JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Sub-100 nm Confinement of Magnetic Nanoparticles
Using Localized Magnetic Field Gradients
Adam R. Urbach, J. Christopher Love, Mara G. Prentiss, and George M. Whitesides

J. Am. Chem. Soc., 2003, 125 (42), 12704-12705+ DOI: 10.1021/ja0378308 « Publication Date (Web): 27 September 2003
Downloaded from http://pubs.acs.org on March 30, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 5 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0378308

JIAIC[S

COMMUNICATIONS

Published on Web 09/27/2003

Sub-100 nm Confinement of Magnetic Nanoparticles Using Localized
Magnetic Field Gradients
Adam R. Urbach," J. Christopher Love," Mara G. Prentiss,* and George M. Whitesides* '

Department of Chemistry and Chemical Biology, bend University, 12 Oxford Street,
Cambridge, Massachusetts 02138, and Department of Physicsakhtniversity, 9 Oxford Street,
Cambridge, Massachusetts 02138

Received August 8, 2003; E-mail: gwhitesides@gmwgroup.harvard.edu

This paper describes the generation of intensé-10" T/m)
magnetic field gradients at the interface between segments of '
nanorods comprising ferromagnetic and diamagnetic sections, and E(-_ o
the localization of magnetic nanoparticles to those smah-@ID T
nm), high-gradient regions. We used metallic rod8Q nm diam) '
prepared by electrochemical deposition in polycarbonate membrane
using procedures pioneered by MattiMallouk,? and other§.These
rods comprise long~350 nm) sections of ferromagnetic alloy
(CoNi) separated by short sections {200 nm) of diamagnetic
metal (Au). When the rods are magnetized, high magnetic field

. . . . ; \ i ’ — ’ A .
gradients form at the boundaries between these sections; the regions . ) ) -
attract and trap magnetic nanoparticles Figure 1. (top) Schematic of a metallic rod of diametécomprising two

. . L L . ferromagnetic regions (gray) separated by a gap. To the right is a coordinate
Magnetic nanoparticles are becoming important in biochemistry gystem representing the axia) @nd radial £) directions. (bottom) Magnetic

and biology*® They are used to separate biomolecules and cells simulation of the field surrounding a cross section of the rod. The contours
from multicomponent mixtures, for stimulating cells mechanically, represent the field lines; the shading represents magnetic flux deBsity,
and for enhancing contrast in magnetic resonance imaging. While
the synthesis and derivatization of magnetic nanoparticles has
advanced rapidl§, there is a lack of methods for positioning
particles with submicron resolution. This resolution would allow
the use of magnetic nanoparticles for chemical or mechanical
stimulation of biological processes at the subcellular level.

To confine magnetic particles to a region of space, the magnetic
force attracting the particles also must be confined to that region.
The force exerted on a magnetic particle in an inhomogeneous
magnetic field is given by eq 1

_//'\

attract to the poles but do not confine to the corners due to the
long-range gradient emanating from the pole.

If a second ferromagnet is placed next to the first, such that the
gap between magnets is smaller than their diameter, then, to
minimize the magnetic potential energy, the field lines exiting one
magnet converge into the other magnet, rather than diverging into
free space (Figure 1). In the center of the gap, the field lines are
parallel, but they diverge at the edges and form gradients; the size
of the gap determines the intensity of the gradient. Reducing the
size of the gap increases the intensity of the gradient and decreases
the distance over which the gradient extends.

Magnets configured in this manner should localize small
magnetic particles to the gradients formed at the edges of the gap.
To confine the gradient and, therefore, the particles to regions
smaller than 100 nm, the gap between ferromagnets needs to be

8 3 . o .
(103181(:;3”1 for paramagnetic materials in aff)y' is volume smaller than 100 nm. There are, however, few methods available
(107 ¢ for a 20 nm particle), and, is the vacuum permeability for positioning magnets at this resolution. If the gap between

constant. For particles of a given size, the gradient term in the force ferromagnets were filled with air, mechanical instability would result

equation,v-B, is the only term that depends on distance. For g, strong attraction of the two magnets. Filling the gap with a

example, ifB is 1 T, then a gradient of 10T/m reducesB by jiamagnetic metal provides mechanical stabilization and has a
several orders of magnitude over a distance of 100 nm. Confining negligible effect on the shape of the magnetic field

magnetic particles to small volumes, therefore, requires methods

for fabricating structures that gen_erate Iarg_e mggnetlc gradients. comprising long ferromagnetic sections (350 nm) separated by short
In.a homogeneous magneuo f'el,d’ the field lines are. parallel; diamagnetic sections (20L00 nm) would generate high gradients
that is, there is no gradient. If a cylindrical ferromagnet is placed .jca 1o the interfaces between ferromagnetic and diamagnetic
i_n this field with @ts length parallel to the ﬂ?ld lines, then the field sections and would attract magnetic nanoparticles to these regions
lines converge _mt_o the fe_rromagnet. This convergence forms a(Figure 2a). The size of the ferromagnetic sections and the magnetic
shallow magnetic field gradient at the pole (Figure 1). The diameter susceptibilites of the materials determine the size and shape of the

of the rod _d) (_jetermlr_les the distance over Wh'Ch this gradient gradient and, thus, the spatial confinement of magnetic nanoparticles
extends; this distance is roughly equal to the diameter. Each corner

