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ABSTRACT: Cancer stem cells (CSCs) are a subpopulation
of cancer cells that have stem cell-like properties and are
thought to be responsible for tumor drug resistance and
relapse. Therapies that can effectively eliminate CSCs will,
therefore, likely inhibit tumor recurrence. The objective of our
study was to determine the susceptibility of CSCs to magnetic
hyperthermia, a treatment that utilizes superparamagnetic iron
oxide nanoparticles placed in an alternating magnetic field to
generate localized heat and achieve selective tumor cell kill.
SPIO NPs having a magnetite core of 12 nm were used to
induce magnetic hyperthermia in A549 and MDA-MB-231
tumor cells. Multiple assays for CSCs, including side
population phenotype, aldehyde dehydrogenase expression,
mammosphere formation, and in vivo xenotransplantation, indicated that magnetic hyperthermia reduced or, in some cases,
eliminated the CSC subpopulation in treated cells. Interestingly, conventional hyperthermia, induced by subjecting cells to
elevated temperature (46 °C) in a water bath, was not effective in eliminating CSCs. Our studies show that magnetic
hyperthermia has pleiotropic effects, inducing acute necrosis in some cells while stimulating reactive oxygen species generation
and slower cell kill in others. These results suggest the potential for lower rates of tumor recurrence after magnetic hyperthermia
compared to conventional cancer therapies.
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■ INTRODUCTION

A number of recent studies suggest that tumors consist of aminor
population of stem-like cells (cancer stem cells; CSCs) that are
capable of generating and maintaining a tumor in its entirety.1

These cells have the capacity for asymmetric cell division,
generating one identical daughter cell and another that is
committed to a distinct differentiation pattern. The latter
undergoes a series of divisions and differentiation steps that
result in the generation of terminally differentiated cell
populations. Cells in the intermediate states are referred to as
progenitors, transit cells, or transit amplifying cells.2 All of these
phenotypes, collectively termed tumor-initiating cells, have the
potential to give rise to a complete tumor. CSCs are resistant to
conventional chemotherapy and can initiate tumor recurrence
following treatment.3 CSCs possess several defense mechanisms
including overexpression of efflux pumps that can eliminate
cytotoxic drugs,4 increased expression of DNA-repair proteins
that can counteract DNA damage,5 elevated antioxidant
concentrations to defend against reactive oxygen species
(ROS),6 and low rate of cell division.7 Tumors can become
enriched in CSCs after conventional treatments,5,8 which could
account for frequent tumor relapse observed in many cancers.
Hyperthermia, which utilizes elevated temperatures in the

range of 41−46 °C to kill tumor cells,9 has been shown to

improve treatment response and survival when used in
combination with radiotherapy, surgery, and/or chemother-
apy.10,11 In mouse tumor models, the addition of local
hyperthermia significantly increased the sensitivity of CSCs to
radiotherapy.12 Magnetic hyperthermia is a related approach that
utilizes superparamagnetic iron oxide nanoparticles (SPIO NPs)
placed in an alternating magnetic field to generate heat for a
highly localized tumor cell kill.13 Magnetic hyperthermia is
currently in clinical trials in Europe for glioblastoma as well as
prostate and pancreatic cancers.14 While a number of previous
studies have demonstrated the anticancer efficacy of magnetic
hyperthermia,15 the effect of magnetic hyperthermia on CSCs
has not been reported to date. Using various in vitro and in vivo
assays, we evaluated the ability of SPIO NP-mediated magnetic
hyperthermia to effectively eliminate CSCs.

■ EXPERIMENTAL SECTION

Materials. Ferrous chloride tetrahydrate, ferric chloride
hexahydrate, myristic acid, Pluronic F127, ascorbic acid,
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potassium hydroxide, 1,10-phenanthroline, and sodium acetate
were purchased from Sigma (St. Louis, MO). Penicillin/
streptomycin, fetal bovine serum (FBS), RPMI 1640, Dulbecco’s
phosphate-buffered saline (DPBS), F-12K (Kaighn’s modifica-
tion), MEM, nonessential amino acids, sodium pyruvate, and
trypsin-ethylenediaminetetraacetic acid (EDTA) solution were
obtained from Invitrogen Corporation (Carlsbad, CA). Cytotox
96 nonradioactive cytotoxicity assay kit was purchased from
Promega (Madison, WI).
Methods. Synthesis ofWater-Dispersible SPIO NPs.A stable

