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M
agnetic nanomaterials have at-
tracted tremendous attention for
their diverse biomedical applica-

tions including biological sensing, patho-
gen separation, intracellular drug delivery,
and disease diagnosis.1�6 Especially, uni-
form-sized and highly crystalline iron oxide
nanoparticles are one of the most fascinat-
ing materials because of their tunable
nanomagnetism and superior biocompati-
bility.7�9 For example, various superpara-
magnetic iron oxide nanoparticles have
been actively explored as efficient T2 con-
trast agents for magnetic resonance ima-
ging (MRI).4,5 Furthermore, hollow-shaped
iron oxide nanoparticles have gained sig-
nificant attention as advanced drug delivery
vehicles capable of carrying a large amount
of anticancer medicines in the interior.5,6

Magnetic hyperthermia using ferrite
nanoparticles has recently emerged as a
promising therapeutic approach for cancer
treatment. Ferrite nanoparticles can serve as
tumor-destroying hyperthermia agents due
to their ability to generate heat efficiently
when exposed to an external alternating
current (ac) magnetic field.10�19 In contrast
to the traditional hyperthermia therapies
such as photothermal and radiofrequency
ablation, magnetic hyperthermia provides a
minimally invasive way to deliver a thera-
peutic dose of heat specifically to cancerous
regions.20,21 For clinically available hy-
perthermia, the development of efficient
hyperthermia agents is of utmost impor-
tance. There have been many attempts to
enhance the heating efficiencies of ferrite
nanoparticles by controlling the magnetic

domain size18,19 and the magnetocrystal-
line anisotropy of the particles.17,22 Re-
cently, the Hyeon group reported the
synthesis of uniform-sized ferrimagnetic
iron oxide nanocubes (FIONs).23 The mag-
netic properties of FIONs can be tuned from
weak ferrimagnetic to strong ferrimagnetic
by varying their sizes from 20 to 160 nm.
Owing to their large magnetization and
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ABSTRACT

Magnetic nanoparticles have gained significant attention as a therapeutic agent for cancer

treatment. Herein, we developed chitosan oligosaccharide-stabilized ferrimagnetic iron oxide

nanocubes (Chito-FIONs) as an effective heat nanomediator for cancer hyperthermia. Dynamic

light scattering and transmission electron microscopic analyses revealed that Chito-FIONs were

composed of multiple 30-nm-sized FIONs encapsulated by a chitosan polymer shell. Multiple

FIONs in an interior increased the total magnetic moments, which leads to localized

accumulation under an applied magnetic field. Chito-FIONs also exhibited superior magnetic

heating ability with a high specific loss power value (2614 W/g) compared with commercial

superparamagnetic Feridex nanoparticles (83 W/g). The magnetically guided Chito-FIONs

successfully eradicated target cancer cells through caspase-mediated apoptosis. Furthermore,

Chito-FIONs showed excellent antitumor efficacy on an animal tumor model without any

severe toxicity.
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high relaxivity, 60-nm-sized FIONs have been success-
fully applied for MRI-based tracking of transplanted
pancreatic islets at the single-cell level.24 It has been
reported that particles with a high size uniformity,
large magnetization, and low coercivity are favorable
for magnetic hyperthermia.10,19 In this context, a
30-nm-sized FION is a particularly attractive candidate
for effective thermotherapy because it has high colloidal
stability in aqueous environments while maintain-
ing a narrow particle-size distribution. Furthermore,
the 30-nm-sized FIONs are expected to exhibit more
effective heat dissipation than FIONs of larger size due
to their higher saturation magnetization and lower
coercivity.23

Chitosan is a natural polymer consisting of glucosa-
mine and N-acetyl-D-glucosamine and has been
widely exploited for biomedical and pharmaceutical
applications due to its biocompatible, biodegradable,
and bioactive properties.25 In particular, chitosan oli-
gosaccharide has been introduced to various types of
nanoparticles to improve their colloidal stability and
in vivo blood circulation.26 With the aim of developing
an effective nanotherapeutic agent highly stable in
physiological environments, L-3,4-dihydroxyphenylala-
nine (DOPA)-conjugated chitosan oligosaccharide
(chitosan-DOPA) is synthesized. DOPA is an unusual
amino acid particularly abundant in adhesive proteins
secreted by blue marine mussels (Mytilus edulis).27

Since the catechol side chain of DOPA exhibits extre-
mely strong affinity to diverse metal oxide surfaces
through coordination bonding,28�30 chitosan-DOPA is
expected to be covalently anchored on the surface
of FIONs via the mussel-inspired adhesion. Herein,
we report on the applications of chitosan oligosacchar-
ide-stabilized ferrimagnetic iron oxide nanocubes
(Chito-FIONs) as a novel nanotherapeutic agent for
hyperthermic cancer treatment.

