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T
umor resistance to undergo apopto-
tic cell death has become a major
obstacle to successful treatment in a

variety of cancers.1,2 Poor drug circulation at
the tumor site and the ability of tumor cells
to evade chemotherapeutic agents results
in cancer reoccurrence and development
of resistance to apoptosis.2�5 Current ap-
proaches aim to reactivate apoptotic path-
ways in cancer cells by employing a com-
bination of protein-targeted agents with
current anticancer drugs;6�8 however, their
success has been limited due to the ability
of cancer cells to acquire more complex
resistances that no longer respond to
therapy.9,10

Recent studies have illustrated that in-
creasing the permeability of lysosomes can
be an effective strategy to promote cell
death even in cancer cells with multiple
defects in the classic apoptotic pathways.11,12

Upon appropriate stimuli, the lysosome
membrane becomes permeable, releasing
digestive enzymes (e.g., cathepsins) into

the cytosol. Release of lysosomal enzymes
can promote cell death through caspase
dependent and caspase independentmech-
anisms, making it an attractive strategy
to induce cancer cell death even if cells are
resistant to normal apoptotic programs.13

Additionally, lysis of lysosomes can in-
crease the delivery of some drugs or re-
duce cytoplasmic pH, which may enhance
the effects of some cancer treatments such
as chemotherapy and hyperthermia.14 Sev-
eral strategies have been used to increase
the permeability of the lysosomemembrane,
including use of detergents,15 photooxida-
tion,16,17 lipophilic drugs,18 and pro-apoptotic
signaling.12,19 The use of lysomotropic
detergents such as siramesine has been
shown to induce lysosomal leakage and
cathepsin-dependent cancer cell death in
mouse tumor xenografts and in in vitro

studies.15 Siramesine induces a rapid rise
in the lysosomal pH that is followed by
lysosomal leakage and dysfunction. How-
ever, siramesine induced-cytotoxicity is not
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ABSTRACT Lysosomal death pathways are being explored as alternatives of

overcoming cancer tumor resistance to traditional forms of treatment. Nanotechnol-

ogies that can selectively target and induce permeabilization of lysosomal

compartments in cells could become powerful medical tools. Here we demonstrate

that iron oxide magnetic nanoparticles (MNPs) targeted to the epidermal growth

factor receptor (EGFR) can selectively induce lysosomal membrane permeabilization

(LMP) in cancer cells overexpressing the EGFR under the action of an alternating

magnetic field (AMF). LMP was observed to correlate with the production of reactive

oxygen species (ROS) and a decrease in tumor cell viability. Confocal microscopy

images showed an increase in the cytosolic activity of the lysosomal protease cathepsin B. These observations suggest the possibility of remotely triggering

lysosomal death pathways in cancer cells through the administration of MNPs which target lysosomal internalization pathways and the application

of AMFs.
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cell specific, requiring a high dose (100mg/(kg day)) to
significantly affect tumor volume in mouse xeno-
grafts.20 Activation of LMP through chemotoxic drugs
or pro-apoptotic factors has been effective in several
cancer cell lines.21,22 The cytotoxic cytokine tumor
necrosis factor-R (TNF) has been shown to promote
LMP through the generation of the lysosomotropic
detergents ceramide and sphingosine.22 Ceramide
and sphingosine are generally toxic;23,24 therefore,
ways to deliver these components selectively to tumor
cells are needed for treatment efficacy and to prevent
harmful secondary side effects. Another method based
on the photooxidation of thiol groups17 in the lysosome
membrane relies on the penetration of light through
tissue, making it difficult to treat deep seated tumors
and widespread metastatic lesions. Although these
studies support the potential of LMP in killing cancer
cells, they suffer from limitations such as lack of
specificity, potential side effects, and inability to reach
deep seated tumors. Therefore, new strategies that
allow controlled and selective induction of LMP in
cancer cells are of great interest to overcome multi-
drug resistance and increase the efficacy of current
tumor therapies.
Iron oxide (IO) magnetic nanoparticles (MNPs) be-

come associated with cells through the cell membrane
or by being internalized into cellular compartments
such as the lysosome. IO-MNPs exposed to an alter-
nating magnetic field (AMF) respond by locally releas-
ing heat and/or mechanically rotating; thus, it is
possible that such response leads to disruption of
phospholipid bilayers resulting in lysosomal mem-
brane permeabilization (LMP). IO-MNPs have been
shown to externally trigger controlled release of en-
capsulated cargo25 where magnetic actuation was
used to control timing and drug release from IO-MNP
containing liposomal vesicles. During the application
of an AMF, magnetic nanoparticles incorporated into a
lipid bilayer vibrate and dissipate energy in the form of
heat. Increased permeability of the lipid membrane
was observedwithout increasing the bulk temperature
above the melting point of the liposome (>40 �C). IO-
MNPs can be rapidly concentrated in the lysosomes of
tumor cells when conjugated to proteins that recog-
nize receptors overexpressed in the cell membrane,
such as the epidermal growth factor receptor (EGFR).26

