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The heating potential, cytotoxicity, and efficiency of Fegg»Cri15Nbg 3B20 magnetic nanoparticles (MNPs),
as such or coated with a chitosan layer, to decrease the cell viability in a cancer cell culture model by
using high frequency alternating magnetic fields (AMF) have been studied. The specific absorption rate
varied from 215 W/g for chitosan-free MNPs to about 190 W/g for chitosan-coated ones, and an
equilibrium temperature of 46 °C was reached when chitosan-coated MNPs were subjected to AMF.
The chitosan-free Fegg,Cri15Nbg3B20 MNPs proved a good biocompatibility and low cytotoxicity in all
testing conditions, while the chitosan-coated ones induced strong tumoricidal effects when a cell-
particle simultaneous co-incubation approach was used. In high frequency AMF, the particle-mediated
heat treatment has proved to be a critical cause for decreasing in vitro the viability of a cancer cell line.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The incidence of cancerous disease is expected to increase
worldwide by more than 75% by the year 2030 [1]. Consequently,
one of the most important challenges in biomedical research is
focusing on finding novel efficient therapies or reducing the side
effects of the current treatments. Apart from the conventional
medical methods based on chemotherapy and radiotherapy, dif-
ferent heating-based approaches are considered increasingly. The
thermotherapy making use of the latest materials and technolo-
gical advances represents a reliable solution for treatment, as the
cancer cells are reported to be more heat-vulnerable than normal
ones. The cancer cells should withstand a temperature increase of
41-47 °C to initiate irreversible intra- or extra-cellular degradation
mechanisms capable to induce necrotic processes within tumors.
A heating process that does not elevate the temperature of the
biological tissue above 45-47 °C can be carried out through
magnetic hyperthermia.

The majority of reported studies focusing on magnetic hy-
perthermia have generally made use of magnetite (Fe304) and
related spinels with cobalt, nickel, or other substitutions, ranging
from several nanometers to tens of microns [2,3]. However, the
heating of Fe-oxides (mainly Fes0,4) up to moderate temperatures
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(below 47 °C), and, most importantly, the capacity to retain the
temperature in the range of 41-46 °C require a very rigorous
control of the power of the high frequency generator. To address
this issue, we have developed a new type of ferromagnetic
nanoparticles (MNPs) based on glassy Fe-Cr-Nb-B alloys with
Curie temperature that can be adjusted relatively easily and
precisely in the 30-50 °C interval by tuning the Cr content, in
order to be more suitable for self-regulating magnetic hyperther-
mia [4,5]. The purpose of this work was to quantify the cytotoxi-
city of Fe-Cr-Nb-B MNPs, without or with a supplementary
coating chitosan layer, and to evaluate the MNPs efficiency to
decrease the cell viability in a cell culture model by using high
frequency A.C. magnetic fields (AMF). Also, the heating efficiency
in terms of caloric output and equilibrium temperature was
studied. The very good biochemical features such as biocompat-
ibility, biodegradability, film forming ability, gelation characteris-
tics, bioadhesion [6] and antitumoral properties [7] of chitosan are
well known. Because of its versatility, chitosan was used exten-
sively to coat metallic nanoparticles, including the ones used for
hyperthermia applications [6,8], immobilization of enzymes on
electrodes in electrochemical biosensors [9], drug delivery for
administration of either biomacromolecules or low molecular
weight drugs [10], etc. Chitosan is also considered an almost ideal
biomaterial for cell culture applications, whereas the cell cultures
model represent the most practical approach to evaluate biocom-
patibility and biotoxicity [11].
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2. Experimental
2.1. Experimental setup

The heating power of magnetic nanoparticles and the heating
influence on the cell viability were investigated by using a
magnetic-induction hyperthermia unit. The heating setup consists
of the radio frequency power supply and heating station (Hiittin-
ger TIG 10/300), the coil (home-made) and the chiller (water as
refrigerant). For experiments, in order to minimize the heat
exchange with the environment, the samples were placed inside
a double layered glass vessel, with medium-to-low vacuum
between the double layers, surrounded by a polystyrene box
(Fig. 1). The samples were placed in the center of the inductive
coil and a fixed current was employed to generate an alternating
magnetic field at a frequency of 153 kHz. A magnetic induction of
350 mT was measured in the center of the solenoid.

