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(57) ABSTRACT 

Magnetic nanoWires can be used as an alternative method 
overcoming the limitations of current cancer treatments that 
lack speci?city and are highly cytotoxic. NanoWires are 
developed so that they selectively attach to cancer cells via 
antibodies, potentially destroying them When a magnetic ?eld 
induces their vibration. This Will transmit a mechanical force 
to the targeted cells, Which is expected to induce apoptosis on 
the cancer cells. 
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BIOFUNCTIONALIZED MAGNETIC 
NANOWIRES 

CLAIM OF PRIORITY 

[0001] This application claims the bene?t of prior U.S. 
Provisional Application No. 61/660,929, ?led on Jun. 18, 
2012, Which is incorporated by reference in its entirety. 

TECHNICAL FIELD 

[0002] This invention relates to biological uses of nanoW 
ires. 

BACKGROUND 

[0003] There are many advantages to being able to manipu 
late cells. For example, cancer cells can be manipulated to 
undergo apoptosis. Cancer in its different forms has become 
one of the major diseases With huge social and economic 
impact. In the US only, the cost associated With cancer diag 
no sis, treatment and folloW-up Was about $125 billion in 2010 
and this number is expected to increase quickly. Typical can 
cer treatments include chemotherapy, radiotherapy, and sur 
gery. These therapies currently encounter challenges such as 
non-speci?c delivery of antitumor agents, inadequate drug 
concentrations reaching the tumor, and a limited capability of 
monitoring therapeutic responses. NeW methods for earlier, 
more reliable and cheaper diagnosis Would be one of the most 
effective means to reduce the cost load and achieve better 
cell-selectivity and delivery ef?ciency of antitumor agents. 

SUMMARY 

[0004] Magnetic-?eld responsive nanoWires can be func 
tionaliZed With antibodies to target and manipulate biological 
cells. As an example, nanoWires bound to antibodies can be 
applied to kill cancer cells. Once attached to the cells, an 
alternating magnetic ?eld can be applied by external magnets 
and due to the magnetic-?eld responsiveness of the nanoW 
ires, they Will move or vibrate, thereby transmitting energy to 
the targeted cells, Which can induce apoptosis or other cell 
disruptive events. 
[0005] In one aspect, a composition includes a plurality of 
nanoWires, at least a portion of the plurality of nanoWires 
being responsive to a magnetic ?eld and a plurality of target 
ing moieties, each of the moieties having a ?rst a?inity for a 
surface of a predetermined cell type and a second a?inity for 
a nanoWire in the plurality of nanoWires, Wherein at least one 
moiety in the plurality of targeting moieties is in contact With 
a nanoWire of the plurality of nanoWires, Wherein the plurality 
of nanoWires responds to a magnetic ?eld. 
[0006] In certain embodiments, the ?rst af?nity can include 
the targeting moiety con?gured to have speci?c recognition 
and binding to the surface of the predetermined cell type. For 
example, the antibody can have a ?rst a?inity to a membrane 
receptor of a cancer cell. The second a?inity can include the 
targeting moiety is con?gured to conjugate to the nanoWire 
through the chemical groups of the moiety With the surface of 
the nanoWire. The moieties can be randomly distributed or a 
patterned distribution on a nanoWire in the plurality of nanoW 
1res. 

[0007] In certain embodiments, the targeting moiety can be 
an antibody. The antibody can have a second a?inity for a 
nanoWire in the plurality of nanoWires Wherein the antibody is 
a chemically modi?ed antibody. The chemically modi?ed 
antibody can include sulfhydryl groups. 
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[0008] In certain embodiments, each of the plurality of 
nanoWires can include nickel, cobalt, iron, or alloys or com 
binations thereof. Each nanoWire in the plurality of nanoWires 
can include a gold coating. At least a portion of the plurality 
of nanoWires can be magnetic or magnetostrictive. 
[0009] In another aspect, a method of making a composi 
tion can include forming a plurality of nanoWires Wherein the 
diameter and length of each nanoWire are controllable, con 
?guring the plurality of nanoWires to be biocompatible, and 
contacting a plurality of targeting moieties With a plurality of 
nanoWires, Wherein the moieties have a ?rst af?nity for a 
surface of a predetermined cell type and a second a?inity for 
a nanoWire in the plurality of nanoWires, Wherein the plurality 
of nanoWires responds to a magnetic ?eld Whereby a force is 
exerted on the predetermined cell type causing cell modi?ca 
tion. The method can include forming a plurality of nanoWires 
Wherein the diameter and length of each nanoWire are prede 
termined before contacting a plurality of targeting moieties 
With a plurality of nanoWires, Wherein the moieties have a ?rst 
a?inity for a surface of a predetermined cell type and a second 
a?inity for a nanoWire in the plurality of nanoWires, Wherein 
the plurality of nanoWires responds to a magnetic ?eld 
Whereby a force is exerted on the predetermined cell type 
causing cell modi?cation. 
[0010] In certain circumstances, the method can include 
con?guring the plurality of nanoWires to be biocompatible 
before contacting a plurality of targeting moieties With a 
plurality of nanoWires, Wherein the moieties have a ?rst a?in 
ity for a surface of a predetermined cell type and a second 
a?inity for a nanoWire in the plurality of nanoWires, Wherein 
the plurality of nanoWires responds to a magnetic ?eld 
Whereby a force is exerted on the predetermined cell type 
causing cell modi?cation. 
[0011] In certain embodiments, the method can include 
forming the plurality of nanoWires includes electrodeposition 
into nanopores of a membrane. The length of each nanoWire 
in the plurality of nanoWires can be dependent on elec 
trodeposition time. The diameter of each nanoWire in the 
plurality of nanoWires can be dependent on the nanopore siZe 
of the membrane. The membrane can be an alumina mem 
brane, Which can be formed by an anodiZation process includ 
ing a highly pure aluminum substrate. The alumina mem 
brane can have a honeycomb structure. 

