chap01

JWBKO002-Labhasetwar June 6, 2007 19:27 Char Count=

BIOLOGICAL APPLICATIONS
OF MULTIFUNCTIONAL
MAGNETIC NANOWIRES

Edward J. Felton and Daniel H. Reich

1.1 INTRODUCTION

Nanoscale magnetic particles are playing an increasingly important role as tools in
biotechnology and medicine, as well as for studying biological systems. With appropri-
ate surface functionalization, they enable the selective application of magnetic forces to
a wide range of cells, subcellular structures, and biomolecules, and have been applied
to or are being developed for areas including magnetic separation, magnetic biosensing
and bioassays, drug delivery and therapeutics, and probes of the mechanical and rheo-
logical properties of cells [1-10]. Despite these successes, however, the structure of the
magnetic particles in common use limits the range of potential applications. Most bio-
magnetic particles available today are spherical, with either (a) a “core-shell” structure
of concentric magnetic and nonmagnetic layers or (b) magnetic nanoparticles randomly
embedded in a nonmagnetic matrix [2, 11]. These geometries constrain the range of
magnetic properties that can be engineered into these particles, as well as their chem-
ical interactions with their surroundings, because such particles typically carry only a
single surface functionality. A new and more versatile approach is to use asymmetric,
multisegment magnetic nanoparticles, such as the metal nanowires shown in Figure 1.1.
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2 BIOLOGICAL APPLICATIONS OF MULTIFUNCTIONAL MAGNETIC NANOWIRES

Figure 1.1. (a) Schematic illustration of magnetic nanowires, showing single-segment, two-
segment, and two-component multisegment nanowires. (b) SEM image of 15 wm Ni nanowires
(from Ref. 24, reproduced with permission of The Royal Society of Chemistry). (c) EELS image
of Ni—Cu multisegment nanowires (reprinted with permission from Ref. 15, Copyright 2003,
American Institute of Physics). (d) Nanoporous Au-Ag nanowire with Ag etched away.
(Reprinted with permission from Ref. 16. Copyright 2003 American Chemical Society.)

The multisegment architecture of these particles, along with the ability to vary the aspect
ratio and juxtaposition of dissimilar segments, allows the nanowires to be given a wide
range of magnetic, optical, and other physical properties. In addition, differences in
the surface chemistry between segments can be exploited to selectively bind different
ligands to those segments, enabling the development of magnetic nanoparticle carriers
with spatially resolved biochemical functionality that can be programmed to carry out
multiple tasks in an intracellular environment.

This chapter provides an overview of recent results of a research program, centered
at Johns Hopkins University, that is aimed at development of multifunctional magnetic
nanowires for biotechnology applications. Section 1.2 provides a brief introduction
to the fabrication process, and this is followed in Section 1.3 by an overview of the
physical properties of the nanowires that are important in a biotechnological context.
Sections 1.4-1.6 describe our development of the needed “tool-kit” for biological ap-
plications: manipulation of the nanowires in suspension, chemical functionalization,
and self-assembly techniques. Section 1.7 discusses prospects for magnetic biosensing
using nanowires, and Sections 1.8 and 1.9 discuss the major biological applications of



chap01

JWBKO002-Labhasetwar June 6, 2007 19:27 Char Count=

PHYSICAL PROPERTIES 3

the nanowires explored to date: novel approaches to magnetic separations, new tools for
cell positioning and patterning, and new carrier particles for drug and gene delivery.

1.2 NANOWIRE FABRICATION

Nanowires are fabricated by electrochemical deposition in nanoporous templates. Orig-
inally developed for fundamental studies of the electrical and magnetic properties of
modulated nanostructures [12], this method offers control of both nanowire size and
composition and thus allows the nanowires’ magnetic and chemical properties to be
tailored for specific biological applications. To make the nanowires, a copper or gold
conductive film is sputtered on one side of the template to create the working electrode
of a three-electrode electrodeposition cell. Metal is then deposited from solution into
the template’s pores to form the wires. The nanowires’ diameter is determined by the
template pore size and can range from 10 nm to approximately 1 pwm. The wires’ length
is controlled by monitoring the total charge transferred and is only limited by the thick-
ness of the template. After the nanowire growth is complete, the working electrode film
is etched away and the template is dissolved, releasing the nanowires into suspension.