aqueous dispersion of SPIO NPs was prepared from iron
chlorides as previously described.16 In brief, 0.82 g of ferric
chloride hexahydrate and 0.33 g of ferrous chloride tetrahydrate
were dissolved in 30 mL of degassed and nitrogen-purged water,
and 3 mL of 5 M ammonium hydroxide was added dropwise to
this solution and stirred for 30 min. Iron oxide nanoparticles
formed were washed three times with nitrogen-purged water
(each wash followed by magnetic separation of nanoparticles),
sonicated in a water bath sonicator for 2 min, and heated to 80
°C. About 100 mg of myristic acid was added to the heated
mixture and stirred for another 30 min. Particles were washed
twice with acetone to remove excess myristic acid, followed by
two additional washes with water to remove excess acetone.
Myristic acid-coated particles were then suspended in 30 mL of
water; 100 mg of pluronic F127 was added, and the mixture was
stirred overnight. The final dispersion was lyophilized
(Labconco, FreeZone 4.5, Kansas City, MO) to obtain SPIO
NPs. Every step of the synthesis was carefully conducted to
minimize exposure to atmospheric oxygen.
Characterization of SPIO NPs. Dynamic light scattering was

used to determine the hydrodynamic diameter of SPIO NPs.
About 0.5 mg/mL of SPIO NPs dispersed deionized water was
subjected to particle size analysis using a Delsa Nano C Particle
Analyzer (Beckman, Brea, CA). Transmission electron micros-
copy (TEM) of SPIO NPs was performed using a JEOL JEM-
1210 transmission electron microscope (Peabody, MA). A drop
of an aqueous dispersion of SPIO NPs was placed on a Lacey
carbon-coated copper grid (300 mesh, Ted Pella Inc. Redding,
CA) and allowed to air-dry before imaging. Diameters of 100
different particles were measured from different TEM images
using ImageJ software. The average diameter along the
horizontal axis was determined as the mean Feret’s diameter.
The mean crystallite size of SPIO NPs was calculated from their
X-ray diffraction pattern. SPIO NPs were subjected to a Cu−Kα
radiation (45 kV, 40 mA) in a wide-angle powder X-ray
diffractometer (D5005, Siemens, Madison, WI). The instrument
was operated in the step-scan mode in increments of 0.05° 2θ
over an angular range of 10−100° 2θ with a dwell time of 1 s for
each scan step. Data analysis was performed using OriginPro 8
software (OriginLab Corporation, Northampton, MA). Five
highest peaks (at 30.1°, 35.5°, 43.1°, 57.1°, and 62.7° 2θ) were fit
using the pseudo-Voigt profile function, which is a linear
combination of the Gaussian and Lorentzian components of the
diffraction peaks. The Scherrer equation was utilized to
determine the mean particle size of SPIO NPs.17

Fourier-transformed infrared spectroscopy (FT-IR) of SPIO
NPs was performed using Vertex 70 FT-IR spectrophotometer
(Bruker Optics Inc., Billerica, MA). About 5 mg of SPIO NPs
were added to the FT-IR stage and scanned from 4000 cm−1 to
400 cm−1. Each spectrum was obtained as an average of 16
interferograms at a resolution of 2 cm−1 and analyzed using
OPUS software (Bruker Optics Inc., Billerica, MA). Magnetic
properties were determined using a vibrating sample magneto-

meter (Micromod model 3900, Princeton, NJ) operating at
room temperature. Accurately weighed samples of SPIO NPs
was sprinkled on a lightly greased silicon wafer and their
magnetization curves were recorded in magnetic fields ranging
from −1 to 1 T, at increments of 0.002 T. The saturation
magnetization per gram of magnetite was calculated from the
magnetization curves normalized to the weight of magnetite
added. The composition of SPIO NPs was estimated using 1,10-
phenanthroline-based iron assay.18 About 5 mg of SPIONPs was
dissolved in 12 N hydrochloric acid and then diluted with
distilled water to obtain a final acid concentration of 0.2 N.
Samples of 10 mg/mL ascorbic acid, 22.4 mg/mL potassium
hydroxide, 123 mg/mL sodium acetate, and 1.2 mg/mL 1,10-
phenanthroline were added to the SPIONP solution in a volume
ratio of 1:1:5:1:1. The absorbance at 490 nm was recorded using
a microplate reader (ELx800 Absorbance Microplate Reader,
Biotek, Winooski, VT), and the iron content was analyzed using
ferric chloride (hexahydrate) solutions in 0.2 N hydrochloric acid
as a standard.

Magnetic Heating Rate. SPIONPs were dispersed in 1 mL of
Hank’s F-12K medium or in 1 mL of molten 3% agarose, which
was then allowed to form a gel in 10 mm × 75 mm disposable
borosilicate glass cell culture tubes. Magnetic heating was
performed using an induction heating system (1 kW Hotshot,
Ameritherm Inc., Scottsville, NY) by placing the suspension at
the center of a multiturn copper coil that generated the
alternating magnetic field (nominal magnetic field strength of
6 kA/m and frequency of 386 kHz). The temperature change was
measured using a fluoroptic probe (Lumasense Technologies,
Santa Clara, CA). Samples were thermally equilibrated to 37 °C
before exposure to the field.

