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ABSTRACT

Background and objective: Superparamagnetic iron oxide nanoparticles (SPIONs) emerge as a
promising tool for early cancer diagnostics and targeted therapy. However, both toxicity and
biological activity of SPIONs should be evaluated in detail. The aim of this study was to
synthesize superparamagnetic cobalt ferrite nanoparticles (Co-SPIONs), and to investigate
their uptake, toxicity and effects on cancer stem-like properties in human pancreatic cancer
cell line MiaPaCa2 and human ovarian cancer cell line A2780.

Materials and methods: Co-SPIONs were produced by Massart's co-precipitation method. The
cells were treated with Co-SPIONSs at three different concentrations (0.095, 0.48, and 0.95 g/
mL) for 24 and 48 h. Cell viability and proliferation were analyzed after treatment. The stem-
like properties of cells were assessed by investigating the cell clonogenicity and expression
of cancer stem cell-associated markers, including CD24/ESA in A2780 cell line and CD44/
ALDH1 in MiaPaCa2 cell line. Magnetically activated cell sorting was used for the separation
of magnetically labeled and unlabeled cells.

Results: Both cancer cell lines accumulated Co-SPIONs, however differences in response to
nanoparticles were observed between MiaPaCa2 and A2780 cell. In particular, A2780 cells
were more sensitive to exposition to Co-SPIONs than MiaPaCa2 cells, indicating that a safe
concentration of nanoparticles must be estimated individually for a particular cell type.
Higher doses of Co-SPIONSs decreased both the clonogenicity and ESA marker expression in
A2780 cells.
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Conclusions: Co-SPIONs are not cytotoxic to cancer cells, at least when used at a concentra-
tion of up to 0.95 pg/mL. Co-SPIONs have a dose-dependent effect on the clonogenic
potential and ESA marker expression in A2780 cells. Magnetic detection of low concentra-
tions of Co-SPIONS in cancer cells is a promising tool for further applications of these
nanoparticles in cancer diagnosis and treatment; however, extensive research in this field

is needed.

© 2014 Lithuanian University of Health Sciences. Production and hosting by Elsevier

Urban & Partner Sp. z o.o. All rights reserved.

1. Introduction

Nanotechnologies have a great potential for various bio-
medical applications, including cancer diagnostics and
treatment [1-4]. Superparamagnetic iron oxide nanoparti-
cles (SPIONs) were the first nanoscale materials approved for
clinical use as contrast agents for magnetic resonance
imaging (MRI) of liver [5] and lymph nodes [6]. SPIONs also
allow a targeted delivery of drugs, proteins and genes [7], cell
bioimaging [8], and induction of cell death by the hyperther-
mia effect [9].

Different types of SPIONs, varyingin their composition and/
or surface coating, can be synthesized, depending on the
requirements for their application [10-12]. Considering current
limitations in the field in terms of SPION application in routine
clinical practice, we aimed to synthesize and investigate a
specific type of SPIONs - superparamagnetic cobalt ferrite
nanoparticles (Co-SPIONSs) - that are attractive candidates for
magnetic resonance imaging (MRI), magnetic field-assisted
drug delivery and magnetothermal therapy of cancer and
other diseases. Owing to a mixed spinel structure [13], the
properties of Co-SPIONs depend not only on their size and
shape, but also on the cobalt content [14,15]. Due to high
saturation magnetization, low coercivity, excellent chemical
and thermal stability [16], Co-SPIONSs possess a great potential
for a wide application both in biomedical research and clinical
practice.

However, there are no data about biological activity of Co-
SPIONs, including their cellular uptake, toxicity, effects on cell
proliferation, phenotype and functional activity. Therefore,
these aspects remain a subject of particular interest.

In this study, we aimed to investigate the accumulation
and biological effects of Co-SPIONS, originally synthesized
by our group. Two well-characterized cancer cell lines
(human pancreatic cancer cell line MiaPaCa2 and human
ovarian cancer cell line A2780) served as biological models
in our in vitro experiments. Both cell lines are poorly
differentiated, highly tumorigenic and heterogeneous,
with certain phenotypic subsets attributable to cancer stem
cell-like properties [17-19]. We sought to evaluate the
potential of using Co-SPIONs in clinical applications, since
pancreatic and ovarian cancers are among the most
aggressive and intractable oncological diseases, which could
benefit from improved means of diagnosis and treatment
[20,21].