EGFR is a cell surface receptor highly overexpressed in
several cancers including breast, head, neck and pan-
creatic cancers.27 Upon binding of the EGF ligand to
the receptor, EGFR is internalized into endosomes that
later fuse with lysosomes for degradation.28,29 Our
previous work showed that internalized EGFR-targeted
IO-MNPs exposed to an AMF resulted in a significant
reduction (up to 99%) in tumor cell viability and
clonogenic capacity without an increase in the tem-
perature of the cell suspension.26 This observation is
significant as it demonstrates that MNPs in AMFs can

kill cancer cells without a perceptible macroscopic tem-
perature rise to the hyperthermia range of 41�47 �C,
commonly believed to be required in so-called Mag-
netic Fluid Hyperthermia (MFH).30,31 As the observed
decrease in cell viability was thermal dose dependent
and because no changes were observed in the tem-
perature of the cell suspension, it is surmised that the
reduction in cell viability is due to damage caused by
the targeted MNPs to their local environment through
the action of the AMF. Indeed, internalized EGFR-
targeted IO-MNPs were observed mainly in the cell
membrane and lysosomes, suggesting damage to
these cellular components as a possible mechanism
for the observed decrease in cell viability and clono-
genic capacity. Thus, we speculate that IO-MNPs
exposed to AMFs locally release heat and/or me-
chanically rotate resulting in injury to cells by dena-
turing proteins and permeabilizing lipidmembranes.
Here we evaluate the effect of EGFR-targeted IO-
MNPs exposed to an AMF on the permeability of
lysosomes. We hypothesized that magnetic nano-
particles conjugated to EGF would destabilize the
lysosomal membrane leading to increased perme-
ability during the application of an AMF (Figure 1).
Our main goal is to use magnetic nanoparticle
actuation to selectively target a wide-range of
tumors independently of their apoptotic resistance
mechanisms.

RESULTS

Characterization and Internalization of MNPs. Magnetic
nanoparticles were synthesized by the co-precipitation
method and their physical and magnetic properties
were characterized (Figure 2). IO-MNPs covalently
coated with carboxymethyldextran (CMDx) had a
volume-weighted average hydrodynamic diameter of
61 ( 29 nm (Figure 2a) and consisted of small
clusters of primary particles with diameters of
14 nm (Figure 2b). The particles possessed super-
paramagnetic behavior (Figure 2c). IO-MNPs (0.3 mg
IO/mL) exposed to an AMF dissipated heat as a
function of AMF amplitude (Figure 2c), with a SAR
value of 175 ( 18 W/g at 233 kHz and 40 kA/m,
corresponding to the conditions used in the experi-
ments discussed below. The average amount of
EGF per magnetic core fluctuated between 4 and
6 μg/mg, which corresponds to about 20�50 EGF
molecules per 60 nm nanoparticle. We have pre-
viously demonstrated that CMDx-conjugated IO-
MNPs possess colloidal stability in biological buffers
and in the presence of cells.32

We proceeded to evaluate the amount and location
of internalized IO-CMDx MNPs. Figure 3 shows repre-
sentative confocal microscopy images of the distribu-
tion of MNPs (green) inside the cell. The IO-CMDx
staining pattern was more diffused across the cytosol.
The punctate lysosomal staining pattern (red) was very
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Figure 2. Characterization of iron oxide (IO) magnetic nanoparticles (MNPs). (a) Transmission electron microscopy shows
particleswith ameandiameter of 14( 4 nm. ( b) Volume-weighted hydrodynamic diameter distribution for IO-CMDxMNPs in
PBS 1� (0.01mg IO/mL) with fit to log-normal distribution. (c) Equilibriummagnetizationmeasurements of IO-CMDxMNPs at
300 K yields a magnetic diameter of 10 nm according to fit to Langevin function. (d) Specific absorption rate (SAR)
measurements of IO-CMDx MNPs exposed to different magnetic field amplitudes.

Figure 1. Schematic representation of lysosomal membrane permeabilization by magnetic nanoparticles in an alternating
magnetic field. Nontargeted nanoparticles are taken up by nonspecific mechanisms, whereas targeted nanoparticles are
taken up into endosomes and lysosomes due to receptormediated endocytosis of the targeted receptor.When an alternating
magnetic field is applied, both types of particles dissipate heat, with targeted magnetic nanoparticles delivering heat
specifically to endosomes and lysosomes, resulting in their permeabilization and the release of their contents into the
cytoplasm.
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similar to the IO-CMDx-EGF staining, suggesting
that IO-CMDx-EGF MNPs are concentrated inside the
lysosomes. As expected, EGFR-targeted MNPs had a
greater extent of internalization than nontargeted
MNPs (Figure 4).