[0012] In certain circumstances, the method can include 
coating the plurality of nanoWires With gold, for example, by 
electroless deposition of gold into nanopores of a membrane. 
[0013] In another aspect, a method of cell modi?cation can 
include administering a composition including a plurality of 
nanoWires, at least a portion of the plurality of nanoWires 
being responsive to a magnetic ?eld, applying the magnetic 
?eld to the composition, and modifying cell of the predeter 
mined cell type, Wherein a plurality of targeting moieties, 
each of the moieties having a ?rst a?inity for a surface of a 
predetermined cell type and a second af?nity for a nanoWire 
in the plurality of nanoWires, Wherein the at least one moiety 
in the plurality of moieties is in contact With a nanoWire of the 
plurality of nanoWires, Wherein the plurality of nanoWires 
responds to a magnetic ?eld Whereby a force is exerted on the 
predetermined cell type causing cell modi?cation. Applying 
the magnetic ?eld can include subjecting the plurality of 
nanoWires to a magnetic ?eld strength effective to cause the 
plurality of nanoWires to vibrate. The method can include 
introducing the composition to the patient. The magnetic ?eld 
can be applied inside or external to the patient. 
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[0014] Other aspects, embodiments, and features Will be 
apparent from the folio description, the drawings, and the 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1A is a schematic of a biofunctionaliZed mag 
netic nanoWire conjugated to a targeting moiety, speci?cally, 
at least one antibody. FIG. 1B is a schematic of biofunction 
aliZed magnetic nanoWires used for cell modi?cation, speci? 
cally antibody-based cancer therapy. 
[0016] FIG. 2 is a schematic depicting the dimensional 
change observed due to the alignment of magnetic moments 
under the presence of a magnetic ?eld H, Wherein arroWs 
represent the magnetic moments. 
[0017] FIG. 3 is a schematic depicting the step by step 
nanoWire fabrication process, Wherein (a) is the aluminum 
substrate; (b) shoWs the ?rst anodiZation; (c) shoWs the alu 
minum template; (d) shoWs the second anodiZation; (e) shoWs 
the Widening and thinning the alumina nanomembrane; and 
(f) shoWs the magnetic metal ?lling. 
[0018] FIG. 4 is a graph depicting Hysteresis loops for an 
array of NiCo nanoWires (average diameter:35 nm, length:1 
pm) with the applied ?eld H parallel (outer lines at center) and 
perpendicular (inner lines at center) to the Wires’ longitudinal 
axis. 

[0019] FIG. 5 is a schematic depicting a normal vasculature 
versus a leaky one, Which is a typical feature of tumors. 

[0020] FIG. 6 is a schematic depicting an anodization cell 
Wherein Uap is the applied voltage, the gray solution repre 
sents the oxalic acid, and the hole diameter of the cell:16 mm. 

[0021] FIG. 7 is a graph depicting the electrodeposition 
voltage/current-time pro?le. 
[0022] FIG. 8 is a schematic depicting the electrochemical 
deposition of gold in PAA membranes. 
[0023] FIG. 9 is a schematic depicting the antibody modi 
?cation process. 

[0024] FIG. 10 is a schematic depicting the one color 
microarray experimental Work?oW. 
[0025] FIG. 11 is a photograph of a 96-Well microtiter plate 
after an MTT assay Wherein increasing amounts of cells 
resulted in increased (darker) coloring. 
[0026] FIG. 12 shoWs photographs depicting the experi 
mental setup for the application of an alternating magnetic 
?eld to cultured cancer cells. (a) Experimental setup 
described in Abu Samra et al 2011; and (b) Modi?cations on 
setup (a). 
[0027] FIG. 13 shoWs SEM images of honeycomb alumina 
nanomembranes. (a) PD:35 nm; ID:100 nm. Each pore con 
tains a Co nanoWire; (b) PD:55 nm. Each pore contains a Ni 
nanoWire. 

[0028] FIG. 14 shoWs SEM images of fully (a) and partially 
released (b,c) NiCo nanoWires. (a) Diameter:35 nm, 
length:1 um, I h NaOH; (b,c) Diameter:55 nm, length:2 
um, (b) 2 min NaOH folloWed by CPD (critical point drying) 
and (c) extra 2 min NaOH folloWed by CPD. 

[0029] FIG. 15 shoWs SEM images of Ni nanoWires (diam 
eter:35 nm, length:1 mm) after 4 min NaOH+CPD+Au 
sputtering. Top (a) and 30° tilted (b-c) vieWs. 
[0030] FIG. 16 shoWs optical images of SKOV3 (ovarian 
cancer cell line) at different time points and different nanoW 
ires concentration. 
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[0031] FIG. 17 shoWs charts depicting gene ontology terms 
that Were upregulated When a concentration of 1000 CoNi 
nanoWires per cell Were added to ovarian cancer cells in 
culture. 
[0032] FIG. 18 shoWs representative SEM pictures of mag 
netic nanoWires pre-treated before gold sputtering. 

DETAILED DESCRIPTION 

[0033] Magnetic micro- and nanomaterials are becoming 
increasingly interesting for biomedical applications that 
include drug delivery, hyperthermia treatment, bioseparation 
and contrast-enhancement in magnetic resonance imaging. 
See, for example, Kubo, T. et al., 2000. International Journal 
of Oncology, 17(2), pp. 309-315; Jurgons, R. et al., 2006. 
Journal ofPhysics: Condensed Matter, 18(38), p. S2893 
S2902; Hergt, et al. 2008. Journal of Physics: Condensed 
Matter, 20(38), p. 385214; Hilger, et al. 2005. IEEE Proceed 
ing Nanobiotechnology, 152(1), pp. 33-9; Hultgren, A. et al., 
2003. Journal ofApplied Physics, 93(10), pp. 7554-7; and 
Weissleder, R. et al., 1997. Journal ofmagnetic resonance 
imaging, 7(1), pp. 258-63, each of Which has been incorpo 
rated by reference in its entirety. 
[0034] Magnetic nanostructures offer important advan 
tages in comparison With classical cancer treatments and 
non-magnetic nanoparticles. Firstly, due to their magnetic 
nature, they can be activated, controlled and manipulated 
remotely With a magnetic ?eld. Additionally, their siZe can be 
controlled Within a range extending from a feW nanometers in 
siZe to hundreds of nanometers in siZe, putting them in the 
same siZe range as many biological entities like enZymes, cell 
receptors, genes, bacteria, etc, See, for example, Giouroudi, I. 
& Kosel, 1., 2010. Recent patents on nanotechnology, 4(2), 
pp. 1 11-8, Which is incorporated by reference in its entirety. 
[0035] HoWever, magnetic nanoparticles do not interact a 
controlled manner With biological systems unless they are 
biocompatible and biofunctionaliZed. Biocompatibility 
refers to “the ability of a material to perform With an appro 
priate host response in a speci?c application,” While biofunc 
tionaliZation is the chemical surface modi?cation needed for 
nanoparticles to become bioactive When encountering bio 
logic entities, i.e. magnetic nanoparticles can be functional 
iZed With antibodies that target speci?c cells lines. See, for 
example, Williams, D. E, 1987. De?nitions in biomaterials. 
In Proceedings of a Consensus Conference of the European 
Society for Biomaterials. N.Y.: Elsevier, Which is incorpo 
rated by reference in its entirety. 
[0036] The main goals of conventional cancer therapies 
(e.g., drugs or radiation) are DNA damage and prevention of 
DNA synthesis to stop cell replication. These goals can be 
achieved With magnetic nanoparticles by inducing hyperther 
mia; delivering drugs or by transmitting magnetomechanical 
forces. See, for example, Ophardt, C. E., 2003.Virtual Chem 
Book., Elmhurst College; Hergt, et al, 2008. Journal of Phys 
ics: Condensed Matter, 20(38), p. 385214; Hilger, et al. 2005. 
IEEE ProceedingsiNanobiotechnology, 152(1), pp. 33-9; 
DutZ, S et al., 2007. InternationalFederationforMedical and 
BiologicalEngineeringProceeding. pp. 271-274; Jurgons, R. 
et al., 2006. Journal ofPhysics: CondensedMatter, 18(38), p. 
52893-52902; McBain, et al. 2008, Internationaljournal of 
Nanomedicine, 3(2), pp. 169-80; Veiseh, et al. 2010. 
Advanced Drug Delivery Reviews, 62(3), pp. 284-304; Kim, 
Dong-Hyun et al., 2010. Nature Materials, 9 (November 
2009), pp. 165-71, each of Which is incorporated by reference 
in its entirety. 
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[0037] Magnetic nanoparticles are able to absorb energy 
from an alternating magnetic ?eld and re-emit that energy as 
heat. Magnetic hyperthermia involves placing magnetic par 
ticles in or near a tumor, subjecting the particles to an alter 
nating magnetic ?eld to increase local temperature, thereby 
causing necrosis of the tumor cells. In delivering this current 
experimental cancer treatment, relevant factors to consider 
include the killing temperature, Which also depends on a 
repertoire of factors such as the siZe and composition of the 
magnetic nanoparticles used, and the values of amplitude and 
frequency of the alternating magnetic ?eld. See, for example, 
Hergt, et al. 2008. Journal of Physics: Condensed Matter, 
20(38), p. 385214, Which is incorporated by reference in its 
entirety. The use of nanoparticles functionaliZed With differ 
ent therapeutic payloads (chemical, radiological or biologi 
cal) began more than 30 years ago and is not exclusive of 
magnetic nanoparticles. The use of magnetic nanoparticles 
offers advantages like guidance of the therapeutic payload 
(i.e., a chemical drug formulation, a radionucleotide or a 
gene) using a magnetic ?eld and visualiZation using magnetic 
resonance imaging, of the particles after the therapeutic pay 
load is delivered. See, for example, Jurgons, R. et al., 2006. 
Journal of Physics: Condensed Matter, 18(38), p. S2893 
S2902, Which is incorporated by reference in its entirety. 
When a magnetic ?eld is applied on magnetic microstructures 
(such as gold coated permalloy microdisks) attached to can 
cer cells, a magnetomechanical force is transmitted to the 
cells. See, for example, RoZhkova, E. a. et al., 2009. Journal 
ofAppliedPhysics, 105(7), pp. 105-7 and Kim, Dong-Hyun et 
al., 2010, Nature Materials, 9 (November 2009), pp. 165-71, 
each of Which is incorporated by reference in its entirety. 
[0038] FunctionaliZation methods can Work by themselves, 
more than one at the same time, or as an enhancement of a 