Ferromagnetic nickel nanowires were commonly used in the work reported here.
Grown in commercially available 50 pm-thick alumina templates, they have a radius
of 175 £20nm and lengths ranging from 5 to 35 wm. An SEM image of 15 pm-long
nickel nanowires is seen in Figure 1.1b. The high pore density of the alumina templates
(3 x 108 cm™2 [13]) enables fabrication of large numbers of nanowires. In addition to
single-component nanowires such as these, nanowires comprised of multiple segments
can be made by changing the deposition solution during growth. This technique has been
used with alumina templates to create two-segment Ni—Au nanowires [14]. Alternatively,
multisegment nanowires of certain materials can be grown from a single solution by
varying the deposition potential. One example is the alternating ferromagnetic and
nonmagnetic layers of the Ni—Cu nanowire shown in Figure 1.1c [15]. Nanowires
incorporating two metals can also be synthesized as alloys. In one example, this technique
has been used to produce high-surface area nanoporous Au wires by selectively etching
away the Ag from Au—Ag alloy nanowires, as shown in Figure 1.1d [16].

1.3 PHYSICAL PROPERTIES

The elongated architecture of the nanowires and the flexibility of the fabrication method
permit the introduction of various magnetic and other physical properties. The mag-
netic properties can be tuned and controlled through the size, shape, and composi-
tion of magnetic segments within the wires. For example, due to their high magnetic
shape anisotropy, single-segment magnetic nanowires form nearly single-domain states
with large remanent magnetizations for a wide range of nanowire lengths. This is il-
lustrated in Figure 1.2, which shows magnetic hysteresis curves for 175 nm-radius
nickel nanowires of different lengths [17]. The shape of the hysteresis curves is
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Figure 1.2. Room temperature magnetization versus field curves for 1 to 2 um beads, 5,
15, and 35 wm nanowires. Inset: Saturation moment versus nanowire size. (Reprinted with
permission from Ref. 17. (C) 2004 IEEE.)

nearly independent of nanowire length, with coercive field He ~ 250 Oe and remanent
magnetization Mg ~ 0.8My, where My is the saturation magnetization. These large, sta-
ble, and well-aligned moments make such nanowires useful for low-field manipulations
of cells and biomolecules, as discussed in Section 1.8. As seen in the inset, Mg scales
linearly with the wire length, and at high fields the nanowires have moment per unit
length /L =3.9 x 10~ emu/pwm. For comparison, Figure 1.2 also shows the magnetic
moment of commercially available 1.5 pm-diameter magnetic beads. Note that while the
volume of the longest nanowires shown here is only 1.5 times that of the beads, their high-
field moment is 20 times that of the beads. Thus the nanowires can provide significantly
larger forces per particle in magnetic separations and other high-field applications.

There are, of course, biomagnetic applications in which large magnetic moments
in low field are not desirable. These include situations in which it is important to con-
trol interactions among particles to reduce agglomeration in suspension. The remanent
magnetization of multisegment nanowires such as those shown in Figure 1.1c can be
tuned by controlling the shape of the magnetic segments [15, 18, 19]. If the magnetic
segments within a multisegment nanowire have an aspect ratio greater than unity, shape
anisotropy favors the adoption of a high-remanence state with the segments’ moments
parallel to the wire axis, even if they are short compared to the length of the nanowire,
as shown in Figure 1.3a. In contrast, if the magnetic segments are disk-shaped (aspect
ratio < 1), the shape anisotropy of the individual segments favors alignment of their
moments perpendicular to the nanowire axis. Dipolar interactions between the segments
then favor antiparallel alignment of the moments of neighboring segments, leading to a
low-moment state in zero field, as shown in Figure 1.3b.

In addition to defining the magnetic properties, the segment composition can be
exploited for other purposes. For example, the high-surface-area nanoporous gold seg-
ments previously mentioned (Figure 1.1d) can be used for efficient chemical function-
alization, or for biosensing applications. Optical properties of the nanowires can also
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Figure 1.3. Room temperature magnetization versus field curves for arrays of Ni-Cu multi-
layer nanowires in the template. (a) Ni-Cu nanowires with rod-shaped Ni segments (aspect
ratio 2.5) and easy axis parallel to the nanowire axis. (b) Ni-Cu nanowires with disk-shaped
Ni segments (aspect ratio 0.1) and easy axis perpendicular to the nanowire axis. The inset
shows the remanence for Ni-Cu nanowires with disk-shaped Ni segments as a function of Cu

layer thickness. (Reprinted with permission from Ref. 15. Copyright 2003, American Institute
of Physics.)
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be controlled. Differences in reflectivity in Au—Ag multisegment nanowires are being
exploited for “nano-barcoding” of molecules and subcellular structures [20], and oxide
segments with intrinsic fluorescence can also be introduced.