Lysosome Rupture Mediated by EGFR-Targeted MNPs in
Response to an Alternating Magnetic Field. To test the
hypothesis that magnetic nanoparticles conjugated
to EGF can increase the permeability of the lysosome
during the application of an AMF, we assayed the
stability of lysosomes in cells loaded with MNPs
and exposed to an AMF. The AMF oscillated at a fre-
quency of 233 kHz and had a magnitude of 42 kA/m.
The acridine orange (AO) uptake-method was used to
determine lysosomal rupture.33,34 AO is a lysomotropic
dye permeable to the cell membrane that fluoresces
red inside the lysosomes and weakly green when
bound to DNA or in the cytosol. Ruptured lysosomes
do not contribute to AO uptake resulting in a popula-
tion of cells with reduced red fluorescence (pale cells).
Cells treated with hydrogen peroxide (H2O2), an induc-
er of oxidative stress, were used as a positive control
of lysosomalmembrane damage. As shown in Figure 5,
cells treated with targeted MNPs and exposed to an
AMF show a significant increase in the number of pale
cells, as compared to control (0 kHz) and EGF (233 kHz)
groups. Although nontargeted MNPs are more wide-
spread inside the cell as compared to targeted-MNPs,
a small increase in the number of pale cells was
observed in cells treated with nontargeted MNPs
(IO-CMDx) and exposed to an AMF. This increase in
lysosome permeability could be caused by heat dis-
sipation or rotation by MNPs adjacent to lysosomes
or internalized into lysosomes through nonspecific
cellular uptake pathways.

Cathepsins are proteolytic enzymes located in the
lysosomal compartment. The release of cathepsins into
the cytosol can result as a consequence of lysosomal
rupture. To further confirm lysosomal rupture in re-
sponse to an AMF, we monitored the cytosolic activity
of cathepsin B usingMagic Red (RR)2. Peptide (RR)2 is a
cathepsin B specific substrate permeable to the cell
membrane. Cleavage of (RR)2 by cathepsin B releases a
fluorescent form of the cresyl violet fluorophore. Con-
focal microscopy images (Figure 6a) show that cells
treated with MNPs and exposed to an AMF contain
lysosomes with very little cathepsin B activity (white
arrows). Confocal imaging analysis of 3D image stacks
of single cells shows that cytosolic activity of cathepsin
B (outside the lysosomes) was higher in cells treated
with EGFR-targeted IO-MNPs and exposed to an AMF
(Figure 6b).

Figure 3. Intracellular distribution of MNPs inMDA-MB-231 cells. Cells were incubatedwithMNPs (0.3 IOmg/mL) conjugated
to BODIPY-FL (green) for 2 h. Cells were visualized by fluorescence confocal microscopy at 60� magnification. Lysosomes
(red) were stained with Lysotracker red (75 μM). The nucleus (blue) was stained with Hoechst 33342 (10 ug/mL). Dashed line
added to outline the location of the nucleus. Scale bar represents 1 μm.

Figure 4. Cellular uptake of targeted and nontargeted
magnetic nanoparticles in MDA-MB-231 cancer cells. At-
tached cells were incubated with MNPs (IO 0.3 mg/mL) for
2 h. Cell samples were washed three times to remove
unbound MNPs and digested in nitric acid. IO-CMDx-EGF
MNPs had higher uptake than IO-CMDx. Bars show the
average iron content per cell. Data represent the mean of
3 independent experiments ( SE.
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Cell Toxicity. Permeabilization of the lysosomemem-
brane has been shown to promote cell death.35,36 The
release of proteolytic enzymes into the cytosol can
directly promote or participate in apoptotic signaling.
To determine the impact of LMP mediated by mag-
netic actuation of EGFR-targeted MNPs on cell death,
we evaluated cell viability in MDA-MB-231 and 184-B5
cells 48 h post-treatment. MDA-MB-231 cells treated
with EGFR-targeted MNPs and exposed to an AMF
show a significant decrease in cell viability as

compared to nontargeted MNPs and EGF treatment
(Figure 7). Nontargeted MNPs did not affect cell
viability suggesting that the extent and location of
nanoparticles taken up by the cell is an important
determinant in MNP-mediated cell death. Although
increased LMP was observed in 184-B5 cells treated
with IO-CMDx-EGF and exposed to an AMF (Figure 8),
cellular viability was not affected by exposure to
an AMF (Figure 7). Normal cells divide more slowly
and have less protein mutations compared to tumor
cells which may allow them to recover from heat/
mechanical damage caused by MNPs to proteins and
lipid membranes.37,38

