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We describe a method to induce hyperthermia in cells, in-vitro, by remotely heating Ni nanowires
(NWs) with radio frequency (RF) electromagnetic fields. Ni NWs were internalized by human embry-
onic kidney cells (HEK-293). Only cells proximal to NWs or with internalized NWs changed shape on
exposure to RF fields indicative of cell death. The cell death occurs as a result of hyperthermia, since
the RF field remotely heats the NWs as a result of magnetic hysteresis. This is the first demonstration
of hyperthermia induced by NWs; since the NWs have anisotropic and strong magnetic moments,
our experiments suggest the possibility of performing hyperthermia at lower field strengths in order

to minimize damage to untargeted cells in applications such as the treatment of cancer.
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1. INTRODUCTION

Nanoparticles have been used in a wide range of diagnostic
and therapeutic applications.! The small size of these parti-
cles coupled with surface functionalization have facilitated
the concept of targeted medicine. Magnetic nanoparticles
are especially attractive since they interact with remote
electromagnetic fields in frequency ranges that penetrate
a wide range of materials including tissue allowing the
particles to be manipulated, tracked, imaged and remotely
heated.> Magnetic nanoparticles have been utilized in a
wide range of applications including cell sorting, as MRI
contrast agents, remote controlled drug delivery and hyper-
thermia. Most of the nanoparticles used in these studies
however have been approximately spherical or arbitrarily
shaped facetted particles.

In this article, we have explored the use of mag-
netic nanowires (NWs) in hypothermia applications. While
internalization of NWs in cells and manipulation of cells
with NWs have been studied extensively,3’5 to the best of
our knowledge this is the first demonstration of hypother-
mic applications of NWs. As opposed to arbitrarily shaped
magnetic nanoparticles, NWs have several advantages
including favorable anisotropic magnetic properties, large
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permanent magnetic moments (that decrease the field
strengths required for heating), and increased surface area
to volume ratio for more efficient targeting. Moreover, it
is also known that nickel NWs are easily internalized by
cells (due to Ni** ions, also present in metalloproteins)
and have no cytotoxicity, which has been attributed to the
formation of several layers of nickel oxide.

2. EXPERIMENTAL DETAILS
2.1. Nanowire Fabrication

For this study, Ni NWs were fabricated by electrodepo-
sition using anodized aluminum oxide (AAO) nanopore
membranes with a nominal pore diameter of 200 nm as
templates. Anodization of aluminum foil was carried out
with 0.3 M oxalic acid as an anodizing solution at room
temperature. Details of anodization conditions for form-
ing a variety of pore size are reported in our previous
work.” Ni NWs were electrodeposited from a chloroplat-
ing acid bath with Boric acid (1 gL~! NiCl, hydrate and
25 gL.=!' Ni(H,NSO,),, and H;BO; at pH 3.5 using an
anodized aluminum foil having pores with a diameter of
200 nm. Prior to electrodeposition of Ni, a layer of gold
was evaporated (200 nm thick) on one side of the alumina
template and served as the conductive seed layer. The gold
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side of the alumina template was then adhered using carbon
paste onto a supporting glass slide. Ni NWs were galvano-
statically electrodeposited at a current density 35 mA/cm?
at room temperature using a VMP2 Potentio/Galvanostat
(Princeton Applied Research, Inc.). A piece of Pt coated
Nb was used as a counter electrode. The length of the
NWs was controlled by adjusting deposition time. After
nanowire deposition, the anodized alumina template was
removed with NaOH (20 wt%) to produce freestanding Ni
NWs. Ni NWs were sterilized in Isopropanol Alcohol and
transferred to culture media Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum.

The structural information was obtained by X-ray
diffractometry (XRD) and the magnetic properties were
analyzed by a vibrating sample magnetometer (VSM).
The microstructure of the NWs was analyzed by XRD
(Cu Kea), field emission scanning electron microscopy
(FESEM), and transmission electron microscopy (TEM).
The magnetic properties of Ni nanowire arrays were char-
acterized by a VSM with an external magnetic field of
1 kOe applied parallel and perpendicular to the nanowire
axis, respectively.

3. RESULTS AND DISCUSSION
3.1. Nanowire Characterization

Figure 1 shows the hysteresis loops for Ni nanowire
arrays of (a) 90, and (b) 200 nm in diameter, respec-
tively. Magnetic anisotropy developed as the nanowire
diameter decreased, predominantly due to the shape effect.
The coercivity (H.) and squareness (M,/M,), i.e., the
ratio between remanence and saturation magnetization,
decreased as the nanowire diameter increased. Under the
parallel field, the H. and M, /M, values are 88 Oe and 0.09
for (a), and 86 Oe and 0.08 for (b), respectively.® Mean-
while, under the perpendicular field, the H, and M,/M,
values are 590 Oe and 0.33 for (a), and 540 Oe and
0.26 for (b), respectively.” Figure 2 shows the correspon-
ding X-ray diffraction patterns of the Ni NWs. The 6-26
scan was performed with the scattering vector paral-
lel to the plane of the AAO membrane. Both sample
(a) and (b) show polycrystalline face-centered-cubic (fcc)
phase. Figure 3 shows the high-resolution TEM image of
a single Ni NW with diameter of 90 nm. The image sug-
gests that the structure of the nanowire is polycrystalline
with an fcc packing as confirmed by selected area electron
diffraction (not shown here).

3.2. Protein Adsorption onto Ni Nanowires

Ni NWs in IPA were precipitated by centrifugation at
1000 rpm for 5 min and resuspended in culture medium
containing 10 wg/ml Alexafluor 555-streptavidin conju-
gate (Invitrogen). The mixture was incubated at room
temperature for 1 hour with agitation. The NWs were then
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Fig. 1. Magnetic hysteresis loops for Ni nanowire arrays with diameters
of (a) 90 nm, and (b) 200 nm under magnetic fields applied parallel and
perpendicular to the nanowire axis.

centrifuged and resuspended in fresh DMEM twice more
as described above to remove the trace IPA and unbounded
Alexafluor 555-streptavidin.