1.4 MAGNETIC MANIPULATION OF NANOWIRES

The large and tunable magnetic moments of nanowires allow precise manipulation
of molecules and bound cells, with applications ranging from cell separations to two-
dimensional cell positioning for diagnostics and biosensing, and to the potential creation
of three-dimensional cellular constructs for tissue engineering. The approaches we have
developed for these applications take advantage of nanowire—nanowire interactions,
as well as their interactions with lithographically patterned micromagnet arrays and
external fields. To illustrate these capabilities, we first discuss manipulation of the
nanowires themselves.

In liquid suspensions, the nanowires readily orient with their magnetic moments
parallel to an applied field. Single-segment and multisegment nanowires with long
magnetic segments align with the wire axis parallel to the field, and multisegment wires
with disk-shaped segments align perpendicular to the field [15,21]. When magnetized,
the nanowires interact through dipole—dipole magnetic forces. Self-assembly of the
nanowires can be achieved, either in suspension or by allowing the wires to settle on
flat substrates. This process can be controlled by an external field. Without an applied
field, the nanowires are randomly oriented in the suspension, and they will assemble
into random collections due to the anisotropy of the dipolar interaction. Application of
a small field suppresses this random aggregation by prealigning the nanowires parallel
to each other. The nanowires then form end-to-end chains as they settle out of solution,
as shown in Figure 1.4 [22]. The addition of descending nanowires to chains settled on
the substrate can yield chains that extend over hundreds of micrometers.

Figure 1.4. Optical micrograph of Ni nanowire chain formation after precipitation from a
water suspension in an 8-G external magnetic field. (Reprinted with permission from Ref. 22.
Copyright 2002, American Institute of Physics.)
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Figure 1.5. Separation versus time for four chain-formation events in a 4-Oe external field.
Events (1) and (2) were in water, and events (3) and (4) were in ethylene glycol. (Reprinted
from J Magn Mater, 249, C. L. Chien et al., Electrodeposited magnetic nanowires: Arrays, field-
induced assembly, and surface functionalization, 146-155. Copyright 2002, with permission
from Elsevier.)

The motion of both bare nanowires and nanowires bound to cells in suspension is
governed by low Reynolds number hydrodynamics, and a nanowire’s velocity is given
by v=F/D, where F is the net force due to external fields, neighboring nanowires, and
gravity, and D is the appropriate viscous drag coefficient. Integrating this equation of
motion allows precise prediction and modeling of the nanowires’ dynamics [21, 23].
For example, Figure 1.5 shows an analysis of a video microscopy study of nanowire
chaining dynamics. For all the events shown in Figure 1.5 the wires or chains are nearly
collinear. In this case, the force between two wires or chains of lengths L; and L, is

10=-0 (5 ooyt o E )
T\ e+ L) L) L+ L)

where r is the end-to-end separation. The nanowires are described very accurately in
this and in all subsequent modeling discussed below as extended dipoles with magnetic
charges £Q,, = & Mwa’® separated by L, where M is the wire’s magnetization. The solid
curves are fits to r(¢) based on the (somewhat involved) analytic form determined from
the one-dimensional equation of motion dr/dt = D~f (r), where D = D1D»/(Dy + D») is
the reduced drag coefficient. Full details are given in Ref. 21. These results demonstrate
that quantitative predictions of the nanowire—nanowire interactions and dynamics can
be made.

Another important manipulation tool involves using the strong local fields generated
by micrometer-size magnetic features patterned by microlithography on substrates to
capture and position nanowires and cells [22,24,25]. This “magnetic trapping” process
works because the nanowires are drawn into regions of strong local field gradients
produced by the patterned micromagnets, such as those at the ends of the Ni ellipses
shown in Figure 1.6. The snapshots show video frames from a trapping event, and
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Figure 1.6. Distance from the center of a 10 um Ni nanowire to the center of the gap be-
tween two elliptical micromagnets versus time. A 10 G external magnetic field is oriented paral-
lel to the long axis of the micromagnets. Points (a)—(e) correspond to the inset videomicroscopy
images. Inset image (f) is a reflected light image taken after the solvent dried. (Reprinted with
permission from Ref. 24. Copyright 2003, American Institute of Physics.)

the trace shows the distance z(#) of the wire from the trap versus time. Analysis of
the force produced on the wire by the micromagnets again yields a simple model that
can be integrated to obtain z(¢) (solid curve). A SEM image of a nanowire trapped by
micromagnets is presented in Figure 1.7.