Increased production of reactive oxygen species
(ROS) can lead to uncontrolled lysosomal permeability
via massive peroxidation of membrane lipids. The
generation of ROS can occur inside or outside the
lysosomal compartment. During the application of
an AMF, ROS can be released from the mitochondria
as a response to thermal damage induced by heat
dissipation from magnetic nanoparticles inside the
cells. We evaluated the production of ROS using a
nonfluorescent cell-permeable dye that reacts di-
rectly with a wide range of reactive species such as
hydrogen peroxide, peroxynitrite and hydroxyl radi-
cals, yielding a green fluorescent product indicative
of cellular production of ROS. Cells treated with
targeted MNPs show an increase in ROS when ex-
posed to an AMF (Figure 9a), whereas no significant
change was observed with nontargeted MNPs ex-
posed to an AMF. In the absence of an AMF, exposure
of cells to EGF alone and to targeted/nontargeted
MNPs did not result in a significant change in ROS
relative to the control of cells in the incubator. These
observations indicate that ROS production in the cells
exposed to targeted MNPs and an AMF is associated
to damage caused to cellular components due to
heat dissipated or mechanical disruption generated
by the targeted MNPs.

DISCUSSION

Because MNPs in AMFs respond by locally releasing
heat and/or mechanically rotating, it is possible that
such response leads to disruption of phospholipid
bilayers resulting in permeabilization of the lysosomal
membrane. Indeed, molecular simulations of rupture
in lipid bilayers demonstrate that both incremental
tension and incremental shear can destabilize cell
membranes39 and that the energy required to achieve
such membrane rupture is achievable with rotating
MNPs in AMFs. Alternatively, energy dissipated locally
as heat by MNPs in AMFs could lead to disruption
of lipid membranes. Huang et al.40 demonstrated a
temperature-induced change in fluorescenceof a fluoro-
phore attached to MNPs exposed to AMFs, whereas a
free fluorophore underwent no change. They claimed

Figure 5. Magnetic nanoparticles exposed to an alternating
magnetic field induce lysosomal membrane permeabiliza-
tion. (a) MDA-MB-231 cells were treated with MNPs and
exposed to an alternating magnetic field (AMF, 233 kHz,
41.75 kA/m, red peak) or left in the incubator (NoAMF, black
peak) for 1 h. Lysosomes were stained with AO (10 μg/mL)
for 10 min and the % of pale cells was quantified by flow
cytometry in FL-3 channel. M1 represents the region of
pale cells and it was determined by placing the marks
around the peak enclosing unstained cells (no acridine
orange, yellow peak). Hydrogen peroxide (H2O2) was used
as a positive control for LMP (blue peak). Peak diagrams
are representative of one independent experiment. (b)
Bars show the fold increase in the number of pale cells ex-
posed to the AMF normalized to the same condition with-
out field (No AMF) EGF-H2O2 condition was normalized to
EGF without field (EGF No AMF). Data represent the mean
of 4 independent experiments ( SE. *p < 0.1, **p < 0.01,
***p < 0.005.

A
RTIC

LE



DOMENECH ET AL. VOL. 7 ’ NO. 6 ’ 5091–5101 ’ 2013

www.acsnano.org

5096

that a local increase of the nanoparticle surface tem-
perature was responsible for the observed increase in
fluorescence.40 Experimentally, we have shown that a
thermoresponsive polymer attached to IO-MNPs un-
dergoes its transition when exposed to an AMF even
while the bulk temperature is below the transition
temperature.41 These two studies demonstrate that
energy dissipated locally by MNPs in AMFs can lead to
changes in molecules in close proximity to the nano-
particle surface. Furthermore, Amstad et al.25 showed
that magnetic actuation could be used to control
timing and drug release from vesicles containing iron
oxide nanoparticles. Upon the application of an AMF,
iron oxide containing liposomes released their cargo,
even though the heat released was insufficient to heat
bulk water to the membrane melting temperature.
This suggests that energy dissipated by MNPs asso-
ciated to lipid membranes in AMFs can lead to their

permeabilization. In a biological context, EGFR-
targeted magnetic nanoparticles in AMFs were shown
to significantly reduce viability and proliferation of
cancer cells without a perceptible macroscopic tem-
perature rise26 and in a heat dose dependent manner.
These observations were attributed to damage to
proteins, cellular compartments, or the cell membrane
caused by the rotation and/or heat dissipation due to
the targeted MNPs in AMFs, however, these mechan-
isms were not tested.
Nanoparticles become associated with cells through

