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Abstract
This paper reports the damaging effects of magnetic iron-oxide nanoparticles (MNP) on

magnetically labeled cancer cells when subjected to oscillating gradients in a strong exter-

nal magnetic field. Human breast cancer MDA-MB-231 cells were labeled with MNP, placed

in the high magnetic field, and subjected to oscillating gradients generated by an imaging

gradient system of a 9.4T preclinical MRI system. Changes in cell morphology and a

decrease in cell viability were detected in cells treated with oscillating gradients. The cyto-

toxicity was determined qualitatively and quantitatively by microscopic imaging and cell via-

bility assays. An approximately 26.6% reduction in cell viability was detected in

magnetically labeled cells subjected to the combined effect of a static magnetic field and

oscillating gradients. No reduction in cell viability was observed in unlabeled cells subjected

to gradients, or in MNP-labeled cells in the static magnetic field. As no increase in local tem-

perature was observed, the cell damage was not a result of hyperthermia. Currently, we

consider the coherent motion of internalized and aggregated nanoparticles that produce

mechanical moments as a potential mechanism of cell destruction. The formation and

dynamics of the intracellular aggregates of nanoparticles were visualized by optical and

transmission electron microscopy (TEM). The images revealed a rapid formation of elon-

gated MNP aggregates in the cells, which were aligned with the external magnetic field.

This strategy provides a new way to eradicate a specific population of MNP-labeled cells,

potentially with magnetic resonance imaging guidance using standard MRI equipment, with

minimal side effects for the host.
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Introduction
Applications for magnetic nanoparticles (MNP), such as superparamagnetic iron oxide nano-
particles (SPION), in biomedicine are continuously expanding due to their unique properties,
which include: biocompatibility and magnetic interaction with external magnetic fields that
can generate imaging contrast in magnetic resonance imaging (MRI) [1,2,3], as well as thermal
[4] and mechanical effects [5,6]. Mammalian cells can be efficiently loaded with MNP using
various labeling protocols [3,7,8]. The MRI contrast generated by MNP has been successfully
used for MR tracking of transplanted cells in preclinical models [9,10,11] and clinical settings
[12]. Typical iron concentrations in the range of 5–10 pg iron/cell, used for in vivoMRI, do not
seem to result in cytotoxicity or impeded differentiation of pluripotent stem cells [13], although
a diminished chondrogenic potential of the magnetically labeled stem cells was observed [14].
Several SPION formulations composed of magnetite/maghemite (Fe3O4/Fe2O3), coated with
dextran (Feridex1) or carboxydextran (Resovist1), have been approved for the clinic [15,16].

A unique property of SPION is the efficient generation of heat when exposed to an alternat-
ing magnetic field (AMF), which can be used for therapeutic applications [17]. Mechanical
forces generated by the interaction of SPION with a gradient magnetic field have also been
used for multiple applications, including magnetic tweezers, nanosensing, magnetic cell separa-
tion, specific delivery of genes and therapeutic agents, and mechanical modulation in cells
[5,6,18,19,20,21,22] or tumor models [23]. Low-strength magnetic fields have also been used to
destroy human tumor cells with polymer-coated, multi-walled carbon nanotubes [24]. The
effect of AMF on the survivability of cells labeled with MNP without a temperature increase
has also been reported [25,26,27].

Here, we demonstrate a new strategy for the destruction of MNP-labeled cells by exposing
them to oscillating gradients of a magnetic field in the presence of a static saturating magnetic
field. In this report, we evaluate this method in vitro in cultured triple-negative breast cancer
MDA-MB-231 cells. We hypothesize that the mechanism of cell destruction is mediated by
direct mechanical forces generated by the magnetic interaction of the MNP aggregates with the
gradient field, and is not related to AMF-induced hyperthermia. Therefore, this technique
should selectively destroy targeted MNP-labeled cells with minimal effect on neighboring unla-
beled cells.