conventional therapy. For example, a netWork of silica Was 
loaded With iron oxide superparamagnetic nanocrystals and 
With immobiliZed single stranded DNA onto its surface. 
Additionally, the complementary DNA sequence Was 
attached to magnetic nanoparticles. These nanoparticles Were 
able to cap the pores of the magnetic silica netWork upon 
hybridiZation of both DNA strands, and, because heat Was 
produced When an alternating magnetic ?eld Was applied, the 
DNA linkage Was reversible resulting in an “on-off" release 
mechanism. See, for example, RuiZ-HemandeZ, E., BaeZa, A. 
& Vallet-Regi, M., 201 1. Smart drug delivery through DNA/ 
magnetic nanoparticle gates. American Chemical Society 
nano, 5(2), pp. 1259-66, Which has been incorporated by 
reference in its entirety. The cancer treatment involved mag 
netic nanoparticles in Which both hyperthermia and drug 
delivery approaches Were used. 
[0039] Applying a magnetic ?eld actuates the nanoWires. 
For example, the magnetic ?eld applied to magnetostrictive 
nanoWires can cause the nanoWires to extend and contract 
(e.g., oscillation or vibration). The magnetic ?eld can be 
constant or varying; one example of a varying magnetic ?eld 
is a regularly oscillating magnetic ?eld. By properly design 
ing the nanoWire lengths and diameters, the resonant fre 
quency (of an oscillating ?eld) at Which each type of nanoW 
ire responds to the magnetic ?eld can be altered. 

[0040] The tunability of the physical properties of the 
nanoWires makes them uniquely suited for creating therapies 
aimed at cell disruption. Instead of involving both hyperther 
mia and drug delivery approaches as had been done previ 
ously, the application of magnetic nanoWires, alloW for exer 
tion of mechanical force on a cell, inducing apoptosis. 
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NanoWires functionaliZed With antibodies Were developed, 
With the antibodies being speci?c for cancer cells. In this Way, 
When the nanoWires are subjected to an appropriate magnetic 
?eld to induce vibration, the vibration is transmitted to the 
cell via the antibody. This transmits a mechanical force to the 
targeted cells, Which is expected to induce apoptosis of the 
cells. 
[0041] As depicted in FIG. 1 for cells, for example, cancer 
cells, the magnetic nanoWire is bound to antibodies that spe 
ci?cally bind to the target cells. FIG. 1A shoWs the magnetic 
nanoWire in contact With at least one targeting moiety, for 
example, an antibody. FIG. 1B shoWs the method of cell 
modi?cation With nanoWires bound to targeting moieties, for 
example, the inducement of apoptosis in cancer cells With 
nanoWires bound to antibodies. The magnetic nanoWires 
must ?rst be made biocompatible, Which can be accom 
plished in many Ways, one of Which being coating the nanoW 
ires With gold. The biocompatible nanoWires can then be 
biofunctionaliZed. For example, the biofunctionality can 
involve binding antibodies of a particular speci?city to the 
nanoWires. At least one antibody can be bound to a nanoWire. 
The biofunctionaliZed nanoWires can then bind to the target 
cells via the bound antibodies. 
[0042] When a magnetic ?eld is applied, for example, an 
AC magnetic ?eld, the magneto strictive nature of the nanoW 
ires causes the nanoWires to elongate and shrink, or vibrate. 
The vibration transmits a force to the targeted cells, for 
example, cancer cells. The force can result in apoptosis of the 
target cell. 
[0043] NanoWires and nanorods are straight solid one-di 
mensional high aspect ratio (length divided by Width) nano 
materials. A nanoWire usually has a higher aspect ratio than a 
nanorod. NanoWires generally include at least one substan 
tially crystalline or amorphous material. In certain embodi 
ments, the nanostructure can include a core of a ?rst material 
and at least one shell of a second (or third etc.) material, Where 
the different material types are distributed radially about the 
long axis of a nanoWire, a long axis of an arm of a branched 
nanoWire, or the center of a nanocrystal, for example. 
Depending on the application and other design parameters, 
nanoWires can have an aspect ratio (length-to-Width ratio) of 
for example, 1, 5, 10, 100, 250, 500, 800, 1000 or higher. A 
nanoWire preferably has a diameter of less than approxi 
mately 500 nm at its maximum point, and the diameter along 
the longitudinal axis preferably varies by less than approxi 
mately 10% over the section exhibiting the maximum change 
in diameter. NanoWires structures With a diameter in the range 
of approximately 5 nm to approximately 500 nm, With lengths 
in the range of approximately 10 nm to approximately 100 
um, can be formed. 
[0044] NanoWires can be produced by a number of methods 
including electrodeposition, chemical etching, vapor-liquid 
solid (VLS) synthesis, or solution-phase synthesis, to name a 
feW examples. The nanoWire can be substantially crystalline 
or amorphous, and can include semiconductors, oxides, or 
other materials. 
[0045] NanoWires can have various cross-sectional shapes, 
including, but not limited to, circular, square, rectangular and 
hexagonal. In each case, the term “diameter” is intended to 
refer to the effective diameter, as de?ned by the average of the 
major and minor axis of the cross-section of the structure. 
NanoWires display several siZe-dependent properties, includ 
ing electronic, optical and magnetic properties. Magnetic 
nanoWires can be made of pure metals including rare earth 
metals or alloys, consisting of, e.g., cobalt, nickel, iron, gal 
lium, terbium, dysprosium and combinations thereof. The use 
of different metals or of alloys alloWs for the tailoring of the 
magnetic responses under applied magnetic ?elds. 
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[0046] In some examples, nanoWires can have a generally 
cylindrical in shape With a diameter in the range from 5 to 500 
nm and length up to 100 pm. See, for example, Varadan, V, 
Chen, L. & Xie, 1., 2008. Nanamedicine, John Wiley & Sons, 
ed., Sussex, United Kingdom, Which has been incorporated 
by reference in its entirety. Recently, nanoWires Were added to 
cells in culture looking for a large repertoire of applications. 
The manner in Which cells in culture behave When magnetic 
nanoWires are added mainly depends on the material, aspect 
ratio and concentration of the nanoWires as Well as the cell 
type and total cell culture time With the nanoWires. 

