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The fluorescence data in our experiments indicated that the
surface coverage of the final printed layer for each of the three
patterning methods presented here is nearly equivalent and
reaches about 60 % of the surface coverage obtained by direct
deposition of the antibodies from solution. As already
described for pCP and oCP of proteins, the printing process
does not compromise the binding efficiency of the printed
antibody. This strategy might not be suitable for patterning a
large number of different proteins on a surface. However, it
can place a few different proteins as adjacent high-density
arrays on a surface. Such arrays could find an application for
high-throughput screening in which a large number of
analytes could be spotted using a subset of the patterned
areas. Another possibility for creating high-density immuno-
assays on planar surfaces is by performing surface immuno-
assays using many different analytes and capture sites, such as
shown in Figure 5. The main limiting factor in using the
prepared microarrays for diagnostic purposes could be mis-
placement of target molecules during the inking of the a-
stamp. Such a misplacement, which may induce false positive
reactions, can arise from cross-reactions of the target mole-
cules with different capture proteins and/or from nonspecific
adsorption on the a-stamp. The former is limited by biological
specificity of affinity extraction. The latter can be limited by
the systematic use of blocking agents such as BSA. Indeed, for
the recognition of goat antigen by the printed array shown in
Figure 5a, the recognition signal in the areas with printed
anti-chicken antibodies was only 5% of that in the areas with
printed anti-goat antibodies.

In summary, we have illustrated how aCP can complement
different patterning methods to produce repeatedly, and in
parallel, high resolution arrays of proteins in three simple
steps: 1) “inking”, 2) rinsing, and 3) printing the stamp on the
substrate. Since a-stamps carry the complementary pattern of
binding partners specific to the target proteins on their
surface, the proteins self-assemble into the predefined array
on the stamp surface during inking in solution, and dissociate
upon printing. Hence, the (re)production of the target protein
arrays is fast and easy. The initial production of the a-stamp is
a one-time burden only. We thus believe that the methodology
presented is powerful and versatile, and should be useful in
detection and fabrication strategies that are based on arrays of
proteins.
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Au-Nanoparticle Nanowires Based on DNA
and Polylysine Templates

Fernando Patolsky, Yossi Weizmann,
Oleg Lioubashevski, and Itamar Willner*

The assembly of ordered nanoparticle architectures is a
challenging topic in nanotechnology directed to the construc-
tion of nanoscale devices.'! Within this broad subject, the
conjugation of biomaterials and nanoparticles to yield or-
dered architectures is a promising route to tailor future
sensing and catalytic devices, nanocircuitry, or nanodevices,
for example transistors, and computing devices.’l DNA is an
attractive biomaterial for use as a template in programmed
nanoparticle structures. The ability to synthesize nucleic acids
of predesigned shapes and composition, the versatile biocat-
alytic transformations that can be performed on DNA, for
example, ligation, scission, or polymerization, enable “cut and
paste” procedures to be carried out on the template DNA,
thus enabling us to design and manipulate the DNA “mold”.
Furthermore, the association of metal ions to the DNA
phosphate units, or the intercalation of transition-metal
complexes or molecular substrates into the DNA provide a
means to functionalize the DNA-template and to initiate
further chemical transformations on the mold. Nanoparticle —
DNA assemblies were organized by the hybridization of
nucleic-acid-functionalized metalP or semiconductor nano-
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particles* with a complementary DNA. Metal nanowires on a
template 1-DNA were generated by the initial binding of Ag*
ions to the DNA, followed by reduction of the ions to yield
catalytic sites for the electroless clustering of Ag metal on the
DNA. Individual wires with a width of around 50 nm were
prepared by this method.’! A related approach was applied to
grow Pd clusters on a A-DNA template.[) Similarly, CdS-
nanoparticles with a positively charged modifying layer were
electrostatically attracted to DNA to form a quasi-1D nano-
particle structure.’? Here we report a new method to generate
Au-nanoparticle wires by the intercalation of psoralen-
functionalized Au nanoparticles into a double-stranded
DNA, followed by the photochemical covalent attachment
of the intercalator with the DNA template.

Amino psoralen (1) was covalently-linked to 1.4-nm
Au nanoparticles functionalized with a single N-hydroxysuc-
cinimide group (Nanoprobes, USA; Equation (1)). (TEM
experiments indicate that 5—10% of the particles exhibit a
larger diameter, up to 3 nm.)