1.5 CHEMICAL FUNCTIONALIZATION

The ability to chemically functionalize nanowires enhances their utility in biological
applications. Selectively binding ligands to the surface of nanowires allows additional
control of interactions between nanowires, between nanowires and surfaces, and between
cells and nanowires, as well as control of the wires’ optical characteristics.

We have built on prior knowledge of surface chemistry on planar metallic films
[26-28] to selectively functionalize both single- and multicomponent nanowires. Func-
tionalization of nickel utilizes binding between carboxylic acids and metal oxides, in

Figure 1.7. SEM image of a nanowire magnetically trapped between two micromanets.
(Reprinted with permission from Ref. 22. Copyright 2002, American Institute of Physics.)
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this case the native oxide layer present on the nanowires’ surface [29], while gold
functionalization makes use of the well-known selective binding of thiols to gold [30].
It is therefore possible to attach various molecules possessing a compatible binding
ligand to a particular metallic surface. This has been demonstrated with single-segment
nickel nanowires that have been functionalized with hematoporphyrin IX dihydrochlo-
ride (HemIX), a fluorescent molecule with two carboxylic acid groups [14,21,23], as
well as 11-aminoundecanoic acid and subsequently a fluorescent dye (Alexa Fluor 488
or fluorescein-5-isothiocyanate (FITC)) [14]. Single-segment gold nanowires have been
functionalized with thiols including the thioacetate-terminated thiol P-SAc [24] and
1,9-nonanedithiol with the fluorescent dye Alexa Fluor 546 [14].

Multisegment nanowires are attractive because the differences in surface chemistry
between different segments makes possible spatially resolved chemical functionaliza-
tion with multiple molecules on the same nanowire, with different ligands directed to
different segments. Our work with two-segment Ni—Au nanowires serves as an example
of this spatially resolved functionalization. In one scheme, after exposure to HemIX,
Ni—Au nanowires showed strong fluorescence from the Ni segments, and the Au seg-
ment exhibited weak fluorescence due to nonspecific HemIX adsorption. However, after
simultaneous functionalization with HemIX and Au-specific nonylmercaptan, only the
Ni segments showed fluorescence, indicating that the nonylmercaptan had attached to
the Au segment to prevent nonspecific binding of HemIX [14,24]. Bauer and co-workers
also reacted Ni-Au nanowires with 11-aminoundecanoic acid and nonylmercaptan, and
then subsequently with Alexa Fluor 488, which binds only to the 11-aminoundecanoic
acid. Selective functionalization caused only the Ni segment to fluoresce, as shown in
Figures 1.8a and 1.8b. Conversely, reacting the Ni—Au wires with 1,9-nonanedithiol and
palmitic acid (for specific binding to Ni), and then with Alexa Fluor 546, which binds
only to the 1,9-nonanedithiol, resulted in fluorescence of only the Au segment. Lastly,
exposing Ni—Au nanowires to both 11-aminoundecanoic acid and 1,9-nonanedithiol, and
then adding the fluorescent markers Alexa Fluor 488 and 546, resulted in fluorescence
of both segments.

Selective surface functionalization of nanowires has also been accomplished with
biomolecules. In one study, single-segment nickel and gold nanowires were functional-
ized with palmitic acid and an ethylene glycol-terminated alkanethiol, respectively, to
render the nickel hydrophobic and the gold hydrophilic. Two-segment Ni—Au nanowires
were exposed to both reagents. The nanowires were then exposed to Alexa Fluor 594 goat
anti-mouse IgG protein, an antibody with an attached fluorescent tag. It is known that
proteins are able to attach noncovalently to hydrophobic surfaces, but are prevented from
such binding to hydrophilic surfaces. As seen in Figures 1.8c and 1.8d, only the nickel
surfaces showed fluorescence, confirming that they had been selectively functionalized
with the protein [31].

Other experiments involving functionalization with biomolecules have used two-
segment Ni—Au nanowires as synthetic gene-delivery systems [32]. DNA plasmids
encoding fluorescent proteins were bound to the nickel segment through a carboxylic acid
intermediary, while the cell-targeting protein transferrin was bound to the gold segment
through a thiolate linkage. This application of biomolecule-functionalized nanowires to
gene delivery is detailed in Section 1.9.



chap01

JWBKO002-Labhasetwar June 6, 2007 19:27 Char Count=

10 BIOLOGICAL APPLICATIONS OF MULTIFUNCTIONAL MAGNETIC NANOWIRES

Figure 1.8. (a, b) Two-segment Ni-Au nanowire, functionalized with 11-aminoundecanoic
acid and nonylmercaptan, and reacted with Alexa Fluor 488. (Reprinted with permission from
Ref. 14. Copyright 2003 American Chemical Society.) (a) Reflected light image. (b) Fluores-
cent image showing fluorescence from Ni segment only. (c, d) Two-segment Ni-Au nanowire
functionalized with palmitic acid and an ethylene glycol-terminated alkanethiol followed by
exposure to a fluorescent protein. (c) Reflected light image, (d) Fluorescence image of Ni seg-
ment. (Reprinted with permission from Ref. 31. Copyright 2003 American Chemical Society.)