2.2. Preparation of Fe-Cr—Nb-B magnetic nanoparticles

The details about the preparation of Fe-Cr-Nb-B MNPs are
described elsewhere [5]. Briefly, a rapidly quenched
Fegs2Crqi1.5Nbg3B2g amorphous ribbon was milled in a planetary
ball mill (PM-200 Retsch) operating at 550 rpm, in oleic acid. We
used oleic acid to avoid the oxidation of the MNPs during the
milling, and not for coating purposes. After milling, the obtained
metallic nanopowders, labeled as sample C (uncoated or chitosan-
free MNPs), with sizes of 20-40 nm, were stored under nitrogen
atmosphere for subsequent characterization and testing.

2.3. Preparation of chitosan-coated MNPs

Prior to coating with polymer, MNPs have been washed with
10% (w/v) NaOH solution, under ultrasonication, in order to
remove the remaining oleic acid from the surface of the milled
MNPs. Two chitosan-coated samples, labeled as A and B, have been
prepared. The coating approach employed the precipitation of
chitosan in an alkaline solution. The chitosan was dissolved in 5 ml
solution of 4% (v/v) acetic acid, under ultrasonication (US). 140 mg
of Fe-Cr-Nb-B MNPs were added over chitosan solution and the
whole mixture was ultrasonicated for 1 min. Then, the magnetic
suspension was transferred into 50 ml solution of acetic acid 4%,
followed by the addition of 50 ml solution of NaOH (10%), under
ultrasonication and mechanic agitation (700 rpm). After dropping
10 ml ethylic alcohol into chitosan-MNPs suspension, the magnetic
composite was magnetically separated and washed with distilled
water until a neutral pH was reached.

Fig. 2 presents the infrared spectra of the chitosan-free and
chitosan-coated magnetic nanoparticles. The chitosan-coated
MNPs show a more complex IR spectrum compared with the
one of chitosan. However, the chitosan-coated MNPs show specific
absorption peaks at 3440 cm~!, corresponding to NH, and OH
groups [12]. The peaks at 2920 cm ™ 'and 2875 cm~! correspond to
the streching of C-H bond in CH, and CH3, respectively [13], whilst
the one at 1598 cm~! can be assigned to C=0 stretching vibration
[14]. At 1096 cm ! appears the peak for C-O stretching of primary
alcoholic group [6] and at 1030 cm~! the one for the primary
hydroxyl group (the characteristic peak of CH,-OH in primary
alcohols, C-0 stretch) in chitosan [12].

5 mg of chitosan have been used for sample A, which has a
weight ratio chitosan/MNP of ~3.5%, while 14 mg of chitosan have
been used for sample B with the final weight ratio chitosan/MNP
of ~10%. TG measurements (Fig. 3), carried out in argon atmo-
sphere using a NETZSCH STA 409 PC/PG, at a heating rate of 2 K/
min., confirmed that the weight ratio of chitosan/MNPs is close to
3.5% and 10%, respectively. The weight decrease of about 0.1% for
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Fig. 1. Experimental setup for calorimetric measurements.
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Fig. 2. FTIR spectra of (a) chitosan, (b) chitosan-coated MNPs (sample A),
(c) chitosan-free MNPs.

sample C (chitosan-free MNPs), ~1.4% for sample A and ~4.1% for
sample B, respectively, below 160 °C is caused by the loss of the
water of hydration from the investigated MNPs. The next decrease
of 3.4% for sample A and 9.6% for sample B is attributed to the
decomposition of the chitosan.

2.4. MNPs conditioning

MNPs were sterilized for 30 min. using an UV-transilluminator,
followed by the dispersion of chitosan-coated and chitosan-free
MNPs, respectively, in sterile phosphate buffered saline solution at
a concentration of 10 mg nanoparticles/ml (MNPs stock suspen-
sions). The concentration was calculated with respect to the
uncoated (chitosan-free) MNPs.