RESULTS AND DISCUSSION

The Chito-FIONs are composed of a chitosan-DOPA
polymeric shell encapsulating multiple FIONs in the
interior (Figure 1). These novel nanomaterials are de-
signed to be magnetically guided to the desired sites
and activated remotely by an external ac magnetic
field to generate localized cytotoxic heat. As a result,
they can efficiently eradicate the target cancer cells via
apoptosis-mediated tumoricidal effects.21 This magne-
tically modulated hyperthermia has the potential to be
applied as a promising approach for cancer treatment.
Since the use of focused magnetic field gradients to
attract Chito-FIONs toward tumors will allow the ther-
mal energy to be restricted only in the tumor area,
it is envisioned to destroy the tumors selectively while
avoiding damage to healthy tissues. In the current
study, we demonstrate that Chito-FIONs have superior
magnetic heating ability and anticancer activities com-
pared to the commercially available superparamag-
netic iron oxide nanoparticles. Furthermore, their
therapeutic potential was also evaluated on an animal
tumor model in terms of tumor volume regression and
prolonged residence in tumor sites.
Chitosan-DOPA was synthesized by conjugating a

carboxylic acid group of hydrocaffeic acid to amino
groups of chitosan oligosaccharide using carbodiimide
chemistry. The degree of substitution determined by
1H NMR spectroscopy was 31%, indicating that ap-
proximately eight DOPA moieties were conjugated
to a single chitosan molecule (Figure S1, Supporting
Information). Accordingly, it was conceivable that chit-
osan-DOPA molecules possessing multiple catechol
binding units would be efficiently immobilized onto
the surface of FIONs through multivalent bonding to
the iron oxide nanostructures. For the preparation of
Chito-FIONs, monodisperse oleic acid-capped FIONs
with an average size of 30 nm were synthesized in

Figure 1. Schematic illustration of Chito-FIONs and their applications for the localized magnetic hyperthermia of cancer
cells.
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organic solvent by the thermal decomposition pro-
cess.23 These oleic acid-capped FIONs dispersed in
chloroform were added to an aqueous chitosan-DOPA
solution and then subjected to ultrasonication to form
an oil-in-water (O/W) emulsion, where the hydrophobic
FIONs were localized inside oil-phase droplets. Upon
evaporation of the residual solvent in the droplets,
the multivalent binding of chitosan-DOPA to the iron
oxide surfaces led to the immediate formation of
water-dispersible Chito-FIONs stabilized with chitosan
oligosaccharide.
The size and shape of Chito-FIONs were examined

by transmission electron microscopy (TEM). Figure 2a
shows the formation of well-dispersed Chito-FIONs
encapsulated with multiple 30-nm-sized FIONs. The
number of FIONs in a single Chito-FION particle was
found to be 4�10. It was also observed that Chito-
FIONs had a roughly spherical morphology with an
average diameter of 103 ( 15 nm. The high-resolu-
tion TEM image (Figure 2b) revealed the presence of
the uniform chitosan coating layers on the surface
of FIONs, whereas no polymeric layer was observed

around pristine FIONs (Figure S2, Supporting
Information). To evaluate the hydrodynamic size of
Chito-FIONs in an aqueous solution, dynamic light
scattering (DLS) analysis was performed. The hydro-
dynamic diameter of Chito-FIONs (158 ( 17 nm) was
slightly larger than the sizes observed in the TEM
images, which was likely attributed to the expansion
of hydrophilic chitosan shell layers in aqueous media
(Figure 2c).26Moreover, it can be seen that the aqueous
dispersion of Chito-FIONs yields a transparent brown
solution without showing any aggregation, indicative
of their excellent stability in an aqueous solution
(Figure 2c, inset photograph). A FT-IR spectrum of
Chito-FIONs showed strong absorption bands corre-
sponding to the C�N stretch of chitosan and CdC
vibration of catechol rings (Figure S3, Supporting
Information). In addition, Chito-FIONs were shown to
possess a positively charged surface with a ζ potential
value ofþ50( 4mV, confirming that cationic chitosan
oligosaccharides were stably coated on the surface of
FIONs. Multivalent catechol binding and/or electro-
static interactions between the positively charged

Figure 2. (a, b) TEM images of Chito-FIONs (red arrow indicates the presence of the polymer coating layers.) (c) Hydrodynamic
diameters of Chito-FIONs in phosphate-buffered saline solution. Inset: Photograph showing the aqueous dispersion of Chito-
FIONs. (d) Field-dependent magnetization curves of Chito-FIONs and Feridex.