The resulting intercalator-modified Au nanoparticle was
then intercalated with a double-stranded poly A/poly T
duplex, of approximately 900 nm length, and the resulting
assembly was irradiated with a 12 Watt UV lamp, 4 > 360 nm.
Under these conditions, psoralen undergoes a photoinduced
2m+2m cycloaddition with the thymine residues, a process that
leads to the covalent attachment of the intercalator to the
DNA. B The obtained DNA complex was then deposited on a
freshly cleaved mica surface. Figure 1 A shows the 3D AFM
image of the resulting Au-nanoparticle wire. The imaged area
of this wire has a length of around 600-700 nm (the wire
extends beyond the imaged area) and a width of approx-
imately 3.5-8 nm (estimated, taking into account the tip
diameter, 12 nm, determined by SEM). The height of the
nanowire in most of the wire domains is about 4 nm (Fig-
ure 1B). The height of 4 nm may be attributed to the
intercalation of the Au nanoparticles in a helical mode along
the double-stranded perimeter of the template DNA. A few
of the wire domains reach a height up to about 8 nm
(Figure 1C). These domains may originate from Au nanopar-
ticles of larger sizes, as well as the possible bending or twisted
superposition of the nanoparticle wire resulting from its
deposition on the mica surface. The intercalated nanoparticles
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Figure 1. A) AFM image of an Au-nanoparticle wire in the poly A/poly T
template. B) Cross-section of the Au-nanoparticle wire in a domain of
lower height (high probability). C) Cross-section of the Au-nanoparticle
wire in an area of higher height (low probability).

reveal a high-density structure in the
template DNA. A similar procedure was
employed to incorporate the 1-functional-
ized Au nanoparticles into A-DNA. We
find that the Au-nanoparticle wires are
formed, yet the density of the particles is
substantially lower. Figure 2 shows the
AFM image of a collection of A-DNA
templates with the incorporated Au nano-
particles. In contrast to the height observed
for the Au nanoparticles incorporated into
the poly A/poly T template, we find that
the height of the nanoparticles incorporat-
ed into the A-DNA, does not exceed
3.5 nm. This difference may be attributed
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Figure 2. AFM image of Au nanoparticles incorporated in A-DNA.

to the low-density coverage of the DNA by the particles that
prevents the binding of particles on opposite sides of the
surface-deposited DNA. It should be noted that the Au-
nanoparticle-functionalized 1-DNA is structurally aligned on
the mica surface. The alignment mechanism is not fully
understood at present. Since we apply an Ar flow to dry the
sample drop on the surface, it is plausible that the directional
sample drying leads to the aligned structure.

A different approach to generate the Au-nanoparticle wires
involves the chemical modification of poly-L-lysine with the
Au nanoparticles functionalized with a single N-hydroxysuc-
cinimide unit [Eq. (2)].

The deposition of the polylysine functionalized with the
Au nanoparticles on a mica surface yields circular nano-
particle arrays. Figure 3 A shows the 3D structure of a circular
nanowire that includes a dense assembly of Au nanoparticles.
Most of the modified polylysine chains are assembled in a
circular structure and no linear Au-nanoparticle wires were
detected (Figure 3B). Nonetheless, not all of the circles reveal
a dense packing of the nanoparticles.

The generated circles on the mica surface reveal high
stability; they are not washed off the surface with water, and
they preserve their 3D structure for at least three months.
Figure 3 C shows the histogram of the ring diameter of the Au-
nanoparticle rings. The highest frequency is observed for rings
with a diameter between 100 nm and 200 nm. A few rings
reveal a small diameter of about 50 nm and some of the rings
are substantially larger, around 650 nm. The polylysine
employed in our study has a molecular weight of 52000 with
a dispersity of approximately 11 %. This information suggests
that a polymer chain includes 231 + 25 monomer units with an
average length of about 92 + 10 nm which implies that each of
the Au-nanoparticle circles is generated by several inter-
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Figure 3. A) AFM image of a circular Au-nanoparticle-functionalized
polylysine formed on a mica surface upon evaporation. B) Representative
AFM image of Au-nanoparticle-functionalized polylysine rings formed on
a mica surface upon evaporation. C) Histogram of the diameter of self-
assembled Au-—nanoparticle—polylysine circles on a mica surface resulting
from evaporation (n =frequency; d =ring diameter).