the cell membrane or by being internalized into
cellular compartments such as endosomes and
lysosomes. We took advantage of the endocytic
trafficking of the EGFR to evaluate the effect of
EGF-coated MNPs in LMP. Our results show that
EGFR-targeted IO-MNPs increase the permeability
of the lysosome membrane when exposed to an
AMF. The increase in LMP correlated with a decrease
in cancer cell viability and an increase in ROS in
cells treated with EGFR-targeted MNPs and AMFs.
Although we believe that LMP is involved in the
observed cancer cell toxicity, other mechanisms
such as proteotoxic stress and pro-apoptotic signal-
ing might play an important role in MNP-induced
tumor cell toxicity. Identifying the key mechanisms
involved in MNP-mediated tumor cell death will be
part of our future studies.
EGFR is highly overexpressed in many cancers and

its activation can promote processes responsible for
tumor growth and progression. Targeting MNPs to the
EGFR can increase the selectivity of MNPs toward
cancer cells. Importantly, our results show that viability
of normal cells was not significantly affected by EGFR-
targeted MNPs or LMP. This suggests that manipula-
tion of LMP with EGFR-targeted MNPs can be used to

Figure 6. Cathepsin B release in response to an alternatingmagnetic field. MDA-MB-231 cells were treatedwith IO-MNPs and
exposed to an alternating magnetic field (233 kHz, 41.75 kA/m, AMF) or left in the incubator (No AMF) for 1 h. (a) Lysosomes
were stained in green with lysotracker green (1 μM), nucleus in blue with Hoecsht (10 μg/mL) and cathepsin B activity in red
using Magic Red (RR)2. Confocal images of suspended cells were obtained with a 60� objective. White arrows point to
lysosome vesicles with low cathepsin B activity. (b) Five single cell images were randomly obtained and analyzed per
condition. SlideBook 5.0 software was used to determine cathepsin B subcellular location from 3D-image stacks. Data
represents the mean ( 1SD. *p < 0.1.

Figure 7. Cell viability. MDA-MB-231 and 184-B5 cells were
incubated with IO-MNPs and exposed to an alternating
magnetic field (AMF, 233kHz, 41.75 kA/m). Magnetic field
controls were left in the incubator (No AMF) for 1 h. A total
of 10 000 cellswere seeded in 96well plates and cell viability
was evaluated 48 h post-treatment. Data represent the
mean fold change in viability relative to the incubator
control of 4 independent experiments ( 1 SE. *p < 0.1,
**p < 0.05.
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selectively promote cancer cell death while minimiz-
ing damage to normal tissues. In previous studies, we
have shown that reductions in cancer cell viability of
up to 99% are possible depending on the heat dose,
amount of internalized MNPs and apoptotic EGFR
signaling.26 The amount of MNPs internalized in
cells can be increased by locally applying a steady
magnetic field gradient, which has been shown
to substantially increase cellular uptake in vitro42

and served to enrich MNP concentration at the
tumor site in vivo.43,44 To minimize the variability
in cytotoxicity associated to the signaling mechan-
ism (proliferative or apoptotic) triggered by EGF-
conjugated MNPs bound to EGFR, other EGFR targets
that inhibit receptor signaling while retaining endo-
cytosis, such as EGFR antibody Cetuximab,45 should
be evaluated.
Increased permeability of the lysosome membrane

not only can be used to promote cancer cell death
through the release of proteolytic enzymes and

increase in ROS, but can also enhance the efficacy of
drugs trapped in lysosomes. Lysosomal drug seques-
tration plays an important role in the development of
tumor drug resistance.18 Lysosomotropic drugs, such
as amine and weak basic compounds, become proto-
nated inside the acidic lysosome and are unable
to escape into the cytosol. Although lysosomes are
small, they can accumulate many drugs at up to
100-fold higher concentration than the extracellular
environment.46,47 Consequently, lysosomal drug
trapping is responsible for 25�40% of whole tissue
drug uptake.48 MNP-mediated LMP could be used to
treat multidrug resistance by altering the subcellular
distribution of drugs in combination with heat-
generated proteolytic damage and proteotoxic stress.
MNP-mediated LMP can be used in combination with
conventional clinical treatments (e.g., chemotherapy,
radiation), anti-cancer agents such as proteins can be
conjugated to the MNPs,49 and whole body magnetic
field applicators50 can be used to deliver the required