Cell Culture Studies. A549 (human lung adenocarcinoma)
and MDA-MB-231 (human mammary adenocarcinoma) cells
were used in the study. A549 cells were propagated using F-12K
medium supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic solution. MDA-MB-231 cells were grown in MEM
supplemented with 10% FBS, 1% nonessential amino acids, 1%
sodium pyruvate, and 1% antibiotic solution. Both cell lines were
maintained at 37 °C and in 5% carbon dioxide.

Effect of Magnetic Hyperthermia on CSCs. a. Side
Population Determination. Following magnetic hyperthermia,
A549 cells were centrifuged and resuspended in prewarmed 1mL
of Dulbecco’s modified Eagle’s medium (DMEM) with 2% FBS
and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES). Hoechst 33342 dye was added at a concentration of 5
μg/mL. In each treatment group, one sample was pretreated with
2 μM tariquidar, an inhibitor of Hoechst efflux. Cells were then
incubated at 37 °C for 90min with occasional shaking. Cells were
then washed with chilled Hank’s balanced salt solution (HBSS)
with 2% FBS and 10 mM HEPES buffer and resuspended in
chilled buffer. 7-Aminoactinomycin-D (7AAD) was added to the
sample tubes before flow cytometric analysis to gate for live cells.
Flow analysis was carried out on a FACSDiva (BD Biosciences);
Hoechst 33342 dye was excited at 357 nm, and the fluorescence
was measured at 402−446 nm (blue) and 650−670 nm (red)
wavelengths.19,20

b. Mammosphere Assay. Following magnetic hyperthermia,
MDA-MB-231 cells were washed and resuspended in cell culture
medium. About 3000 live cells (counted by trypan blue
exclusion) were plated in ultralow adhesion 6-well plates with
2 mL of mammosphere formulation (DMEM/F-12 medium
supplemented with 10 ng/mL human-fibroblast growth factor,
20 ng/mL recombinant human epidermal growth factor, 0.4%
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bovine serum albumin, 5 μg/mL insulin, and 1% antibiotics).
The number of mammospheres formed was counted under a
light microscope 5 days after treatment.21

c. Aldehyde Dehydrogenase Assay. Thirty million MDA-
MB-231 cells were sorted based on their levels of aldehyde
dehydrogenase (ALDH) enzyme using the ALDEFLUOR kit
(STEMCELLTechnologies Inc., Vancouver, Canada).22 Prior to
sorting, 5 μL of the activated reagent was added to each milliliter
of the cell suspension (1 million cells/mL), mixed well, and 500
μL of the suspension was immediately transferred to another
tube containing 5 μL of diethylaminobenzaldehyde (DEAB)
reagent in 95% ethanol. The tubes were incubated for 45 min at
37 °C, following which the cells were centrifuged in cold, and
redispersed in cold ALDEFLUOR assay buffer and stored on ice.
Cells were then sorted using BD FACSVantage (BD
Biosciences) cell sorter. Cells incubated with DEAB reagent
were used to gate for cells having low ALDH level (ALDHlow),
and cells to the right of the gate were sorted as ALDHhigh
population. Around 3−4% of MDA-MB-231 cells were
ALDHhigh. ALDH-sorted cells were subjected to 30 min of
magnetic hyperthermia. Cells incubated with or without SPIO
NP and not exposed to alternating magnetic field were used as
controls. Treated cells were evaluated for clonogenicty as
described above.
d. Tumorigenicity Assay. The study was carried out in

compliance with protocol approved by the Institutional Animal
Care and Use Committee at the University ofMinnesota. Female
BALB/c-nude mice (C.Cg/AnNTac-Foxn1nu NE9; Taconic
Farms), four to six weeks of age, were used for the studies.
Mice received either 5000 or 50 000 live A549 cells (viability
determined through trypan blue exclusion) that were previously
subjected to 30 min of magnetic hyperthermia. Animals that
received similar number of untreated cells or cells treated with
SPIONPs but not exposed to alternating magnetic field served as
controls. Animals were observed once every three days for the
appearance of palpable tumors.19 Tumor dimensions were also
measured using a digital calipers, and the tumor volume (V) was
calculated using the formula V = 0.5(L×W2), where L andW are
the longest and shortest diameters, respectively. The develop-
ment of 100 mm3 tumors or 60 days after cell injection
(whichever came first) marked the end of the study for each
animal.
Cytotoxicity Studies. a. Cell Death after Magnetic Hyper-