Materials and Methods

Nanoparticles
For this study, Bionized NanoFerrite (BNF) superparamagnetic iron oxide MNP, coated with
starch (plain surface, 80 nm diameter), were purchased fromMicromod Partikeltechnologie
GmbH, Rostock, Germany, and used without further modification. The stock solution has an
iron concentration of 13.7 mg/ml, and BNF MNP have a typical mass magnetization of 49 A
m2/kg Fe at 79,500 A/m; a saturation magnetization μsat > 76 A m2/kg Fe at magnetic field
H> 7.95•105 A/m; and the coercive field Hc = 449 A/m.

Pulse sequence
Fig 1A illustrates the experimental setup in a high magnetic field B0 = 9.4T of a preclinical MRI
system. A gradient pulse sequence shown in Fig 1B was developed, using the Paravision pro-
gramming environment and installed on a 9.4T Bruker Biospec system equipped with a G060
gradient system (60 mm inner diameter, 95 G/cm maximum gradient strength, and 50 μs rise
time). The gradient sequence, which generated an oscillating Gz gradient, was applied to the
samples for approximately 60 min, with a duty cycle of 7%. The thermal effect of the treatment
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was studied in agarose samples prepared in saline (0.9% NaCl in purified H2O) with and with-
out MNP (100 μg/mL), using an immersed thermocouple probe. The samples were positioned
in a circulating water chamber with the temperature set at 37°C. The temperature changes in
MNP-agarose samples were compared with agarose controls without MNP (Fig 1C).

Cancer cells
Human breast carcinoma MDA-MB-231 cells (ATCC) were cultured in DMEM (Cellgro)
medium supplemented with 1% penicillin-streptomycin and 10% FBS, and maintained at 37°C
in a humidified atmosphere containing 5% CO2 unless otherwise mentioned. Third or fourth
passages of cells with 70–80% confluency were used for imaging and therapeutic experiments.
Cells were seeded in four-well chamber slides (1×105 cells/well), grown for 24 h to ~75% con-
fluency, and were labeled with MNP following an established protocol [28]. Briefly, 9 μL of
MNP (27.4 mg/mL) was gently stirred with 2.5 μL poly-L-lysine (PLL, 1.5 mg/mL) in 10 mL of
cell culture media at room temperature for 1 h, for a final MNP concentration of 25 μg/mL,
which resulted in the formation of physically bound MNP-PLL complexes. In this study, cells
were incubated in this media for 24 h at 37°C and rinsed thoroughly with PBS, and the dishes
were supplied with fresh media. The cell labeling was confirmed by Prussian blue staining (Fig
2A). Based on inductively coupled plasma mass spectrometric analysis (ICP-MS), this method
results in an iron upload per cell of 14.8 ± 1.7 pg [11,29].

Stability of nanoparticles
Chemical stability of MNPs and their starch-coating were studied by measuring the hydrody-
namic diameter of the particles (MNP 25.0 μg/mL in DMEM) using dynamic light scattering
(DLS) MALVERN Nano ZS90 Zetasizer before and after the exposure to oscillating gradients.

Fig 1. Specifications of the treatment and the gradient system. (A) Schematic diagram of the therapeutic system. (B)Gradient pulse sequence
used in the high magnetic field. (C) Changes in local temperatures in agarose samples prepared with (100 μg/ml) and without MNP.

doi:10.1371/journal.pone.0156294.g001
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Effect of the oscillating gradients on MNP-labeled cancer cells
LIVE/DEAD1 cell imaging. The viability of cells after 24 h post exposure to the gradients

in the horizontal bore magnet of the 9.4T Bruker MRI spectrometer was qualitatively analyzed
by LIVE/DEAD1 (Life Technologies, Inc.) in the cell microscopy experiments. In this study,
MNP-labeled or unlabeled MDA-MB-231 cells grown in four-well chamber slides were
exposed to the gradient treatment, as described above, and incubated for 24 h. The media were
replaced by LIVE/DEAD1 cell imaging mixture following the manufacturer's protocol. The
cell cultures were incubated for 20 min and imaged by fluorescence microscope using green
(live cells) and red (dead cells) channels.