[0047] In one example shoWing biological uses of nanoW 
ires, mouse ?broblasts Were manipulated using Ni nanoWires 
added to the cells in culture. The cells had a?inity for the 
Wires that remained attached to the cells even after adding 
trypsin-EDTA to detach them from the culture plate. After the 
cells Were detached from the plate, a magnetic ?eld gradient 
Was applied, e?iciently separating the portion of cells that had 
internaliZed the nanoWires. Thus, nanoWires are able to exert 
forces on cells. See, for example, Hultgren, A. et al., 2003. 
Journal of Applied Physics, 93(10), pp. 7554-7, Which is 
incorporated by reference in its entirety. In a related study, the 
cells Were found to bind to the nanoWires through integrin 
receptors, as indicated by the formation of focal adhesions 
along the length of the nanoWires. Cell separation Was opti 
miZed When the length of the nanoWires matched the average 
diameter of the cells in suspension. The chemotherapeutic 
agent mitomycin-C Was used to make the same cell line larger 
in diameter. The corresponding nanoWires for Which the 
length matched the neW cell diameter Were the ones that more 
e?iciently separate the cells. See, for example, Hultgren, A. et 
al., 2005. Optimization of yield in magnetic cell separations 
using nickel nanoWires of different lengths. Biotechnology 
progress, 21 (2), pp. 509-15, Which has been incorporated by 
reference in its entirety. 

[0048] Ni nanoWires have been used on the same cell line 
Where the goal Was to kill the cells When an external magnetic 
?eld Was applied (Ring et al. 2008). Cells easily intemaliZed 
the Wires, and despite the reported moderate cytotoxic effects 
of nickel, there Was almost no IL-6 upregulation after 12 h of 
culture. That result indicated that these nanoWires have poten 
tial as biocompatible therapeutic materials. See, for example 
Ring, A. O. et al., 2008. Induction of Cell Death by Magnetic 
Actuation of Nickel NanoWires InternaliZed by Fibroblasts. 
The Journal ofPhysical Chemistry CLetters, 112, pp. 15085 
15088, Which has been incorporated by reference in its 
entirety. Cells With Wires shoWed no viability change in the 
absence of a magnetic ?eld. HoWever, When a rotating mag 
netic ?eld of 120 mT Was applied for 20 minutes, cell viability 
dropped almost 90%. See, for example, SchmalZ, G., 
Schuster, U. & SchWeikl, H., 1998. In?uence of metals on 
IL-6 release in vitro. Biomaterials, 19(18), pp. 1689-94, 
Which has been incorporated by reference in its entirety. 

[0049] Later, the same cell line Was studied but this time the 
material and fabrication process of the Wires Were fabricated 
by a controlled assembly of iron oxide nanoparticles (Sa? et 
al. 201 1). As before, the Wires Were intemaliZed after 24 h by 
the cells and remained in membrane bound compartments or 
in the cytosol. Interestingly, the cells Were able to degrade the 
Wires in a short time period (days) and seen in Table 1. See, for 
example, Sa?, M. et al., 2011. ACS Nano, 5(7), pp. 5354 
53 64, Which has been incorporated by reference in its entirety. 
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TABLE 1 

Overview of research involving addition of 
magnetic nanoWires to cells in culture. 

NanoWires to 
NanoWires NanoWires cells 

Reference material dimensions concentration Highlights 

Hultgren Nickel D = 350 nm <1 :3 NanoWires 
et al. 2003 L = 35 pm Were alWays 

Hultgren D = 350 nm 1:5 to 1:20 internalized 

et al. 2005 L = 5-35 pm by NIH-3T3 
Fung et al. D = 198-280 nm Not cell line 

2008 L = 3-6 pm mentioned (mouse 
Sa? et al. Iron D = 200 nm 30:1 ?broblast) 
2011 oxide L = 1-40 pm 

D = diameter; L = length. 