2.5. Cell culture preparation

For “in vitro” experiments, the human osteosarcoma cell line
(Eppelheim, Germany) was used. Osteosarcoma cell line was
chosen based on the previous experience in their relatively rapid
expansion rate that allow obtaining high amount of cell population
required for different tests. The cells thawing was done by
immersion in a thermostated water bath (37 °C), than the cells
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Fig. 3. TG measurements of samples A and B (chitosan-coated MNPs) and sample C (chitosan-free MNPs).

were washed with complete culture medium-MEM (Minimal
Eagle Medium) supplemented with 10% fetal bovin serum, 2%
L-glutamine and 1% antibiotic (penicillin-streptomycin). After
centrifugation at 300 g, the cells were re-suspended in 10 ml
complete medium, and subcultivated in 25 cm? flasks. After 48 h,
the cells were detached from the flask using trypsin-EDTA solu-
tion. Following the addition of complete medium, the suspension
was centrifugated at 300 g for 5 min., and the resulted pellets
were re-suspended in 1 ml complete medium. The cell density was
determined by using a Neubauer cell counting chamber. Finally,
the cells were seeded into 4 flasks (75 cm?) and incubated at 37 °C,
5% CO,, and 95% humidity.

2.6. Cytotoxicity evaluation

In all the cytotoxicity experiments cells lines were used at 85—
90% confluence, within the logarithmic growth phase. As tumor
cell lines have a relatively high growth rate, confluence was
achieved 48 h after thawing and similar is true for the subculture
period.

For MNPs cytotoxicity evaluation, three situations were
considered:

® Simultaneous co-incubation of the cells with magnetic nano-
particles, which assumed the transfer of previously subculti-
vated cells into a 96-well plate (density of 5 x 10% cells/well)
followed by the addition of MNPs 2-3 min. later and co-
incubation for 12 h.

Incubation of cells first (same density as in the first case),
followed by 6 h-delayed addition of MNPs and incubation for
12 h.

For both cases, 4 concentrations of MNPs were used (Table 1).
The volume of the samples was imposed by the optimum capacity
of the plates’ well, whereas the concentration was arbitrarily
established.

® Cytotoxicity in AC magnetic fields. The experiments carried out
in AC magnetic fields were essentially based on the procedure
described above for AMF-free toxicity tests. Briefly, the cancer
cells were cultivated in 6 flasks that reached 90% confluence
after 72 h of incubation. For tests, 2.5 ml from the obtained cell
suspension were equally distributed in 5 sterile polypropylene
tubes at a density of 10° cells/ml. Next, 2.5 ml from the MNPs
stock suspension (10 mg/ml) were equally added in the tubes.
One MNPs-free tube, containing 1 ml cell suspension, was used

Table 1
Concentration of MNPs used for cytotoxicity evaluation.

Sample composition®

MNPs concentration (mg/ml)

150 pl CM+50 pl SMN 2.50
180 pl CM+20 pl SMN 1.00
190 pl CM+10 pl SMN 0.50
195 pl CM+5 pl SMN 0.25

2 CM stands for complete culture medium and SMN for suspension of magnetic
nanoparticles.

as control. The samples, previously incubated at 37 °C in a
water bath, were placed one by one in the center of the coil and
submitted to AMF heating for 20 min. Other 6 control samples
were simultaneously incubated in a thermostated water bath,
in AMF-free conditions, at 37 °C for 20 min. Following the AMF
heating, the magnetic nanoparticles were settled by using a
NdFeB permanent magnet, and the cell suspension was trans-
ferred into a 96 well plate (200 pl per well) and cultivated for
48 h. The control samples followed the same procedure.

The cytotoxicity of Fe-Cr-Nb-B MNPs was evaluated through
the 5-dimethylthiazol-2-yl-2.5-diphenyltetrazolium bromide (MTT)
assay by using DMSO as dissolution agent. The cell viability (%) of
the samples was calculated using Eq. (1):

Cell viability (%) = 100 x 22recrnb ~ODpiank

ODCOntrol _ODBlank (1 )

where OD represents the optical density of the wells containing:
(a) cells and magnetic nanoparticles (ODgecrnbg), and (b) cells only
(ODcontro1)- ODgrank represents the optical density of the blank
samples (cell culture medium without cells).

The absorbance of the samples was measured at 570 nm by
using a plate reader (Triad LT-Dynex).