3.3. Cell Culture and Incubation with Nanowires

Cell lines derived from human embryonic kidney (HEK-
293) were purchased from American Type Culture Col-
lection (ATCC). HEK-293 cells were grown in minimum
essential medium (MEM) supplemented with 100 units/ml
penicillin G, 100 wg/ml streptomycin, 4 mM L-glutamine,
and 10% fetal bovine serum (FBS). Cell cultures were
split every 3—4 days, when they reached 70-80% conflu-
ency. At first, the medium was removed and the cells were
washed once with prewarmed sterile PBS (containing no
Ca®* and Mg?"). Secondly, 1-2 ml of trypsin-EDTA solu-
tion was added and treated for 1-2 min, or longer, until
cells detached. To stop trypsinization, 5-10 ml of growth
medium was added, and then the cells were resuspended
gently but thoroughly. The desired number of viable cells
was transferred to a new culture plate containing an appro-
priate volume of growth medium after counting cells. The
plate was gently swirled to evenly distribute the cells. The
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Fig. 2. 6-20 XRD spectra for Ni nanowire arrays with diameters of i &
(a) 90 nm, and (b) 200 nm. Stars indicate Ag peaks from the electrode. ampier

The peak at 70° appearing in (b) is unidentified.

RF signal
culture plate was placed in a 37 °C, 5% CO, humidified denereio L {T"m?sgnng) Antenna applicator
incubator. Following about 13 h incubation of cells with
NWs, the cells were observed to have internalized many —
of the single and bundles of NWs as shown in Figure 4.

Fig. 5. Schematic of the circuit diagram used to generate the RF field
required for hyperthermia.
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Fig. 6. The RF power coupling to the nanowires was simulated by
HFSS. The output power is plotted along the lateral direction from the
Fig. 3. TEM image at the edge of a single Ni nanowire with a diameter center of spiral antenna applicator. The normalized output power was
of 90 nm. Inset displays an image of the entire nanowire. slightly decreased up to the edge of outer ring and then falls off sharply.
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Fig. 7. The cell shape changed with RF inductive heating. (a) HEK-293 human kidney cells after 4 days of culture, (b) after 13 h incubation with
nanowires, (c) nanowires kept for 4 min (d) HEK cells before the RF inductive heating process (e) nanowires attached to the cells and heated by RF
inductive coupling for 2 min (f) nanowires heated by RF inductive coupling for 4 min. Arrows indicate the dead cells floating around in (e) and (f).

coupling between the NWs and the RF signal. The coupled
electromagnetic field generated eddy currents on the sur-
face of NWs which then heated up by the Joule effect. RF
signal was generated by RF Signal Generator (RAMSEY
RSG-1000B) at 810 MHz and tuned with Vector Net-
work Analyzer (VNA). The RF signal can be amplified
with RF power amplifier (American Microwave Technol-
ogy 15100B) up to 10 W. The impedance of microstip
spiral antenna applicator was matched in L-C coupling
circuit with double stub tuner (Weinschel, DS 109L) for
the purposed frequency range. The desired impedance was
determined by matching with 50 () load through the Smith
Chart figure in VNA. As we have shown in the previ-
ous work!® with remote heating of Ni microcontainers,
the magnetic susceptibility of Ni is high, causing heating
due to magnetic hysteresis. Figure 6 shows the simulation
result of RF output power transferred into the NWs accord-
ing to the off centered distance from the spiral applicator.
The commercial electromagnetic simulator, high frequency
structure simulator (HFSS, Ansoft Co.) was used for RF
electromagnetic field analysis. The size of outmost ring of
applicator set to 1000 wm. The coupled electromagnetic
field was analyzed with the finite element method while
scanning longitudinally from the center point of spiral coil.
The normalized output power was slightly decreased up
to the edge of coil, (approx —5 dB) and then decreases
sharply. The electromagnetic fields surrounding the coil
were inversely proportioned to cubic distance from the coil
so that the output power dropped to —18 dB at a distance
of 2000 wm. From these simulations, we can correlate
the coupling of RF radiation to the NWs to obtain the
optimum RF coupling distance from the center of spiral
antenna applicator.

4

The human kidney cells were inductively heated by RF
power and in-situ image profiles of cell death process were
imaged by a CCD camera. The structures of cells changed
after heating as shown in Figure 7. Specifically, the human
kidney cells were cultured in the petri dish and NWs were
dispersed on the cells by micro-injection. After 2 minutes
of heating, the shape of cells proximal to NWs deformed
and floated around in dish as shown in Figure 7(e). The
effects of RF heating on the cells were verified by compar-
ing the cells without RF heating. The applied RF power was
3.5 W and transferred into the Ni NWs by the 2D RF coil.

4. CONCLUSIONS

The results suggest that Ni NWs can be used for killing
harmful cells with the selective functionalization followed
by hyperthermia. We have demonstrated that human kid-
ney cells were destroyed by the remotely coupled RF
fields. We believe that the advantage of utilizing nanowires
instead of nanoparticles is due to their high anisotropic
magnetic moments possibly facilitating heating at lower
fields, thereby minimizing damage to surrounding tissue.
Since nanowires can also be fabricated in a multiseg-
mented manner it is also possible to add additional func-
tionality to the nanowires for sensing and optical imaging
to construct multifunctional hyperthermia agents. As with
other nanostructures chemical functionalization remains a
challenging issue to target specific cells. Experiments for
selectively killing cancer cells are in progress.
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