[0050] Although the cellular uptake of magnetic nanostruc 
tures has not been demonstrated, gold nanospheres and 
nanoWires of different siZes are taken up by HeLa (human 
cervical cancer) cells, See, for example, Chithrani, B. D., 
GhaZani, A. a & Chan, W. C. W., 2006. Determining the siZe 
and shape dependence of gold nanoparticle uptake into mam 
malian cells. Nano letters, 6(4), pp. 662-8, Which has been 
incorporated by reference in its entirety. Nanospheres of 14, 
30, 50, 74, and 100 nm diameter as Well as Wires of40><14 nm 
and 74x14 nm Were tested, and it Was found that the uptake of 
these nanostructures is highly dependent on their siZe and 
shape. For gold nanospheres, the highest uptake occurred for 
structures of 50 mm diameter, Which is in agreement With a 
reported upper siZe limit of endocytic vesicles of 100 nm. See, 
for example, Osaki, F. et al., 2004. A quantum dot conjugated 
sugar ball and its cellular uptake. On the siZe effects of 
endocytosis in the subviral region. Journal of the American 
ChemicalSociety, 126(21), pp. 6520-1 , Which has been incor 
porated by reference in its entirety. HoWever, it is unclear Why 
particles smaller than 50 nm Were not internaliZed by the 
cells. Concerning nanoWires, their uptake Was loWer than 
spherical nanoparticles. Cellular uptake of nanoWires With 
loWer aspect ratio (1:3) Was greater than higher aspect ratio 
(1 :5) ones. 
[0051] The structure and shape of magnetic domains 
(mainly longitudinal or circular in case of Wires) de?ned by 
the anisotropies (shape, crystalline, elastic) of a material. As 
an example, in Co nanoWire arrays, the crystalline term over 
comes shape anisotropy resulting in a circular magnetiZation. 
See, for example, Manuel VaZqueZ 2012, HemandeZ-VéleZ, 
M., 2006. NanoWires and 1D arrays fabrication: An overvieW. 
Thin Solid Films, 495(1-2), pp. 51-63, Which has been incor 
porated by reference in its entirety. 
[0052] For example, shape anisotropy of Ni nanoWire 
arrays overcomes magnetocrystalline anisotropy making the 
parallel hysteresis loop square-shaped. See, for example, 
VaZqueZ, M. et al., 2005. Journal ofMagnetism andMagnetic 
Materials, 294(2), pp. 174-181, Which is incorporated by 
reference in its entirety. Contrary, no squareness is seen in 
neither hysteresis loops for Co nanoWires, at least for large 
diameter Wires (100 nm and above). For them, crystalline 
anisotropy has a stronger effect. See, for example, Ferré, R. & 
Ounadjela, K., 1997. Physical Review B, 56(21), pp. 66-75, 
Which is incorporated by reference in its entirety. 
[0053] Magnetic nanoWires can be manipulated in various 
Ways using magnetic ?elds. An inhomogeneous magnetic 
?eld exerts a translational force to magnetic nanoWires that 
can be used to move or con?ne them. If the magnetiZation of 
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the nanoWires is not aligned With the direction of the applied 
?eld, a torque Will be exerted on the Wires causing them to 
align in a DC ?eld or oscillate in a loW-frequency AC ?eld. 
[0054] Magnetostriction is a property of ferromagnetic 
materials such as iron (Fe), nickel (Ni) and cobalt (Co). When 
placed in a magnetic ?eld, these materials change siZe and/or 
shape. See, for example, Magnetostrictive Linear Position 
Sensors. MTS Systems Corp, USA, Which is incorporated by 
reference in its entirety. 
[0055] In 1842, James Joule noted that a ferromagnetic 
sample changed its length on the presence of a magnetic ?eld. 
This effect of change in siZe because of a magnetic force 
(striction:compression) Was noted as magnetostriction and 
named after him as Joule effect (Bhattacharya 2005). 
[0056] This phenomenon occurs because of the re-orienta 
tion folloWed by an alignment of the magnetic domains of the 
material When an external ?eld is applied leading to a change 
in length in the case of magnetic Wires as seen in FIG. 2. A 
typical example of magnetostriction is the familiar “electric 
hum” in AC electrical devices such as transformers. See, for 
example, Carl R, N. Georgia S. U., 2001. Hyperphysicsi 
Magnetostriction. Available at: http://hyperphysicsphy-astr. 
gsu.edu/hbase/solids/magstrict.html [Accessed Sep. 26, 
2011], Which has been incorporated by reference in its 
entirety. 
[0057] In formal treatments, the magnetostrictive coeffi 
cient A of a magnetic material is proportional to its fractional 
change in length as the magnetiZation (M) increases from 
Zero to its saturation value (MS) 

A DC A_L : LMS _LM:0 (1) 
L L 

[0058] A can be positive (A>0: LMS>LM:O, elongation) or 
negative (A<0:> L M <L MIO, shrinkage) and changes With 
temperature. Table ZSShOWS the values of A for some ferro 
magnetic materials at room temperature. The last three metals 
shoWn have the highest magneto striction because of the mag 
netic anisotropy of rare earth metals like terbium (Tb) and 
dysprosium (Dy). See, for example, Bhattacharya, B., 2005. 
Directions magazine (Indian Institute of Technology Kan 
pur), 7(2), pp. 35-40, Which is incorporated by reference in its 
entirety. 

TABLE 2 

Magnetostriction coef?cient value for the 
most common ferromagnetic materials. 

Material A (x1075) 

Cobalt (Co) —5-61’2 
Iron (Fe) 0.55-1.41)2 
Nickel (Ni) -2.5-4.71Q 
Permalloyw 2.72 
Gaifeiioi<b> 20-403 
DyFe2 652 
Terfenol-D(‘) 80-24023 
TbFe2 2632 

1(BroWn 195s); 
2(Bhattacharya 2005); 
3(EtremaJroductsiInc. 2003) 
(a)AllOy consisting in 80%Ni-20%Fe; 
(b)Alloy of gallium (Ga) and Fe: 
@Alloy named a?er terbium, iron (Fe), Naval Ordnance Laboratory (NOL), and the D 
comes from dysprosium. 
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[0059] The most common fabrication process for magnetic 
nanoWires involves electroplating the material into the nan 
opores of an insulating membrane, Which requires a conduc 
tive substrate at the bottom. Besides sophisticated techniques 
to fabricate a nano membrane such as electron-beam, X-ray 
or nano-imprint lithography an alternative simple and inex 
pensive method is anodiZation to create porous anodic alu 
mina (PAA) as a substrate. PAA is among the most Widely 
used self-ordered nanostructured materials because it is pos 
sible to obtain pores With highly controlled diameter siZes 
from tens to hundreds of nanometers that self-arrange during 
anodiZation into hexagonal symmetry. See, for example, 
Masuda, H. & Fukuda, K., 1995. Science, 268(5216), pp. 
1466-8, and Nielsch, K. et al., 2000. Advanced Materials, 
12(8), pp. 582-586, each of Which is incorporated by refer 
enced in its entirety. 

[0060] A tWo-step anodiZation process using highly pure 
aluminum as a substrate creates the PAA. After that, the 
nanoWires are formed by electroplating the desired metal 
(such as Ni, Go, Fe and FeNi) into the pores of the PAA. See, 
for example, Masuda, H. & Fukuda, K., 1995. Science, 268 
(5216), pp. 1466-8; Nielsch, K. et al., 2000. Advanced Mate 
rials, 12(8), pp. 582-586; Nielsch, K. et al., 2001. Applied 
Physics Letters, 79(9), p. 1360; Vazquez, M. et al., 2004. 
Journal ofAppliedPhysics, 95(1 1), p. 6642; andVaZqueZ, M. 
et al., 2005. Journal ofMagnetism and Magnetic Materials, 
294(2), pp. 174-181, each of Which is incorporated by refer 
enced in its entirety. FIG. 3 shoWs step by step the fabrication 
process. See, for example, Pirota, K et al., 2004. Journal of 
Alloys and Compounds, 369(1-2), pp. 18-26, Which is incor 
porated by reference in its entirety. 

[0061] AnodiZation involves immersing a metal in an elec 
trolytic bath (i.e. oxalic acid, sulfuric acid or phosphoric acid) 
at a ?xed temperature and voltage. A chemical reaction Will 
lead to the formation of a porous alumina layer on top of the 
aluminum substrate. 