thermia. About 1 million cells were suspended in 500 μL of
RPMI (without phenol red and with 5% FBS). 500 μL of 5 mg/
mL SPIO NP dispersion in the same medium was added to the
cell suspension placed in an alternating magnetic field (6 kA/m,
386 kHz) for 5, 15, or 30 min. The cell suspension temperature
was carefully maintained between 43 and 46 °C (Supporting
Information, Figure 1). Cells with or without SPIO NPs and not
exposed to alternating magnetic field were used as controls. In
addition, cells incubated in a water bath at 46 °C for 30 min, with
or without SPIO NPs, served as conventional hyperthermia
controls. Following treatment (after 2 h), the cells were pelleted
down, and the amount of lactate dehydrogenase (LDH) released
by the cells in the supernatant was analyzed. LDH released by the
untreated control was used to normalize for the background cell
death, and LDH released by equal number of freeze−thaw lysed
cells was used to calculate 100% cell death.
To evaluate the induction of apoptosis by magnetic hyper-

thermia, treated cells were gently dispersed in medium
containing 10% FBS and plated in 6-well plates. After another
10 h, A549 cells were examined for apoptosis/necrosis by a flow-

cytometry-based annexin-V fluorescein isothiocyanate (FITC)/
propidium iodide (PI) assay. Briefly, cells were trypsinized and
then centrifuged at 1000 rpm for 8 min. The cell pellets were
stained with FITC-conjugated annexin-V and PI according to
manufacturer’s instructions (BD Pharmingen, San Jose, CA) and
then immediately analyzed using a flow cytometer (BD
FACSCalibur, BD Biosciences, San Jose, CA). FITC and PI
fluorescence emissions were detected in FL-1 (515−545 nm)
and FL-3 (670 long-pass) modes, respectively. Data from at least
10 000 cells were analyzed using Cyflogic software (Cyflo Ltd.,
Turku, Finland).

b. Clonogenicity. Clonogenicity was used as a measure of the
proliferative potential of cells subjected to magnetic hyper-
thermia.23 Following treatment, 200 live cells (identified by
trypan blue exclusion assay) from each group were plated in a 10
cm culture dish and allowed to form colonies. After 2 weeks
(about 12−15 cell doubling times24,25), the plates were washed
with DPBS and fixed with 5% formalin in DPBS for 3 min.
Colonies were further washed with DPBS and then stained with
0.05% crystal violet for 30 min. Plates were then washed gently
with water and air-dried, and the number of colonies formed in
each treatment groups was counted. Colonies were counted prior
to and after washing and staining steps to account for the loss of
colonies during the processing steps.

c. Instantaneous Cell Death during Magnetic Hyper-
thermia. Following incubation of A549 cells with SPIO NPs, 2
mM 7AAD, a cell viability stain, was added to the cells prior to
exposing them to magnetic field. Cells not exposed to alternating
magnetic field, with or without SPIO NPs, and cells exposed to
30 min of conventional hyperthermia were used as controls.
Following treatments, cells were immediately washed by
centrifugation, resuspended in RPMI (without phenol red) and
subjected to flow cytometry. 7AAD fluorescence was detected in
the FL-3 channel. Data from 20 000 cells in each group were
analyzed using Cyflogic software.

Reactive Oxygen Species (ROS) Generation after Magnetic
Hyperthermia. Immediately prior to magnetic hyperthermia
treatment, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluor-
escein diacetate, acetyl ester (CM-H2DCFDA) (7.5 μM) and
PI (10 μM) were added to A549 cell suspension. Cells were
subjected to magnetic hyperthermia and then to flow cytometric
analysis. The deacetylated and oxidized product, 2′,7′-dichloro-
fluorescein, formed due to ROS generation in the cells, was
detected in the FL-1 channel while PI fluorescence was detected
in the FL-3 channel.
To determine the role of ROS in inducing cell death, cells were

pretreated with 10 mM N-acetyl cysteine for 1 h before adding
CM-H2DCFDA and then subjected to 5 min of magnetic
hyperthermia. Cells treated with 5 mM hydrogen peroxide with
and without N-acetyl cysteine pretreatment served as additional
controls.

Statistical Analysis. Statistical analyses were performed using
one-way analysis of variance (ANOVA) by the Bonferroni-Holm
method for comparison between individual groups. A probability
level of P < 0.05 was considered significant.

■ RESULTS
Characterization of SPIO NPs. The physicochemical

properties of SPIO NPs used in this study are summarized in
Table 1. The particles were composed of 74 ± 2% (w/w) iron
oxide, coated with 10± 3% (w/w)myristic acid, and stabilized by
16 ± 2% (w/w) Pluronic F127. TEM studies indicated that the
mean Feret’s diameter of the iron oxide core was 12 ± 3 nm
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(Figure 1A). This result was confirmed by the mean particle size
calculated from XRD data (12 ± 1 nm) (Supporting Figure 2).
SPIO NPs had an average hydrodynamic diameter of 185 nm,
suggesting that particles in aqueous media existed as small
aggregates rather than as individual SPIO NPs. FTIR spectros-
copy showed the presence of characteristic magnetite bands at
570 cm−1 and 400 cm−1 and the absence of maghemite bands at
700 cm−1 and 630−660 cm−1, indicating that the primary form of
iron oxide in SPIONPs was magnetite (data not shown).26 SPIO
NPs had a high saturation magnetization of 60.5 emu/g of
magnetite, with negligible remanence and coercivity, verifying
their superparamagnetic nature (Figure 1B). The heating rate of
SPIO NPs was concentration-dependent and was similar in both
cell culture medium and in agarose gel (Figure 1C,D). Based on
the heating rates, a concentration of 2.5 mg/mL of SPIO NPs
(equivalent to 1.85 mg/mL of magnetite) was found to be
optimal for inducing magnetic hyperthermia in vitro.

