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ABSTRACT

We demonstrate directed end-to-end assembly of Au/Pt/Au multisegment nanowires using the biotin/avidin linkage. The formation of a self-
assembled monolayer on the central platinum segments is essential to avoid nonspecific binding of the linker group and hence to minimize
lateral assembly.

The bottom up approach to device fabrication involves the =
synthesis and assembly of nanoscale building blocks. With
advances in synthesis of nanoscale patrticles, there is increas l—erbutaneisocyanide
ing interest in assembly of higher order structures through
particle-particle or particle-substrate interactions. ) Lol
In comparison to spherical particles, asymmetric particles
such as nanowires offer additional degrees of freedom in BeT
self-assembly due to their inherent shape anisottépy.
Furthermore, the ability to synthesize particles with different AL L L)
segments along the length of a nanowire provides the ®©C =9
opportunity to introduce multiple chemical functionalities by
exploiting the selective binding of different ligands to the l,
different segment%:6 SALLLLd
Here we report on the directed end-to-end assembly of 3 S
Au/Pt/Au multisegment nanowires using the biotin/avidin J* 2 Q
linkage. The biotin/avidin linkage is one of the strongest HN)LNH
known biological interactiod$ and has been used for the (o]
assembly of single-component gold nanopartfciésand Hs’\/\/\/\/\/\,N—O—'V\/Q/b’\R/\dV S
nanorods? We show that bifunctionalization is essential to
avoid nonspecific binding of the linker group and hence to
minimize lateral assembly. Further we show that the length rigyre 1. Schematic illustration of a general approach for directed
of the gold end segment can be used to control the numberend-to-end assembly of Au/Pt/Au nanowires. Biotin-terminated thiol
of nanowires connected at each node. (BPT) is bound to the gold segments and butane isocyanide is bound
The overall strategy for directed end-to-end assembly is to the platinum segments. Avidin is bound to the biotin groups on

- . S the gold end segments in aliquots of bifunctionalized nanowires.
shown in Figure 1. Au/Pt/Au nanowires 300 nm in diameter Coupling between nanowires with avidin-terminated and biotin-

and 4.5um in length were synthesized by electrochemical terminated gold end segments results in directed end-to-end
template synthesis. Selective functionalization was achievedassembly.

through a thiol linkage on the gold segments and an

isocyanide linkage on the central platinum segniéfit. diameter of 300 nm. An evaporated silver film on one side
Nanowires were fabricated by electrodeposition into an of the template served as the working electrode in a three-
Al03 template (Anodisc, Whatman) with a nominal pore gjectrode configuration. A thin layer of silver was first

electrodeposited from 50 mM KAg(CMand 0.25 M Na

O—e

biotin-poly(ethylene oxide),-1-undecane-thiol (BPT)
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Au segments of the nanowires were deposited from a
commercial gold plating solution (Technic) atL.0 V (Ag/
AgCl), and the Pt segments are deposited from a solution of
0.015 M of (NH,),PtCk and 0.2 M NaHPQ,-7H,0O at—0.4
V (Ag/AQCI). The silver layers were dissolved in 70 vol. %
nitric acid, and the alumina template was then dissolved in
2 M KOH. The nanowires were washed repeatedly using 2
M KOH, deionized water, and ethanol.
Biotin—poly(ethylene oxide}l-undecane-thiol was syn-
thesized by reacting 2.4 mg 1l-amino-l-undecanethiol
(Dojindo) with 5.89 mg N-hydroxy-succinimide-poly-
(ethylene oxide)-biotin (Pierce) in 5 mL of a 50:50 mixture
of dimethyl formamide and dimethyl sulfoxide overnight
under an argon blanket at room temperature. A tetra(ethylene
oxide) spacer group was placed between the biotin and the
alkane chain to provide greater hydrophilicity and flexibility
for I|gand—recepto_r Interaction. T_h_e mcree_lsgd hydr(_)ph|I|C|t)_/ Figure 2. (A) Light and (B) fluorescence microscope images of
can reduce undesirable nonspecific protein interactions while oy/pyAu nanowires functionalized with biotin-terminated thiol and
the long flexible chain increases the efficiency of avidin exposed to NATR (emission 580 nm). (C) Light and (D) fluores-
binding? cence microscope images of a self-assembled cluster of nanowires.
In the first series of experiments, Au/Pt/Au hanowires with
a 3.5um platinum segment and 500 nm gold end segments
were functionalized only with the biotin-terminated thiol. 2
mL of the biotin-terminated thiol in DMF/DMSO was added
to a 2 mLsuspension of Au/Pt/Au nanowires:{0° mL™1)
in ethanol at a concentration of 2 mM. The suspension was
agitated using rotation for 24 h. The nanowires were then
washed with ethanol and finally with deionized water using
centrifugation. The aqueous suspension was then divided int
two portions. Neutravidin tetramethyl rhodamine (NATR,
Molecular Probes) was added in excess to one volume of
the nanowire suspension for 5 min, followed by further
washing with deionized water. Saturation of the biotin
binding sites with free avidin reduces aggregation by
decreasing the probability of nanowireanowire bind- reported by Mallouk and co-workefs.