£ the f I 4 field aradient: the size of th attracted to these regions.
oft € erromagnet also pro uces a field gra lent; the Siz€ O_t € We used FEMM softwafeto calculate the magnetic field of a
gradient depends on the radius of curvature. Magnetic particles

cross section of a rod containing alternating ferromagnetic and
* Department of Chemistry and Chemical Biology diamagnetic sections (see Supporting Information). The two-
* Department of Physics. dimensional calculation approximates the three-dimensional rod

F = AyV(V-B)Bu, * (1)

whereB is flux density ¢~0.5 T for a NdFeB magnetiy is the
difference in susceptibility between an object and its surroundings

We hypothesized that metallic nanorods (diametet00 nm)
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by magnetic calculations (Figure 2d). In thélirection, the size of

the clusters depended on the ratio of the size of the gap to the
diameter of the rod. If the gap is equal to or larger than the diameter,
then the gradients at the edge of the gap are due to the small radius
of curvature at the corners. For the 80 and 160 nm diamagnetic
sections, we observe clusters of nanoparticles extending outward
in r to a distance of 80 nm. If, however, the gap is smaller than the
diameter, then the shape and intensity of the gradients depend on
the size of the gap. For the 20 and 40 nm diamagnetic sections, we
observe clusters of nanoparticles extending o ~20 and~40

nm, respectively. We can, therefore, control the shape of the gradient
and the localization of particles in both and r dimensions
depending on the design of the rod. In addition, particles localize
on the rods when the rods are free from the surface. This
characteristic suggests that these structures should be stable when
free in a liquid.

This work describes a simple, inexpensive, and widely accessible
technique for generating intense magnetic gradients by design. The
gradients are used to localize magnetic nanoparticles to attoliter
: volumes of space on mobile magnetic microstructures. The pattern
Figure 2. (a) Schematic of a metallic rod containing five diamagnetic of alternating sections 'r.] the rod detgrmlng_s the size and shape of
sections (white). The thicknesses of the diamagnetic sections, from left to the clusters of nanoparticles and their positions along the rod. The
right, are approximately 40, 80, 160, 160, and 20 nm. (b) Scanning electron positioning of nanoparticles with precise location and separation
micrograph (SEM) of a metallic rod. The diameter of the rod is 80 nm. (c) may have broad potential in cell biology for stimulating single cells,

SEM of a metallic rod after treatment with 8 nmFe&0s particles. (d) ; : . - ] -
Magnetic simulation of the field surrounding the rod. The contours represent elthgr che.mlcally or mechanically, with ma}gneFlc nanopartlcles at
field lines; the shading represents flux densiy, multiple, fixed positions on the surface or interior of a single cell.

(a)

1-80 nm

Fe,0, particles

{d)
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because of its radial symmetry. The magnetic behavior of a  Acknowledgment. This research was supported by DARPA and
ferromagnetic object scales to all sizes if the object can be treatedused MRSEC Shared Facilities supported by NSF under Award
as a bulk material. We assume that our rods obey this criterion No. DMR-9809363. A.R.U. thanks the NIH for a postdoctoral
and, therefore, that the FEMM calculations are meaningful. Based fellowship (Al057076). We thank Prof. Caroline Ross, Dr. Joy
on these calculations, the rods should generate large field gradient<Chang, Yuanzhang Lu, and Dr. David Meeker for technical
(~10°—10" T/m) between ferromagnetic and diamagnetic sections assistance and helpful discussions.

of the rod; these gradients diminish by at least 1000-fold in any
direction over distances of80 nm from the surface. Magnetic
gradients as large as ®010” T/m form adventitiously at asperities

on ferromagnetic materials (steel wool) used in magnetic separa-
tions# We generate these gradients by design.

Rods of alternating layers of CGiNi and Au were electro-
deposited in porous polycarbonate filters and then relebsatie
fabricated rods with long (350 nm) ferromagnetic sections<{Co
Ni alloy) separated by short (2000 nm) diamagnetic sections

Supporting Information Available: Experimental details (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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