A
RTIC

LE



BAE ET AL . VOL. 6 ’ NO. 6 ’ 5266–5273 ’ 2012

www.acsnano.org

5269

chitosan backbones and negatively charged iron oxide
surface might play an important role in the success-
ful immobilization of chitosan oligosaccharides on
FIONs.30 The magnetic properties of Chito-FIONs were
investigated by measuring the magnetization as a
function of the applied field at 300 K (Figure 2d).
Chito-FIONs exhibited ferrimagnetic behavior, as
indicated by the presence of open hysteresis loops
in the M�H curves. Little change in the magnetic
properties was observed between as-synthesized
FIONs and Chito-FIONs, suggesting that the ferrimag-
netic properties of FIONs were maintained after
the ligand exchange with chitosan-DOPA (Figure S4,
Supporting Information). It was also found that Chito-
FIONs displayed higher saturation magnetization than
that of commercially available Feridex. Such high
saturation magnetization of Chito-FIONs is advanta-
geous for magnetic guiding applications because it
allows them to respond rapidly to an externalmagnetic
field.31

To validate the applicability of Chito-FIONs for mag-
netic hyperthermia, their magnetic heating effect was
evaluated under an ac magnetic field at a frequency of
1 MHz (Figure 3a). In the present study, a commercially
available superparamagnetic iron oxide nanoparticle
(Feridex) was chosen as a reference material for the
magnetic hyperthermia studies.32 When the Chito-
FION solution (150 μg Fe/mL, 0.5 mL) was exposed to
the ac magnetic field, the temperature increased
rapidly and reached the therapeutic threshold required
for cancer hyperthermia (T > 42 �C) within 10 min. In
contrast, the temperature of the Feridex solution was
not raised above 42 �C even after 20 min of exposure,
which is insufficient to attain tumoricidal effects.15

Although both Chito-FION and Feridex induced
a temperature rise in a concentration-dependent
manner, Chito-FION was more efficient in increasing
the temperature than Feridex (Figure S5, Supporting
Information). It is worth noting that Chito-FIONs
had far greater hyperthermal efficiency than Feridex
(Figure 3b). The specific loss power (SLP) value of Chito-
FIONs (2614 W/g) was more than 30 times higher
than that of Feridex (83 W/g). The influence of
particle clustering on the hyperthermal efficiency was
investigated by comparison with single-core FIONs
coated by polyethylene glycol (PEG)-conjugated
phospholipids.24 The single-core FIONs were found to
have a much lower SLP value (1792 W/g) than that of
Chito-FIONs (Figure S6, Supporting Information). The
improved heat generation ability of Chito-FIONs was
likely related to the magnetic dipolar coupling be-
tween the neighboring FIONs in the interior of the
Chito-FION particle.33,34 As the dipole�dipole interac-
tions become stronger with increasing particle density,
the strengthened magnetic dipolar coupling of
such particle ensembles could partially enhance the
coercive field and stabilize the magnetization of the

individual FIONs, which in turn contributed to the
remarkably high SLP value of Chito-FIONs.35

We also investigated whether Chito-FIONs can gen-
erate localized tumoricidal effects in response to an
external magnetic field. Figure 3c represents the con-
focal microscopic images of A549 cells following mag-
netic targeting with Chito-FIONs or Feridex and
subsequent applications of an ac magnetic field. The
live and dead cells were stained with green fluorescent
calcein AM and red fluorescent ethidium homodimer-1,
respectively. In the case of A549 cells treated with
Chito-FIONs, intense red fluorescence from dead cells
was observed inside the area exposed to a magnetic
field, whereas no noticeable cell death was detected
outside of that area. Since the externally applied
magnetic field induced a localized accumulation of
Chito-FIONs to the target cells (Figures S7 and S8,
Supporting Information), it was conceivable that the

