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The bottom-up approach in nanofabrication has been studied
extensively due to the potential to develop devices such as
electronics, actuators, and sensors more efficiently and economically
compared to existing technologies.1 Application of biotechnology
in nanofabrication also has an advantage to produce functional
building-block materials that may not have synthetic counterparts
in much milder experimental conditions, such as room temperature
and ambient pressure.2 Various building blocks have been developed
for the biological bottom-up approach;3 however, it is necessary
for these building blocks to be addressed to the exact locations
with high precision and reproducibility to function in the nanometer-
scale devices.1a,4,5Recently, carbon nanotubes were assembled on
regions coated with the polar chemical groups on large scale.6

Here we introduced a new type of building block, antibody
nanotubes, and demonstrated anchoring them on complementary
antigen arrays via antibody-antigen recognition. Biological rec-
ognition between the antibody nanotubes and the antigen arrays
permitted recognition-driven assembly of ordered nanotube arrays.
The array of antigens was written by using the tip of an atomic
force microscope (AFM) on alkylthiol self-assembled monolayer
(SAM)-coated Au substrates via nanografting.7 After antigens were
immobilized onto the shaved regions of the alkylthiol SAMs with
the AFM tip, antibody nanotubes, produced by incubating antibodies
in template nanotube solutions, were selectively attached onto the
antigen regions (Figure 1).

A template nanotube self-assembled from bolaamphiphile peptide
monomers in NaOH/citric acid solution via three-dimensional
intermolecular hydrogen bonds8.9 has been demonstrated to im-
mobilize various proteins and peptides on nanotube surfaces.10 This
template nanotube immobilizes proteins and peptides at free amide
sites on the nanotube sidewall via hydrogen bonding by means of
simple incubations, the detailed procedures of which were published
previously.10b,11 After those nanotubes were centrifuged and run
through size-separation columns, a 1-mL solution of the resulting
nanotubes (10 mM) with an average diameter of 100 nm were
incubated with a 1-mL solution of goat anti-mouse IgG in a pH
7.2 phosphate buffer (50µg/mL). After 48 h, the anti-mouse IgG
was coated on the template nanotubes to form the antibody
nanotubes. The anti-mouse IgG nanotubes were washed with
Nanopure water and centrifuged twice to remove unbound anti-
mouse IgG before mixing with the antigen-coated substrates. The
attachment of anti-mouse IgG on the nanotube was confirmed by
fluorescence microscopy. The FITC-labeled anti-mouse IgG on the
nanotube was also confirmed to recognize and bind the mouse IgG
in solution. These results are shown in Supporting Information.

To observe the selective immobilization of antibody nanotubes
on the mouse-IgG arrays, systematic AFM analyses for the resulting
substrates were applied (Figure 2). After 1-octadecanethiol (0.01
mM) was self-assembled on Au substrates in 99% ethanol at room

temperature for 24 h (Figure 2a), a series of trenches (400 nm×
4 µm) were made by shaving the alkylthiol SAM with a Si3N4 tip
(Veeco Metrology) of the AFM (Nanoscope IIIa and MultiMode
microscope, Digital Instruments), as shown in Figure 2b (left). These
trenches were patterned by using a customized Nanoscript software
(Veeco Metrology). The section analysis of the trenches in Figure
2b (right) shows that the depth of all trenches (marked by black
dotted lines) is 10 nm. The substrate was washed sequentially first
with ethanol and then with hexane, but the alkylthiol molecules
removed by the AFM tip were still partially piled up and remained
at the edges of trenches as shown in Figure 2b (left). After the
mouse IgG was incubated with the resulting substrates for 1 h at
room temperature, the mouse IgG was deposited on the trenches
via the thiol-Au interaction (Figure 2c (left)).12 The average height
of trenches was observed to increase from-10 to +10 nm after
incubating the mouse IgG, indicating the deposition of mouse IgG
in the trenches (Figure 2c (right)).13 When the anti-mouse IgG-
coated nanotubes were incubated in the buffer solution containing
the mouse IgG-patterned substrate for 5 h, the antibody1 nanotubes
were observed to attach to the mouse IgG regions (Figure 2d (left))
after washing the substrates with Nanopure water. The section
analysis of this AFM image, Figure 2d (right), also supports the
biological recognition-driven nanotube immobilization by increasing
the height from+0 to +100 nm, which is consistent with the
diameter of template nanotube. Figure 2e, the magnified AFM
image of Figure 2d, shows that the multiple antibody nanotubes in
the diameter of 100 nm were attached to the mouse IgG regions.
The magnified AFM image of the anti-mouse IgG nanotubes in
the height mode (inset in Figure 2e) shows that the antibody
nanotubes were aligned along the trench while elongated particles
were also observed at the upper side of mouse IgG region. At this
point, we are still investigating whether those particles are the
aggregations of mouse IgG or the nanotube fragments.

Figure 1. Schematic diagram of the antibody nanotube assembly on the
complementary antigen substrates via biological recognition. (a) Self-
assembly of alkylthiol monolayers on Au substrates. (b) Shaving trenches
on the alkylthiol SAM by using the AFM tip (nanoshaving). (c) Deposition
of antigens in the shaved trenches (nanografting). (d) Location-specific
immobilization of the antibody nanotube onto the complementary antigen
regions via the biological recognition.
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To demonstrate that the assembly of antibody nanotubes is
location-specific via biological recognition, the anti-mouse IgG-
coated nanotubes were incubated on the substrate patterned with
the human IgG instead of the mouse IgG. As shown in Figure 3,
no anti-mouse IgG-coated nanotubes attached to the human IgG
regions patterned on the alkylthiol SAM/Au substrates via nano-
grafting. This control experiment indicates the potential that multiple
antibody nanotubes can be addressed onto patterned antigen regions
respectively because the biological recognition and complexation
of antibody nanotubes with complementary antigen SAMs are very
specific, as observed in nature.

In summary, we observed that the biological recognition between
the antibody nanotubes and the antigen arrays organized the
antibody nanotubes as the ordered arrays. This technique is very
useful to fabricate advanced nanometer-scale devices with complex
functionalities because multiple building blocks with a variety of
protein functions can be addressed to specific locations on substrates
respectively in a simple process.
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Figure 2. AFM images of(a) alkylthiol SAMs on Au substrate;(b) the array of trenches shaved by the AFM tip (left), the section analysis of (b) along a
blue dotted line in the image (right), scale bar) 2 µm; (c) the array of trenches filled with mouse IgG (left), the section analysis of (c) along a blue dotted
line in the image (right), scale bar) 1 µm; (d) anti-mouse IgG-coated nanotubes immobilized on the mouse IgG-deposited regions (left), the section analysis
of (d) along a blue dotted line in the image (right), scale bar) 1 µm; (e) anti-mouse IgG-coated nanotubes immobilized on the mouse IgG-deposited regions
in a higher magnification (inset: in the height mode), scale bar) 300 nm. The positions of trenches in the section analyses (b), (c), and (d), are shown by
black dotted lines.

Figure 3. AFM image of the human IgG-deposited regions after the
incubation of anti-mouse IgG-coated nanotubes. Scale bar) 2 µm. No anti-
mouse IgG nanotubes were observed to attach onto the human IgG regions.
Inset: The section analysis along a blue dotted line in the image. The
positions of trenches in the section analyses are shown by black dotted
lines.
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