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Abstract: In this paper, we show that magnetic nanowires with weak magnetic fields and
low frequencies can induce cell death via a mechanism that does not involve heat production.
We incubated colon cancer cells with two concentrations (2.4 and 12 pg/mL) of nickel nanowires
that were 35 nm in diameter and exposed the cells and nanowires to an alternating magnetic
field (0.5 mT and 1 Hz or 1 kHz) for 10 or 30 minutes. This low-power field exerted a force on
the magnetic nanowires, causing a mechanical disturbance to the cells. Transmission electron
microscopy images showed that the nanostructures were internalized into the cells within 1 hour
of incubation. Cell viability studies showed that the magnetic field and the nanowires separately
had minor deleterious effects on the cells; however, when combined, the magnetic field and
nanowires caused the cell viability values to drop by up to 39%, depending on the strength of
the magnetic field and the concentration of the nanowires. Cell membrane leakage experiments
indicated membrane leakage of 20%, suggesting that cell death mechanisms induced by the
nanowires and magnetic field involve some cell membrane rupture. Results suggest that magnetic
nanowires can kill cancer cells. The proposed process requires simple and low-cost equipment
with exposure to only very weak magnetic fields for short time periods.

Keywords: cell death induction, low frequency alternating magnetic field, nanomedicine,
nanowire internalization, nickel nanowires

Introduction
Micro- and nanostructured materials have become relevant to the life sciences mainly
because manufacturing advances now permit their sizes to be tailored in a controlled
fashion such that they match the sizes of biological entities, which can range from
tens of nanometers (average size of a virus) to tens of micrometers (average size of a
mammalian cell).! Given the high surface area to volume ratio of such materials, the
chances of a bond to be created or a payload to be delivered are dramatically increased
with the use of nanostructured materials. Surface areas are commonly decorated with
coatings that are intended for two purposes: to enhance the biocompatibility of the
nanoparticle and to gain bioactivity, ie, to become an active player in the biological
niche of'interest. This bioactivity has been exploited for cell targeting,>* cargo payload
(drug and gene delivery),*® contrast agents,” or a combination of these, giving multi-
functionality to a nanostructure.®

Magnetic nanoparticles (MNPs) can be remotely manipulated by magnetic fields.
Using direct current fields, MNPs can be trapped, concentrated,'"' or used in cell
separation.’>'” Under alternating fields, MNPs can be heated® or rotated,'** and, in
cases of elongated structures, they can transmit forces or torques to whatever they
are in contact with.

Investigation of magnetic nanostructures for biomedical applications has increased
recently. Most previous studies utilized magnetic nanobeads, but recent studies have
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reported diverse bioapplications of magnetic nanowires
(NWs) as well. NWs offer advantages over nanobeads, such
as larger magnetic moments per unit of volume and larger
surface area to volume ratios, which allow them to bind more
efficiently to cells, producing purer populations during cell
separation.?!??

The two magnetic materials usually used as NWs in bio-
medical applications are Fe and Ni. Out of these two, Fe NWs
tend to aggregate more, since they have a higher remanence
magnetization value,” making Ni a better material in that
regard. Furthermore, Ni NWs have proven to be efficient
in cell separation, manipulation, and purification!¢-17-2122.24-26
as well as in delivering cargoes of various macro-particles
including biological entities.?” Recent studies have investi-
gated their use as therapeutic agents for hyperthermia? and
cell inflammation induction® in cultures of human embryonic
cells. They have also been shown to work as apoptotic agents
for pancreatic cancer cells.*

The large number of studies that use Ni NWs in com-
parison to Fe might suggest that Ni is a better candidate
material despite its reported genotoxicity and cytotoxicity
in Ni-containing dust particles.’! Even though no work has
been done that directly compares the cytotoxicity of Fe and
Ni NWs under the same experimental conditions (cell line,
incubation times, concentrations), a cross-comparison among
studies®>* reveals that Fe NWs are considerably less toxic
at a given concentration than are Ni NWs. However, as
mentioned above, the stronger aggregation of Fe NWs limits
the use of pristine NWs, requiring passivation to overcome
this limitation.

In addition to work on biological and biomedical appli-
cations, fundamental studies involving internalization into
different cell lines,* the dependence of cytotoxicity on incu-
bation time and NW concentration,**-** and length-dependent
cytotoxicity® have been reported. Moreover, cellular pro-
cesses such as increased levels of reactive oxygen species,?’
cell viability reduction,”*¢ and cell membrane leakage®®
have been shown to be activated solely by the incubation of
cells with Ni NWs.