2. Materials and methods
2.1.  Synthesis and characterization of Co-SPIONSs

Co-SPIONs were synthesized in the thermostated glass
reactor by Massart's co-precipitation method [22] from the
alkaline solutions of Co(Il) and Fe(IlI) metal salts at 70 °C for
5 h. All reagents used for Co-SPION synthesis were at least of
analytical grade, thus they were not additionally purified,
except for NaOH, which was purified by preparation of a
saturated solution resulting in the crystallization of other
sodium salts. CoCl,, Fe,(SO4)3 and citric acid were purchased
from Aldrich Chemicals Inc. For preparation of the working
solutions 0.12 mol/L CoCl,, 0.06 mol/L Fe,(SO4)3, 5.0 mol/L
NaOH, and 0.3 mol/L citric acid solutions were prepared and
deoxygenated with argon before mixing. Ultrapure water was
used throughout all procedures. Molar ratio of cobalt(Il) and
iron(IIl) salts in the reactor was 1:1.2 at their total concentra-
tion of 40 mmol/L. pH of solutions was maintained at 11.5. The
required amount of 5.0mol/L NaOH solution was pre-
determined in a blank experiment. In the subsequent
experiments, the estimated amount of NaOH was added to
the reactor, containing all other components, in several
seconds under vigorous stirring. The synthesis in the
thermostated reactor was conducted under a continuous
argon gas bubbling. Crude products were centrifuged at
2800 x g for 5 min and rinsed several times. The supernatants
obtained from the last three centrifugations were mixed,
neutralized by the addition of citric acid solution up to pH 6.0,
and used as a stable ferrofluid within the following week. The
composition of the synthesized products was investigated by
energy dispersive X-ray spectroscopy and nanoparticle
dissolution in HCl (1:1) solution by inductively plasma
coupled optical emission spectrometry, using an OPTIMA
7000DV analyzer (Perkin Elmer, USA).

The morphology of Co-SPIONs was investigated with an
atomic force microscope Veeco-dilnnova (Veeco Inc., USA),
using a tapping mode. A small amount (40 uL) of Co-SPION
solution was dropped on a freshly cleaved mica surface,
spinning at 50 x g. Zeta potential of the particles was
measured using a Brookhaven ZetaPALS zeta potential
analyzer (Brookhaven Instruments, USA).

Magnetic measurements of Co-SPIONs were carried out on
a vibrating sample magnetometer. A gauss-/teslameter FH-54
(Magnet Physik, Germany) was applied to measure the
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strength of the magnetic field between the poles of the
laboratory magnet SM 330-AR-22 (Delta Elektronika,
Netherlands). A lock-in amplifier SR510 (Stanford Research
Systems, USA) was used to measure the signal from the sense
coils.

2.2. Cell culture

Human pancreatic cancer cell line MiaPaCa2 and human
ovarian cancer cell line A2780 were purchased from the
European Collection of Cell Cultures (UK). MiaPaCaz2 cells were
cultured in Dulbecco's Modified Eagle Medium. A2780 cells
were cultured in Roswell Park Memorial Institute 1640
medium. Both growth media were supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 mg/mL
streptomycin. All media and cell culture supplements were
purchased from Biochrom AG (Germany). Cells were cultured
in a humified 37 °C, 5% CO, atmosphere and subcultured
twice a week.

2.3. Cell treatment with Co-SPIONs

Cells in a log phase were plated in surface-treated cell culture
dishes at an appropriate density (3 x 10* cells/cm? for Mia-
PaCa2 and 4 x 10* cells/cm? for A2780) and cultured in a CO,
incubator for 24 h. Afterwards, Co-SPIONs were added to cell
growth medium.