1.6 RECEPTOR-MEDIATED SELF-ASSEMBLY OF NANOWIRES

Chemical functionalization has also been used as a means to position nanowires using
receptor-mediated binding to tether nanowires to specific regions of a substrate. This
technique again has many potential biological applications, ranging from cell positioning
to biosensing. Salem et al. [33] have demonstrated this technique using two-segment
Ni—Au nanowires, with 8 wm Ni segments and 1 pwm Au segments. These nanowires
were functionalized by exposure to a solution of palmitic acid and thiol-terminated
biotin. The biotin bound preferentially to the gold segment, and the palmitic acid coated
the nickel segment to prevent nonspecific binding of the biotin to the remainder of the
nanowire. Stripes of avidin were patterned via microfluidics on a silver film that was first
coated with thiol-terminated biotin. Upon introduction of the biotinylated nanowires, the
gold ends of the nanowires were anchored to the patterned regions of the substrate by the
strong linkage between avidin and biotin, resulting in directed assembly of nanowires in
the striped regions, as shown in Figure 1.9. These robust and flexible linkages allowed
the nanowires to be pivoted about their binding points to align with an external magnetic
field.
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Figure 1.9. Optical images and schematic illustrations of receptor-mediated nanowire self-
assembly. Chemically functionalized Ni-Au nanowires are selectively anchored by their gold
ends to patterned stripes of avidin on the substrate. A magnetic field is applied parallel (A)
and perpendicular (B) to the stripes, resulting in pivoting about the nanowire binding points.
(Reprinted with permission from Ref. 33.)

1.7 MAGNETIC SENSING OF NANOWIRES

Detection and identification of biomolecules is becoming a crucial component of many
biotechnological applications, and magnetic biosensing is a rapidly developing and
evolving field [9,10,34-38]. The typical approach to magnetic biosensing uses integrated
arrays of magnetic field sensors, such as GMR devices or magnetic tunnel junctions
[35,36], whose surfaces are functionalized with receptor ligands for analytes of interest.
If an analyte is labeled with a magnetic nanoparticle, its presence can then be detected
by the action of the nanoparticle’s magnetic field on the sensor when the analyte binds
to the surface of the sensor. This thus provides an alternative approach to commonly
used immunofluorescence-based detection techniques, such as ELISA.

Nanowires have shown potential for use in biosensing applications. Many of the
magnetic biosensing schemes currently in development use superparamagnetic beads
as the tagging particles, which requires the use of an external magnetic field to mag-
netize the beads. However, due to their large remanent moment, magnetic detection
of nanowires can be performed in the absence of a large external magnetic field. We
have demonstrated the feasibility of detection of ferromagnetic nanowires, as shown in
Figure 1.10. Using GMR sensors as detectors [39], we find that both the presence and
orientation of single wires are readily detectable, which may make possible a number of
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Figure 1.10. Voltage versus time trace for two 5 pm nanowires detected by a GMR sensor.
(Reprinted with permission from Ref. 39 (G) 2004 IEEE.)

biological applications of GMR devices that complement the coverage assays currently
implemented with beads.

1.8 APPLICATION OF FORCE TO CELLS

The tunable magnetic and chemical properties of nanowires make them an excellent
vehicle for applying forces to cells. Superparamagnetic beads have been in use for
some time as means of force application in biological systems [1-8], but are generally
available only in a spherical geometry and with a single surface chemistry. Nanowires,
however, offer several advantages through the tunability of their magnetic properties.
Ferromagnetic nickel nanowires, for example, feature a large remanent magnetization;
therefore, they can apply large forces in small magnetic fields, as well as a saturation
magnetization that allows for large forces in increased magnetic fields. Furthermore, the
nanowires’ dimensions can be adjusted to span relevant biological length scales. As we
will show, this latter property offers additional versatility in controlling cell-nanowire
interactions.

