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Recently, various bottom-up methods have been developed to
fabricate nano- and microscale devices in microelectronics, optics, (a) )
actuators, and sensdrintroduction of biological self-assembly of

nanometer-sized building blocks is expected to accomplish the alkyl SAM _ I oy
bottom-up fabrications in a more reproducible, efficient, and ! e/

. O Au Au
economic mannerRecently, carbon nanotubes were also assembled
on regions coated with the polar chemical groups in large Scale. / #-AFM tip
However, multiple types of nano-building blocks, such as metal ~ (b) —4r ) (e) . ;huTnan
nanowires and semiconductor nanowires, are necessary to be place _ j j ) _\)/){ f}& 7 // 196
at specific locations on surfaces selectively with high precision and il | B B
reproducibility for more complex nanometer-scale device as- (. r— : A i
semblies! Biological molecular recognition such as antibedy (©) £
antigen bindings may be suitable to apply in the building-block C ( &

functions and structures at room temperature reprodugiiyr mouse / J anti-human

196G / // g ) anti-mouse g, *# NP
approach is to immobilize antibody-coated nanotubes at specific ~ / / _/ s L) /4 , / _/ ' 9
u

assembly since nature always assembles materials with complex Y x

complementary binding positions patterned on surfaces. Because ¢ . /
; e ; ; ; A } A

variety of antibodies and antigens are available, proper choices of Y :

antibodies and antigens will enable one to assemble mu|t|p|e typesFigUfe 1. Schematic diagram to assemble anti-mouse IgG-coated nanotubes

of nanotubes incorporating different antibodies at the antigen- and anti-human IgG-coated nanotubes onto their antigen-patterned substrates
. . via biological recognition. (a) Self-assembly of alkylthiol monolayers on
patterned areas in a single process.

Au substrates. (b) Shaving trenches on the alkylthiol SAM by using the

Previously, antibody nanotubes were synthesized by coating AFM tip. (c) Deposition of mouse IgG on the shaved trenches. (d) Shaving
antibodies onto template nanotubes self-assembled from bolaamaDnothe_r.arra):( C;]f trenchleSG on tht; «31||<¥]|thi0(|JI SAM ?}y USirflg Ehe AFM tip. (t?f)
phihile peptide monomers via hycogen bonding, and one kind DePCSten of ey 4 o e shaves tenenes () Locaion specc
of antibody nanowb_e was examined for attachment onto a pattemeathe mouse IgG trenches and FITC-labeled anti-human IgG nanotubes onto
complementary antigen area to form the nanotube &ftdgwever, the human IgG trenches via their biological recognition.
to test the feasibility of antibody nanotubes for real applications in
device fabrications by assembling them into more complex with hexane; however, alkylthiol molecules removed by the AFM
configurations, it is necessary to place multiple types of antibody tip were still partially piled and remained at the bottom ends of
nanotubes onto their respective complementary binding areas. Totrenches, as shown in Figure 2a (top). After 1% mouse IgG in a
prove this hypothesis, two types of nanotubes coated with different 1% bovine serum albumin (BSA) solution was incubated with the
antibodies were anchored selectively onto their complementary resulting substrates for 10 h af@, the mouse 1gG was deposited
antigen areas, patterned by tips of atomic force microscope (AFM). on the trenches via the thielAu interaction (Figure 1cj,which

To demonstrate the molecular recognition-driven immobilization was confirmed by the height increase of trenches t® nm with
of two different types of antibody nanotubes onto the complemen- AFM.5¢7 Next, we patterned another array of trenches in the same
tary antigen arrays, we designed the fabrication steps, as shown indimension next to the existing trenches by using the AFM tip
Figure 1. After 1-octadecanethiol (0.01 mM) was self-assembled (Figure 1d), and then human IgG was deposited on these new
on Au substrates in 99% ethanol at room temperature for 24 h trenches by mixing 1% human IgG in a 1% BSA solution with
(Figure 1a), a series of trenches (150 mni um) were etched by this substrate for 10 h at 4C (Figure 1e).
shaving the alkylthiol SAM with a 3N, tip (Veeco Metrology) of After the deposition of human IgG was confirmed by AFM, anti-
AFM (Nanoscope llla and MultiMode microscope, Digital Instru- mouse IgG-coated nanotubes and anti-human IgG-coated nanotubes
ments), as shown in Figure 1b. The array of these trenches, whosewere incubated in the solution containing the resulting substrate,
bottom surfaces were gold, was patterned by using a customizedas shown in Figure 1f. Those antibody-coated nanotubes were
Nanoscript software (Veeco Metrology). In Figure 2a (top), these synthesized by the previously published metk@tBriefly, an
trenches appear in a darker contrast as compared to the unshavedntibody nanotube was produced by coating the antibody on a
SAM surface, which indicates the heights of trenches are lower template peptide nanotube, self-assembled from bolaamphiphile
than the SAM. The section analysis of the trenches in Figure 2a peptide monomers, bidfa-amido-glycylglycine)-1,7-heptane di-
(bottom) shows that the average depth of all trenchesli8 nm. carboxylate, in NaOHy/citric acid solution via three-dimensional
The substrate was washed sequentially, first with ethanol and thenintermolecular hydrogen bonding between amide and carboxylic
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Figure 2. (a) (Top) AFM image (height mode) of 8 2 trenches patterned
by AFM tip (as shown in Figure 1b). (Bottom) Section analysis along a