linked polymer chains. The formation of
molecular and macromolecular ring struc-
tures on surfaces has been addressed ex-
perimentally® ' and theoretically.l' 12 Al-
though there is no unified theory regarding
the formation of circular structures on
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surfaces, based on the available knowledge, one may suggest a
plausible mechanism for the formation of the Au-nanoparticle
rings on the surface. The water droplet that includes the
modified polylysine, wets the hydrophilic mica surface, and
the film formed thins uniformly on the surface upon
evaporation.l¥] When it reaches a thickness of several tenths
of a nanometer, the aqueous layer reaches the point of
instability, which results in film rupture and the formation of
droplets. Drying of the droplets that includes the dispersed
particles results in the concentration of the material at the
edges of the evaporating droplet as a result of a capillary flow
of the interior solution to the evaporating edges.l''dl The
diameter of the resulting ring is then controlled by the
dimensions of the coalesced droplet, the number of polymer
chains confined to the droplet, and the rate of evaporation
that is also dominated by the concentration of the polymer in
the droplet. The resulting ring is then stabilized on the mica
surface by hydrogen bonds and interchain hydrogen bonds.
Upon the combingl"¥! of the Au-nanoparticle-functionalized
polylysine on the mica surface, linear Au-nanoparticle-
polymer wires are formed (Figure 4). Thus, the shape of the
resulting wire can be controlled by the mode of its deposition
on the surface.
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Figure 4. AFM image of Au-nanoparticle-functionalized polylysine
formed on a mica surface by the combing method. Inset: 2D image of
the Au-nanoparticle structures.

In conclusion, our study has demonstrated the generation of
Au-nanoparticle wires on DNA or polylysine as templates.
The DNA - Au-nanoparticle wires were generated by a new
method that involves the incorporation of an intercalator-
functionalized Au nanoparticle into double-stranded DNA,
followed by the photochemical cross-linking of the intercala-
tor to the DNA matrix. Another approach included the
chemical modification of a polymer chain with the Au nano-
particles, and the surface assembly of the nanoparticle wire.
The future enlargement of the nanoparticle wires by catalytic,
electroless deposition of metals, is anticipated to yield
conductive wires of predesigned width and shape. The future
generation of conductive nanorings is particularly exciting, as
it would enable the generation of nanoscale magnets by

2326 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

passing a current through the nanostructures, or eventually,
magnetically induced chemical reactions in nanoscale do-
mains. Polylysine and DNA are two oppositely charged
polyelectrolytes. Thus, the interaction of DNA or Au-nano-
particle-functionalized DNA with the Au-nanoparticle-teth-
ered polylysine is anticipated to yield further nanoparticle
architectures. Preliminary studies indicate that although the
Au-nanoparticle rings on the mica surface exhibit high
stability, their treatment with the A-DNA that includes the
intercalated Au nanoparticles results in the rupture of the Au-
nanoparticle rings. We find that the Au-nanoparticle —poly-
lysine wraps around the negatively charged DNA. This
process enhances the coverage of the resulting multi-compo-
nent Au-nanoparticle wires.

Experimental Section

1-Functionalized Au nanoparticles: Amino psoralen (1), (Sigma; 10 pg, 40
nmol) was mixed with mono-N-hydroxysuccinimide-modified Au particle
in a Hepes buffer solution (100 uL; 10 mm, pH8) for 2h at room
temperature, followed by further incubation for 12 h at 4°C. The resulting
mixture was purified from the excess of 1 using a microspin column (spin
column 30, Sigma). The resulting brown solution was further dialyzed
against 10 mm Hepes buffer solution using a microdialyzing device (5 kDa
cutoff). All procedures were performed in the dark, to prevent photo-
degradation of 1. The 1-modified Au nanoparticles were characterized
by absorption spectroscopy. From their absorption spectrum the spectrum
of the pure Au nanoparticles (with the appropriate concentration factor)
was subtracted to yield the absorbance band at A =360 nm, characteristic
of 1. From this band the concentration of 1 in the sample was determined,
which gave a 1:1 ratio between 1 and the Au nanoparticles, yield
80%.