Effect of Magnetic Hyperthermia on CSCs. a. Side
Population in A549 Cells. The side population phenotype,
characterized by overexpression of efflux transporters, is believed
to be rich in CSCs.19,20 Hoechst 33342 is a substrate of both P-
glycoprotein (P-gp) and Breast Cancer Resistance Protein
(BCRP), and the assay is therefore considered a direct correlate
of transporter expression. The difference in the fraction of
Hoechst 33342-negative cells with and without the dual efflux
inhibitor tariquidar is considered the side population. Interest-
ingly, magnetic hyperthermia resulted in a considerable decrease
in the side population (∼12% in magnetic hyperthermia group vs
20% in the nonhyperthermia SPIO NP control) (Figure 2A).

b. Mammosphere Assay. Mammospheres are clusters of
mammary tumor cells growing in an anchorage-independent
fashion and have been shown to be a quantitative indicator of the
CSC subpopulation.27 We observed a significant reduction (P <
0.01 vs untreated cells) in mammosphere formation in MDA-
MB-231 cells following magnetic hyperthermia (Figure 2B).
Untreated cells or cells subjected to conventional hyperthermia
formed rigid mammospheres, whereas magnetic hyperthermia
treated groups formed smaller spheres (Supporting Figure 3).
While 5 and 15 min of magnetic hyperthermia resulted in 63%
and 90% reduction in mammosphere formation, respectively,
there was a complete absence of mammosphere formation after
30 min of magnetic hyperthermia.

c. ALDH Assay. High levels of ALDH have been reported for
normal and cancer precursor cells.22,25 To determine the effect of
magnetic hyperthermia on cells with differential ALDH
expression, MDA-MB-231 cells were sorted based on the overall
levels of the ALDH enzyme. Clonogenicity studies revealed that
both ALDHhigh and ALDHlow cells were equally susceptible to
magnetic hyperthermia, with a complete absence of colony
formation following magnetic hyperthermia in either population

Table 1. SPIO NP Characterization

Composition
form of iron oxide magnetite
iron oxide content 74 ± 1.6%
myristic acid coating 10 ± 2.7%
Pluronic F127 coating 16 ± 1.6%

Particle Size
particle size (TEM) 12 ± 3 nm
crystallite size (XRD) 12 ± 1 nm
hydrodynamic diameter (DLS) 185 nm
polydispersity 0.22

Magnetic Parameters
saturation magnetization 60.5 emu/g magnetite
remanence 1.6 emu/g magnetite
coercivity 1.37 Oersted

Figure 1.Characterization of SPIONPs. (A) Representative TEM image of SPIONPs. A drop of aqueous NP suspension was placed on a TEM grid and
air-dried before observing under an electron microscope. Scale bar, 50 nm. (B) Magnetization. Magnetization curves were recorded on a vibrating
sample magnetometer. The curve was normalized to the weight of magnetite added to obtain saturation magnetization per gram of magnetite. The
sigmoidal curve is characteristic of superparamagnetic substances. Heating rates of SPIONPs dispersed in (C) cell culture medium and (D) agarose gel.
SPIO NP dispersions in a borosilicate glass tube were placed in an alternating magnetic field of 6 kA/m and operating at a frequency of 386 kHz. The
initial temperature was equilibrated to 37 °C, and the temperature of SPIONP dispersion was sampled at 15 s intervals using a fluoroptic probe following
the application of the alternating magnetic field.
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(Figure 2C). Treatment with SPIO NP also caused a smaller but
significant (p < 0.05) reduction in clonogenicity of both
ALDHhigh and ALDHlow cells.
d. Tumorigenicity Assay. A characteristic feature of CSCs is

their ability to initiate a tumor in xenotransplantation assays.28 In
vivo tumor initiation study performed in nude mice showed a
significant delay in tumor initiation with magnetic hyperthermia-
treated cells compared to the corresponding controls. While
most control animals developed a tumor within 15 days of cell
injection, the first tumor appeared in magnetic hyperthermia-

treated groups at 21 days (50 000 cell injection) or 36 days (5000
cell injection) postinjection (Figure 3A). Furthermore, 40% of
the animals that received magnetic hyperthermia-treated tumor
cells did not develop tumors even at 60 days post cell injection
(Figure 3B).