Alterations in cellular features due to magnetomechanical
effects from alternating magnetic fields (AMFs) have been stud-
ied before. The first study applied a low-frequency (1-10 Hz),
high-gradient magnetic field and mechanical vibration to
mesenchymal stem cells and showed that both mechanisms
play an important role in F-actin remodeling and regulation
of adipogenic differentiation.’” The next two studies®**
incubated magnetic particles (iron oxide nanoparticles and
permalloy microdisks, respectively) with cells in culture and

applied AMFs. In the first one,*® a hyperthermia-like field
was employed (16 mT, 260 kHz), while in the second one,*
a low-frequency field was used (9 mT, 20 Hz). Both studies
induced cell death in coincubated cells and particles after
AMF exposure. Common changes in the cells included cell
membrane leakage and cell shrinkage. The permalloy par-
ticles were functionalized with antibodies directed towards
overexpressed cancer cell membrane receptors.

There have also been a few studies in which Ni NWs in
combination with magnetic fields were used. Two studies
have been conducted that used low-frequency magnetic
fields to exploit the rotational response of Ni NWs, 240
In the first one, Choi et al*® measured interleukin-6 (IL-6)
expression (a common proinflammatory cytokine) after a
13 hour coincubation of cells with Ni NWs and application
of a field (field strength not mentioned) for 5 minutes. The
IL-6 expression fold-changes (compared to cells incubated
with NWs only, no applied field) were: 5, 4.5, and 1.5 for
1.7 Hz, 8.3 Hz, and 11.6 Hz, respectively. The second study
consisted of the addition of Ni NWs to mouse fibroblasts in
culture and the subsequent application of a very strong field
(240 mT, 1 Hz) for 20 minutes. Fung et al showed an 89%
cell viability reduction.*” Moreover, the NWs by themselves
did not induce elevated expression of IL-6 when cocultured
with mouse fibroblasts for 12 hours, despite the moderate
cytotoxicity reported for Ni*! and the strong hypersensitivity
of human skin.*?

The studies mentioned here used NWs with diameters
ranging from 150 to 280 nm. For assessing cell damage, opti-
cal microscopy and quantitative real-time polymerase chain
reaction (PCR) were used. Only Fung et al*® used a colori-
metric method to compare viability of a given cell population
before and after application of the low-frequency AMF.

In the present study, we applied a low-frequency, small-
amplitude AMF to cells that had been incubated with Ni
NWs. Compared with previous studies, the applied magnetic
field was much weaker in our experimental setup and the
NWs were about one order of magnitude thinner than those
used in previous work. The motivation behind this experi-
mental setup is the exploitation of a non-chemotoxic way of
inducing cancer cell death.

Here, we consider NW—cell interactions by using trans-
mission electron microscopy (TEM) images that reveal the
NW internalization process and the location of the magnetic
NWs inside cancer cells. We also consider AMF—cell interac-
tions when the magnetic field is applied for short periods of
time (10 or 30 minutes) to cells in culture. Finally, we discuss
NW-AMF interactions and estimate the forces exerted by
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a single NW, along with the combined effects of NW—cell
interaction in the presence of an AMF, which we call AMF
treatment. We report on cell population assays that measured
viability and membrane leakage.

Materials and methods

Fabrication of magnetic NWs

The NWs were fabricated by electrodeposition into alu-
mina membranes. Full details of the aluminum anodiza-
tion* and pulsed electrodeposition processes can be found
elsewhere.*** Briefly, a highly pure aluminum substrate
(99.999%; Goodfellow, London, UK) was cleaned and elec-
tropolished. A two-step anodization of the polished alumi-
num under specific conditions (0.3 M oxalic acid, 4°C, 40V)
resulted in the growth of a porous anodic alumina template
with hexagonally arranged nanopores with diameters from
30 to 40 nm, which was used as the template for NW fabrica-
tion. Pulsed electrodeposition was employed to deposit Ni
with current pulses limited to 30 mA. The NW length was
controlled by the deposition time, and 4 um long Ni NWs
(4.1£1.4 pum) were fabricated.

Afterwards, the template containing the NWs was dis-
solved with 1 M NaOH. The NWs were collected with a
magnetic rack (DynaMag™-2; Life Technologies, Carlsbad,
CA, USA), rinsed thoroughly with ethanol with 5-second
sonication steps in between the cleaning steps, and resus-
pended in cell culture medium. The cell culture medium was
changed three times to remove any remaining ethanol.