MTS assay. The viability of cells after the gradient treatment was quantitatively analyzed
by MTS assay. The MDA-MB-231 cells in four-well chamber slides were exposed to the gradi-
ent treatment and incubated for 24 h. The media was replaced with 10% MTS in medium and

Fig 2. MNP-labeling and the therapeutic effect in MDA-MB-231cells. (A) Prussian blue staining of unlabeled (i) and MNP-labeled (ii) cells. (B)
MNP-labeled cells before treatment (i) and immediately after the treatment (ii).

doi:10.1371/journal.pone.0156294.g002
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incubated for two hours. The absorbance of the media was measured at 490 nm. The percent-
ages of dead cells were calculated with respect to the viable cell count in the unlabeled and
untreated cell population.

Transmission electron microscopy (TEM)
TEM was used to study the alignment of internalized MNP along the magnetic field. The
MNP-labeled cells were placed in the bore of a 4.7T Bruker MRI spectrometer (inner diameter
of 40 cm) for 60 min, to induce an alignment of the internalized MNP along the magnetic field.
The large bore of the magnet allowed manipulations with the cells while in the magnetic field.
Following this, the cells were fixed while still in the magnet, using a 0.1 M sodium cacodylate
buffer solution (pH 7.2) containing 2.5% glutaraldehyde, 3 mM CaCl2, and 1% sucrose, for one
hour. Next, the cells were rinsed, three times, with a 0.1 M sodium cacodylate buffer solution
(pH 7.2) for 15 min. The cellular lipid membranes were then fixed with a 1% potassium per-
manganate solution for 30 min, on ice, and in the dark. The cells were next rinsed with deion-
ized water, dehydrated in a graded series of ethanol, and embedded in an Eponate 12 resin
(Ted Pella Incorporated, Redding, CA, USA). Following this, the samples were polymerized
while still in the magnet at 37°C for 48 h to preserve the orientation and structure of the inter-
nalized MNP. The dishes were maintained in the same position and orientation within the
magnet, throughout the whole process. The rigid samples were then removed from the magnet
and further polymerized at 60°C for 24 h. Following the polymerization step, thin sections (60
to 90 nm) were cut with a diamond knife on the Reichert-Jung Ultracut E ultramicrotome and
picked up with naked 200-mesh copper grids. Grids were next observed on a Philips CM120
TEM at 80 kV.

Optical microscopy
For optical microscopy studies, MDA-MB-231 cells were grown to ~80% confluency, in four-
well chamber slides. The cells were then labeled with MNP as described above, rinsed thor-
oughly with PBS, and fresh media was placed in the wells. The cells were then placed in the
bore of a 9.4T Bruker MRI spectrometer for 30 min, and the fixation process was carried out as
described above. However, following the dehydration step, the polymerization step was omit-
ted and the slides were mounted with a Permount mounting medium (Fisher Scientific, Pitts-
burgh, PA) while still in the magnet. The orientation of the chamber slides in the magnet was
maintained throughout the process. Following this, samples were imaged using a Nikon Eclipse
TS100 microscope.