3. Results and discussions

Depending on body cross-section and tissue conductivity, AMFs
with frequencies of around 100 kHz should be used for humans
[15]. The applied frequency should be carefully chosen as it has
been reported that frequencies lower than 50 kHz can lead to
neuromuscular electro-stimulation, while frequencies higher than
10 MHz do not allow high penetration depth of the radiofrequency
field, and, additionally, lead to the heating of tumor tissue's water
[16]. The field frequency chosen in this experiment was under
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200 kHz, therefore below electro-stimulation threshold and heat-
ing temperature range of the tissue water.

On the other hand, in order to be considered safe and tolerable
for human body, the magnetic hyperthermia applications have to
take into account a value of the product between the frequency
and the intensity of the AMF < 4.85 x 103 Am~'s~! [17]. However,
this limiting value is imposed for the whole-body exposure,
whereas for smaller body regions this critical value can be
exceeded [8,18,19]. We used higher field parameters for our study,
and, therefore, appropriate for smaller body regions.

3.1. Physical characterization of magnetic nanoparticles

The specific heating power of a magnetic material is linked to
the weight concentration and magnetic properties, and condi-
tioned by the limiting temperature used to affect cancerous cells.
Generally, the recommended or tested concentrations for human-
related magnetic hyperthermia are ranging from 5 to 30 mg/ml
[20,21] or even more for clinical tests [22,23]. However, since for
lower concentrations less biological side-effects are expected, a
concentration up to 5mg/ml of MNPs was considered to be
adequate and effective enough for the hyperthermia tests.

For a ferromagnetic material, the heating efficiency is directly
related to the hysteresis processes, the area of the hysteresis loop
allowing the evaluation of the amount of heat generated per unit
volume of magnetic material [24]. Fig. 4 shows the hysteresis loops
of both chitosan-free and chitosan-coated Fegg>Crq15Nbg3B2g
MNPs. The specific saturation magnetization of the coated-MNPs
is lower as compared to chitosan-free MNPs due to the total
weight of the sample, which includes the chitosan mass. However,
while their remanent magnetization is similar, the coercive fields
are slightly different (the inset of Fig. 4). Therefore, a lower power
loss and, as consequence, a lower heating potential would be
expected for chitosan-coated nanoparticles.

Tc controlled temperature in the 42-47 °C range is one of the
most important parameters for in-vivo magnetic hyperthermia
applications. Otherwise, if the temperature exceeds the critical
limit, even if the damage rate of the cancerous cells can be
consistently enhanced, the normal cells surrounding the tumor
could be as well affected. For our low Curie temperature (Tc)
materials, the power loss is severely reduced near Curie point
compared with commonly used magnetite NPs, and, therefore,
such materials are more suitable for self-regulating magnetic
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Fig. 4. Magnetization hysteresis loops of chitosan-coated MNPs (sample B) and
chitosan-free MNPs (sample C). Inset: details from the near zero applied field.

50 |

N
o

o
°
}% —e— Chitosan-free MNPs ]
2 30F —v— Chitosan-coated MNPs (Sample A)
g C —e— Chitosan-coated MNPs (Sample B) 1
= r
20 f 3
| EFET I | A A A A | IR A | AT A A A | IR A A
0 10 20 30 40 50

Time (min.)

Fig. 5. The heating curves for the tested samples.

hyperthermia compared with Fe-oxide NPs. Our previous studies
indicated a T¢ near 50°C for Feg;;Cri15Nbg3B>g MNPs used in the
present work [5].

Fig. 5 shows the heating curves for chitosan-free (Sample C)
and chitosan-coated MNPs (Samples A and B). The heating curve of
the chitosan-free glassy MNPs starts to saturate after 15 min. of
continuous heating, when the temperature reaches 47 °C, and
increases with only 2 °C during the next 25 min., when the
equilibrium temperature is reached. This near constant tempera-
ture obtained for the chitosan-free glassy MNPs is about 2-3 °C
higher than that of the chitosan-coated MNPs. However, the raise
of the temperature induced by the coated-MNPs results into a 1 °C
increase during the last 35 min. of continuous heating.

One should mention that AMF measurements of chitosan-free
and chitosan-coated Fegg »,Cry15Nbg 3B2o MNPs for different applied
magnetic fields always result in a steady-state temperature near
Tc, independent of the magnetic field amplitude, only a change in
the initial slope of the heating curve being observed. Such a
specific behavior is a consequence of the fact that the energy
generated by AMF must overcome the heat loss of the MNPs in
suspension (the ascendant part of the heating curve), and is
different compared with the heating behavior of Fe oxides MNPs
with relatively high T¢ ( > 550 °C) [2].

