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Receptor-Mediated Self-Assembly
of Multi-Component Magnetic
Nanowires**

By Aliasger K. Salem, Johnny Chao, Kam W. Leong,
and Peter C. Searson*

The bottom—up approach to the miniaturization of devices
requires spatial control over the arrangement and assembly of
nanoscale building blocks.'*! As a result of advances in the
synthesis of nanoscale building blocks, there is an increasing
interest in techniques to induce self-assembly. In addition to
directing the spatial location and placement of building
blocks, the subsequent ability to manipulate the building
blocks is equally important.

Nanowire building blocks are of particular interest since
their inherent shape anisotropy offers additional degrees of
freedom for manipulation compared to spherical particles.[4]
Furthermore, the introduction of multiple segments along the
length of a nanowire can lead to additional versatility asso-

[*] Prof. P. C. Searson, J. Chao
Department of Materials Science and Engineering
Johns Hopkins University
Baltimore, MD 21218 (USA)
E-mail: searson@jhu.edu
Dr. A. K. Salem, Prof. K. W. Leong
Department of Biomedical Engineering
Johns Hopkins University
Baltimore, MD 21218 (USA)

[**] This work was supported by DARPA/AFOSR (under grant number

F49620-02-1-0307).

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/adma.200305700

ciated with the ability to introduce multiple chemical func-
tionalities."”! The ability to form self-assembled monolayers
with surface-specific linkages has been exploited for directed
self-assembly and sensing.®”!

In this paper we demonstrate the directed orientation of
ferromagnetic nanowires tethered to spatially controlled re-
gions of a surface. The ability to selectively functionalize spe-
cific segments in multi-segment nanowires is used to direct
the binding of the nanowires to specific regions on the surface.
By incorporating a rod-shaped ferromagnetic segment with
high aspect ratio, the shape anisotropy leads to a magnetic
easy axis parallel to the wire axis, and hence allows control of
the spatial orientation of the nanowires in an external field.

Two segment Au/Ni nanowires were anchored to the sur-
face using the biotin—avidin linkage. This linkage is one of the
strongest known biological interactions with a binding con-
stant of 107" M and stability over a broad pH range.'*!!
Patterned regions of the avidin were introduced using a mi-
crofluidic patterning technique. This is a method that has
found wide utility in a variety of applications from patterning
of proteins[lz] and cells!" to the physical positioning of nano-
wires,141°]

Figure 1 shows schematically our approach for synthesis
and assembly of patterned magnetic nanowire arrays. First, an
evaporated silver film was biotinylated by incubation in a
0.1 mgmL™ solution of N-([6-biotin-amido]hexyl)3’-[2’-pyri-
dylthio]propionamide in trifluoroethanol. Next, avidin was
bound to specific regions of the biotinylated silver surface
using a poly(dimethylsiloxane) (PDMS) mold with channels
ranging from 7 to 10 um in width. The mold was placed onto
the biotinylated silver surface and 2 mL of a 250 ugmL™" solu-
tion of NeutraAvidin tetramethyl rhodamine (NATR) (Mo-
lecular Probes) was placed at the entrance of the capillaries.
A negative pressure was applied at the other end to draw the
avidin solution through the channels. After 30 min, the chan-
nels were flushed by drawing 3 mL deionized water through
the channels under negative pressure. This process was re-
peated 10 times. The PDMS stamp was then removed and the
biotinylated silver surface further rinsed with deionized water.
The coupling of avidin to the biotinylated surface in the chan-
nels provides a binding point for the biotinylated gold seg-
ments of the nanowires.

Two-segment Au/Ni nanowires were fabricated by electro-
chemical template synthesis. The nanowires were 170 nm in
diameter and 9 um in length, with 1 um long gold segments
and 8 um long nickel segments, as shown in the backscattered
scanning electron microscopy (SEM) image in Figure 2A. In
these images, the gold segment was longer than required for
anchoring to the surface in order to facilitate imaging of the
selective functionalization.

A solution of thiol-terminated biotin was added to a sus-
pension of the Au/Ni nanowires at a concentration of
0.005 M. Then after 24 h, the nanowires were transferred to
deionized water by repeated centrifugation and re-suspension.
NATR was then added in excess to the nanowire suspension
for 5 min, followed by transfer to deionized water. Fig-
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Figure 1. Schematic of magnetic nanowire array preparation.

ures 2B,C show the corresponding light microscope and fluo-
rescence images of the functionalized nanowires. The fluores-
cence image in Figure 2C shows that the NATR (absorption:
555 nm, emission: 580 nm) was bound to the gold segment
along with a significant amount of non-specific binding along
the nickel segment. This suggests that there is weak binding of
the thiol-terminated biotin to the nickel segments.