Characterization of magnetic NWs

The NW morphology and geometrical features were inves-
tigated with scanning electron microscopy (SEM) and TEM
(SEM: Quanta 3D; FEI Company, Hillsboro, OR, USA; and
TEM: Tecnai BioTWIN; FEI Company). The length and
diameter distributions were obtained directly from SEM
images using ImagelJ software. The NW composition was
measured using energy-dispersive X-ray spectroscopy (scan-
ning TEM Tecnai BioTWIN; FEI Company). All electron
microscopic images were taken of NWs freshly released from
the template after rinsing several times with ethanol. Once
released, the NWs were sonicated for 10 minutes to achieve
a better dispersion.

The NWs were quantified via an indirect method. After
electrodeposition, the samples were briefly immersed in a
chromium-based solution to partly reveal the NWs. After
washing with ethanol, they were imaged with SEM, and
the pore filling was found to be above 95%. The number
of pores of a certain area, quantified from an SEM image,

was extrapolated from the total deposition area determined
by the experimental setup. Due to the high pore filling, the
total number of NWs was considered to be equal to the total
number of pores.

Magnetization loops of NWs inside the alumina mem-
brane were measured at room temperature with a vibrating
sample magnetometer (VSM model MicroMag™ 3900;
Princeton Measurement Corporation, Westerville, OH, USA)
(maximum field used: 1 T; sensitivity: 0.5 pemu; standard
deviation at 1 second per measured point).

The surface charge of Ni NWs was measured by dynamic
light scattering (Zetasizer Nano ZS, He—Ne laser 633 nm;
Malvern Instruments, Malvern, UK). A concentrated solution
of NWs was resuspended in complete culture medium, put
into a capillary cell, and measured.

Cell culture

HCT116 (ATCC® CCL-247™) colorectal carcinoma
cells were cultured following vendor recommendations in
McCoy’s 5A medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (final concentration).
The doubling time of the cells in culture was found to be
17 hours.

AMF treatment

Cells were seeded in 96-well plates (5x107 cells/well). After a
24-hour growth period and a confluence of about 80%, NWs
were added at concentrations of 2.4 ug/mL or 12 pug/mL.
The NWs were incubated with the cells for 1 hour before the
magnetic field was applied for 10 or 30 minutes. Each experi-
ment included negative controls (no NWs added and no field
applied), a field-only control, and a NW-only control. Each
experiment was carried out on three independent biological
replicas. The AMF was produced using an in-house-made
four-layer coil with six turns per layer of Litz wire in com-
bination with a bipolar amplifier (AL-200-HF-A; Amp-Line
Corporation, West Nyack, NY, USA) and a signal generator
(33250A; Agilent Technologies, Santa Clara, CA, USA).
The field amplitude was 0.5 mT and the frequencies tested
were 1 Hz and 1 kHz. The power required to generate this
magnetic field corresponded to about 50 mW.

Cytotoxicity assays

The effects of the different experiments on the cell viability
were evaluated using two methods based on cell toxicity:
a colorimetric assay that measures the reduction of the yellow
compound, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazo-
lium bromide (MTT), to purple formazan by mitochondrial
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enzymes in active cells;* and a fluorescent cell membrane
integrity assay that measures the amount of lactate dehy-
drogenase (LDH), normally present inside cells, in the cell
culture medium. The experimental details for each of the
assays used are described below.

Immediately after AMF treatment, the cells were incu-
bated with 100 UL of 10% (v/v) MTT solution (0.5 mg/mL
in phosphate-buffered saline) in cell culture medium for
2 hours. The MTT solution was carefully removed and the
cells were lysed by adding 100 uL of lysis solution (20%
[wt/v] sodium dodecyl sulfate +0.6% [v/v] 37% HCI in
dimethyl sulfoxide).*” The MTT formazan crystals were
dissolved by gently tapping the plate, and their optical den-
sity (OD) was measured by a microplate reader (xMark™
microplate-absorbance-spectrophotometer; Bio-Rad Labora-
tories Inc., Hercules, CA, USA) at a test wavelength of 570
nm and a reference wavelength of 630 nm. The cell viability
was calculated as the percentage of optical density of the
treated cells compared with the negative control (NC), ie,
the untreated cells:

OD [Treated cells]
OD [NC cells]

Viability % = x100. (1)