[0062] During the ?rst anodiZation (FIG. 3b), high aspect 
ratio non-parallel pores are formed in a hexagonal array. This 
process is folloWed by a complete dissolution of the alumina 
membrane by a Wet chemical etching process (FIG. 3c), leav 
ing on the aluminum substrate regular hexagonal indentations 
Where the pore formation Will preferably start during a second 
anodiZation. After the second anodiZation straight pores are 
obtained (FIG. 3d). AnodiZation times have different effects 
on the nanoWire fabrication process. The ?rst anodiZation 
time Will determine the siZe of the nanopore hexagonal 
domains and the homogeneity of the nanopores diameter. 
Particularly, for a ?rst anodiZation time of 72 hVaZqueZ et al. 
2005 found an increase in siZe of the hexagonal domains With 
a reduction in homogeneity of the pore diameter of about 6% 
in comparison With the array obtained after only 3 h. See, for 
example, VaZqueZ, M. et al., 2005. Journal ofMagnetism and 
Magnetic Materials, 294(2), pp. 174-1.81, Which is incorpo 
rated by reference in its entirety. A suitable ?rst anodiZation 
time is 24 h because, at the end, alumina pores are parallel 
With a homogeneous pore diameter. See, for example, Pirota, 
Kleber, 2011. Group optical and magnetic properties of sol 
ids. University of Campinas, Which is incorporated by refer 
ence in its entirety. 

[0063] The electrolyte and voltage used for the ?rst anod 
iZation process determined the pore diameter and interpore 
distance (Table 3). 
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TABLE 3 

Anodization parameters. (Vazouez et al 2005) 

Voltage Interpore distance Pore diameter 
Electrolytic bath (V) (nm) (nm) 

Sulfuric acid 25 65 25 
Oxalic acid 40 105 35 
Phosphoric acid 195 500 180 

[0064] The second anodization time determined the length 
of the pores. See Table 4. 

TABLE 4 

Pore growth rates during 2"‘1 anodization. 

Electrolytic Voltage Temp. Pore growth 
Reference bath (V) (O C.) rate 

Nielsch 2000 0.3M oxalic acid 40 2 1 pm/h 
K. R. Pirota 0.3M oxalic acid 40 4 2 pm/h 
201 1 

[0065] Once the alumina membrane is anodized, and 
before proceeding to the ?nal step that is electroplating, the 
alumina membrane needs to be thinned (creation of dendrites 
in the bottom of the pores, FIG. 3e) to create electrical contact 
between the electroplating solution and the aluminum (alu 
mina is an insulator). 
[0066] After thinning the alumina the sample is ready for 
electroplating. However, an additional (optional) step might 
be useful before proceeding. A pore widening process using 
wet chemical etching can be done if wires with larger diam 
eters than the ones listed in Table 3 are needed for a speci?c 
application. When using 0.3M oxalic acid at 300 C., equation 
2 determines the ?nal pore diameter (PD) 

PD = PDt-nm-al + 10? X 1 (2) 

[0067] After the alumina thinning and the optional pore 
widening step, the sample is ready for electroplating. Elec 
troplating consists of applying a voltage to an electrolyte 
containing the metal salts of the material of interest (i.e. Co or 
Ni). The positive ions of Ni or Co are attracted to the alumi 
num substrate and deposited there. Some common electro 
plating recipes are shown in Table 5. 

TABLE 5 

Ni and Co electroplating solution recipes. 

Temp. 
Material Recipe (0 C.) References 

Ni 300 g/L NiSO4'6H2O 35 Nielsch 2000, 
45 g/L NiCl2'6H2O Pirota 2004 
45 g/L H3BO3 40 Pirota 2011 

Co 300 g/L CoSO4°7H2O 40 Pirota 2011 
45 g/L CoCl2°6H2O 
45 g/L H3BO3 

[0068] There are two main methods of electroplating to 
obtain completely and uniformly ?lled pores. See, for 
example, Nielsch. K. et al., 2001. Applied Physics Letters, 
79(9), p. 1360, which is incorporated by reference in its 
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entirety. The ?rst method uses direct current. The alumina 
membrane needs to be detached from the aluminum substrate 
by a chemical etching process. Afterwards, a metallic contact 
(i.e. gold) is sputtered on one of the sides of the freestanding 
alumina membrane. This method is only applicable for thick 
freestanding alumina membranes (>20 pm) that are stable 
enough for handling. For nanofabrication purposes 20 um 
alumina thickness implies very long anodization times and 
other complications. 
[0069] In the second method, the aluminum remains 
attached to the alumina membrane and a pulsed voltage 
current electrodeposition pro?le is applied. The reason of 
using pulsed electrodeposition is to obtain a more homog 
enous pore ?lling, keeping the ion distribution of the solution 
even. See, for example, Pirota, K, 2011 Group optical and 
magnetic properties of solids, Pinto Leitao, D. C., 2010. 
Micro and Nano Patterned Magnetic Structures. University 
of Porto and Vazquez, M. & V1vas, L., 2011. Magnetization 
reversal in Co-base nanowire arrays. Physica Status Solidi 
(B), 248(10), pp. 2368-2381, each of which has been incor 
porated by reference in its entirety. Also, using pulsed elec 
trodeposition gives a better deposition control of the metal 
and prevents damage to the alumina membrane helping in 
rebuilding the pores. 
[0070] Many authors have characterized arrays of magnetic 
nanowires. Some of them have characterized Ni arrays, Co 
arrays, compared Ni and Co arrays magnetic behavior, and 
tertiary FeCoNi arrays. See, for example, Nielsch, K. et al., 
2001. Applied Physics Letters, 79(9), p. 1360; Pirota, K et al., 
2004. Journal ofAlloys and Compounds, 369(1-2), pp. 18-26; 
Sun, L. et al., 2005. IBM Journal of Research and Develop 
ment, 49(1), pp. 79-102; Vazquez, M. et al., 2005. Journal of 
Magnetism and Magnetic Materials, 294(2), pp. 1.74-181; 
Silva, E. et al., 2006. Physica B: CondensedMatter, 384(1-2), 
pp. 22-24; Ferré, R. & Ounadjela, K., 1997. Physical Review 
B, 56(21), pp. 66-75; and Sharma, G. & Grimes, C. a., 2004. 
Journal ofMaterials Research, 19(12), pp. 3695-703, each of 
which is incorporated by reference in its entirety. 
[0071] A characterization work on arrays of Ni nanowires 
concluded that crystal anisotropy is small compared to the 
shape anisotropy and the magnetization lies along the wire 
axis. Seem for example, Ferré, R. & Ounadjela, K., 1997, 
Physical Review B, 56(21), pp. 66-75, which is incorporated 
by reference in its entirety. When increasing the length of the 
wires, larger values for both H6 and M, were measured on the 
parallel hysteresis loop. See, for example, Vazquez, M. et al., 
2005. Journal ofMagnetism andMagnetic Materials, 294(2), 
pp. 174-181 and Nielsch, K. et al., 2001. Applied Physics 
Letters, 79(9), p. 1360, each of which is incorporated by 
reference in its entirety. Moreover, when the nanowire diam 
eter was decreased, the same behavior of H6 and M, was 
observed for the parallel hysteresis loop. 
[0072] in the case of Co nanowire arrays with larger diam 
eters (100 nm and above) none of the hysteresis loops (neither 
parallel nor perpendicular) is square-shaped. They present a 
strong crystal anisotropy with an easy axis oriented nearly 
perpendicular to the axis of the wire. See, for example, Ferré, 
R. & Ounadjela, K., 1997. Physical Review B, 56(21), pp. 
66-75, which is incorporated by reference in its entirety. For 
small diameter ones (35 nm according) the shape of the par 
allel hysteresis loops is square-shaped as the one of the Ni 
nanowires. 