Rearrangement and alignment dynamics of MNP aggregates were also studied in living
MDA-MB-231 cells grown and labeled with MNP, as described above. Cells in four-well
microscopy chamber slides were positioned inside a 9.4T MRI magnet at 37°C for a variable
amount of time, and light microscopy was performed immediately after B0 exposure using an
inverted microscope with 40x lens. Extreme care was used to slowly load and remove the sam-
ples from the magnet bore parallel to the magnet axis, while maintaining close proximity to the
axis to prevent possible changes in the cluster orientation due to magnetic torque. Images were
converted to 16-bit gray scale and processed with NIH ImageJ software to derive the direction-
ality parameter that reports the preferred orientation of structures present in the input image
using a standard ImageJ directionality plugin. Briefly, this plugin calculates the preferred orien-
tation of structures present in the image. It computes a histogram that indicates the relative
number of structures in a given direction [30,31]. Optical microscopy images were acquired
before and after 2, 5, 10, 20, 30, 45, and 60 minutes exposure to the magnetic field.
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Statistical analysis
Triplicate independent experiments were carried out for the statistical analyses. A two-tailed
Student’s t-test was used to analyze changes in cell viability. The difference was considered sig-
nificant when the p-value was<0.05.

Results
Cell labeling was confirmed by Prussian blue staining and the cells remained healthy and
showed no change in morphology (Fig 2) before the treatment. According to the Li et al. at
least 400 μg/mL of uncoated MNP with 24 h incubation is required for significant cytotoxicity
in cancer cells [32]. We have incubated cells in this media containing 25 μg/ml MNP-PLL com-
plexes up to 5 days and observed no MNP cytotoxicity. Immediately after the gradient treat-
ment, a significant amount of labeled cells were detached from the chamber surface and the
morphology of the cells that remained attached was significantly altered (Fig 2B). The maxi-
mum cell damage was observed for the highest gradient switching frequency, f, allowed by the
hardware (f ~ 5.4 kHz). The LIVE/DEAD1 cell microscopy assay showed a significant amount
of dead cells in the MNP-labeled and treated cell population compared to the unlabeled treated
cell population at 24 h after the treatment (Fig 3). Unlabeled, gradient treated, and MNP-
labeled, untreated MDA-MB-231 cells were used as controls for all studies, and no cytotoxicity
to the control MDA-MB-231 cells was observed as shown in S1 Appendix. No increase in tem-
perature was detected during treatment in the MNP-agarose sample, or in the agarose not con-
taining MNP (Fig 1C). Therefore, the detected cellular effects were likely caused by the direct
mechanical action of MNP and not by a thermal effect during the treatment. In addition, we
observed no change in hydrodynamic diameter of the particles before and after the gradient
treatments (S2 Appendix). Therefore, the observed cellular effects cannot be related to poten-
tial toxicity of uncoated iron-oxide nanoparticles.

Viability of MDA-MB-231 cells after the treatment was also evaluated by MTS assay (Fig 4).
We observed 26.6% of dead cells in the MNP-labeled, treated cell population after 24 h of the

Fig 3. Effects of treatment on cancer cells assessed by LIVE/DEAD1 assaymicroscopy in MDA-MB-231 cells. (A) LIVE/DEAD1 cell
microscopic images of MNP-labeled, treated cells after 24 h. (i) Phase contrast optical image, (ii) distribution of live cells, (iii) distribution of dead cells,
and (iv) merged image. (B) LIVE/DEAD1 cell microscopic images of unlabeled, treated cells after 24 h. (i) Phase contrast optical image, (ii) distribution
of live cells, (iii) distribution of dead cells, and (iv) merged image.

doi:10.1371/journal.pone.0156294.g003
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treatment. The percentages of dead cells in unlabeled/treated cells and MNP-labeled/untreated
cells were 5.3% (p<0.05) and 3.4% (p<0.05), respectively. The percentages of dead cells were
calculated with respect to the cell population on unlabeled/untreated samples. Changes in cell
viability were considered statistically significant for p values less than 0.05.

TEM analysis of the MNP-labeled cells, maintained at a 4.7T external magnetic field,
revealed the formation of elongated MNP structures with diameters of ~170 nm and lengths of
~700 nm (Fig 5A), compared to the samples not exposed to the magnetic field (Fig 5B). These
structures consisted of 250–300 MNP particles primarily found in late endosomal compart-
ments, and were oriented parallel to the B0 magnetic field and applied Gz gradients. Optical
images (using Nikon Eclipse TS100 microscope CCD camera, and processed by NIH ImageJ
software) of the labeled cells demonstrated that the MNP structures could also be resolved by
optical microscopy.