Figure 2. A) Back-scattered SEM image showing a two-segment Au/Ni nanowire with a 1 um gold
segment and an 8 um nickel segment. B) Light microscope image of a two-segment Au/Ni nano-
wire functionalized with biotinylated thiol and NATR; C) corresponding fluorescence image show-
ing that NATR is bound non-specifically along the whole length of the nanowire. D) Light micro-
scope image of a two-segment Au/Ni nanowire functionalized with palmitic acid and biotinylated
thiol followed by NATR; E) corresponding fluorescence image showing NATR bound specifically to
the Au segment. F) Light microscope image of aggregated biotinylated nanowires; G) correspond-
ing fluorescence image showing aggregation mediated by the NATR. H) Fluorescence image show-
ing 10 um wide patterned tracks of rhodamine labeled NATR. I) Light microscope images show
that nanowires are immobilized within the tracks; ]) corresponding fluorescence image showing

emission from NATR localized to the patterned tracks.
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In order to eliminate the non-specific binding, palmitic acid
was bound to the native oxide on the nickel segments. A mix-
ture of palmitic acid and thiol-terminated biotin was added to
the nanowire suspensions at an equimolar concentration of
0.005 M. Carboxylic acid groups are known to bind selectively
to metal oxides, including the native oxide on transition met-
als.'!7l Figures 2D,E show corresponding light microscope
and fluorescence images after incubat-
ing the nanowires in NATR. The fluo-
rescence image clearly shows selective
binding of the NATR on the gold seg-
ment, illustrating that the palmitic acid
binds preferentially on the native oxide
of the nickel segments to block the non-
specific binding of the thiol-terminated
biotin.

We note that the addition of excess
NATR to the nanowire suspension is es-
sential to saturate the biotin sites and
hence avoid nanowire—nanowire bind-
ing. Aggregation of the biotinylated
nanowires was observed when NATR
was added to the suspension in small in-
cremental amounts starting with 10 pL
of a 10 ugmL™ solution, as shown in
Figure 2F. Fluorescence images show
that the aggregation is mediated by the
NATR (Fig. 2G). Incremental addition
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of avidin increases the fraction of nanowires unsaturated with
avidin and hence increases the probability of nanowire—nano-
wire binding.

Following selective functionalization of the biotinylated
gold segments, the nanowires were spin-coated onto the avi-
din patterned substrates from suspension at 2500 rpm for 15 s.
After 5 min of standing, the substrate was washed thoroughly,
and the nanowires were shown to selectively bind only to
regions patterned with the fluorescently labeled avidin
(Fig. 2LJ).

In order to demonstrate that the nanowires were tethered
to the avidin tracks, the samples were immersed in water and
a small magnetic field was applied either parallel or perpen-
dicular to the tracks using a NdFeB magnet, as illustrated in
Figure 3. The aspect ratio of the nickel segments is about 50,
and hence the magnetic easy axis is parallel to the wire axis.
When the magnetic field was applied parallel to the tracks,
the nanowires rotated so that the nickel segments were

*H

Figure 3. A) Light microscope image of two-segment Au/Ni biotinylated
nanowires immobilized on patterned avidin tracks in an aqueous envi-
ronment with an applied magnetic field parallel to the tracks; B) corre-
sponding light microscope image with the applied magnetic field perpen-
dicular to the tracks. C) Fluorescence image confirms that the nanowires
remain within the patterned tracks of fluorescently labeled avidin.
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aligned parallel to the field, as shown in Figure 3A. Similarly,
when the field was applied perpendicular to the tracks, the
nanowires rotated to be parallel to the field and perpendicular
to the tracks. Fluorescence images confirmed that the nano-
wires were still anchored within the rhodamine-labeled avidin
patterned regions (Fig. 3C).

In summary, we have demonstrated molecular self-assembly
and external manipulation of multifunctional magnetic nano-
wires in spatially localized regions using a microfluidic-based
approach combined with selective surface functionalization.
This approach has potential for applications ranging from
self-assembly of intricate macrostructures to biosensors that
utilize protein-based nanoscale switches.

Experimental

The thiol-terminated biotin was synthesized by reacting 10 mg 11-
amino-1-undecanethiol (Dojindo) with 14.2 mg N-hydroxy-succin-
imide-biotin (Sigma) in 5 mL of a 50:50 mixture of dimethylformam-
ide and dimethylsulfoxide overnight under an argon blanket at room
temperature.

The mold was fabricated by curing a prepolymer (Sylgard Silicone
Elastomer-184, Dow Corning) on a patterned master, which was pre-
pared by spin-coating 250 uL photoresist (SU8) onto a silicon wafer
for 55 s at 2500 rpm, solvent-baked at 100 °C for 100 s, and then ex-
posed to UV light (100 mJ cm™) from a mercury vapor lamp. The ex-
posed resist was developed in a 4:1 mixture of de-ionized water and
developer (AZ-400 K, Clariant Corp., NJ). Following rinses with de-
ionized water and drying with nitrogen, the patterned master was then
hard-baked for 25 min at 125 °C. The elastomeric mold with the nega-
tive pattern of the master imprinted on it was peeled off and washed
several times with ethanol, hexane, and deionized water.