[0073] FeCoNi ternary alloy nanowire arrays with 32-106 
nm in diameter and 8475 nm length showed a magnetization 
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easy-axis along the length of the Wire. Squareness ratio 
decreased as the nanoWire diameter increases and coercivity 
Was found to increase as the aspect ratio of the Wire increases. 
See, for example, Sharma, G. & Grimes, C. a., 2004. Journal 
ofMaterials Research, 19(12), pp. 3695-703, Which is incor 
porated by reference in its entirety. 
[0074] Most biomedical applications use superparamag 
netic particles. See, for example, Sharma, G. & Grimes, C. a., 
2004. Journal ofMaterials Research, 19(12), pp. 3695-703, 
Which is incorporated by reference in its entirety. HoWever, 
some researchers prefer using different kinds of iron oxides 
(ferrimagnets) such as Fe3O4 (magnetite) and Y-FeZO3 
(maghemite) that have been proven to be Well tolerated by the 
human body (R Hergt et al. 2006). A different approach 
consists in coating ferromagnetic materials like nickel (Ni), 
cobalt (Co), iron (Fe) or permalloy (80% Ni-20% Fe alloy) 
With a thin layer of gold, a biocompatible metal. See, for 
example, Shukla, R., 2007. National Centre for Cell Science 
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dimethylthiaZol-2-yl)-2,5-diphenyl tetraZolium bromide by 
mitochondrial succinate dehydrogenase to purple formaZan. 
Because only living cells catalyZe cellular reduction, it is 
possible to quantify the percentage of living cells in a solu 
tion. This assay can accurately quantify as feW as 950 cells. 
[0078] The presence of Fe nanoWires had no signi?cant 
effect on the cell proliferation and viability. Even When the 
cells Were exposed to high Fe nanoWires concentrations of 
10000 per cell for 72 h they shoWed cell viability of about 
80%. See, for example, Song. M.-M, et al., 2010. Biomateri 
als, 31(7), pp. 1509-17, Which is incorporated by reference in 
its entirety. Finally, iron oxide nanoWires Were added to 
mouse ?broblasts. See, for example, Sa?, M. etal., 201 LACS 
Nano, 5(7), pp. 5354-5364, Which is incorporated by refer 
ence in its entirety. Toxicity assays evaluating the mitochon 
drial activity, cell proliferation, and production of reactive 
oxygen species shoWed that the Wires did not display acute 
short-term (<100 h) toxicity toWard the cells. 

TABLE 6 

Cytotoxic effects of magnetic nanoWires to cells in culture. 

NanoWires to cells 

concentration; cell 
NanoWires NanoWires culture time With 

Reference material dimensions nanoWires Cell line 

Fung et al. Nickel D = 198-280 nm Not mentioned NIH-3T3 (mouse 
2008 L = 3-6 pm ?broblast) 
Byrne et al. D = 200 nm 110:1; 10 h THP-l (human 
2009 L = 20 pm 500:1; 24 h leukemia) 
Song et al. Iron D = 50 nm 10000:1; 72 h HeLa (human 
2010 L = 1-10 pm cervical cancer) 
Sa? et al. Iron oxide D = 200 nm 250:1; 24 h NIH-3T3 (mouse 
2011 L = 1-40 pm ?broblast) 

D = diameter; L = length. 

@ /@ ~> cell viability over/below 80% 

and Anon, 2003. Materials World Magazine, pp. 12-14, each 
of Which is incorporated by reference in its entirety. 
[0075] Cytotoxicity of magnetic materials has been 
addressed by different researchers. Ni nanoWires to mouse 
?broblasts cells in culture and measured cell viability With a 
MTT assay. See, for example, Fung, A. O. et al., 2008. Induc 
tion of Cell Death by Magnetic Actuation of Nickel NanoW 
ires lntemaliZed by Fibroblasts. The Journal of Physical 
Chemistry C Letters, 112, pp. 15085-15088, Which has been 
incorporated by reference in its entirety. It Was found that cell 
viability Was not signi?cantly affected by the nanoWires at 12 
hours. 
[0076] When adding Ni nanoWires to a human leukemia 
cell line (THP-l), the cells remained viable for 24 h With no 
signi?cant decrease in cell count for a concentration of 10 
nanoWires plated to every cell. See, for example, Byrne, F. et 
al., 2009. Journal of Magnetism and Magnetic Materials, 
32 1 (10), pp. 1341-5, Which is incorporated by reference in its 
entirety. Moreover, THP-1 cells remained viable for 10 h 
periods even after ingesting surface-oxidized Ni Wires at con 
centrations up to 100 nanoWires per cell in the culture media. 
HoWever, the cytotoxicity effects Were notable When the con 
centrations increased up to 500 nanoWires per cell. 
[0077] Fe and iron oxide (y-Fe2O3) nanoWires have also 
been tested on different cell lines. Cytotoxicity and cellular 
uptake of Fe nanoWires by a human cervical cancer cell line 
(HeLa) Were studied using MTT assay. The MTT is a colori 
metric method that measures the reduction of yelloW 3-(4,5 

[0079] These studies are of remarkable importance because 
they establish Working concentrations for nanoWires of a 
particular material and siZe applied on certain human cell line 
With no cytotoxicity effects. Also, they gave potential suit 
ability of both Ni and Fe nanoWires for biological and, most 
importantly, clinical applications. 
[0080] One Way in Which nanoparticles can target cancer 
cells is via the attachment of functional ligands that alloW 
their interaction With biomolecules; this process is called 
biofunctionaliZation and makes nanostructures bioactive. 
[0081] Nanomaterials have been designed With chemically 
modi?able surfaces to attach a variety of ligands that can turn 
these nanomaterials into bio-sensors, molecular-scale ?uo 
rescent tags, imaging agents, targeted molecular delivery 
vehicles, and other useful biological tools. See, for example, 
McNeil, S. E., 2005. Nanotechnology, 78 (September), pp. 
585-594, Which is incorporated by reference in its entirety. 
When targeting cancer cells, the approach differs signi? 
cantly When Working in vitro or in vivo mainly because of the 
completely different microenvironments and cellular organi 
Zation levels in each case. 

[0082] There are tWo Ways of targeting cancer cells in vivo: 
passively and actively. Passive targeting takes advantage of 
the siZe of the nanostructures and the characteristics of the 
tumor vasculature: the enhanced permeability and retention 
(EPR) effect. Angiogenesis, the process of formation of neW 
blood vessels, is a crucial feature in tumor development and 
metastasis. Tumor tissues, contrary to normal ones, can have 
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gaps up to 800 nm between endothelial cells Where the nano 
particles can extravasate (FIG. 5). See, for example, Song, 
M.-M. et al., 2010. Biomaterials, 31(7), pp. 1509-17, Which is 
incorporated by reference in its entirety. However, With pas 
sive targeting there is not a homogeneous distribution of the 
nanoparticles in the tumor unless the circulation time of the 
nanoparticles is long enough to enhance their uptake into the 
tumor. 