Microscopic images of MNP-labeled cells obtained before and after exposure to the 9.4T field
(37°C, 30 min, using a Bruker Biospec 9.4T preclinical MRI system) are shown in Fig 6A. A
directionality histogram is presented in Fig 6B, and changes in the directionality parameter at
angle 0° (parallel to magnetic field) as a function of magnetic exposure time are shown in Fig 6C.
A typical orientation rearrangement time of 39 min in the 9.4T magnet was observed (R2 = 0.92).

Discussion
The observed cell destruction by the gradient treatment was attributed to the interaction of
magnetized MNP aggregates with external gradient fields. A detailed description of the

Fig 4. MTS cell viability assay. The percentage of dead cells in MNP-labeled/treated, unlabeled/treated,
and MNP-labeled/untreated MDA-MB-231 cells was measured with respect to the unlabeled/untreated cell
population.

doi:10.1371/journal.pone.0156294.g004
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mechanical effects of the combination of the static and gradient magnetic fields on nanoparti-
cles was reported by Carrey et al. [6]. Briefly, in our experiments, the magnetic field (B0) satu-
rated the magnetic core of the nanoparticle to its maximum value of μsat. At this condition, the
force on the nanoparticle produced by the gradient, dB0/dR, can be derived as

F ¼ 1

2
rðmsatB0Þ ¼

V
2
Msat

dB0

dR
ð1Þ

where V is the particle volume andMsat is the volumetric saturated magnetization [33] (S3
Appendix). A simple estimation of the magnetic force for a single MNP with a diameter of 50
nm and a saturating magnetization μ0Msat of ~1T, positioned in a gradient magnetic field
G = dB/dR = 0.5 T/m, results in F� 10−17 N. This force is significantly lower than the force

Fig 5. Microscopic images of MNP aggregates orientation in MDA-MB-231 cells.Optical microscopy and TEMmicrographs of the orientation of
MDA-MB-231 cells incubated (A) at B0 = 4.7T magnetic field (i) optical image at 40x, (ii) TEM at 17,500x (scale bar, 500 nm), and (iii) TEM at 65,000x
(scale bar, 100 nm), or (B) at a non-magnetic condition (i) optical image at 40x, (ii) TEM at 17,500x (scale bar, 500 nm), and (iii) TEM at 65,000x (scale
bar, 100 nm).

doi:10.1371/journal.pone.0156294.g005
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required to destroy the cellular membrane [6]. Therefore, only a synchronous action of mag-
netic aggregates, consisting of multiple MNP, magnetized by the B0 field and driven by audio
frequency gradients, can produce efficient cell damage. In this case, an increase of the mechani-
cal force by at least several orders of magnitude is expected due to the increased volume and
orientation of the elongated MNP aggregates along the magnetic field and the applied gradi-
ents. The relatively low frequency of the applied gradients, f, suggests the stationary regime for
MNP interaction with the magnetic field 1/f>> τ = m/Kf, wherem is the mass of MNP and Kf

is the friction force of the medium with viscosity η(Kf = 6πηR) [6]. It is also quite likely that the
free drift of the MNP aggregates that are internalized in the cell is limited by the internal mem-
branes of the cellular compartments, such as endosomes and lysosomes. Significantly enhanced
effects of cell destruction were detected for the chosen direction of gradients, Gz, parallel to the
magnetic field. This orientation induces motion of the aggregates along their long axis with
minimal resistance from the medium, which results in the increased amplitude of the motion
and presumably enhanced cell effects. Importantly, the alternating magnetic field in this case

Fig 6. Magnetic directionality of MNP aggregates. (A) Example of images used to evaluate the magnetic directionality of MNP aggregates in
MDA-MB-231 cells at t = 0 and t = 30min after exposure to the external magnetic field (B0 = 9.4T). (B) Directionality histogram at t = 30min. (C)
Change in directionality (a.u.) with magnetization time, t (min).

doi:10.1371/journal.pone.0156294.g006
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should produce the highest effect after the alignment of the magnetic aggregates with the B0 is
complete, as was ensured in our experiments.