Poly-L-Lysine — Au-nanoparticle conjugate: Polylysine (52000 gmole!,
0.2 nmol) was mixed with N-hydroxysuccinimide-activated Au nanoparti-
cles (6 nmol; Nanoprobes, 1.4 nm) in Hepes buffer solution (100 pL;
30 mM, pH 8) for 12 h at 4°C. The resulting polylysine/Au-nanoparticle
conjugate was purified by spin chromatography using a gel microspin
column with the appropriate fractionation range (spin column 100, >200
bases, Sigma). The resulting brown solution of the polylysine - gold-
nanoparticle conjugate was further dialyzed against a Hepes buffer solution
(10 mm, pH 8.5) at 4°C for 4 h, while renewing the dialysis solution every
hour, using a microdialyzing device (15 kDa cutoff).

Nanoparticle wires on surfaces: A-DNA (Sigma) or poly A/poly T (Phar-
macia) approximate 0.3 x 107>M concentrations were mixed with 1-
modified Au nanoparticles (1 um) and incubated at room temperature
for 20 min. Afterwards, the mixture was irradiated with a long UV lamp
(12 Watt), A > 360 nm, for 45 min, while keeping the mixture in an ice bath.
The DNA—gold-nanoparticle wires were then separated from unbound 1-
Au-nanoparticle using a microspin column of specific pore-size. A drop of
the DNA-gold nanoparticle solution (4 pL) was placed on a freshly cleaved
mica surface, and allowed to evaporate. The surface was then washed with
water (20 pL) and dried with a gentle flow of argon.

The polylysine — Au-nanoparticle circles were prepared by placing a drop
(4 puL) of a 1000-fold-diluted polymer-conjugate solution (ca. 2.5 x 10~7Mm)
on a freshly cleaved mica surface. The drop was allowed to evaporate, and
the surface was washed with triply distilled water (3 x 100 pL), and dried
under a gentle flow of argon. The sample could be stored for at least
3 months under an argon atmosphere.

The polylysine — Au-nanoparticle wires were prepared by the combing
technique.l'l A drop (4 puL) was positioned on a glass surface, and this was
placed on a freshly cleaved mica surface. The glass was removed and the
Au-nanoparticle structures on the mica surface were imaged. Samples were
imaged after 5—10 min of evaporation and gentle drying under Argon.
Atomic force microscopy (AFM) images were acquired in tapping mode in
air by a Smena B instrument (NT-MDT, Russia), with a 30-um scanner, and
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NSC-16 cantilevers (resonance frequency ~ 180 kHz). Scan rates used were
1.5-2.5 Hz with a cantilever oscillation amplitude of the order of 20—
40 nm.
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A Bacterial Small-Molecule Three-Hybrid
System**

Eric A. Althoff and Virginia W. Cornish*

Affinity chromatography has long been used to identify the
protein targets of small-molecule drugs and other biomole-
cules. Although an essential tool for biochemical research,
affinity chromatography can often be labor-intensive and
time-consuming. Recently, the yeast three-hybrid assay, a
derivative of the two-hybrid assay, was introduced as a
straightforward, in vivo alternative to affinity chromatogra-
phy.l:2 In the three-hybrid assay, protein-small molecule
interactions are detected by the dimerization of the two halves
of a transcriptional activator (TA) through the receptors of
the small molecule and subsequent transcription of a reporter
gene.P For affinity chromatography applications, one li-
gand —receptor pair is used as an anchor and the other is the
small molecule - protein interaction being investigated. Al-
though the yeast three-hybrid assay is quite powerful, a
bacterial equivalent would increase the number of proteins
that could be tested by several orders of magnitude because
the transformation efficiency of E. coli is significantly greater
than that of S. cerevisiae. Furthermore, there may be applica-
tions where it is advantageous to test a eukaryotic protein in a
prokaryotic environment in which many pathways are not
conserved. However, the yeast three-hybrid assay cannot be
transferred directly to bacteria. The components of the
transcription machinery and the mechanism of transcriptional
activation differ significantly between bacteria and yeast.
Ligand —receptor pairs often are organism-specific because of
cell permeability, toxicity, or other interactions with the
cellular milieu. Bacterial two-hybrid assays have only begun
to be developed in the past few years!”) and to date only initial
efforts toward the design of a bacterial three-hybrid system
have been reported.®°1 Herein we report the first robust
small-molecule bacterial three-hybrid system—a heterodimer
of methotrexate and a synthetic analogue of FK506 that
activates transcription in the E. coli RNA polymerase two-
hybrid system (Figure 1).

We chose to construct our bacterial three-hybrid system
from the RNA polymerase two-hybrid system reported by
Dove etal. in 19971 A variety of methods for detecting
protein—protein interactions in bacteria are now availa-
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