Cell Kill after Magnetic Hyperthermia. LDH released by
cells was used as a quantitative indicator of cell death.29 Magnetic
hyperthermia effectively induced cell death in both A549 and
MDA-MB-231 cells (Figure 4A), and the efficacy of cell kill was
found to increase with increasing duration of exposure to

Figure 2. Effect of magnetic hyperthermia on CSCs. (A) Side population assay. Following magnetic hyperthermia, A549 cells were incubated with
Hoechst 33342 dye at 37 °C for 90 min followed by flow cytometric analysis of Hoechst 33342 fluorescence in blue and red channels. Cells pretreated
with tariquidar (a dual P-gp and BCRP efflux inhibitor) were used as controls. The flow images shown are representative Hoechst profiles of cells treated
with SPIO NPS with (right) and without (left) heating. Side population is shown circumscribed within the oval area. The average percent (±S.D.) of
side population is shown for each group, n = 3. (B) Mammosphere formation. After magnetic hyperthermia, 3000 live cells (counted by trypan blue
exclusion) were plated in ultralow adhesion 6-well plates with mammosphere medium and left undisturbed at 37 °C. The number of mammospheres
formed was counted using a light microscope on day 5 after treatment. Data shown is mean± S.D., n = 3. *P < 0.01 vs untreated cells. (C) Clonogenicity
of ALDHhigh and ALDHlow MDA-MB-231 cells. MDA-MB-231 cells were sorted based on ALDH enzyme levels and then subjected to 30 min of
magnetic hyperthermia. Post-treatment, 200 live cells were plated for clonogenicity assessment. The graph shows the relative survival fraction compared
to untreated cells. Data shown is mean ± S.D., n = 3. *P < 0.05; #P < 0.001 vs untreated cells.

Figure 3. In vivo tumorigenicity of magnetic hyperthermia treated cells. A549 cells subjected to magnetic hyperthermia were injected subcutaneously
into BALB-nude mice at a cell density of 5000 or 50 000 live cells per animal. Untreated cells or cells incubated with SPIO NPs but not exposed to
alternating magnetic field were used as controls. A tumor size of 100 mm3 or 60 days post cell injection (whichever came first) marked the end of the
study. (A) Percent tumor-free animals and (B) average tumor volumes plotted as a function of days after cell injection. Data shown is mean± S.D., n = 5.
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magnetic hyperthermia. Prolonged (30 min) treatment resulted
in 88% and 90% cell death in A549 and MDA-MB-231 cells,
respectively. Conventional hyperthermia for 30 min was much
less effective in killing cancer cells compared to magnetic
hyperthermia.

Induction of apoptosis after magnetic hyperthermia was
determined in the cells that survived after a recovery period of 10
h after treatment (about 10% in 30 min treatment group). The
overall percent of healthy cells decreased with increasing
duration of treatment (Table 2). The proportion of early

apoptotic cells was higher for 5 and 15 min magnetic
hyperthermia but was lower for 30 min treatment compared to
SPIO NP-treated cells. However, there was a higher percent of
late apoptotic/necrotic cells in the group exposed to 30 min of
magnetic hyperthermia. Conventional hyperthermia was much
less effective than magnetic hyperthermia in inducing apoptosis
(2% early apoptotic cells and 6% late apoptotic cells).
A clonogenicity assay showed that magnetic hyperthermia

resulted in a decrease in the proliferative ability and survival of
both A549 and MDA-MB-231 cells (Figure 4B). Notably, cells
subjected to 30 min of magnetic hyperthermia did not form any
colonies in either cell line.
Instantaneous 7AAD uptake was used as a measure of acute

cell kill during magnetic hyperthermia. As can be seen from
Figure 4c, magnetic hyperthermia induced instantaneous 7AAD
uptake in the treated cells. The 7AAD profile (30%, 47%, and
73% after 5 min, 15 min, and 30 min of magnetic hyperthermia,
respectively) was comparable to the LDH profile (Figure 4A).
No significant 7AAD uptake was observed in cells exposed to
conventional hyperthermia.

ROS Generation during Magnetic Hyperthermia. ROS
generation increased with increased duration of magnetic
hyperthermia (Figure 5A). Conventional hyperthermia did not
affect ROS levels compared to untreated cells. Following
magnetic hyperthermia, ROS positive population appeared to
become necrotic with time, as evidenced by the migration of
ROShigh/PIlow population to the ROShigh/PIhigh quadrant (Figure
5B). The addition of N-acetyl cysteine, an antioxidant,30

inhibited ROS generation (not shown) and decreased the
fraction of cells becoming PI positive without affecting the initial
population of cells that took up PI instantaneously (Figure 5C).
Interestingly, though ROS production and PI uptake by cells that
underwent conventional hyperthermia was comparable to that
by untreated cells, cells subjected to conventional hyperthermia
in the presence of SPIO NPs demonstrated greater ROS
production compared to those that received only SPIO NPs
(Supporting Figure 4).