Figure 3. (a) Temperature versus time graphs of Chito-
FIONs and Feridex dispersion (0.5 mL, 150 μg Fe/mL) under
an ac magnetic field. (b) Specific loss power (SLP) values of
Chito-FIONs and Feridex. (c) Confocalmicroscopic images of
A549 cells followingmagnetic targetingwith Chito-FIONs or
Feridex and subsequent application of an acmagnetic field.
The cells were stained with calcein AM (2 μM) and ethidium
homodimer-1 (4 μM) for 30 min. Live and dead cells appear
green and red, respectively. (d) Cellular apoptotic activity
was detected by using a red fluorogenic substrate for
caspases 3 and 7. Cell nuclei were also stained with DAPI
(blue fluorescence). (e) Cell death and (f) apoptosis of A549
cells induced by the localized magnetic hyperthermia with
Chito-FIONs or Feridex. Statistically significant difference
between two groups, *p < 0.01, **p < 0.001.
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concentrated Chito-FIONs produced localized cyto-
toxic heat to destroy the cancer cells in a highly
selective manner. When the cross-sectional images of
the cells were obtained by using a confocal Z-stack
method, both Chito-FIONs and Feridex were found to
be mostly attached to the cell membrane under
applied magnetic field, not localized within the cyto-
plasm (Figure S9, Supporting Information). Only a
marginal level of red fluorescence was observed for
the Feridex-treated cells regardless of the applied
magnetic field, implying that effective magnetic heat-
ing was not achieved by Feridex. It was found that
Chito-FIONs exhibited cell viability comparable to
Feridex (Figure S10, Supporting Information), indicat-
ing that the FIONs themselves did not induce cancer
cell death. Moreover, control experiments without
applying an ac magnetic field revealed that the ob-
served anticancer activity did not originate from the
magnetic targeting of Chito-FIONs to the cells, but was
attributed to their magnetically induced hyperthermic
effects (Figures S11 and S12, Supporting Information).
We further evaluated the apoptosis-inducing effect

of localized hyperthermia treatment with Chito-FIONs
and Feridex. To detect the apoptotic activity within
cells, a red fluorogenic substrate for caspases 3 and 7
was used. Both caspases 3 and 7 are known as essential
proteases, playing central roles in triggering apoptotic
processes in mammalian cells.36 After hyperthermia
treatment with Chito-FIONs, only A549 cells in the area
exposed to a magnetic field displayed strong red
fluorescence throughout the cytoplasm, suggesting
that the magnetic targeting of Chito-FIONs signifi-
cantly enhanced the activation of the caspases in the
target cancer cells (Figure 3d). On the other hand,
hyperthermia treatment with Feridex did not show
any notable change in the cellular apoptotic activity.
The extent of cancer cell death was quantitatively
measured from the obtained microscopic images
(Figure 3e). Chito-FIONs presented a remarkable cyto-
toxic effect of 78 ( 9.6% on the cells inside the area
exposed to a magnetic field, while a cell death of
around 12% was observed outside of that area. There
was only a slight enhancement in the cytotoxic effect
of Feridex upon application of a magnetic field. When
the cellular Fe content was quantified by using induc-
tively coupled plasma absorption emission spectros-
copy (ICP-AES), A549 cells treated with Chito-FIONs
had a cellular Fe content comparable to those treated
with Feridex (Figure S8, Supporting Information).
Hence these results revealed that Chito-FIONs induced
the thermal destruction of the target cancer cells more
efficiently than Feridex with greater activity of facilitat-
ing cellular apoptotic processes. To identify whether
the cancer cell-killing effect of Chito-FIONs was indeed
mediated by an apoptosis mechanism, the apoptotic
cell population was also examined (Figure 3f). In
the case of A549 cells treated with Chito-FIONs, the

apoptotic cell population (95.7 ( 3.8%) of the cells
exposed to amagnetic fieldwasmuch greater than the
value of unexposed cells (27.5( 7.6%), indicating that
the apoptotic cell death wasmainly responsible for the
localized tumoricidal effects of Chito-FIONs.
The therapeutic efficacy of Chito-FIONs was further