For the membrane integrity assay, HCT 116 cells were
seeded in medium supplemented with 5% fetal bovine serum,
as the 10% concentration led to a higher background (BKGD)
fluorescence. Additional controls were seeded for each
experiment: BKGD wells (only 5% cell culture medium),
positive control (PC; lysed untreated cells to get a maximum
cell membrane leakage value), and apoptotic cells (untreated
cells exposed for 1 hour to ultraviolet light). After AMF treat-
ment, 96-well plates were equilibrated to room temperature
for 30 minutes. After this, 2 UL of lysis solution (9% [w/Vv]
Triton® X-100 in water) were added to the PC wells. Then,
120 uL of Cytotox-ONE™ reagent was added to each well
to initiate the reaction that would lead to the production
of the fluorescent product (resorufin) proportional to the
amount of LDH in the medium. After 10 minutes at room
temperature, the reaction was stopped by addition of 50 uL
of stop solution. The fluorescence signal was collected with
the GloMax Multi Detection System (Promega Corporation,
Fitchburg, WI, USA), using a green fluorescent filter (excita-
tion 525 nm, emission 580—-640 nm). The percentage of LDH
leakage was calculated as the average fluorescence values of
the treated cells minus the average BKGD fluorescence signal
normalized to the PC, ie, the maximum membrane leakage
less the average BKGD fluorescence signal:

Treated cells — BKGD
PC cells— BKGD

LDH leak % = x100.  (2)

Internalization of magnetic NWs

Colon cancer cells were seeded in six-well plates until reach-
ing a confluency of 80%. Ni NWs were added in independent
wells at a NW concentration of 2.4 pg/mL for 1 hour. Then,
the medium was gently aspirated and the cells were fixed
with 2 mL of 2.5% (v/v) glutaraldehyde in cacodylate buffer
(0.1 M, pH 7.4) for a minimum of 48 hours. The cells were
kept at 4°C until further processing. Fixed cells were treated
with reduced osmium (1:1 mixture of 2% aqueous potassium
ferrocyanide) as described previously,* dehydrated in etha-
nol and embedded in epoxy resin. One hundred to 150 nm
thick sections were collected on copper grids and stained
with lead citrate.

Imaging was performed using a transmission electron
microscope operating at 300 kV (Titan Cryo Twin; FEI
Company). The images were recorded by a 4k x4k CCD
camera (Gatan Inc., Pleasanton, CA, USA).

Statistical analysis

The data are expressed as means + standard deviation. The
statistical comparisons of means were performed using one-
way analysis of variance. The differences were considered
to be significant for P-values of less than 0.05.

Results and discussion

Characterization of magnetic NWs

Figures 1A and B show SEM and TEM images of Ni NWs,
respectively. In both cases, dendrites, a feature resulting
from the fabrication process, are distinguishable at one end
of the NWs. The inset in Figure 1B shows in detail a NW
section in which an outer layer of 6.0+1.2 nm thickness
can be observed. Its composition was corroborated using
single point energy-dispersive X-ray spectroscopy. Spectra
of Figures 1C and D show the composition of the core and
outer shell, respectively. The same materials are found in both
cases but in different proportions; the core is predominantly
composed of Ni as expected whereas the outer later contains
mainly oxygen and carbon (the latter most likely comes from
the ethanol in which NWs are stored). This oxide layer forms
during the exposure of the NWs to air, NaOH (for the dis-
solution of the alumina), and ethanol cleaning steps.

Figure 2 shows the magnetization loops of an array of
NWs embedded in the alumina oxide template. Array values
of saturation magnetization (M) and coercive field (H,.) for
the field that was applied parallel to the NWs are 46.7 Am*/kg

submit your manuscript

2144

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Induction of cancer cell death using magnetic nanowires

C 100} Nia,

[
o
T

Intensity (AU)
5 3

N
o
T

|1 .' Ni K,
Olnllulu.l' Lok vl s -‘--441. TP TR ._rl".

0 2 4 6 8 10
Energy (keV)

Figure | Morphology and composition analysis of magnetic nonowires.

3 um
D . . '
60} 4
|
2 ‘O
< 40 |
2
‘»
5
£ 204 ;‘“ Ay Ni K, ]
£ I
“l * Ni K,
0 I hL. “Su‘ﬂl bbbl dd a sl sl .J}H, b
0 2 4 6 8 10
Energy (keV)

Notes: (A) SEM image of Ni NWs on top of a silicon wafer substrate. (B) TEM image of a single Ni NW.The inset shows the outer oxide layer that is 6-8 nm thick.
(C) Point EDX spectra of a Ni NW core and (D) its surrounding layer. The insets show the corresponding STEM images. Red asterisks indicate the point from which the

spectrum was measured. Scale bars: 40 nm.

Abbreviations: NW, nanowire; SEM, scanning electron microscopy; STEM, scanning transmission electron microscopy; TEM, transmission electron microscopy.

and 79 mT, respectively. The M value is smaller than the
M values reported for bulk Ni in the literature (54.3 Am*/kg).*
We attributed this to the surface oxidation of the NWs.

