor cells was
observed for CNP-3, which showed a 2.7-fold increase
of the intracellular ROS level compared to the untreated
control. Additionally, melanoma cells (untreated controls)
were found to show 2.5-fold higher ROS levels compared
to human dermal fibroblasts (untreated controls).

Influence of CNP on Proliferation After Long
Term Exposure
Regarding a potential use as therapeutic tool, it is cru-
cial to study the biological effects of a CNP long term
exposure. We investigated the effect of a CNP long term
exposure on proliferation of dermal fibroblasts to exclude
adverse late effects. The cells were treated with 150 	M
or 300 	M CNP for 96 h followed by a regeneration phase
of 72 h in CNP-free medium. This treatment was repeated
18 times, so that the cells were exposed to CNP for a
total of 19 weeks with 72 h of regeneration per week.
Each week the cumulative population doubling (CPD) was
determined by cell counting. A 300 	M (150 	M) CNP
long term exposure did not affect the CPD of HDF (Fig. 7).

DISCUSSION
Previous studies showed that cerium oxide nanoparticles
exhibit a great potential for future anti-cancer therapies.
The particles selectively exert cytotoxic and prooxidative

effects in several tumor cell lines in vitro55�69–72 and also
show an anti-cancer activity in in vivo xenograft mouse
models.30 Other studies revealed an antioxidant-mimetic
protection in normal healthy cells and tissues from reactive
oxygen species in vitro and in vivo.44�45�73 However, dif-
ferent types of CNP were used in numerous studies lead-
ing to different, often contrary results, even if the studies
deal with the same or similar scientific questions. Physi-
cal parameters of the particles such as size, structure, sur-
face charge/oxidation state and others play an important
role in that context. In conclusion, these data are often not
comparable and reproducible, even though comparability
and reproducibility of data are decisive for a therapeutic
use of nanoparticles. In this study four different cerium
oxide nanoparticles compositions (CNP-1–4) were tested
on the basis of pivotal biological parameters in context of
tumor-stroma interaction, like cytotoxicity, modulation of
tumor invasion and ROS dependent myofibroblast forma-
tion. Moreover, proliferation after long term exposure in
healthy cells (HDF) was studied. The herein tested CNP
were obtained from diverse sources and differ in meth-
ods of synthesis method, size, coatings/dispersants, oxi-
dation state (Ce3+/Ce4+ contents), oxygen vacancies on
the surface and agglomeration behavior (see Materials and
Methods). In previous studies, CNP-1 were well character-
ized regarding physicochemical properties and biological
activity.53�59 Thus CNP-1 can be defined as reference or
standard for this study. The results of the study are sum-
marized in Table II for a brief overview.
CNP-1 and CNP-2, which were found to be the smallest

of the tested particles with a diameter of around 4.5 nm,
displayed the highest killing efficacy in tumor cells, while
being nontoxic in human dermal fibroblast, which were
used in our study as model for healthy stromal cells of
the skin. Interestingly, both particles showed similar trans-
mission spectra and red-shifts after oxidation with H2O2,
indicating similar Ce3+/Ce4+ ratios, and thus presumably
comparable redox-activities. As previous studies showed
that CNP-1 have a balanced ratio of Ce3+ and Ce4+ in
aqueous, neutral dispersions,52�66 it can be assumed from
the comparison with the transmission spectra of CNP-1,
that under these conditions CNP-2 may have a balanced
ratio as well. CNP-3 and CNP-4, found to be larger in
size in aqueous solution, were less toxic in tumor cells and
showed different transmission characteristics compared to
CNP-1 and CNP-2, with only a slight or no shift after
oxidation with H2O2, implying different Ce3+/Ce4+ ratios
and redox-activities related to CNP-1/2. Based on the com-
parison to the spectrum of CNP-1, for which a balanced
ratio in neutral pH is described,52 it can be postulated that
the ratios of CNP-3 and CNP-4 are not balanced. They
seem to be shifted towards a higher Ce4+ content in the
case of CNP-3 and towards Ce3+ in case of CNP-4. Addi-
tionally, both particle types do not react with H2O2 in
the way CNP-1 or CNP-2 do, as there were no or only
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Table II. Effects of different nanoceria compositions on tumor cells (A375) and healthy stromal cells. Arrows indicate an increase
(↑) or a decrease (↓) of the investigated parameter. The number of arrows shows the extent of in- or decrease. N.d. = not
detectable.