■ DISCUSSION
Magnetic hyperthermia, a technique involving the use of SPIO
NPs subjected to AMF to generate heat,13 has been studied for
treating tumors as early as 1957.31 The main advantage of

Figure 4. Effect of magnetic hyperthermia on A549 tumor cell kill. (A)
LDH release. Cells were subjected to magnetic hyperthermia for 5, 15,
or 30 min, following which the supernatant medium was assayed for the
amount of LDH released after 2 h of treatment. SPIO NP-treated cells
(without exposure to AMF) and cells subjected to 30 min of
conventional hyperthermia at 46 °C were used as controls. Equal
numbers of freeze−thaw lysed cells were used to determine LDH release
from 100% cell death while untreated cells were used to determine
background LDH release. Data shown is mean ± S.D., n = 3. *P < 0.05;
#P < 0.01 vs untreated cells. (B) Clonogenicity. About 200 live cells
from each treatment group were plated in a 10 cm tissue culture plate
and observed for colony formation. The number of colonies formed was
counted 2 weeks later. Data shown is mean ± S.D., n = 3. All treatments
resulted in statistical significant (P < 0.01) decrease in surviving fraction.
(C) Instantaneous 7AAD uptake. 7AAD was added to each treatment
tube immediately prior to magnetic hyperthermia. After treatment, the
cells were washed to eliminate excess 7AAD and subjected to flow
cytometric analysis. Data shown is mean ± S.D., n = 3. All hyperthermia
treatments resulted in statistical significant (P < 0.01) increase in 7AAD
uptake.

Table 2. Induction of Apoptosis and Necrosis in A549 Cells
Determined by Annexin-V/PI Assay

(PI−/A−)
(healthy)

(PI−/A+)
(early

apoptotic)

(PI+/A+)
(late

apoptotic)
(PI+/A−)
(necrotic)

untreated cells 97 1 1 0.4
SPIO NP 97 0.6 2 0.7
5 min magnetic
hyperthermia

92 2 6 0.4

15 min magnetic
hyperthermia

81 3 14 2

30 min magnetic
hyperthermia

62 2 33 3

conventional
hyperthermia

93 2 6 0.2
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magnetic hyperthermia is that the heating rate can be well-
controlled by adjusting particle size and shape of SPIO NPs as
well as by modulating the properties of the alternating magnetic
field.32 There are several magnetic materials that can be used for
inducing magnetic hyperthermia. However, most studies have
focused on magnetic iron oxides, Fe3O4 (magnetite)33 and γ-
Fe2O3 (maghemite),34 which have been proved to be well
tolerated in clinical studies.35 The core size of SPIO NPs dictates
the primary mechanism of heat generationBrownian relaxa-
tion and/or Neél relaxation.36,37 The predominant mechanism of
heat generation by 12 nm SPIO NPs used in our studies is
through Neél relaxation, a mechanism of heat generation
unaffected by suspending medium viscosity or by particle
aggregation. This was confirmed from the similar heating rates
observed for SPIO NPs in liquid and gel media. This data
suggests that heat production by these particles will not likely be
affected by the presence of dense extracellular matrix found in
solid tumors.38 Additionally, higher saturation magnetization of
magnetic substances is more desirable, because this translates to
higher heating rate per unit mass. SPIO NPs used in our studies
were composed of magnetite, which possesses higher saturation
magnetization than maghemite.39 Optimum size and properties
of synthesized SPIO NPs, along with their high saturation
magnetization and iron content, allowed for effective induction
of magnetic hyperthermia in our studies.
A number of preclinical studies have demonstrated the

potential use of magnetic hyperthermia as an effective anticancer
treatment modality.13 In addition, magnetic hyperthermia is in

clinical trials for different cancers.14,40 However, there are no
reports on the effect of magnetic hyperthermia on CSCs, a
subpopulation that is thought to be responsible for tumor drug
resistance and relapse.41 Since no single assay is confirmatory
with regard to the effect of treatments on CSCs, we evaluated the
effect of magnetic hyperthermia on multiple biomarkers and
functional properties of CSCs. Hoechst 33342 efflux19 and
ALDH42 assays are functional assays identifying CSC-rich
population, while mammosphere formation and tumorigenicity
assays are based on the growth and proliferative properties
unique to CSCs.43 All of these assays indicated that magnetic
hyperthermia reduced or, in some cases, eliminated the CSC
subpopulation in treated cells.
Magnetic hyperthermia was effective in reducing CSC

population in both long-term assays such as mammosphere
formation as well as in short-term studies such as side population
assay. The short-term effects of magnetic hyperthermia could be
attributed to the induction of acute cell death, which was evident
from high LDH release immediately after the treatment. The
increased number of 7AAD positive cells immediately after
treatment further points to the possibility of acute necrosis
induced by magnetic hyperthermia. Lack of significant acute cell
kill with conventional hyperthermia suggests that necrosis
brought about by magnetic hyperthermia was likely temper-
ature-independent. CSCs have been shown to be resistant to
induction of apoptosis,44 a slow programmed process of cell
death. Necrosis is a more violent and acute cell death, most often
mediated by mechanical damage to cell membrane and/or other