It is important to note that the magnetization loop of a
single NW deviates considerably from the one of an array, in
which NWs interact magnetostatically with each other. Single
Ni NWs show single domain properties. Therefore, they are
permanently magnetized with the M, value being equivalent
to the one of M measured in the parallel direction.*

Magnetic NWs—cells interaction

Once the NWs are in close proximity to the cellular
membrane, an uptake mechanism is triggered that in turn
determines the intracellular fate of the nanostructures.
Endocytosis has been accepted as the most common pas-
sive mechanism for MNP uptake by different cellular types
(HeLa, fibroblast, and dendritic cells).*® Also, uptake and
intracellular location of nanostructures have been shown to

depend on several factors such as the NW aspect ratio, cell
line, NW surface charge, etc.”!

The zeta potential measured for the Ni NWs was found
to be —15.1 mV. Such a value is considered low,*? yielding
only a small electrostatic repelling force. The NWs tend to
aggregate, which is in agreement with the observations made
for released NWs.

Negatively charged particles bind less efficiently to
cell surfaces compared with neutral or positively charged
particles.® The efficacy of internalization is improved in
positively charges particles.’ In the case of Ni NWs, the
surface charge (almost neutral) is favorable to internalization
efficacy, which under the conditions tested here was rather
high, given that some NWs were found to be fully internal-
ized after only 1 hour of incubation. Similar results were
previously reported for thick Ni NWs (200 nm diameter) that
were observed to cross the cell membrane after 40 minutes
of incubation with rat neuroblastoma cells'” and for thin
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Figure 2 Magnetization loops of an array of Ni NWs embedded in the alumina
membrane with magnetic field applied in the in-plane and out-of-plane directions.
Notes: Black: in-plane direction. Red: out-of-plane direction. H(” and and Ms”, refer
to the coercive field and the saturation when the field is applied in the in-plane
direction (black) of the nanowires.

Abbreviations: M, magnetization; NWs, nanowires.

magnetic NWs (50 nm diameter) that were fully internalized
after 2 hours of incubation with HeLa cells.*

To analyze the uptake and intracellular fate of Ni NWs,
colon cancer cells incubated with Ni NWs were fixed, care-
fully sliced, and imaged by TEM. Two cell samples were
prepared and imaged in replicate: a control sample (no NWs
added) and a sample of cells incubated with Ni NWs.

Figure 3A shows four cells to which no NWs were added.
Typical cell compartments and organelles are clearly iden-
tified, such as the nucleus, mitochondria, Golgi apparatus
(GA), and the plasma membrane. Moreover, additional
features include dark-colored vesicles that correspond to lipid
droplets. Lipid droplets and bilayer membranes (nuclear, cel-
lular, and from organelles like mitochondria and GA) can be
easily distinguished, as they are darker. This is because the
osmium stain used in the sample preparation tints glycopro-
teins and lipids. A final feature is the polarity observed in the
cells. Colon cancer cells are epithelial cells with a polarity
that is characterized by cilia-like formations in their apical
membrane (bottom-right corner of Figure 3A).

Figure 3B shows NWs attached to the cell surface, par-
ticularly to the cilia-like structures from the apical membrane.
Figures C and D show the cell membrane invagination pro-
cess that starts from contact areas between the cell and NWs.
The inset in Figure 3C shows in detail the formation process
ofa vesicle. Red arrows in both insets of Figure 3D show the
cell membrane surrounding two NWs, indicating the invagi-
nation or engulfment process. Finally, Figures 3E and F show
fully internalized NWs. Figure 3E shows a group of NWs
completely contained inside a vesicle and Figure 3F shows
a large aggregation of NWs again completely internalized.

Some organelle reorganization is seen and is highlighted with
the red arrow pointing at the GA that changed shape.

The images in Figure 3 show that within 1 hour of incu-
bation time, all internalization steps (binding, invagination,
and full internalization) were completed. It is very likely that
the aggregates observed in some cases were already formed
before being internalized by the cell. However, considering
the micron-scale sizes of these aggregates (Figure 3F), the
internalization of such structures was considerably fast. This
is not entirely a surprise, since it has been shown that cells in
culture can uptake micron-sized structures, the largest being
a 3 um diameter sphere made of a cobalt—copper alloy®® and
the longest a 20 um-long Ni NW.