The binding and internalization of nanowires by cells was investigated by im-
munofluorescent staining of NIH 3T3 mouse fibroblast cells with attached nanowires
for the focal adhesion protein paxillin [40]. The results indicate the presence of focal
adhesions containing paxillin along the length of the nanowires on short timescales, as
seen in Figures 1.11A and 1.11B. The focal adhesions disappear within several hours,
suggesting that the nanowires have been internalized inside the cell membrane. This was
confirmed by coating nanowires with mouse IgG protein and then incubating them with
cells for different durations. After short incubation times, exposure to Alexa Fluor 488
conjugated goat anti-mouse IgG fluorescently labeled nanowires that were attached to
the cell membrane but not internalized (Figures 1.11C and 1.11D), while after longer
incubation times nanowires remained unlabeled, indicating that they had been inter-
nalized and thus protected from the stain. This indicates that the nanowires that were
internalized into the cell through integrin-mediated phagoctytosis.
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Figure 1.11. Binding of cell to nanowire. Top row: (a) Phase contrast image of a cell incu-
bated with a 35 wm nanowire for 30 min and (b) fluorescence image of the same cell indicating
paxillin focal adhesions. Second row: (c) Phase contrast image of a cell after a 30 min incuba-
tion with mouse 1gG-coated nanowires and (d) fluorescence image of the same cell showing
immunofluorescent staining of mouse IgG on the nanowire, indicating that the nanowire is
external to the cell. Third row: (e) Phase contrast image of a cell after a 24 hr incubation
with mouse IgG-coated nanowires and (f) fluorescense image of the same cell. The mouse IgG
on the nanowire is unstained, indicating that the nanowire is internalized. (g) TEM image of
a cell incubated with a nanowire for 24 hr. N, nanowire; M, mitochondria. (Reprinted with
permission from Ref. 40. Copyright 2005 American Chemical Society.)

Attaching magnetic nanowires to cells has enabled their use as a tool for performing
magnetic cell separations. In this process, magnetic particles are bound to cells in
a mixture, which is then put in suspension in a magnetic field gradient. The field
gradient creates a force that collects only cells with attached magnetic particles. Due
to their higher magnetic moment, nickel nanowires have been shown to outperform
superparamagnetic beads when separating cells with attached magnetic particles from
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Figure 1.12. Percent yield versus nanowire length for separations using 15 and 23 um-
diameter cells. Data for superparamagnetic beads provided for reference. (Reprinted with
permission from Ref. 40. Copyright 2005 American Chemical Society.)

those without [13,40]. Further studies have demonstrated that separations with nanowires
become more effective as the length of the nanowires is increased, and they are optimized
when the nanowire length matches the diameter of the cell [17]. This has been confirmed
with 3T3 cells whose average size was increased by exposure to the cell division
inhibitor mitomycin-C. Figure 1.12 shows that the maximum in the separation yield
versus nanowire length tracks the increase in cell diameter.

The manner in which nanowires of different lengths interact with cells was explored
to account for this finding. For nanowires with lengths less than the cell diameter, inter-
nalized nanowires are entirely inside the cell membrane when the cell is in suspension,
as is the case in Figures 1.13A and 1.13B. However, nanowires with lengths greater
than the cell diameter cannot be enclosed by the suspended cells, as seen in Figures
1.13C-E. It is likely that mechanical forces on the nanowire ends protruding from the
cell membrane of suspended cells cause these nanowires to detach from the cells in
some cases, accounting for the reduction in cell separation yield encountered when the
nanowire length exceeds the suspended cell’s diameter [40].

This dependence on nanowire length in nanowire—cell interactions may provide
a new way to select among cells in a heterogeneous population. For example, cell
separations have been performed with cell mixtures, in which half of the cells have
had their diameter increased through exposure to mitomycin-C. Nanowires with lengths
matched to the cells of smaller diameter separated cells of both diameters in equal
proportions, while nanowires matched to the cells of larger diameter separated a higher
proportion of larger cells [40]. This result suggests that it is possible to use magnetic
nanowires to separate heterogeneous cell mixtures based on differences in the physical
size of the cells.