To quantitatively evaluate the heating efficiency of the pow-
ders, a caloric parameter such as the specific absorption rate
(SAR)/specific loss power (SLP) can be calculated. The SAR (in W/
g) represents the mass-normalized rate of energy absorption by a
(biological) object and can be calculated by using the empirical
formula [25]:

SAR = (C/x)(dT/dt),_¢ (2)

where C is the specific heat of the medium (generally, water) with
magnetic material inside (generally equal to the specific heat of
water, i.e. 4185] g~ 1 K~1), dT/dt is the slope of the temperature
versus time curve and x represents the ratio between the weight of
the magnetic elements in the sample, in our case iron, and the
weight of the liquid suspension.

SAR, calculated from the heating curves in the linear portion of
the graph, varies rather narrowly (Table 2). The calculated SAR is in
the range of the values obtained for ferrite-based magnetic
nanofluids for slightly different field parameters [24,26]. However,
as compared to the ferrofluids, starting from 44-46 °C the SAR of
the Fe-Cr-Nb-B MNPs decreases towards zero, allowing to estab-
lish an equilibrium temperature in the sample.
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Table 2
Specific absorption rates of the Fe-Cr-Nb-B MNPs coated (samples A and B) or not
(sample C) with chitosan.

Sample A Sample B Sample C

SAR (W/g) 189 192 215

3.2. Cytotoxicity evaluation

3.2.1. Simultaneous co-incubation

Fig. 6 shows the cell viability after 12 h of simultaneous co-
incubation of cells in suspension with different concentrations of
MNPs. As expected [27,28], the chitosan-coated MNPs (samples A
and B) exhibit a pronounced tumoricidal effect, regardless of their
concentration, with a tumoricidal peak for 2.5 mg/ml MNPs. For
chitosan-free MNPs (sample C), the cell viability remains at high
levels, except for the highest concentration of MNPs, when the
viability is about 70%. There are also notable differences between
chitosan-coated MNPs: for example, sample A turned out to be
more efficient in inducing a significant tumoricidal effect, regard-
less of the MNPs concentrations, with a tumoricidal peak for the
highest concentration.

The chitosan-free MNPs show good biocompatibility and a low
tumoricidal outcome. When coated with chitosan, the toxicity of
Fe-Cr-Nb-B MNPs increases against osteosarcoma cells in suspen-
sion, especially at high concentrations of MNPs, a similar behavior
being observed previously for other types of particles coated with
chitosan [28].

3.2.2. Delayed co-incubation

Fig. 7 shows the cell viability after 12 h of cells-MNPs co-
incubation, when the MNPs addition was delayed for 6 h. The
viability of the cells exposed to chitosan-coated MNPs is highly
improved for all tested concentrations, as compared to the
simultaneous co-incubation case presented in Section 3.2.1. On
the other hand, the chitosan-free MNPs (sample C) induce a slight,
but progressive, decrease in viability (the coefficient of variation,
CV=0.0954) from 98% to about 80%, as the MNPs concentration
increases, a behavior just slightly different compared with the
simultaneous co-incubation results. However, in both cases (si-
multaneous co-incubation and delayed co-incubation, respec-
tively), the chitosan-free MNPs exert the lowest decrease in cell
viability, showing a good biocompatibility in a cell culture model.

For the delayed co-incubation approach, the major increase of
the cell viability for chitosan-coated MNPs could be the result of
the delayed cell-MNPs interaction that allows a partially-devel-
oped attachment of the cells to the plastic tube, affording them
better survival conditions, as it can be presumed that cancerous
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m Chitosan-MNPS (sample B)
100 - m Chitosan-free MNPs (sample C)
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Fig. 6. Cell viability after 12 h of simultaneous co-incubation of cells in suspension
with chitosan-free or chitosan-coated MNPs.
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Fig. 7. Cell viability after 12 h of cell-MNPs co-incubation when the MNPs addition
was delayed for 6 h.

cell network could have been developed at the moment when
MNPs were introduced in the culture medium of the cells.