Figure 4 shows the dependence of cell viability on the
NW concentration using the MTT assay. A concentration of
2.4 ng/mL did not significantly affect cell viability, whereas a
significant difference (P<<0.01) was measured for 12 pg/mL,
which caused a slightly less than 90% drop in viability. The
results suggest that NWs at the given concentrations do not
induce major cytotoxic effects on cells. However, our experi-
ments were carried out for an incubation time of only 1 hour.
The cytotoxic effects might increase with longer incubation
times, as has been shown before.?**¢ This would have to be
taken into account in in vivo applications. For instance, it
has been shown that iron oxide nanoparticles remain in an
organism for several days> or even up to 6 months.>’

AMF—cells interaction

Figure 5 shows MTT results when an AMF was applied to
colon cancer cells using the MTT assay. When the AMF
was applied for 10 minutes, the viability did not change
with both field frequencies. When the AMF was applied for
30 minutes, the viability was lower but significantly differ-
ent (P<<0.05) only for the 1 kHz frequency, for which the
viability dropped to 95%.

The influence of similar AMFs on living organisms has
been reported to be detrimental to bacteria,*®** favorable to
cancer cells,* and neutral to mammalian cells.®"%2 Exposing
bacteria (Escherichia coli and Staphylococcus aureus) to
fields about ten-times higher in strength than in our experi-
ments (50 Hz, 10 mT) for 10 minutes slightly negatively
affected the colony forming unit density.® Another study
on three mammalian cell lines found that cell proliferation
increased by 30% for all cell lines after applying an AMF
(1 mT and 50 Hz) for 72 hours accompanied by DNA
damage.® Even though the field parameters in these earlier
studies were close to the ones used in our experiments, the
reason for different results (without considering variations
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Figure 3 TEM images of colon cancer cells incubated for | hour with Ni NWs.

200 nm

Notes: (A) Control cells (cells to which no NWs were added) with organelles such as M, GA, N, PM, and LD. (B) NWs in close proximity to the PM of colon cancer
cells. Cells that internalized NWVs as aggregates (C) and as single NWs (D). PM surrounding indivdual NWVs are visible (red arrows). (E and F) Fully internalized NWs. A
few NWs can be observed fully surrounded by a membrane vesicle (E) and a fully internalized large aggregate of NWs caused the reordering of organelles like the GA (red

arrow) (F).

Abbreviations: GA, Golgi apparatus; LD, lipid droplets; M, mitochondria; N, nucleus; NW, nanowire; PM, plasma membrane; TEM, transmission electron microscopy.

inherent to the experimental setup and specific cell-line
responses) might come from the long times the cells were
exposed to fields (24, 48, and 72 hours)®* compared with
10 or 30 minutes in this study.

AMF treatment

The behavior of a magnetic NW in the presence of an AMF
is governed by its magnetization. In the case of NWs made
of Ni, the orientation of the magnetization is determined
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Figure 4 Viability of colon cancer (MTT assay) cells after | hour incubation with
Ni NWs.

Notes: The NC sample (0 Ni pg/mL) corresponds to cells without NWV addition.
NW concentration values are expressed and Ni pig per mL of cell culture medium.
Data represents means + standard deviation, n=3, **P<<0.0| versus NC.
Abbreviations: MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide;
NC, negative control; NW, nanowire.

by the strong shape anisotropy, which dominates the weak
magnetocrystalline anisotropy, and the magnetic easy axis,
which lies along the NW axis.?® Therefore, when the NWs
are exposed to an AMF, they will experience torque while
trying to align the magnetic moment with the field.

The continuous realignment with the AMF was experi-
mentally visualized with an inverted microscope (Nikon
Eclipse Ti) of an agglomeration of released Ni NWs resus-
pended in cell culture medium with an AMF of 0.5 mT and
various frequencies (0.1, 1, and 10 Hz; Video S1, S2. and
S3, respectively).

T T T
105+ -
X
> 100+ ] J
=
o
8
> o5) . j
©
o m No field
90 m1Hz 0.5mT N
% | O1kHz 0.5mT T
OdF | | T
0 10 30

AMF application time (minutes)

Figure 5 Viability of colon cancer cells (MTT assay) after exposure to AMFs of two
different frequencies.

Notes: The negative control sample (0 minutes of AMF) corresponds to cells
without AMF exposure. Data represent means * standard deviation, n=3, *P<<0.05.
Abbreviations: AMF, alternating magnetic field; MTT, 3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyl tetrazolium bromide.