Magnetic nanowires attached to cells can also be used to assemble multicellular
constructs and microarrays of cells. We have used nanowires to direct the self-assembly
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Figure 1.13. Optical images of suspended 3T3 cells. Top row: Suspended cell bound to a 9 pm
mouse |gG coated nanowire. (a) Transmitted light and (b) composite fluorescense image of
the same cell showing actin filaments and staining of the mouse IgG on an isolated nanowire
(upper left) but not of the bound nanowire that is in the cell. Second row: Suspended cell bound
to a 22 pm mouse IgG-coated nanowire. (c) Transmitted light and (d) composite fluorescent
image of the same cell showing actin filaments and staining of the mouse IgG on both the
portion of the nanowire that is no lkonger internal to the cell and on the isolated nanowire
(right). (e) SEM image of a cell bound to a 22 wm nanowire. (Reprinted with permission from
Ref. 40. Copyright 2005 American Chemical Society.)

of one-dimensional chains of cells by placing suspended cells with attached nanowires
in a uniform magnetic field [25]. The chaining process is similar to the one previously
described in Section 1.4, the difference being that the viscous drag due to the attached
cells is significantly larger than that of just the nanowires, resulting in reduced motion
during the chaining. Figure 1.14 illustrates the cell chaining process with a schematic,
and shows images of chained 3T3 cells.

Magnetic manipulation has also been demonstrated as a technique for organizing
cells into two-dimensional microarrays [25]. These experiments utilized elliptically
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Figure 1.14. Magnetic cell chaining. (a) Schematic of nanowires bound to suspended cells
and aligned in a magnetic field B. (b) Schematic of chain formation process due to magnetic
dipole—dipole interactions between prealigned nanowires. (c) Cell chains formed on the bot-
tom of a culture dish with B=2 mT. (d) Close-up of a single-cell chain detailing wire-wire align-
ment. Interactions of North and South poles of adjacent nanowires are indicated schematically
below. (From Ref. 25. Reprinted with permission of The Royal Society of Chemistry.)

shaped permalloy micromagnets that were patterned on substrates. A uniform external
magnetic field applied parallel to the long axis of the micromagnets magnetized them, and
it also co-aligned nanowires with attached cells in suspension in the same direction. The
local magnetic field of the micromagnets attracted nearby nanowires to their poles, where
their field was most intense, while repelling them from the area above them. An example
of cells trapped on the ends of micromagnets in this way is seen in Figure 1.15, along with
a graphical representation of the nanowire—micromagnet interaction energy that indicates
the repulsive region above the micromagnet and the deep, attractive “wells” at each end.
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Figure 1.15. (a) Trapping of single cells by ellipsiodal micromagnets. Aligning field B=2mT.
(b) Calculated wire—ellipse interaction energy U; at a wire height z=3 um. Ellipse footprint
is shown on the floor of the figure. (From Ref. 25. Reprinted with permission of The Royal
Society of Chemistry.)
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Patterning hundreds or thousands of micromagnets into rectangular arrays enabled
ordered cell trapping in two dimensions, and variation of the spacing between magnets
allowed additional control over the type of cell patterns created. As described above, each
micromagnet created an attractive region on its ends and a repulsive region above. For
isolated micromagnets, as in Figures 1.16a and 1.16d, this resulted in individual points
of attraction, whose interaction energy is seen in Figure 1.16g. Micromagnets with their
long axes close together exhibited a row of such points that merge together to become
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Figure 1.16. (a—) Overview images of cell trapping on magnetic arrays. The direction of the
external field B=10 mT and the fluid flow Qs=1.7 pL sec’! are shown in (a). The array lattice
parameters are (@) a=125pm, b=100 pm; (b) a=260pum, b=17 pum; (c) a=32pm, b=17 pm.
Scale bars in (a—c) =200 pm. (d—f) Close-up images of panels (a—c). Scale bars in (d—f) =20 pm.
(g-i) Calculated magnetic energy for a cell with a wire at a height z=8 um above the regions
shown in (d-f). The wire is attracted to dark regions and repelled from white regions. Selected
micromagnets are outlined. (j-o) Calculated magnetic energy of wire and cell in vertical planes
above the lines in (d-f). The micromagnets appear as thick black lines at the bottom of (j), (1),
and (n). (From Ref. 25. Reprinted with permission of The Royal Society of Chemistry.)
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an attractive “trough,” trapping cells into lines as seen in Figures 1.16b, 1.16e, and
1.16h. Patterning the micromagnets close together in both dimensions effectively merged
together the troughs of two adjacent columns of micromagnets to create alternating bands
of attractive and repulsive regions. The resultant patterned bands of cells are seen in
Figures 1.16c, 1.16f, and 1.16i. The micromagnets can thus be used to create a variety of
attractive and repulsive regions on a substrate that lead to two-dimensional organization
of cells. Such organization has numerous possible applications, including biosensing,
diagnostics, and techniques for tissue engineering.