Nanowires were fabricated by electrodeposition into an Al,O3 tem-
plate (Anodisc, Whatman) with a nominal pore diameter of 100 nm.
An evaporated silver film on one side of the template served as the
working electrode in a three-electrode configuration. A thin layer of
silver was first electrodeposited from 50 mM KAg(CN), and 0.25 M
Na,COj; buffered to pH 13 at a potential of -1.0 V (Ag/AgCl) in order
to ensure easy release of the nanowires from the template. The Au
segments were deposited from a commercial gold plating solution
(Technic) at a potential of -1.0 V (Ag/AgCl) and the Ni segments
were deposited from a solution of 20 gL™" NiCl,-6H,0, 515 gL
Ni(H,NSO;),-4H,0, 20 g L™ H3BOj; buffered to pH3.4 at a potential
of -1.0 V (Ag/AgCl). The silver layers were dissolved in 70 vol.-% ni-
tric acid and the alumina template was then dissolved in 2 M KOH.
Note that the gold segments were deposited before the nickel seg-
ments in order to ensure that the nickel segments were not etched by
the nitric acid during removal of the silver. The nanowires were
washed repeatedly using 2 M KOH, de-ionized water, and ethanol.

In control experiments biotinylated nanowires did not bind to avi-
din tracks pre-saturated with d-biotin. Similarly, nanowires with biotin
binding sites pre-saturated with avidin did not bind to the patterned
avidin tracks. These experiments confirm that the nanowires were
specifically bound to the surface through the biotin—avidin linkage.
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Highly Efficient Biocatalysts via
Covalent Immobilization of Candida
rugosa Lipase on Ethylene Glycol-
Modified Gold-Silica Nanocomposites

By Ulf Drechsler, Nicholas O. Fischer,
Benjamin L. Frankamp, and Vincent M. Rotello*

The immobilization of biomolecules onto insoluble supports
is an important tool for the fabrication of a diverse range of
functional materials or devices."! These bioconjugates have
found numerous applications in the areas of biocatalysis,”
sensing,” and biomedicine.”! Many of these applications
require high surface to volume ratios, an inherent feature of
nanoscale materials, making nanostructured systems attrac-
tive candidates as scaffolds for enzymes, proteins, or nucleic
acids.””! Many potential materials, however, lack biocompati-
ble surfaces, leading to rapid denaturation and thus sharply
decreased activity of surface-bound biomolecules.®! While
this issue can be overcome through appropriate surface modi-
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fication, this can prove difficult for many materials, resulting
in substantial losses in enzymatic activity.”! The facile deposi-
tion of thiol-terminated molecules onto gold surfaces, on the
other hand, presents an attractive approach to introduce de-
sired surface functions.®!

Recently, we reported the fabrication of silica—noble metal
composites obtained through versatile polymer-mediated
nanoparticle self-assembly. This modular ‘bottom-up’ ap-
proach provides control over the aggregate morphology
through stoichiometry, polymer and nanoparticle composi-
tion, and the order of addition of the individual components.”)
Subsequent calcination leads to complete removal of all or-
ganic constituents, leaving behind dispersed metal clusters on
the surface that are highly efficient catalysts for hydrogena-
tion.'! In addition to serving as catalysts in their own right,
an alternative application of these dispersed metal clusters is
as platforms for further surface functionalization. In this
paper we report the modification of these nanoparticle aggre-
gates and their application as supports for the creation of
highly active supported biocatalysts based on the Candida
rugosa lipase (CRL).

Among the many enzymes used in biocatalytic processes,
lipases have gained particular interest as catalysts in organic
synthesis. These hydrolytic enzymes are relatively insensitive
towards non-aqueous solvents, can tolerate fairly broad pH
and temperature ranges, and most importantly, exhibit high
chemoselectivites.'!! Lipases have found applications ranging
from kinetic asymmetric resolutions'? to polymerizations.[13]

The gold-silica nanocomposites used in this study were
fabricated from 15 nm carboxy-functionalized silica particles,
a random copolymer of styrene and aminomethylstyrene,
and 2 nm carboxy-functionalized gold nanoparticles, as pre-
viously described.l” Calcination at 500 °C gave the inert nano-
composite carrier material (Fig. 1).14 In a preliminary study,
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Figure 1. Schematic illustration of lipase biocatalyst fabrication based on
“bricks and mortar” nanoparticle assembly.
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