For a Co-SPION accumulation assay, cells were plated in
35 mm Petri dish (containing 2 mL of growth medium), treated
with Co-SPIONs (at a concentration of 0.48 ng/mlL), and
incubated for 24 h. Untreated cells were used as controls.
After treatment with Co-SPIONSs the cells were routinely rinsed
3 times with PBS and fixed with paraformaldehyde (4%) for
15 min. Prussian Blue Cell Staining Reagent Pack (BioPAL) was
used to visualize the iron content within the cells. Equal
amounts of both reagents A (hydrochloric acid) and B
(potassium ferrocyanide) were combined, added to fixed cells
and left for 15 min. Staining solution was then aspirated; the
cells were rinsed 3 times with PBS and imaged using a
brightfield mode of a Nikon Eclipse TE2000 EZ-C1 microscope
(Japan).

For cell proliferation and viability analysis, cells were plated
in 6-well plates, treated with Co-SPIONs (at concentrations of
0.095,0.48, and 0.95 pg/mL) in 2 mL of growth medium per well
and incubated for 24 and 48 h. Untreated cells were used as
controls. After treatment, the growth medium was removed by
aspiration and adherent cells were detached from a culture
surface by trypsinization. Accustain Kit (Digital Bio, Korea) was
used to determine cell viability. The cells were stained with
AccusStain Solution T (propidium iodide + lysis solution) for the
total cell staining and with AccuStain Solution N (fluorescent
dye + PBS) for non-viable cell staining. Cell viability was
calculated with an automated cell counter ADAM (NanoEnTek,
Korea). For clonogenicity (colony-forming) assay, cells were
harvested after 48 h of incubation with Co-SPIONs, counted
and plated at an appropriate density (300 cells per well for
MiaPaCaz2 line, 200 cells per well for A2780line) in 6-well plates.
After 6-10 days, cell colonies were fixed with ethanol, stained
with crystal violet dye, and counted with an automated colony
counter ColonyDoc-It (UVP Biolmaging Systems, USA). Colony

was defined as a cluster of a minimum of 50 cells. Colony-
forming efficiency (CFE) was calculated as a percentage of
colonies per total cells plated.

2.4.  Flow cytometry

The size and granularity of the Co-SPION-treated cells were
analyzed with a BD LSR II flow cytometer (BD Biosciences,
USA). The expression of stemness-associated proteins was
determined by labeling of up to 10° cells with 5 uL of mouse
monoclonal anti-human antibodies. For A2780 cells we used
anti-CD24 antibody conjugated to fluorescein isothiocyanate
(FITC) (1:20 dilution, BD Biosciences, USA) and anti-epithelial
specific antigen (ESA) antibody conjugated to phycoerythrin
(PE) (1:75 dilution, eBiosciences, USA). For MiaPaCaz2 cells we
used anti-CD44 antibody conjugated to PE (1:20 dilution, BD
Biosciences, USA) and ALDEFLUOR Kit (STEMCELL Technol-
ogies, Canada) for aldehyde dehydrogenase-1 (ALDH1)
activity. For each sample, 10,000 cells were acquired using
a BD FACSDiva software (BD Biosciences, USA) and analyzed
with a FlowJo software (Tree Star, USA). Dead cells were
gated out using 7-aminoactinomycin D (BD Biosciences,
USA) staining.

2.5.  Magnetic-activated cell sorting

Magnetically activated cell sorting (MACS) was used to
separate magnetically labeled and unlabeled cells after 48-h
incubation with Co-SPIONs. The principle of MACS is pre-
sented in Fig. 1. A single-cell suspension of the treated cells
was passed through an LS Column, placed in a MidiMACS
Separator (Miltenyi Biotec, Germany). Co-SPION-unlabeled
fraction passed through the column, whereas Co-SPION-
labeled fraction remained in the column. This fraction was
collected by removing the LS Column from magnetic field and
eluting the attached cells with PBS. Both fractions were
examined under both microscope and cell counter for the
presence of cells.

