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Cell manipulation using magnetic nanowires
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The use of magnetic nanowires is demonstrated as a method for the application of force to
mammalian cells. Magnetic separations were carried out on populations of NIH-3T3 mouse
fibroblast cells using ferromagnetic Ni wires 350 nm in diameter anguBblong. Separation
purities in excess of 90% and yields of 49% are obtained. The nanowires are shown to outperform
magnetic beads of comparable volume. 2003 American Institute of Physics.
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Magnetic nanoparticles are finding an ever-increasingong axis by exposure to magnetic fields in excess of 1 kG.
range of applications in biology and medicine, from force The magnetic beads used for comparison were polystyrene
transductior;? to cancer therapyand biosensind.One new  spheres with diameter 1—2m, containing dispersed single-
type of magnetic particle with considerable potential for usedomain y-Fe,O; nanoparticles at 20 vol %Polysciences,
in this rapidly growing field of biomagnetics are electrode-Inc.). This structure gives the beads a superparamagnetic
posited magnetic nanowiré$.These wires are fabricated by behavior® A scanning electron microscope image of two
electrochemical deposition in nanoporous templates, a prdeads is shown in Fig.(y). Note that the volume of a nano-
cess that permits detailed control of their morphology, comwire is equal to that of a 1.gm diameter bead.

position, and magnetic properties. The magnetic and electri- The field dependence on the magnetic moment of the
cal properties of these structures have been widelyianowires and beads was measured with a vibrating sample

studied’™° but their potential for biotechnology uses is magnetometer. The nanowires cannot be accurately mea-
largely untapped. sured in the alumina templates because the high pore density
One of the most widespread uses of magnetic nanopaff 3% 108/cn? results in significant dipolar interactions be-
ticles in biological systems is in magnetic cell tween the wires!**Therefore, a 1008 more dilute sample
separatiort:*~141n this article, we describe cell separation Of nanowires was prepared by suspending 12° wires in
experiments using ferromagnetic nickel nanowires, demon0-5 ML of epoxy(Araldite 503. The epoxy was cured in a 2
strating that electrodeposited nanowires can also be used & magnetic field to keep the nanowires aligned. A sample
apply forces on mammalian cells. We compare the results df beads was prepared by air-drying 220° beads on a
separation using nanowires and commercially availabl@!ass cover slip. The normalized room-temperature magneti-

“magnetic beads,” the most common magnetic nanoparticlez".iticm curvesM vs H, for the wires and beads are shown in

used in separations. We find that the wires outperform th&9: 2. The beads show n(r)ﬁremnance and a saturation mag-

beads, both in purity and yield of the separated cell populal€tization ofM s=32 emu/cm, slightly lower but consistent

tions. with the valueM s= 35— 45 emu/cri specified by the manu-
The nickel nanowires used in this study were made irfacturer. The magnetization of the nickel nanowires along the

the nanopores of 5@im-thick alumina filter template@\no-

disc, Whatman, Ing.using a method described previou$ly.
Nanowires grown from these templates have an average di-
ameter of 35640 nm. For this study, we used wires grown
to a length ofl =35um. The nanowires were released from
the template by dissolving the alumina in warm KOH, and
then washed with water and sterilized in 70% ethanol. An
example of a nanowire is shown in Figal While in sus-
pension, the nanowires were magnetized parallel to their

FIG. 1. Scanning electron micrograph(af a 35um long Ni nanowire, and
3E|ectronic mail: dhr@pha.jhu.edu (b) 2 um diameter superparamagnetic beads.
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FIG. 2. Magnetic moment vs field for superparamagnetic beads apa35
ferromagnetic nickel nanowires.

easy axis was found to bl s~415 emu/cr, with a rem-
nant magnetizatioM z=0.8Mg. One possible source of the
somewhat lower value d1g compared to the bulk value of
nickel is oxidation of a surface layer of the nanowires due to
exposure to KOH during removal from the templates.