[0083] Active cell targeting, Which Works in vitro and in 
vivo, is knoWn as antibody-based cancer therapy. See, for 
example, Glennie, M. J. & Johnson, P. W. M., 2000. Immu 
nology today, 21(8), pp. 403-10; Carter, P., 2001. Nature 
Reviews cancer, 1 (November), pp. 118-29; Adams, G. P. & 
Weiner, L. M, 2005. Nature Biotechnology, 23(9), pp. 1147 
57; and Oldham, R. K. & Dillman, R. O., 2008. Journal of 
Clinical Oncology, 26(11), pp. 1774-7, each of Which is 
incorporated by reference in its entirety. 
[0084] Since 2000 there have been clinical trials With 
monoclonal antibodies (mAb) approved by the US Food and 
Drug Administration (FDA). mAb binding to tumors has been 
shoWn to induce a number of signaling events that might play 
a role in controlling tumor groWth. That is not surprising since 
the mAb could block important ligand-receptor interactions 
normally responsible for promoting tumor groWth. See, for 
example, Glennie, M. J. & Johnson, P. W. M., 2000. Immu 
nology today, 21(8), pp. 403-10; Carter, P., 2001. Nature 
RevieWs Cancer, 1 (November), pp. 118-29, Which is incor 
porated by reference in its entirety. Other Works focus on 
Ways of enhancing antibody-based therapy as it shoWs better 
results on non-solid (lymphoma and leukemia) over solid 
tumors, Which suggested a better accessibility and targeting 
e?iciency. Enhancement is suggested to be achieved via con 
jugation, vascularity targeting and mAb mixing. See, for 
example, Carter, P., 2001. Nature Reviews Cancer, 1 (Novem 
ber), pp. 118-29, Which is incorporated by reference in its 
entirety. 
[0085] All mentioned studies ?nd antibody-based cancer 
therapy very promising because in the last 25 years neW 
technologies have emerged to overcome the main limitations 
of mouse mAb immunogenicity of these foreign proteins in 
patients. These core technologies, in historical order of devel 
opment, are chimeriZation and humaniZation of mouse anti 
bodies (Carter 2001). There are several methods for antibody 
conjugation in biological applications. In an interesting cell 
separation study an antibody against mouse endothelial cells 
Was conjugated to the Ni nanoWire surface via self-assembled 
monolayers and chemical covalent reactions. See, for 
example, Gao, N., Wang, H. &Yang, E.-H., 2010. Nanotech 
nology, 21(10), pp. 1-8, Which is incorporated by reference in 
its entirety. In other studies proteins Were attached to nanoW 
ires made of or coated With gold by introducing a sulfhydryl 
group (iSH) to the protein that reacts With gold forming a 
SiAu bold, Which is moderately strong. See, for example, 
Wildt, B., Mali, P. & Searson, P. C., 2006. Electrochemical 
template synthesis of multisegment nanoWires: fabrication 
and protein functionaliZation. Langmuir the ACS journal of 
surfaces and colloids, 22(25), pp. 10528-34, RoZhkova, E. a. 
et al., 2009. Journal ofApplied Physics, 105(7), pp. 105-7; 
Kim, Dong-Hyun et al., 2010. Nature Materials, 9 (Novem 
ber 2009), pp. 165-71; Frischmann, P., 2003. DTPAilmmo 
bilize oligos to gold surfaces by multiple thiol anchorages, 
and Love, J. C. et al., 2005. Self-assembled monolayers of 
thiolates on metals as aform of nanotechnology, each of 
Which is incorporated in its entirety. The activity of the modi 
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?ed antibody Was preserved. See, for example, Kim, Dong 
Hyun et al., 2010, Nature Materials, 9 (November 2009), pp. 
165-71, Which is incorporated in its entirety. This concept of 
antibody conjugation With magnetic microparticles has been 
proven recently to successfully target cancer-cells. In terms of 
the targeting moiety or antibody, its a?inity for the surface of 
a predetermined cell type refers to the targeting moiety con 
?gured to have speci?c recognition and binding to the surface 
of the predetermined cell type, much like a mAB recogniZes 
and binds to the target against Which it Was raised. 

Examples 

Synthesis 

[0086] To ensure surface homogeneity the aluminum sub 
strate Was electropolished in 25% perchloric acid and 75% 
ethanol solution for 4 min at 25 V. For the ?rst anodiZation, 
0.3M oxalic acid Was placed in the anodiZation cell. Oxalic 
acid temperature Was kept at 4° C. and a constant voltage of 
40V Was applied for 24 hours (FIG. 6). The sample Was then 
removed from the anodiZation cell. Alumina from the anod 
iZed sample Was removed by immersing it in a chromium 
oxide and phosphoric acid aqueous solution at 30° C. for 12 
hours With magnetic agitation. The same setup and param 
eters as for the ?rst anodiZation Were used for the second 
anodiZation except the duration of the second anodiZation 
Was varied depending on the anticipated pore length (pore 
length groWth rate: 2.5 um/h). The sample Was kept in the 
anodiZation cell for the alumina thinning process (creation of 
dendrites at the bottom of the pores). A step-like decreasing 
voltage starting at 40V and ?nishing at 5V Was applied for an 
hour. The same solution and temperature values from anod 
iZation Were used. 

[0087] An electroplating solution (preparation recipe can 
be found in table 5) Was added to the electroplating cell. The 
solution Was kept at 40° C. during the electroplating process. 
AnodiZation and electroplating cells differ only on the siZe of 
the hole that faces the Al sample. Hole diameter of the elec 
troplating cell Was 7 mm. 

[0088] The applied voltage/current pro?le during electro 
plating is related to the deposition rate of the metal contained 
in the solution. The electroplating pro?le used is shoWn in 
FIG. 7. 
[0089] During the ?rst pulse, deposition occurred. A con 
stant negative current pulse (lpulse) Was applied to attract the 
positive metal ions. The current value depends both on the 
deposited material and the recipe of the solution. A current of 
—30 mA for 2 ms Was applied. The second pulse discharged 
the alumina barrier-layer Which acts as a capacitor. A pulse of 
voltage (V PMZSEI5V) Was applied. By inverting the polarity, 
the pores Were ?lled With fresh electroplating solution. This 
pulse may also help repairing small cracks that can appear 
during the ?rst pulse. Next a recovery time occurred Where 
neither Lpulse nor Vpulse Was applied. This time alloWs the 
recovery of the ion concentration and pH at the bottom of the 
pores resulting in a more homogeneous deposition. 
[0090] After electroplating, the Wires Were embedded in 
the alumina membrane. In order to release them by dissolving 
the membrane, the sample Was immersed in 20 ml of 1M 
sodium hydroxide (NaOH) for 1 hour or until the black area of 
the electrodeposited region is seen fully detached. An alter 
native releasing process consists of immersing the sample 
overnight in chromsolution at 30° C. Gently tapping the con 
struct causes a “cloud” of Wires detaching from the substrate. 