2.6.  Statistical analysis

Triplicate measurements of each sample were performed in
three independent experiments. Statistical differences be-
tween the groups were analyzed by Student's t test. A value of
P < 0.05 was considered significant.
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Fig. 1 - The principle of MACS cell separation. Cells are
incubated with magnetic particles (e.g. Co-SPIONs) and
passed through magnetic field. The flow-through is
collected as magnetically unlabeled fraction. Cells retained
in magnetic field are flushed out as magnetically labeled
fraction.
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3. Results
3.1. Size, composition and magnetic properties of Co-
SPIONs

Atomic force microscopy images (Fig. 2A) revealed that Co-
SPIONs synthesized for this study were almost spherical with
particle sizes ranging from 1 to 15nm. The majority of
nanoparticles were between 3 and 5nm in size (Fig. 2B).
However some large (up to 300 nm in diameter) aggregates of
Co-SPIONs were also present on mica surface. Zeta potential
of nanoparticles was —26 mV. Chemical analysis indicated
that the structural composition of particular Co-SPIONs was
Cog g4Fe2.1604. The M-B curve of cobalt ferrite nanoparticles
shows its superparamagnetic nature with low coercivity
(Fig. 2C).

3.2.  Cellular accumulation of Co-SPIONs

Cellular accumulation of nanoparticles was visualized using
an iron labeling technique and a bright field mode of a laser
scanning confocal microscope (Fig. 3). We found that a 24-h
incubation of cells with 0.48 pg/mL of Co-SPIONS, resulted in
the intracellular accumulation and perinuclear localization of
nanoparticles in both cell lines

3.3. Cell viability after treatment with Co-SPIONs
Measurement of cell viability showed that 0.095, 0.48, and
0.95 pg/mL concentrations of Co-SPIONs had little effect on
both cell lines (Fig. 4). No significant differences in viability
between control and treated groups were observed after 24 and
48 h of incubation with nanoparticles in MiaPaCa2 cells. In
A2780 cells, there was a slight decrease in the viability of cells
treated with 0.095-0.95 pg/mL concentration of Co-SPIONSs for
48 h (87%-90%) in comparison to control (87%-90% versus 97%,
respectively).

3.4.  Cell proliferation after treatment with Co-SPIONs
Cell proliferation in response to Co-SPIONs differed between
the two cell lines (Fig. 5). We did not observe any significant
differences in MiaPaCa2 cell line, independently of the
duration of treatment. For A2780 cells, the antiproliferative
effect of Co-SPIONs was not observed with 24-h incubation;
however, after 48 h of incubation, a 0.48 ng/mL concentra-
tion of Co-SPIONs was sufficient for a significant inhibition
of cell proliferation. The number of proliferating cells
treated with 0.48 and 0.95pg/mL of Co-SPIONs was
22.0 x 10° and 18.4 x 10°, respectively, and it was nearly
two-fold lower in comparison with control (36.9 x 10° viable
cells).
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Fig. 2 — Atomic force microscopy topographic 3D image (A) particle size distribution (B) and magnetization curve (C) of Co-
SPIONs synthesized by citric acid-assisted co-precipitation route from Co(II) and Fe(IlI) precursors at their 1:1.2 molar ratio
and 40 mmol/L total concentration in argon atmosphere at 70 °C for 5 h; pH 11.5.
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Fig. 3 - Images of X60 magnification of cells stained with Prussian blue. (A) MiaPaCa2 cells treated with 0.48 pg/mL of
Co-SPION, (B) A2780 cells treated with 0.48 png/mL of Co-SPIONSs. Blue spots show magnetic nanoparticles. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4 - Effect of Co-SPION concentration and time of incubation on cell viability in MiaPaCa2 (A) and A2780 (B) cell lines. The
percentage of viable cells was evaluated prior to treatment and after 24 and 48 h of incubation. Results of triplicate

measurements are shown (mean * standard deviation).

3.5.  The effect of Co-SPIONS on clonogenicity of cancer cells

We observed differences in colony formation capacity between
MiaPaCa2 and A2780 cell lines after treatment with different
concentrations of Co-SPIONS (Fig. 6). Clonogenicity of MiaPaCa2
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cells was independent of Co-SPIONs dose. CFE remained stable
(28.4%-30.4%) for both untreated and treated cells. In contrast,
clonogenicity of A2780 cells was dependent on Co-SPION dose.
CFE gradually decreased from 54% in the control group to 37%
following treatment with 0.95 wg/mL of Co-SPIONs.
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Fig. 5 - Effect of Co-SPION concentration and time of incubation on cell proliferation in MiaPaCa2 (A) and A2780 (B) cell lines.
The percentage of viable cells was evaluated prior to treatment and after 24 and 48 h of incubation. Results of triplicate