Figure 8. Magnetic nanoparticles exposed to an alternating magnetic field induce lysosomal membrane permeabilization
(LMP) in 184-B5. Cells were treated with MNPs and exposed to an alternating magnetic field (AMF, 233 kHz, 41.75 kA/m, red
peak) or left in the incubator (No AMF, black peak) for 1 h. Lysosomeswere stainedwith acridine orange (10ug/mL) for 10min
and the percentage (%) of pale cells was quantified by flow cytometry in the FL-3 channel. M1 represents the region of pale
cells and it was determined by placing themarks around the peak enclosing unstained cells (no acridine orange, yellowpeak).
Hydrogen peroxide (H2O2) was used as a positive control for LMP (blue peak). Exogenous addition of EGF is required to
maintain 184-B5 growing in culture; therefore, EGFwas used as a normal culture control. Peak diagrams are representative of
one independent experiment. Bars show the fold-increase in the number of pale cells exposed to the AMF normalized to the
same condition with no field (No AMF). EGF-H2O2 condition was normalized to EGF No AMF. Data represent the mean of
3 independent experiments ( SE. *p < 0.1.
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magnetic fields anywhere in the body, including deep
tissues.

CONCLUSIONS

The development of cancer treatments with dif-
ferent modes of action is of key importance in

overcoming cancer cell resistance to therapy. Due to
the ability of LMP to promote cell death indepen-
dently of apoptosis resistance mechanisms, the acti-
vation of lysosomal death pathways has been
suggested as a potential cancer treatment. Unfortu-
nately, drugs that trigger this pathway face serious

Figure 9. Generation of reactive oxygen species (ROS) in response to an alternating magnetic field. (a) MDA-MB-231 cells
were treated with MNPs and exposed to an alternating magnetic field (AMF, 233kHz, 41.75 kA/m, red peak) or left in the
incubator (No AMF, black peak) for 1 h. Intracellular ROS was detected using flow cytometry in the FL-1 channel. M1
represents the region belowwhich there is normal ROS expression. Pyocyanin (blue peak) and pyocyaninþ inhibitor (yellow
peak)were used as positive controls for ROS formation. Peak diagrams are representative of one independent experiment. (b)
Bars show the fold increase in the number of MDA-MB-231 cells with ROS normalized to control when exposed to various
conditions in the absence of an AMF. (c) Bars show the fold increase in the number of MDA-MB-231 cells with ROS when
exposed to AMF. Mean values were normalized to the same condition with No AMF. Pyocyanin and pyocyanin þ inhibitor
conditions were normalized to EGF No AMF. Data represent the mean of 4 independent experiments ( SE. *p < 0.05.
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limitations. We have shown that MNPs targeted to the
lysosome and exposed to AMF are a novel strategy to

manipulate LMP, selectively killing the targeted can-
cer cells.

MATERIALS AND METHODS
Synthesis and Characterization of MNPs. Iron oxide magnetic

nanoparticles (IO-MNPS) were synthetized by the co-precipitation
of two iron salts, as described by Creixell et al.26 IO-MNPs were
peptized with (CH3)4NOH and functionalized with an amino-
silane (APS) to graft functional amine groups in MNPs (IO-APS).
Formation of amide bondswith carboxylmethyl dextran (CMDx)
was achieved via EDC/NHS reaction. Briefly, 25 mg of EDC
(22980, ThermoScientific, Rockford, IL), 15 mg of NHS (130672,
Sigma-Aldrich, St. Louis, MO) and 1 g of CMDx (86524, Sigma-
Aldrich) dissolved in 10 mL of deionized water (pH 4.5�5) were
mixed with 0.1 g of IO-APS. Unbound CMDx was removed by a
series of washes with ethanol/water mixture (3:1) and centrifu-
gation steps (8000 rpm for 10 min) until no more CMDx (light
brown-yellow color) was observed in the organic phase (3�4
washes). IO-CMDx MNPs were dried at 60 �C in a vacuum oven
and stored at 4 �C. MNPs functionalized with CMDx were
washed three times with ethanol, dried at 60 �C in a vacuum
oven and stored at 4 �C. For biological experiments, MNPs were
autoclaved and suspended in cell culture media or PBS 1� by
ultrasonication for 5�10 min. CMDx-conjugated MNPs sus-
pended in PBS 1� (0.01 mg IO/mL) have a hydrodynamic
diameter of approximately 60 nm (Brookhaven Instruments
BI-90 Plus Particle Size Analyzer). The weight percentage of
magnetic core was estimated from thermo-gravimetric analysis
(TA Instruments 2950). The magnetic properties of the nano-
particles were evaluated using a magnetometer (Quantum
Design MPMS XL-7 SQUID). For specific absorption rate (SAR)
measurements, 0.3 mg of magnetic core diluted in 1 mL of
PBS 1� were exposed to increasing magnetic field intensity for
100 s. Sample temperature was monitored with a Luxotron
Fluoroptic Thermoprobe.