Figure 5. Effect of magnetic hyperthermia on ROS generation. (A) ROS generation immediately after treatment. CM-H2DCFDA was added to A549
cells immediately before exposure to alternatingmagnetic field, followed by flow cytometric analysis to determine ROS levels. The graph shows the effect
of treatments on geometric mean intensity of fluorescence, an indicator of ROS levels in the cells. Data shown is mean ± S.D., n = 3. All treatments
resulted in statistical significant (P < 0.01) increase in the geometric mean intensity of ROS fluorescence. (B) Kinetic study to monitor ROS levels and PI
uptake by cells subjected to magnetic hyperthermia. Cells were first treated with CM- H2DCFDA and PI and then subjected to 5 min of magnetic
hyperthermia. Fluorescence from ROS generation and PI uptake by the cells were monitored by flow cytometry. The change in the flow profile of
untreated (top), cells treated with SPIO NPs (middle), and cells treated with magnetic hyperthermia (bottom) are shown at different times after
treatment. (C) Effect of ROS scavenging on PI uptake by magnetic hyperthermia treated cells. Prior to SPIO NP or CM-H2DCFDA addition and
exposure to alternating magnetic field, cells were pretreated with N-acetyl cysteine (NAC) to scavenge free radicals. The percent of PI positive cells at
different time point are plotted for the treatment groups. Data shown is mean ± S.D., n = 3. *P < 0.001 vs all other groups.
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vital cellular organelles.45 If magnetic hyperthermia indeed
caused necrosis, it is unlikely that CSCs will have resistance
mechanisms to tolerate this acute cell death pathway.28

Exposure of cells to 30 min of magnetic hyperthermia resulted
in the induction of apoptosis/necrosis in only about 35% of cells
12 h after treatment, suggesting that a majority of the cells are
viable and healthy. However, these cells did not form any
colonies in the clonogenicity assay. This implies that in addition
to acute necrosis, there is a pronounced long-term effect of
magnetic hyperthermia on CSCs. A mechanism postulated for
the resistance of CSCs against DNA damage is decreased basal
levels of ROS generation in CSCs.6 Since SPIO NPs have been
reported to induce ROS,46 we investigated ROS generation as a
possible mechanism of cell kill with magnetic hyperthermia.
Immediately after magnetic hyperthermia, ROS levels were
higher than in controls, and this appeared to be followed by a
slow increase in the number of dying cells. Inhibition of ROS
generation using an antioxidant suppressed this transition. These
results suggest that magnetic hyperthermia induces ROS
generation, which results in additional cell death after some
latency. A similar increase in ROS production and cell death was
observed in cells incubated with SPIO NPs and subjected to
conventional hyperthermia but not in those subjected to either
conventional hyperthermia alone or SPIO NP treatment alone.
Overall, our studies suggest that ROS generation by magnetic
hyperthermia is mediated by the presence of SPIO NPs and is
amplified by higher temperatures. One possibility is that SPIO
NPs generate ROS, which would normally be scavenged
efficiently by CSCs;47 however, generation of heat could
decrease the ability of CSCs to scavenge ROS and thereby
increases their susceptibility to ROS.
In our studies, all of the magnetic hyperthermia treatments

were performed on suspended tumor cells. The size of the
induction coil used prevented studies on plated cells. It is
possible that suspended and adherent cells (either grown in two-
dimensional plates or as three-dimensional spheres) may have
different susceptibilities to magnetic hyperthermia. The effect of
growth and plating conditions on the effect of magnetic
hyperthermia on CSCs will be examined in our future studies.

■ CONCLUSIONS

CSCs are considered to play important roles in tumor drug
resistance and recurrence. Our studies show that CSCs and non-
CSCs are equally susceptible to cell death induced by magnetic
hyperthermia. Further, magnetic hyperthermia induces both
acute necrosis and a slower, ROS-mediated cell-death in treated
cells. Some of the cell kill events appear to be temperature-
independent, although elevated temperatures appear to amplify
those effects. Overall, these results suggest the potential for
effective CSC eradication by magnetic hyperthermia. Future
studies will investigate the effect of magnetic hyperthermia on in
vivo tumor growth and tumor recurrence.
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