CNP-1 CNP-2 CNP-3 CNP-4

Size in aqueous
solutions (DLS)

4.5 nm 4.7 nm 76.4 nm 188.6 nm

Redox-activity (red
shift in
UV/VIS-spektra
after reaction with
H2O2�

Shift Shift No shift Small shift

Cell type A375 HDF A375 HDF A375 HDF A375 HDF
Cytotoxicity (MTT) IC50: 150 �M (–) IC50: 250 �M (–) IC50: 250 �M Toxic≤ 300 �M n.d. IC50 (−l.5 mM) (–)
Anti-invasive

capacity (invasion
assay)

↓↓↓ – ↓ – ↓↓ – ↓↓ –

ROS formation
(after 90 min,
DCF)

↑↑ ↑ ↑↑ ↑ ↑↑↑ ↑↑ ↑↑ ↑

Myofibroblast
formation (aSMA
protein levels)

– ↓↓ – ↓ – ↓ – ↓↓↓

minor red shifts observed. The shift of CNP in aqueous
solution to higher wavelength upon reaction with H2O2 is
described to be the oxidation of Ce3+ to Ce4+:64�74: Fur-
thermore, these results suppose that a balanced ratio of
Ce3+ and Ce 4+ is needed for a reaction with H2O2. In liter-
ature different and often contrary hypotheses can be found
regarding the chemical reaction of CNP with H2O2. Some
research groups postulate a catalase mimetic activity of
CNP, whereupon H2O2 is detoxified into molecular oxygen
and water.47 Others describe a Fenton-like or a peroxidase-
like reaction, where the highly reactive hydroxyl radical
is produced.66�75�76 The low toxicity of CNP-3 and CNP-4
on tumor cells may be based on an altered redox-activity,
due to different Ce3+/Ce4+ ratios compared to CNP-1 and
CNP-2. In a study about the role of surface valence state
effects, Pulido-Reyes et al. observed in i.a. that the toxicity
of CNP depends on the Ce3+/Ce4+ contents and conse-
quently on the oxygen vacancies on the surface.63 Addi-
tionally, the particle internalization strongly depends on
the particle size.77�78 Accordingly, another reason for the
decline in killing efficacy of CNP-3 and CNP-4 in tumor
cells could be a decreased uptake into the tumor cells, due
to the enlarged size or enhanced particle agglomeration of
CNP-3 and CNP-4 compared to the considerably smaller
CNP-1 and CNP-2.
The invasion of tumor cells is a crucial event in tumor

progression and metastasis. Besides killing of tumor cells,
another aim of a therapeutic approach is the prevention of
tumor cell invasion. CNP-1 showed anti-invasive effects
in tumor cells, but also indirectly via blocking of myofi-
broblast formation.30�52 Surprisingly, despite their different
physicochemical properties regarding size and Ce3+/Ce4+

ratios, all tested particles revealed anti-invasive effects

in A375 melanoma cells, whereas the invasive capac-
ity of melanoma cells was most efficiently decreased by
CNP-1. Tumor cells often require the support of the sur-
rounding stromal cells for their invasive performance.16

As the TGF�-1-induced and ROS-mediated formation of
tumor-promoting myofibroblasts is a crucial factor in pro-
gression and invasion of malignant melanoma and squa-
mous cell carcinoma,9 the influence of the particles on
the pro-invasive transition of fibroblasts to myofibroblasts
was investigated. All particles showed inhibitory effects
on myofibroblast formation, yet to different extents (see
Table II), again showing anti-invasive activity of the tested
particles. As CNP-4 showed the most drastic effect in
this context, a smaller size or a balanced Ce3+/Ce4+

ratio seem to be of no benefit regarding the preven-
tion of myofibroblast formation. The results on the tran-
sition of fibroblasts may suggest an antioxidant activity
of the particles in HDF, as myofibroblast formation is
triggered by ROS. Nevertheless, ROS measurements did
not confirm this suggestion, as an antioxidant effect was
not detected after 90 min. In contrast, a slight increase
of ROS was detected in CNP-treated HDF compared
to the untreated controls. Remarkably, the ROS forma-
tion of tumor cells increased to higher levels after treat-
ment with CNP compared to treated fibroblasts. Addi-
tionally, the A375 melanoma cells showed higher ROS
levels compared to HDF under untreated conditions (2.5
fold). Increased ROS levels and in consequence an altered
redox-status of the cell provide a specific vulnerabil-
ity of cancer cells, which can be exploited in thera-
peutic approaches.79�80 Usually, the imbalance between
the prooxidative and antioxidative systems towards higher
ROS levels in cancer cells is maintained under a cyto-
toxic threshold under normal conditions. Treatment with
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ROS generating agents (e.g., CNP) results in a further
increase of ROS, which cannot be compensated in cancer
cells and thus exceeds a threshold finally leading to cyto-
toxic effects.30�52 In contrast, our previous data suggest,
that healthy cells are able to counteract increased ROS lev-
els by adaptation of the endogenous antioxidant systems.
This adaptation could explain the prevention of TGF�-1-
induced and ROS-mediated myofibroblast formation after
CNP treatment, although no direct antioxidant activity was
found in the ROS measurement. On the contrary, rather
resulted in a small increase of ROS. Nonetheless, a num-
ber of studies showed, that there is no persisting oxidative
damage in healthy fibroblasts after treatment with CNP,
rather a protection against exogenous prooxidative noxes
was observed.51�72�81 Possibly, the antioxidant effects of
CNP, which would explain the effect on ROS dependent
myofibroblast formation and was shown in several stud-
ies including our own, is mediated by an induction of the
cellular antioxidant system according to the principle of
hormesis.82�83 In a study of Culcasi et al., it was shown that
micromolar concentrations of CNP induce ROS forma-
tion at non-toxic levels via NADPH-oxidase activation,84