Therefore, the major effects of the static magnetic field B0, which are critically important for
the cellular effects from the oscillating gradients are: (i) saturation of the MNP magnetization,
which maximizes the magnetic force applied to the MNP Eq (1); and (ii) formation of supra-
molecular aggregates that consist of multiple MNP, which significantly amplifies the magnetic
forces compared to the force on a single magnetic nanoparticle.

Other possible mechanisms of cell damage due to the interaction of the oscillating magnetic
field with MNP-labeled cells, such as hysteresis, induction heating by eddy currents, and ferro-
magnetic resonance, are described in S4 Appendix and reveal negligible effects of heating in
magnetically saturated MNP or conductive cell growth media, as has been confirmed by our
control experiments. The iron content of the labeled cell was significantly lower than the cyto-
toxic level of coated or uncoated MNP in cancer cells [32]. The starch-coating of the nanoparti-
cle is chemically cross-linked and the gradient treatment, which only induces bulk motion of
the nanoparticle-assemblies, does not destroy the coating.

Selective cell kill by rotational movement of magnetic nanoparticles attached to the lyso-
somal membrane via anti-LAMP1 antibodies was demonstrated by Zhang et al. [34]. Low-fre-
quency (30 mT, 20 Hz) dynamic magnetic fields induced rotation of the 100 nm diameter
LAMP1-SPION and apparently apoptotic cell death due to the tearing of the lysosomal mem-
brane [34]. However, in this approach, MNP were not magnetically saturated by the applied
magnetic field and did not form aggregates that could generate significantly amplified mechan-
ical torque and forces compared to individual magnetic nanoparticles. Indeed, the analysis in
Carrey et al. suggests that an MNP with a diameter in the micron range is required to produce
mechanical forces in the piconewton (10−12 N) range when exposed to the gradient of a mag-
netic field of G = 1 T/m [6]. Lethal damage to the cell membrane produced by a monoclonal
antibody conjugated with the photosensitizing phthalocyanine dye, IRDye 700DX, has also
been related to mechanical effects on the cell membrane [35,36].

Conclusion
Overall, our results demonstrate that oscillating gradients can selectively destroy MNP-labeled
cells positioned in a saturated magnetic field. The technique is not based on MNP-induced
hyperthermia, and we suggest that the effect is due to mechanical forces generated by internal-
ized MNP aggregates. It is important to note that, for an external magnetic field B0 that is
above the saturation field, the magnetic force does not explicitly depend on B0 and the method
should provide a similar efficacy for B0 � ~1.5T, which is the typical range for clinical MRI.
This report takes an important first step toward future multiple biomedical applications,
including the destruction of cancer and transplanted cells. In addition, MNP-labeled cells gen-
erate strong MRI contrast, which facilitates image-guided applications for this method.

Supporting Information
S1 Appendix. LIVE/DEAD1 cell images of controls. (A) LIVE/DEAD1 cell assay on unla-
beled and magnetically treated cells. (B) LIVE/DEAD1 cell assay on MNP-labeled and
untreated cells exposed to the static magnetic field B0 only.
(PDF)

S2 Appendix. Stability of MNPs during the gradient treatment. Stability of the MNPs and
their starch-coating were studied by measuring the hydrodynamic diameter.
(PDF)
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S3 Appendix. Magnetic forces. The magnetic force generated by a gradient magnetic field on
MNP.
(PDF)

S4 Appendix. Heating effects. The heating of conductive MNP in variable magnetic field.
(PDF)
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