investigated by monitoring tumor growth in A549
tumor-bearing mice. We administered Chito-FIONs or
Feridex (375 μg Fe/kg body weight) intratumorally and
then applied an ac magnetic field to the tumor region
for 20 min. Since a direct injection allows for the same
amount of iron oxide materials to be delivered in a
tumor, it was anticipated that the antitumor efficacy
of Chito-FIONs and Feridex could be compared at
the same level of concentration.17 It is worthwhile
to mention that the amount of iron oxide materials
used here (0.21 mg/cm3 of tumor tissue) was much
smaller than those reported in the previous studies
(ca. 5�10 mg/cm3 of tumor tissue).31,37 Notably, the
tumor growth was remarkably suppressed by hy-
perthermia treatment with Chito-FIONs (Figures 4a
and S13). While the saline-treated mice showed a
tumor volume increase of ∼250% in 6 days, a single
hyperthermia treatment with Chito-FIONs decreased
substantially the tumor volume by about 70%. The
tumor growth rates of the Feridex-treated mice were
similar to those of the control mice, indicating that
hyperthermia treatment with Feridex did not exert
any significant tumoricidal effect. The relative tumor
volumes for the group treated with Chito-FIONs were
greatly regressed by application of an ac magnetic
field, whereas notable changes were not observed in
the Feridex-treated group (Figure 4b). This suggested
that the impressive tumor regression was ascribed to
magnetically induced hyperthermic effects of Chito-
FIONs. The intratumoral distribution of Chito-FIONs
and Feridex was confirmed by histological assessment
of the excised tumors (Figures 4c and S14). It was
noteworthy that a large amount of Chito-FIONs still
remained within the tumor tissue after the hyperther-
mia treatment, in contrast with only a small residual
amount of Feridex within the tumor (Figure S15). Since
Chito-FIONs were coated with cationic chitosan oligo-
saccharides, they would have more positively charged
surfaces under acidic tumor microenvironments.38,39

The enhanced electrostatic interaction between Chito-
FIONs and the negatively charged tumor cells might be
responsible for the prolonged residence of Chito-
FIONs at the tumor tissue. Such high tumor affinity of
Chito-FIONs is beneficial for cancer thermotherapy
because the target tumors can be irradiated repeti-
tively without further injections of magnetic materials.
The anticancer effect of magnetic hyperthermia was
also examined by a terminal deoxynucleotidyl trans-
ferase-mediated 20-deoxyuridine 50-triphosphate-
biotin nick end labeling (TUNEL) assay, which detects
the tumor region undergoing apoptosis (Figure 4d).
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Chito-FIONs were shown to promote apoptotic death
of cancer cells in the tumor tissues to a far greater
extent, as compared to Feridex, showing marginal
apoptosis signal. Taken together, the above results
demonstrated that Chito-FIONs significantly inhibited
tumor growth by triggering apoptotic cell death.More-
over, no significant weight loss was observed in the
mice, implying that the hyperthermia treatment with
Chito-FIONs was nearly nontoxic despite the pro-
nounced tumoricidal effects (Figure S16, Supporting
Information). For clinical applications, a limited range
of magnetic field amplitude (H) and frequency (f)
should be used to avoid undesirable neuromuscular
stimulation and nonspecific inductive heating of nor-
mal tissues.19,37 Generally, ac magnetic fields where
the product H 3 f does not exceed 5 � 109 A m�1 s�1

are known to benontoxic to the humanbody. Since the
ac magnetic field used in this study had a relatively

small H 3 f value (6.6 � 108 A m�1 s�1), it was con-
ceivable that the hyperthermia treatment with Chito-
FIONs could be administered at a safe and tolerable
range of magnetic field strengths without causing
deleterious side effects.

CONCLUSION

In summary, chitosan-DOPA-stabilized ferrimag-
netic iron oxide nanocubes (Chito-FIONs) were devel-
oped as an effective heat nanomediator for cancer
thermotherapy. A bioinspired surface modification
approach using chitosan-DOPA conjugates produced
highly stable and water-dispersible ferrimagnetic
iron oxide nanocubes. Chito-FIONs exhibited superior
magnetic heating ability compared to commercial
superparamagnetic iron oxide nanoparticles, lead-
ing to successful eradication of cancer cells through
caspase-mediated apoptosis. Furthermore, Chito-FIONs

Figure 4. (a) Tumor growth curves of A549 tumor xenografts following a single hyperthermia treatment with Chito-FIONs or
Feridex (375 μg Fe/kg bodyweight). The growth curve of A549 tumors treatedwith Feridex alone is not shown here for a clear
presentation. The arrow represents the day of particle administration. Control groups received saline. Statistically significant
difference from controls, *p < 0.01, **p < 0.001. (b) Relative tumor volume of different treatment groups at day 6. **p < 0.002
between two groups. (c) Prussian Blue staining images of tumor sections excised at day 6. The blue region shows the
intratumoral distribution of Chito-FIONs and Feridex. (d) Confocal microscopic images of TUNEL-stained tumor sections.
Apoptotic cells emit green fluorescence signal. Cell nuclei were also stained with DAPI (blue fluorescence).
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showed excellent antitumor efficacy on an animal
tumor model without any severe toxicity. Consider-
ing these outstanding characteristics, this novel

nanotherapeutic agent combined with magnetic
hyperthermia may enable a safe and effective treat-
ment of various types of cancers in the future.