The cells used for magnetic separations were NIH-3T3
mouse fibroblasts, cultured in high glucose Dulbecco’s
Modified Eagle Medium(Gibco Life Sciences supple-
mented with antibiotics and 5% calf serum. The cells were
grown to areal densities ranging from 60 to 210/mifio
attach the particles to the cells, the nanowires and beads were
first suspended in sterilexlL phosphate buffered saline solu-
tion (PBS at a concentration of 60000 particles/mL, then
sonicated for 5 min to reduce aggregation, and introduce&'G- 3. Optical micr_ographs (_)f cell populations in a m_agnetic_ sepa_ration
into the culture dishes at particle to cell ratied:3. These ‘;Zﬁgwﬁzg(rg) Ziﬂgwnzfigujgzag;ﬁg gpn‘i‘;‘;'r?gt‘i’g Saefgr ;?&iﬂlgncxt-h
low particle concentrations reduced the binding of multipletyred during separation. Each image is a superposition of a phase contrast
particles to single cells, allowing us to avoid the effects ofmicrograph that images the cells, and a bright field micrograph that images
particle concentration and to study the behavior of individualthe wires. The nanowires are visible as dark lines on the cells.
particles. The cells have an affinity for binding to hydrophilic
surfaces such as the native nickel oxide layer on the nanow-
ires and carboxylate groups on the beltiShese interac- for any potential losses of cells or detachment of the mag-
tions are mediated by the extracellular matrix proteinsnetic particles during trypsinization. The remaining cells
present in the calf serum. After a 24 h incubation periodwere then introduced into the magnetic separator. After sepa-
(37°C, 5% CQ) with the magnetic particles, the cells re- ration, the suspended cells not captured by the magnets were
mained bound to the beads and wires even when dissociatextracted from the separator and plated into a culture dish.
from the culture dishes in trypsin EDTA. Also, when The magnets were then removed and the cells that had been
trypsinized cells bound to particles were replated into culturecaptured were resuspended in culture medium and plated as
dishes, they adhered to the surface of the dish normally andell. All three populations were then incubated fb h to
proliferated at a rate comparable to cells which had not beeallow the cells to settle and adhere to the dishes. In addition
exposed to magnetic material. This indicates that the parto these single-pass separations, we also carried out three-
ticles are not immediately toxic to the cells. pass separations to increase the purity of the separated cell

The magnetic separations were done in 1 cm diametgpopulations. For these triple separations, the separated cells
glass test tubes with two rare earth magnets positioned owere run through the above procedure two additional times
opposite sides of the tube. The magnets produced a face fielskfore replating.
of 0.4 T and an average field gradient of 80 T/m inside the  Cell counting was done over a 16 rirarea of each
separator. A 5 min exposure to these magnets is sufficient teample, using images acquired with thexl@bjective of a
complete the separation. To perform a separation, cells withlikon TS100 tissue culture microscope equipped with a
magnetic particles attached were trypsinized and suspendé&bolPix995 digital camera. At this magnification, the nanow-
in fresh culture medium. Half of the cells were immediatelyires and beads that are bound to the cells are difficult to
replated and used to determine the fraction of cells bound tobserve in phase-contrast images against the background of
magnetic particles at the start of the separation. This correctell organelles. However, they are readily seen in bright field
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TABLE I. % efficiency and yield for magnetic separations. mammalian cells. We have shown that the essential mechan-
ics of cell separation—binding and physical manipulation—

Type of % of captured % of uncaptured . . . . .

magnetic  Number of  cells with cells with work well with magnetic nanowires, and that high purity and

particle separations  particles particles % yield Yield are obtainable. In addition, the 3&m nanowires we

Nanowire 1 80-7% 1% 19:3% tested o.utperform magnetic b_eads of compara_ble volume at
3 9d+ 4% 240.5% agr10,  IOW particle-to-cell concentrations. Part of the increased ef-

ficiency of the nanowires over the beads tested may be at-

Beads 1 46:6% 2£0.2% 1952%  tributable to their larger magnetic moment, but their larger

3 85:-5% 2+0.6% 15-3%

surface area may also make them bind more effectively to
the cells. Further experiments, including characterization of
the separation efficiency on nanowire size and composition,

images where the cells are not visible. An accurate determ@nd the development of surface functionalization techniques

nation of which cells contain magnetic particles was made by control wire—cell interactions will be required to fully
superimposing images of these two types. explore the capabilities of magnetic nanowires for applica-

Examples of cell populations from this study are showntions of this type.

in Fig. 3. Figure 8 shows cells_ prior _to separation with This work was supported by DARPA/AFOSR Grant No.

11% of the cells bound to nanowires. Figui@)3shows un-  £49620.02-1-0307 and by the David and Lucile Packard
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