left trench missed anchoring the antibody nanotube, and the per
cent attachment of the nanotube onto the antigen-filled trench is
about 80%. In the magnified AFM image (inset of Figure 2b (top)),
the single nanotube with helical structure was resolved on the
antigen-filled trench. A fluorescence micrograph of the resulting
substrate in Figure 2c shows that anti-mouse IgG-coated nanotubes
(red) attach onto the trenches filled with mouse IgG, and anti-human
IgG-coated nanotubes (green) attach onto the human IgG-coated
trenches.

In summary, we demonstrated that the biological molecular
recognition between the multiple-antibody nanotubes and the
complementary antigen arrays organized these antibody nanotubes
according to the ordered arrays. The attached locations of these
antibody nanotubes were very specific due to the antib@htigen
recognition. Because those nanotubes could be coated by various
metals and semiconductors with controlled morphologies can
synthesize various types of nanotubes labeled with a variety of
antibodies. This technique is very useful to fabricate advanced
nanometer-scale devices with complex functionalities because
multiple building blocks with a variety of protein functions or
inorganic coatings can be addressed to specific locations on
respective substrates by a simple process.
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blue dotted line in the image, scale bar750 nm. (b) (Top) AFM image
(height mode) of anti-mouse IgG-coated nanotubes immobilized »r23
trenches filled with mouse 1gG (as shown in Figure 1f). (Bottom) Section
analysis along a blue dotted line in the image, scale=b@b0 nm. (Inset):
Magnified AFM image (amplitude mode) of the single anti-mouse 1gG-
coated nanotube, scale bar300 nm. (c) (Left) Fluorescence image of
anti-mouse 1gG nanotubes (red) and anti-human 1gG nanotubes (green),
attached onto four upper trenches filled with mouse IgG and four bottom
trenches filled with human 1gG, respectively (as shown in Figure 1f), scale
bar= 2 um. (Right) Locations of human IgG and mouse IgG arrays.

acid group$.The template peptide nanotube has been demonstrated
to immobilize various proteins and peptides on the nanotube surface
at free amide sites of the nanotube via hydrogen bonding with a
simple incubation proceduf&é81® and here we used the same
strategy to produce antibody-coated nanotubes. In this report,
peptide nanotubes, 100 nm in diameter, were used for antibody-
coated nanotube immobilization, separated by a size-exclusion
column with Sephadex G-50 beads. The anti-mouse IgG-coated
nanotubes and the anti-human IgG-coated nanotubes were prepare
in different vials by incubating a 1-mL solution of the resulting
nanotubes (10 mM) with 0.5 mL of a solution of Alexa Fluor 546-
labeled anti-mouse 1gG (2%) or FITC-labeled anti-human IgG (2%)
for 12 h at 4°C, respectively. The anti-mouse and the anti-human
IgG nanotubes were washed with Nanopure water to remove the
unbound antibodies before mixing with the antigen-coated sub-
strates. After the attachment of anti-mouse 1gG and anti-human
IgG onto the nanotubes was confirmed by fluorescence microscopy
and AFM, those nanotube solutions were mixed together with the
antigen-patterned substrate as shown in Figure le. After 12 h of
incubation, those nanotubes were observed to attach onto the
trenches, as shown in Figure 2b (top). The section analysis of this
AFM image, Figure 2b (bottom), also supports the biological
recognition-driven nanotube immobilization by increasing the height
from —10 nm to+100 nm, which is consistent with the average
diameter of template nanotubes. The mouse-IgG array in the top-
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