Depending on the MNPs concentration, the difference in the
cell viability for each sample is considerably higher for the co-
incubation approach as compared with the delayed co-incubation.
Therefore, the MNPs concentration and incubation influence
strongly the cell viability.

3.2.3. Cytotoxicity in AC magnetic fields

Following the 2 approaches presented above, the delayed co-
incubation approach was considered for tests in AMFE. The cell
viability, before and after AMF-induced heating, was assessed by
using the MTT assay, after magnetic separation of MNPs from the
tubes and cell cultivation for 48 h. Fig. 8. shows the optical density
(OD) values of all replicates. The cell viability, as calculated by Eq.
(1), is 7.0% (sample A), 19.3% (sample B), 22.4% (samples C) in the
presence of AMF and, respectively, 15.5% (sample A), 35.2% (sample
B), and 58.1% (sample C) in the absence of AMF, as shown in Fig. 9.
Each data point in Fig. 9, showing the cell viability after AMF
exposure as compared with AMF-free conditions, was based on the
OD values obtained from three wells. The statistical analysis, using
t-test (two-sample assuming equal variances), has been performed
in order to evaluate the statistical significance of the obtained
results. The p-value (p=0.0045) pointed out a highly statistically
significant viability decrease of the samples tested in AMF.

Therefore, all samples submitted to AMF-induced heating
turned out to be highly efficient in developing tumor cell necrosis,
decreasing to half the viability obtained by samples in AMF free-
conditions. Our results are similar with the previous reports
exploring the in-vitro antitumoral effect of MNPs in comparable
conditions (adherent cancer cell lines treated with MNPs suspen-
sions in magnetic field). The antitumoral activity of 50% and cell
viability reduced up to 40.5% on B16-F10 melanoma cells was
reported before for similar experiments [29].

It is presumable that the differences in cell viability obtained
for samples tested in AMF-free conditions (Fig. 7) as compared
with those tested in AMF-free conditions (Figs. 8 and 9), but used
as control, emerged from the incubation conditions during the
tests. Thus, for the results presented in Fig. 7 the tubes were
incubated at 37 °C, 5% CO,, 95% humidity, while in the latter tests
(Figs. 8 and 9), the tubes were kept closed in a water bath, at 37 °C,
fact that might influence the cell survival. Therefore, we consider
that MNPs-mediated heating induces the decrease in the cell
viability in this cell culture model, allowing a self-regulating
magnetic hyperthermia by imposing an equilibrium temperature
in high frequency AMF. The reported results are similar with
current literature in terms of particle biocompatibility and effi-
ciency of toxic effect on adherent cancer cell lines in-vitro. Our
data add to a rather limited literature in the field, increasing the
knowledge about MNPs behavior tested in-vitro, and allowing as
well for taking the next step in the design of more complex
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Fig. 8. Optical density (OD) at 570 nm of all triplicate samples after AMF exposure as compared with AMF-free conditions for 2.5 mg/ml concentration of MNPs. A and B

represent chitosan-coated samples, while C stands for chitosan-free MNPs.
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Fig. 9. Cell viability after AMF exposure as compared with AMF-free conditions for 2.5 mg/ml concentration of MNPs.

experimental conditions such as in-vivo experiments in animal
models of tumor growth.

4. Conclusions

This work investigated the cytotoxicity of glassy
Fegs 2Cri11.5Nbg 3B, ferromagnetic nanoparticles, as such or coated
with a chitosan layer, in the framework of a cell culture model.
AMF measurements of chitosan-free and chitosan-coated
Fegs2Cri1.5Nbg3Bog MNPs for different applied magnetic fields
always result in a steady-state temperature near Tc, independent
of the magnetic field amplitude. Chitosan-coated MNPs exhibit a
pronounced cytotoxic effect in conditions of simultaneous MNPs-
cellco-incubation. The cytotoxic effect changes, however, when the
cells are allowed several hours to adapt to the new growing
conditions, before MNPs co-incubation. On the other hand, the
chitosan-free Fegg,Crq15Nbg3Byg MNPs show a good biocompat-
ibility in the cancerous cell culture, regardless of the testing
conditions. Most importantly, in high frequency alternating mag-
netic fields, the MNPs-mediated heating was proved to be a
determining factor for cell viability decrease in the tested cell
culture model. These results allow for further steps towards
“in vivo” tests on animal model of tumor growth.
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