'ng'_lo'ﬂ ) ) In control experiments, Au/Pt/Au nanowires were func-
Figures 2A and 2B show light microscope and fluores- onalized with BIC and then exposed to 1-decanethiol.
cence microscope images of the fu_nctionalized ”anOWires-Subsequent addition of excess NATR and washing did not
Figure 2B shows that the NATR is bound to the gold regytin selective functionalizatioin of the gold end segments,
segments as well as to parts of the platinum segment. Thisingicating that the binding of NATR is a specific receptor-
suggests that the biotin-terminated thiol forms an incomplete megiated interaction with biotin. Similarly, selective func-
monolayer on the platinum segmémind implies that the  tipnalization of the gold end segments was not observed
binding of thiol to platinum is weaker than on gold. when excess NATR was added to unfunctionalized nanow-
When a suspension of nanowires functionalized with jres.
biotin-terminated thiol is mixed with an equal volume of  When nanowires with biotin-terminated gold segments and
nanowires where the biotin groups have been saturated withisocyanide-functionalized platinum segments are mixed with
avidin, lateral assembly is significant, as illustrated in Figures an equal volume of similarly functionalized nanowires that
2C and 2D. The formation of aligned bundles of nanowires have been treated with avidin, end-to-end binding is ob-
indicates strong end-to-end assembly as well as lateralserved. With 500 nm long gold segments, a significant
assembly. The lateral component is similar to cross-linking fraction of the nodes connect three nanowires, as shown in
in polymers and may be useful in increasing the stiffness in Figure 3C. The corresponding fluorescence image (Figure
self-assembled nanowire fibers. 3D) clearly shows emission from the NATR at the nodes.
In the second series of experiments, nonspecific binding The number of nanowires at each node can be limited to
of the biotin-terminated thiol was eliminated by functional- two by decreasing the length of the gold segments. Figures
izing the platinum segments with butaneisocyanide (BIC). 3E and 3F show light and fluorescence microscope images
A suspension of Au/Pt/Au nanowires in 2 mL hexane was of Au/Pt/Au nanowires with 10 nm gold segments and 4.5
added to 2 mL of 2 mM BIC and mixed using rotation for um platinum segments using the same procedure as described
24 h. The nanowires were then washed repeatedly with above.

deionized water using centrifugation and transferred to
ethanol. The nanowires were then treated with the biotin-
terminated thiol as described above. After washing, the
nanowire suspension was divided into two portions and
NATR added to one volume.

Figures 3A and 3B show light and fluorescence micro-
scope images of a Au/Pt/Au nanowire with a 3un
platinum segment and 500 nm gold end segments selectively
Sunctionalized with BIC and biotin-terminated thiol. The
fluorescence image shows that the NATR is bound to the
gold end segments with minimal nonspecific binding to the
platinum segment. This shows that the BIC is displaced from
gold segments by the biotin-terminated thiol, but not from
the central platinum segment. Similar results have been
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avoid nonspecific binding of the linker group and hence to
minimize lateral assembly. We also show that the number
of nanowires connected at each node is dependent on the
length of the gold end segments.
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