Conjugation of EGF to MNPs. Sterilized MNPs (6 mg magnetic
core) were suspended in 2.5 mL of PBS 1� and mixed with
0.5 mL of 120mg/mL EDC (sterilized by filtration) for 10 min (pH
4.5�5) at room temperature (25 �C). The solution was adjusted
to pH 7.8 and 200 μg of EGF (Z00333, GenScript, Piscataway, NJ)
was added to the particle solution. The solution was incubated
for 2�4 h at 37 �C in a thermoshaker at 200 rpm. Unbound EGF
was removed by 3 rounds of washes with PBS 1� dialyzed using
30K centrifugal tubes centrifuged at 7000 rcf for 10 min at 4 �C
as previously determined by Creixell et al.51 EGF concentra-
tion on the surface of magnetic nanoparticles was quantified
using the CBQCA Protein Quantitation kit (C6667, Invitrogen,
Eugene, OR). The CBQCA assay quantifies proteins by binding of
3-(4-carboxybenzoyl) quinolone-2-carboxaldelhyde (CBQCA) to
amines in the presence of thiols or cyanide at basic pH 9. The
fluorescent product of CBQCA has an absorption peak excitable
at 430�490 nmwithmaximum emission at around 560 nm. The
amount of EGF in magnetic nanoparticles was estimated in
nanoparticles that had the free amine groups of APS blocked
with glutaraldehyde down to undetectable levels prior to EGF
conjugation. Briefly, 12 mg of magnetic core was suspended in
2 mL of 10 mM sodium phosphate buffer and mixed with 2 mL
of 20% glutraldehyde solution. The mixture was incubated at
200 rpm for 1 h at room temperature. Unbound glutaraldehyde
was removed by 3 rounds of washes with PBS 1� dialyzed using
30K centrifugal tubes (Millipore) centrifuged at 7000 rcf for
10 min at 4 �C. To obtain accurate estimates of the amount of
EGF on the surface of MNPs, EGF was conjugated to IO-CMDx-G
and IO-CMDx in parallel reactions.

Cell Culture. The human breast cell lines MDA-MB-231
(cancer derived) and 184-B5 (normal tissue) were purchased
from American Type Culture Collection (Rockville, MD). Cells
were cultured in 25 cm2 cell culture flasks (Costar Corning,
Lowell, MA) and maintained at 37 �C and 5% CO2. MDA-MB-231
were cultured in DMEM (56499C, Sigma-Aldrich) containing
4500 mg/L dextrose, 4.0 mM L-glutamine, 110 mg/L sodium

pyruvate, 10% fetal bovine serum (10082, Invitrogen), 0.1 mM
nonessential amino acids (11140, Invitrogen), 1 μg/mL strepto-
mycin (15140, Invitrogen), 1units/mLpenicillin (15140, Invitrogen),
2.5 μg/mL amphotericin B (A-2942, Sigma-Aldrich) and 2.7 g/L
of sodium bicarbonate (s8875, Sigma-Aldrich). 184-B5 cells
were cultured in MEGM supplemented with gentamyocin,
EGF, insulin and 2% bovine pituitary extract (CC-3150, Lonza,
Walkersville, MD). Cells were used within passages 10�25.

Internalization and Localization of MNPs. BODIPY-FL (D2184,
Invitrogen) was bound to the free amine groups of APS in IO-
CMDx via EDC/NHS reaction as previously described. About
200 000 cells were seeded in 2-well chamber slides (155380,
Thermo Scientific) and treated with 0.3 mg of FeO/mL for
2 h. Lysotracker red �DND99 (L7528, Invitrogen) and Hoescht
33342 (H3570, Invitrogen) were added at a final concentration
of 0.75 μM and 10 μg/mL, respectively, during the last 30 min of
incubation. Cell samples were washed twice with PBS 1� to
remove free dyes and MNPs prior to imaging. To measure iron
content inside cells, pelleted cells were resuspended in 200 μL
of ultrapure water to obtain a homogeneous cell suspension.
The suspended cells were transferred into glass tubes contain-
ing 70% HNO3 and then mineralized until completely dried at
80 �C. The mineralized sample was dissolved in 4 mL of 2%
HNO3 in ultrapure water. ICP measurements obtained from
samples were compared to iron standard (Fe3þ) to determine
iron concentration.