1.9 NANOWIRE-ASSISTED GENE DELIVERY

The use of synthetic systems for delivering genetic material into cells has several advan-
tages over viral delivery, including ease of production and reduced risk of cytotoxicity
and immunogenicity [41,42]. Previously introduced nonviral gene delivery methods,
such as liposomes, polymers, and gold particles, are limited in transfection effective-
ness due to difficulties controlling their properties. Nanowires chemically functionalized
with biomolecules, however, offer degrees of freedom unavailable to these other meth-
ods and indeed have been shown to be an effective tool for nonviral gene delivery
[32,43].

Gene transfection experiments were conducted by Salem et al. [33] using two-
segment Ni—Au nanowires with diameter 100 nm and length 200 nm (100 nm Ni, 100 nm
Au). DNA plasmids encoding firefly luciferase or green fluorescent protein (GFP) were
conjugated to 3-[(2-aminoethyl)dithio] propionic acid (AEDP) that was selectively at-
tached to the nickel surfaces via a carboxylic acid terminus. A thiolate linkage was
used to attach transferrin to the gold surfaces. Transferrin was chosen as a cell-targeting
protein because all metabolic cells take in iron through receptor-mediated endocytosis of
the transferrin—iron complex [44], and thus it would increase the probability of nanowire
transport through the cell membrane.

In in vitro experiments, functionalized nanowires were incubated with human em-
bryonic kidney cells (HEK293) and were found to be internalized by the cells, as shown
by SEM, TEM, and confocal microscopy. Additionally, the cells exhibited fluores-
cence due to the firefly luciferase or GFP, indicating genetic transfection (Figure 1.17).
Nanowires functionalized with both transferrin and DNA plasmid displayed substan-
tially increased luciferase and GFP expression compared to nanowires functionalized
only with DNA, confirming that the transferrin was effective in promoting transfection
through receptor-mediated endocytosis.

To test the potential utility of multifunctional nanowires for genetic immunization
applications, an in vivo study was done to measure the immune response in mice to
cutaneous delivery via gene gun bombardment of nanowires functionalized with the
model antigen ovalbumin and a DNA plasmid that further stimulates the immune re-
sponse [43]. Both a strong antibody response in the bloodstream and a strong CD8+
T-cell response in the spleen were observed. A comparison of the antibody response
for the nanowires with that obtained using 1.6 wm gold particles as the carriers is
shown in Figure 1.18. These gold particles are the state of the art in inorganic carriers
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Figure 1.17. Drug delivery using multissgment nanowires, showing HEK cell expressing GFP
after transfection by two-segment nanowires carrying GFP plasmid, and the cell-targeting
agent transferring. (Reprinted by permission from Macmillan Publishers Ltd, Nature Materials
[32], copyright 2003.)

for gene gun bombardment, and delivery methods using them have been optimized over
a number of years. It is thus quite encouraging that the nanowires generate compara-
ble antibody responses in these initial experiments. In the CD8+ T-cell studies, DNA
bound to the nanowires alone generated very low or no response. However, nanowires
with both DNA and the ovalbumin produced an eightfold increase in the CD8+
response compared to nanowires carrying only the ovalbumin. These results suggest
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Figure 1.18. Ovalbumin-specific antibody responses in C57BL/6 mice immunized with func-
tionalized Ni-Au nanowires gold particles: Nanowire formulations included ovalbumin protein
only (OVA Protein), DNA plasmid encoding ovalbumin only (pcDNA3-OVA), ovalbumin protein
and control plasmid (not encoding ovalbumin) (OVA Protein—-pcDNA3), and control plasmid
only (pcDNA3). Gold particle formulations included ovalbumin protein (OVA Protein) and DNA
plasmid encoding ovalbumin protein (pcDNA3-OVA). (Reprinted with permission from Ref. 43.)
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that with further optimization, the ability of the nanowires to deliver multiple immunos-
timulants to the same cell in controlled doses may prove highly effective for genetic
immunization.

1.10 SUMMARY

This chapter has presented an overview of recent work on the development and appli-
cations of multifunctional magnetic nanowires for biotechnology, including areas such
as cell separations, cell positioning and manipulation, and intracellular drug and gene
delivery. A wide range of other applications are envisioned or under development, in ar-
eas such as tissue engineering, biomagnetic control of cellular function, and subcellular
force transduction. It is also important to note that the concept of asymmetric mag-
netic nanoparticles with spatially resolved chemical functionality need not be limited to
electrodeposited nanowires; many other architectures are possible, and indeed some are
already under exploration [45]. Thus it seems likely that there will be continued inno-
vation and development of new applications of multifunctional magnetic nanoparticles
in biotechnology in the foreseeable future.
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