The magnetic torque, 7 , exerted by the field on a single
NW is given by:

7 =mxB=ymxH=umH sind, 3)

where m is the magnetic moment, B the magnetic field, y,
the permeability of free space, H the magnetic field strength,
and Othe angle between m and H. Considering m =MV (M is
the magnetization and ¥ the volume), V' = 7/ (with r the
NW radius and / its length), and H = H sin(@t), equation 3
can be rewritten as:

z =u M, 7r’lH  sin(ax)siné. 4)

In equation 4, the value of M, replaces M, which for a
single NW can be calculated from the value of M, measured
for the array. This value is obtained from Figure 2, and
together with the estimation of the total number of NWs in
the measured piece (determined as described in the Materials
and methods section), M, of a single NW is 47.4 Am?kg.
The maximum value of 7 is obtained for 6=90° and it cor-
responds to 0.81x107'® N-m. From this value, the force a NW
exerts on a cell in the presence of an AMF can be calculated
using the simple model illustrated in Figure 6.

If we assume that the NW rotates about its midpoint, the
magnitude of the force acting on each of its ends is 0.2 pN.
This value is well below the force required to disrupt the
membrane, which is on the order of 100 pN.* However,
there are other mechanisms affecting the cells that rely on
much weaker forces.* Forces of a few pN can cause changes

Figure 6 A simple model for estimating the force an AMF exerts on a NW that can
be transmitted to a cell if the NW’s ends are attached to it.

Abbreviations: T, Magnetic torque; AMEF, alternating magnetic field; Fm, magnetic
force; M, midpoint; NW, nanowire.
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in protein conformation® and clustering of membrane-
associated molecules® that could lead to the activation of
various signaling pathways influencing cellular behavior and
fitness. Such processes might be activated when the AMF
treatment is applied and can be partly responsible for the
measured reduction in cell viability. AMF treatment signifi-
cantly reduces the cell viability (Figure 7), which drops to
about 78% in the case of a concentration of 2.4 pg/mL, and
to between 60% and 70% in the case of 12 pg/mL. For the
2.4 ug/mL concentration, the frequency does not influence
the cell viability values, whereas at 12 ng/mL, the viability
is slightly more affected at higher frequencies, yielding a
drop of 38%.

During the AMF treatment, the temperature was moni-
tored and a maximum difference of 1.9°C was measured
with respect to the control cells. Such small temperature
changes have been shown to slightly affect cell numbers
with incubation times of 1 hour.” Since the cells in our
experiments were exposed to the temperature change for
only 10 minutes, we attribute the reduction in cell viability
to the magnetic actuation of the NWs. This is in agreement
with the observed independence of frequency from viability,
since the force exerted by the NWs on the cells was inde-
pendent of the frequency (as long as the dynamic responses
of the NWs could follow the field). Even though there
was a five-fold difference in NW concentrations between
the two concentrations tested, the drop in cell viability
did not increase by a factor of more than two. A possible
explanation for this was NW aggregation, which led to a
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Figure 7 Cell viability of colon cancer (MTT assay) cells incubated with Ni NWs for
| hour and then exposed to magnetic fields of different frequencies and amplitudes
for 10 minutes.

Notes: In the NC cells (0 Ni pg/mL), no NWs were added (100% cell viability value).
Data represent means + standard deviation, n=3, *P<<0.05; **P<<0.01 versus NC.
Abbreviations: MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide;
NC, negative control; NW, nanowire.

nonuniform distribution of the NWs, when added to cells,
and which became more evident when the NW concentra-
tion was increased.

Figure 8 shows the cell membrane leakage when the cells
with the two NW concentrations underwent AMF treatment.
The cells exhibited LDH leakage between 32% and 36%,
which turns out to be significantly different from the leak-
age from negative control cells and cells in which apoptosis
was induced. While the calculations above indicated that
the force exerted by a NW on the cell membrane was not
large enough to result in a rupture of the cell membrane, the
AMF treatment did affect the integrity of the cell membrane.
We attribute this to two effects. The first is that the effect
of the combined forces of several single NWs acting on a
membrane can be considerably larger than the effect of force
of a single NW. For such an effect to occur is highly likely
considering that the NW concentrations were equivalent to
100 NWs/cell and 500 NWs/cell (Table S1). The second
effect is from NW agglomerations, which we frequently
observed during the experiments, from which the gener-
ated forces can be many times higher than the force of a
single NW. Membrane leakage was also evaluated for cells
incubated with only NWs and cells in which only AMF was
applied for 10 minutes (Figure S1). The NWs and the AMFs
turned out to influence membrane integrity to the same degree
(leakage values were between 18% and 23%).
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Figure 8 LDH leakage of colon cancer cells incubated with Ni NWs for | hour
and then exposed to magnetic fields of different frequencies and amplitudes for
10 minutes.