AMF Treatment. Attached cells seeded overnight at a density
of 225 000 MDA-MB-231 cells/well (6 well plates) were incu-
bated with cell culture media (DMEM 10% FBS) containing EGF
2�5 μg/mL (equivalent [EGF] as in 0.3 mg core/mL of IO-CMDx-
EGF), IO-CMDx or IO-CMDx-EGF (0.3 mg FeO/mL) for 2 h at 37 �C
and 5% CO2. Unbound MNPs were removed by 3 consecutive
washes with 2 mL of PBS 1� per culture well. Cells were
detached (tripsin 0.5%) and suspended in 2 mL of cell culture
media. A commercial induction heater setup (RDO Induction,
Washington, NJ) with an operating frequency of 233kHz and
magnetic field intensities of 0�62.8 kA/m was used as the
magnetic field source. A 4-loop round copper coil of 2 cm inner
diameter was connected to the RDO Induction heater to gen-
erate an AMF in the sample. Two milliliters of cell suspension
(110 000 cells) contained in a 5 mL glass vial was placed inside
the coil. A layer of foam (0.4 cm)was placed around the glass vial
to tightly hold the tube in place and to thermally isolate the
sample from the induction heater coils. The distance between
the coil and the glass vial was the same as the thickness of the
foam layer. Cold water (16 �C) recirculated inside the induction
coil also to protect the sample from heat dissipated by the
oscillating electric current in the coil. An external heating box
was used tomaintain the environmental temperature at 37 �C(
0.3 �C. Cell suspensions were exposed to an AMF (42 kA/m,
233 kHz) or left in the incubator (37 �C) for 1 h. The temperature
of the sample and environment weremeasured using fluoroptic
immersion probes connected to a Luxtron Fluoroptic Thermo-
metry Lab module (Lumasense Technologies, Oakland, NJ).

Lysosome Membrane Stability Assays. Lysosome membrane sta-
bility was evaluated in single cells using AO-uptake method. AO
is a metachromatic fluorophore and a lysomotropic base that
becomes protonated within acidic compartments mainly ma-
ture lysosomes (pH 4.5�5). Lysosomes loaded with AO emit an
intense red fluorescence (FL-3 channel) when excited by blue
light (488 nm argon laser). A total of 50�80 000 cells suspended
in 500 μL of cell culture media were treated with Acridine
Orange (10 μg/mL) for 10 min at 37 �C. Treatment with 0.3 μM
hydrogen peroxide (H2O2) for 30�45min was used as a positive
control for lysosome permeability. Nonstained cells were used
to determine the region of pale cells (M1 region). Single
cells with a reduced number of AO loaded lysosomes (pale
cells) weremeasured with a benchtop Accuri C6 flow cytometer
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(BD Biosciences, Franklin Lakes, NJ). CFlow Plus software (BD
Biosciences) was used for acquisition and analyses.

Cathepsin B Activity. Following AMF treatment, cathepsin B
activity was evaluated in situ using the Magic Red TM Cathepsin
B Detection kit (937, Immunochemistry Technologies, LLC,
Bloomington, MN). Lysosomes and the nucleus were stained
with Lysotracker Green DND-26 (L-7526, Invitrogen) and Hoescht
33342, respectively. About 20 μL of cell suspension was placed
between 2 coverslips to obtain confocal 3D image stacks of single
cells.

Intracellular ROS. Intracellular ROS was detected using the
Total ROS Detection Kit (ENZ-51011, Enzo Life Sciences Inc.,
Farmindale, NY) following the manufacturer's recommended
protocol. Following AMF treatment, approximately 90 000 cells
suspended in cell culture media were treated with ROS Detec-
tion Solution for 30 min at 37 �C in the dark. Cells treated with
Pyocyanin (500 μM)( 5 mM ROS Inhibitor (N-acetyl-L-cysteine)
for 30 min were used as a positive control for ROS generation.
Upon staining, cell fluorescence was collected in the FL-1
channel (488 nm) of the AccuriC6 flow cytometer. CFlow Plus
software was used for acquisition and analyses.

Cell Viability. Following AMF treatment, about 7�10 000
cells/well (96 well plates) were seeded in 200 μL of cell culture
media for 48 h. Cells were washed once with PBS 1� (100 μL/well).
Cellular toxicity was evaluated immediately with CellTiter Blue
(Promega,Madison,WI) followingmanufacturer's recommendation.

Image Analysis and Statistics. Images of live cells were obtained
using a confocal spinning disk microscope (3i Systems Olympus
IX81, Denver, CO) with a 60� oil objective (NA:1.42, RI:0.17) and a
QImaging camera (SN:Q31153). For co-localization analysis, masks
for each dye were generated applying the Ridler-Calvard method.
Percentage of co-localization was generated for each 3D image
stack and compared among conditions. The Slidebook 5.0 soft-
ware was used for image acquisition and co-localization analysis.

Data represents the mean ( standard error (SE) of at three
to four independent experiments as specified. For comparisons
of two means, Student's t test was used. Significant changes
were determined based on p-values: p< 0.05 (*) and p< 0.005 (**).
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