METHODS
Synthesis of 30-nm-Sized Ferrimagnetic Iron Oxide Nanocubes.

Synthesis was carried out according to the previously reported
procedure.21 The experiments were conducted in an argon
atmosphere using standard Schlenk techniques. In brief, 4mmol
of Fe(acac)3 and 4 mmol of 4-biphenylcarboxylic acid were
added to a mixture solution containing 8 mmol of oleic acid
and 20.8 g of benzyl ether. The solution was degassed at
room temperature for 1 h and then heated to 290 �C at a rate
of 20 �C/min with magnetic stirring. The reaction mixture was
maintained at this temperature for 30 min. After cooling the
solution to room temperature, 50 mL of ethanol and 10 mL of
chloroform were added to the solution. The mixture solution
was centrifuged at 1700 rpm for 10 min to precipitate the
ferrimagnetic iron oxide nanocubes. The separated nanocubes
were washed using 50 mL of ethyl alcohol and 10 mL of
chloroform.

Synthesis of Chitosan-DOPA-Stabilized Ferrimagnetic Iron Oxide Nano-
cubes (Chito-FIONs). For synthesis of Chito-FIONs, 0.2 mL of ferri-
magnetic iron oxide nanocubes dispersed in chloroform
(1.13 mg Fe/mL) was added dropwise to a stirred solution of
deionizedwater (3mL, pH 7) containing 5mgof chitosan-DOPA.
The solution was sonicated for 3min by using a Branson sonifier
450 equipped with a microtip (20 kHz, output control 3, duty
cycle 40%). The resulting oil-in-water emulsion was subjected
to rotary evaporation at 40 �C for 5 min to remove residual
solvent under reduced pressure. Excess polymer was removed
by dialysis against deionized water for 1 day (Mw cutoff of
12 kDa). For comparison, polyethylene glycol (PEG)-phospholi-
pid-coated FIONs were also prepared according to the previous
report.24

Measurement of Magnetically Induced Hyperthermic Effect. To eval-
uate the magnetic heating ability, the samples (Chito-FIONs or
Feridex, 150 μg Fe/mL) dispersed in 0.5mL of 0.1M PBS solution
(pH 7.4) were placed inside a 20-turn copper coil of 1.5 mm
thickness and 12.7 mm radius. This coil was connected with
resistors (5 Ω) to prepare a resistor�inductor circuit. The
magnetic heating was accomplished by using a radio frequency
(RF) generator with a linear RF power of 50 W (T&C Power
Conversion, Inc., Rochester, NY, USA) that produces an alternat-
ing magnetic field with a frequency of 1 MHz and amplitude of
660 A/m. The temperature was monitored automatically with a
thermocouple (Woojin Instrument Co., Korea) placed in the
center of the sample solution. The specific loss power value of
the sample was determined from the initial slope of the
temperature versus time-dependence curve (dT/dt) normalized
to themass of themagneticmaterial and the volumetric specific
heat capacity of the sample, as described previously.12

Magnetic Hyperthermia Treatment and Cytotoxicity Evaluation. Human
lung carcinoma A549 cells were seeded on a 35 mm μ-dish
(ibidi, Munich, Germany) at a density of 1 � 105 cells per well
and incubated for 24 h at 37 �C. The cells were treated with
50 μL of Chito-FIONs or Feridex (150 μg Fe/mL) and then
incubated for 12 h at 37 �C either with or without exposing
to a cylindrical neodymium magnet (10 mm length, 1.5 mm
radius, 3759 G). For hyperthermia treatment, the μ-dish on
which the cells were deposited was positioned inside a 20-turn
copper coil of 1.5 mm thickness and 18.5 mm radius. The cells
were then subjected to an alternatingmagnetic field for 20min
(frequency, 1 MHz; amplitude, 208 A/m). To assess the propor-
tion of live and dead cells, the treated cells were stained with
calcein AM (2 μM) and ethidium homodimer-1 (4 μM) for
30 min. The apoptosis-inducing effect of Chito-FIONs was
evaluated by using a Magic Red caspase detection kit, which
utilizes a red fluorogenic substrate for caspases 3 and 7. The cell

nuclei were also stained with DAPI (1.5 μg/mL in PBS solution)
for 10min. The cells were observed by using a LSM510 confocal
laser scanning microscope (Carl Zeiss, Germany).
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