Notes: There are three control samples in which no NWs or fields were added (gray
triangles). A sample of lysed cells (§) was used as the PC, which corresponded to
100% leakage. No NWs were added to the NC (t) cells. Apoptosis was induced to
cells (f) by exposing them to ultraviolet radiation for | hour. Data represent means +
standard deviation, n=3, **P<<0.0| versus NC. P<<0.0| for PC versus all the other
samples (data not shown).

Abbreviations: LDH, lactate dehydrogenase; NC, negative control; NW, nanowire;
PC, positive control.
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Figure 9 Schematic of the possible mechanism of cell death due to interaction of cancer cells with NWs and the subsequent application of a low-frequency, low-amplitude

magnetic field.

Notes: The cytoskeleton fibers reorganize upon application of the magnetic field (evidence of F-actin reorganization due to magnetic field exposure is presented in

Zablotskii et al*’).
Abbreviations: AMF, alternating magnetic field; NWs, nanowires.

Conclusion

The interactions between cultured cancer cells, magnetic
NWs, and AMFs were studied. The results showed that Ni
NWs are quickly internalized (within less than 1 hour) by
cultured colon cancer cells and do not cause extensive cyto-
toxicity at a concentration of 2.4 pg/mL and an incubation
time of 1 hour, which confirms previous results obtained for
incubation times up to 72 hours.* The highest and significant
viability drop of 11% was found for a higher NW concentra-
tion (12 pg/mL) and 1 hour incubation.

Exposing the cells to AMFs of 1 kHz for 30 minutes
led to small drops (maximum 5%) in cell viability. Under
the other AMF conditions tested, the cell viability values
decreased slightly.

However, when an AMF is applied to cells that have
internalized NWs, the cytotoxicity is strongly modulated,
depending on the AMF frequency and NW concentra-
tion. The most efficient combination was observed at a
NW concentration of 12 ug/mL, where the cell viability
dropped by 38% in case of a 1 kHz field. For the 2.4 pg/mL

concentration, the cell viability reduction was around 24% at
both frequencies. Moreover, there was no relevant difference
when applying the treatment for 10 minutes or 30 minutes.
This evidence suggests that cell death induction mecha-
nisms affect cells quickly, and treatment over an extended
period of time does not add any benefits. Cell viability
reduction was accompanied by cell membrane leakage,
which is not a desirable process if the intended cell death
pathway is apoptosis. Theoretically, leakage should not be
caused by a single NW, because the force it exerts on the
cell membrane is too small to rupture it. Rather, it seems
to be the result of the forces generated by several NWs or
agglomerated NWs.

While many underlying details of the mechanisms
induced by magnetic NWs on cells under AMFs have yet
to be elucidated, this study shows a possible approach to
developing a non-chemotoxic or radiotoxic method to treat
cancer cells. Figure 9 shows a schematic of the possible cell
features accompanying cell death induction. An intriguing
aspect of the method is the low power of the applied magnetic
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field. Not only does this low-power magnetic field have less
chance of developing negative side effects, but treatment with
a low-power magnetic field can be realized with compact and
inexpensive equipment.

To take full advantage of this promising method, more
fundamental studies as well as enhancements are required.
For instance, cancer-cell specificity studies (using peptides
or antibodies) and dispersion improvement studies to ensure
homogeneous NW distribution within a cell population are
needed. Regarding the latter, an issue observed throughout
the experiments that could have a strong influence on the
results is aggregation of NWs. Currently, protocols are being
adapted to coat the NWs with polymers® to improve their
dispersion. Fundamental studies characterizing the particular
type of cell death and its distinctive features as well as analyz-
ing the molecular-biology mechanisms that can be triggered
by the treatment, such as Ca?*signaling and overexpression
of proinflammatory cytokines, would be very useful.
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Supplementary materials

Table S1 Ni NW concentrations expressed in equivalent units

NW concentrations

Low High

2.4 ug/mL 12 pug/mL

100 NW/cell 500 NW/cell
7.1x10” NW/mL 3.5x10® NW/mL

Abbreviation: NW, nanowire.
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Figure S| LDH leakage of colon cancer cells under different conditions.

Notes: A sample of lysed cells was used as the PC which corresponded to 100% leakage. No NWs were added to the NC cells. Apoptosis (APOP) was induced in cells by
exposing them to ultraviolet radiation for | hour. Cells were incubated with NWs at two given concentrations for | hour (no AMF applied). Cells were exposed to AMF for
10 minutes (no NWs added). Data represent means * standard deviation, n=3, *P<<0.05 versus NC/APOP. P<<0.0| for PC versus all the other samples (data not shown).
Abbreviations: AMF, alternating magnetic field; LDH, lactate dehydrogenase; NC, negative control; NWs, nanowires; PC, positive control.
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