measurements are shown (mean * standard deviation).
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Fig. 6 - Co-SPIONSs effect on clonogenicity in MiaPaCa2 (A) and A2780 (B) cell lines. Columns represent untreated cells (0) and
groups treated with different concentrations of Co-SPIONSs (0.095, 0.48, and 0.95 pg/mL). Colony-forming efficiency was
calculated 6-10 days post Co-SPIONSs treatment. Results of triplicate measurements are shown (mean * standard deviation).

3.6. Cell phenotype

The expression of selected protein biomarkers was assessed
after 48-h incubation with Co-SPIONSs. Results are summarized
in Table. In MiaPaCa2 cell line, almost all control cells were
positive for CD44 and ALDH1 and no significant changes in cell
phenotype were observed after treatment with Co-SPIONSs.
A2780 cells were negative for CD24 marker, whereas 9.3% of
the cells were positive for ESA marker. Co-SPIONs did not have

Table - Percentage changes of expression in stemness-

associated biomarkers in cells treated with different
concentrations of Co-SPIONs?

A2780 MiaPaCa2
CD24 ESA CD44 ALDH1
Control 0.9 9.3 98.2 95.4
0.095 pg/mL 0.7 8.2 97.8 96.7
0.48 pg/mL 0.9 8.1 98.5 96.4
0.95 pg/mL 0.8 7.2 99.0 96.2

@ Percentage of marker-positive population out of 10,000 cells is
shown.

0.095 pg/ml (@) @)
$@§ + é%

labeled and unlabeled

+ :E.:: | 0.4? ug/ml %% +O©8

labeled and unlabeled

0.95 ug/ml (@) O
o @§+ é%

labeled and unlabeled

MiaPaCa2 Co-SPIONs

any effect on CD24 marker expression. However, we observed
significant changes in ESA expression. ESA-positive cell subset
tends to decrease with higher doses of Co-SPIONs used for
treatment.

3.7. Magnetic separation of Co-SPION-labeled and
-unlabeled cells

After microscopy and counting of magnetically sorted cells, we
observed differences in Co-SPION accumulation between
MiaPaCa2 and A2780 cell lines (Fig. 7). MiaPaCa2 cells treated
with 0.095, 0.48, and 0.95 ng/mL of Co-SPIONs were all
separated into both labeled and unlabeled fractions. Unlike
MiaPaca?2 cells, A2780 cells treated with 0.48 and 0.95 pg/mL
concentrations of Co-SPIONs were all magnetically labeled.
Only A2780 cells treated with 0.095 ng/mL concentrations were
sorted into labeled and unlabeled fractions.

4, Discussion

In this study, we aimed to evaluate the biological effects of
previously synthesized Co-SPIONs on human pancreatic

B

0.095 pg/ml @% 08

Iabeled and unlabeled

0 2° 0.48 pg/ml @%
| %
A2780 Co-SPIONs labeled only

0.95 ug/ml @%
O0)

labeled only

Fig. 7 - Labeling of MiaPaCa2 (A) and A2780 (B) cell lines with different concentrations of Co-SPIONs (0.095, 0.48 and

0.95 pg/mL) after MACS cell sorting.
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cancer cell line MiaPaCa2 and human ovarian cancer cell line
A2780. We investigated the uptake and toxicity of Co-SPIONS,
as well as their influence on clonogenicity and expression of
biomarkers, attributable to the cancer stem-like phenotype
[23]. Our results show that although Co-SPIONs accumulated
in both cell lines, some differences were observed in cell
response to nanoparticles.