which is known to trigger myofibroblast formation.17 Pos-
sibly, after a slight ROS increase, which is shown here
after CNP treatment, fibroblasts response with the induc-
tion of antioxidant enzymes or other antioxidant defense
mechanisms, which in consequence results in a later pro-
tection against further ROS inducing agents, like in this
study TGF-�1 (here after 24 and 48 hours pretreatment
with CNP). In this context, another study with human
dermal fibroblasts showed, that glutathione or glutathione
oxidase levels were not or only slightly affected by CNP-
1 and it was hypothesized that CNP directly scavenge
superoxide via their SOD-mimetic activity.51 However,
the toxicity of CNP in diverse tumor cell lines may be
the result of a prooxidative activity and increased ROS-
sensitivity of tumor cells. However, permanently increased
ROS levels cause damage in non-cancerous cells as well,
but still tumor cells are more sensitive to an exogenously
caused increase of ROS levels.85–88 In that context it has
to be mentioned, that CNP-3, which caused the highest
increase of ROS levels in both cell types, were the only of
the cerium oxide particles tested here, that showed cyto-
toxic effect in healthy fibroblasts. Possibly a threshold is
exceeded here, which in consequence induces cytotoxicity
not only in cancerous cells, but also in fibroblasts. These
observations may dismiss this composition of particles for
a systemic application in therapy.

In summary, the composition of CNP-3, which were
found to exhibit cytotoxic effects in HDF with only a slight
prevention of myofibroblast formation, seems to be rather
not suitable for a medical application in cancer therapy.
Also CNP-4 are not well suitable, as they only showed a
weak anti-tumor activity in melanoma cells (no detectable
IC50 until a concentration of 1.5 mM). In contrast, CNP-1

seem to have the most appropriate properties being an
anti-cancer tool due to their selective effects on cell via-
bility of tumor cells and healthy cells and their high anti-
invasive impact. Similar beneficial effects were obtained
with CNP-2. Regarding to the here investigated biological
parameters, with toxicity and invasion to be of great impor-
tance in context of cancer therapy, a small size (4.5 nm)
and a mixed content of Ce3+/4+ appear to be an advan-
tage over a larger size and predominantly Ce3+ or Ce4+

contents.
Many classical chemotherapeutics, like doxorubicin,

show damaging effects on healthy cells and tissues, espe-
cially after long term exposure.89

To exclude adverse effects of CNP on HDF after long
term exposure a long term study over 19 weeks was
performed, using CNP-2. We focused on those particles
as they are very similar to CNP-1 in the cell biologi-
cal parameters addressed here, but are also commercially
available in high amounts. In HDF, no inhibitory effect of
these particles on proliferation was found, rather CNP-2
even promoted proliferation by trend. These results indi-
cate that CNP exert no adverse effects in HDF even after
long term exposure and promise no or little side effects on
healthy cells throughout a therapeutic application of CNP.
The growth stimulation may be the result of antioxidant
effects of CNP in normal fibroblasts, either mediated by
ROS scavenging or by triggering the endogenous antioxi-
dant defense system of healthy cells.90

This study together with recent other studies.29�54�70�91

show a great potential of CNP for an application as anti-
cancer tool, but their biological activity is dependent on
several physicochemical and biological factors. For the
design of CNP as an anti-cancer tools these factors have
to be monitored and the biological activity has to be
checked, carefully. The underlying mechanisms, which
mediate anti-cancer activity or selectivity in redox-activity
or toxicity still have to be elucidated. However, the study
herein provides some crucial parameters that need to be
considered for the development of save nanoparticles for
anti-cancer therapy.
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