Co-SPIONs at concentrations of 0.095-0.95 ng/mL had no
effect on MiaPaCa2 cell proliferation. However, we observed a
decrease in cell number of A2780 cells after treatment with the
same concentrations of nanoparticles. Interestingly, 0.48 pg/
mL concentration of Co-SPIONs was the threshold dose for
both inhibition of cell proliferation and total magnetic labeling
in A2780 cells. In contrast, MiaPaCa2 cells were less susceptible
to Co-SPIONS, since both magnetically labeled and unlabeled
subsets were identified even after treatment with the greatest
concentration of SPIONs. The data imply that Co-SPION doses
capable of total labeling of cells may also exhibit an anti-
proliferative activity in ovarian cancer cell line A2780.
Although these results are not sufficient for revealing the
mechanisms of such presumptive dependence, they still allow
us to speculate that Co-SPIONSs are capable of reducing cancer
cell proliferation if delivered properly.

Cell viability analysis indicates that Co-SPIONs at concen-
trations of 0.095-0.95 wg/mL are nontoxic for both cell lines.
The results support the data from other studies, where low or
no cytotoxicity associated with SPIONs was generally found
until high exposure levels [24-26]. With regard to the
underlying mechanisms of high dose SPION-mediated cyto-
toxicity, there are data that SPIONs may disturb cellular iron
balance, modify various signaling pathways, induce DNA
damage, oxidative stress, mechanical alterations of cytoskel-
eton or changes in gene expression [12].

Clonogenicity is a reliable parameter to determine the
capability of the cells to duplicate, multiply and survive during
the exposition to chemical or radiation challenges [27]. Both
cell lines differed in their clonogenic potential after treatment
with Co-ferrite SPIONs. Colony forming capacity of MiaPaCa2
cells remained stable, regardless of Co-SPION concentration.
Similarly, no changes in the expression of CD44 and ALDH1
were observed. Since results of MiaPaCa2 clonogenicity assay
provide a reliable supplement for cell accumulation and
proliferation data, we suggest that this cell line is not sensitive
to Co-SPIONSs.

While investigating the Co-SPIONs influence on A2780 cell
line clonogenicity and ESA expression, we observed a dose-
dependent relationship of a cell response to treatment. The
higher was the dose of Co-SPIONs, the lower the clonogenicity
and ESA marker expression was observed in A2780 cells. A
decrease in the expression of ESA marker, which plays a role
in promoting metastasis and is typical to cancer stem cells
[28], implies that Co-SPIONs may have a significant effect on
cell phenotype without the influence on cell viability.
Assuming that both higher clonogenicity and ESA expression
are representative of putative cancer stem cells, it is possible
that, at appropriate doses, Co-SPIONs may preferentially
target these cells and inhibit their stem-like properties. It has
been demonstrated that SPIONs are able to inhibit colony
formation of bone marrow-derived mesenchymal stem/
stromal cells [29]. In contrast to these findings, another group

did not observe any significant effect of SPIONs on the
“stemness’ of MSCs [30]. It should be noted that SPIONs of
different diameter were used in these independent studies.
Taking into account that properties of nanoparticles may
change with their size these results should be evaluated
prudently.

Our study provided a comprehensive approach to Co-
SPIONSs effect on human pancreatic and ovarian cancer lines
in vitro, covering aspects of nanoparticle uptake and toxicity
as well as their influence on stemness-associated proper-
ties. SPIONs emerge as an invaluable future instrument for
new multifunctional theragnostic nanoplatforms clinical
oncological practice. Magnetic nanoparticles are promising
tool for diagnosis of cancer using magnetic resonance and/
or optical imaging, and treatment through the combination
of chemical, photothermal and magnetothermal therapy.
Future studies should explore the exact mechanisms of
Co-SPION uptake, efflux and accumulation in cells in more
detail. Moreover, improvements in nanoparticle design,
allowing specific targeting of tumor tissue, may greatly
enhance the application of nanotechnologies in clinical
practice.

5. Conclusions

This study provides some initial evidence that Co-SPIONs are
noncytotoxic and may serve as a powerful tool for tumor
detection and magnetic field-assisted targeted chemotherapy
or magnetothermal therapy. Our findings demonstrate that
human pancreatic cancer cell line MiaPaCa2 and human
ovarian cancer cell line A2780 differ in their ability to
accumulate Co-SPIONs, therefore a safe concentration of
nanoparticles must be estimated individually. Co-SPIONs
have a dose-dependent effect on A2780 cell clonogenicity
and ESA marker expression. Further extensive research in this
field is promising and reasonable.
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