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A nanolithographic approach based on hierarchical peptide self-assembly
is presented. An aromatic peptide of N-(t-Boc)-terminated triphenylalanine
is designed from a structural motif for the B-amyloid associated with

Alzheimer’s disease. This peptide adopts a turnlike conformation with three
phenyl rings oriented outward, which mediate intermolecular n—r stacking
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interactions and eventually facilitate highly crystalline bionanosphere
assembly with both thermal and chemical stability. The self-assembled
bionanospheres spontaneously pack into a hexagonal monolayer at the
evaporating solvent edge, constituting evaporation-induced hierarchical
self-assembly. Metal nanoparticle arrays or embossed Si nanoposts could be
successfully created from the hexagonal bionanosphere array masks in
conjunction with a conventional metal-evaporation or etching process.
Our approach represents a bionanofabrication concept that biomolecular
self-assembly is hierarchically directed to establish a straightforward
nanolithography compatible with conventional device-fabrication

processes.

1. Introduction

The self-assembly of biomolecular building blocks has
attracted a great deal of attention as a powerful approach for
designing novel, benign, nanometer-scale processing.[” A
number of biomolecules, including nucleic acids, peptides,
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proteins, and their derivatives, have been reported to self-
assemble into shape-specific nanostructures, such as micelles,
vesicles, fibers, networks, and many other morphologies."?!
Nevertheless, the utilization of biomolecular self-assembly has
been mostly limited to biological or medicine-related fields so
far.’l Unlike the self-assembly of synthetic molecules,!
biomolecularly assembled morphologies have revealed
low thermal and chemical stabilities, such that their utilization
in conjunction with a harsh conventional device-fabrication
process has been rarely achieved. Furthermore, macroscale
alignment and positioning of the biomolecularly assembled
morphologies on a desired substrate surface constitutes
another major obstacle for conventional device application.
While several bionanofabrication approaches, such as nano-
particle array fabrication by using S-layer protein assembly!!
or surface nanopatterning by an atomic force micro-
scopy (AFM) tip decorated with DNA molecules,'® have
been suggested, the development of bionanofabrication
compatible with conventional device fabrication is still in its
infancy.

Nanosphere lithography (NSL), in which a self-assembled
monolayer of synthetic hard spheres is employed as a
lithographic template, has been extensively exploited as a
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Figure 1. Triphenylalanine self-assembly into bionanospheres.

a) Molecular structure of Boc-FFF and a mode of intramolecular
ten-membered hydrogen bonding (shown with a red dashed line).

b) Optimized conformation ofaBoc-FFFmolecule by quantum mechanical
calculation (C gray, H white, O red, N blue). ¢) SEM and d) TEM images
of Boc-FFF bionanospheres.
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low-cost, inherently parallel, high-throughput fabrication
technique for ordered micro/nanostructures.!”! To date, NSL
has been successfully applied to, for example, highly sensitive
surface-enhanced Raman scattering (SERS),®! real-time
chemical/biological sensors,' and so on. In this Full Paper,
we demonstrate ‘‘bionanosphere lithography” as an alternative
nanolithography method based on the self-assembly of
aromatic peptides. In contrast to conventional NSL, which
requires the laborious preparation of monodisperse silica or
polymer hard spheres, our approach enables the straightfor-
ward assembly of biomolecules into a lithographic mask. We
have obtained highly crystalline and thermally stable bionano-
spheres via the self-assembly of triphenylalanine (FFF) and
exploited their close-packed monolayers for nanosphere
lithography. The self-assembly of the peptide into nanospheres
and the close packing of the generated nanospheres into a
hexagonal monolayer occurred spontaneously during solvent
evaporation on a silicon substrate, constituting evaporation-
induced hierarchical self-assembly.!'”) Taking advantage of the
high thermal and chemical stabilities of the bionanosphere
array mask, either hexagonally ordered
metal nanoparticle arrays or embossed Si
nanoposts were readily fabricated by selec-
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tive deposition or by selective etching. Our
approach represents a novel biomolecular
design concept for hierarchical nanometer-
scale assembly and offers a versatile route
to biomaterial-based nanolithography com-
patible with the conventional device-
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Figure 1a shows the molecular structure
of the N-Boc-protected triphenylalanine
(Boc-FFF) synthesized in this work. The N
terminus is protected with a t-butyloxy-
carbonyl (Boc) group and the C terminusis a
free carboxylic acid. This FFF derivative was
synthesized with standard solution-phase
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Figure 2. Spectroscopic analysis of the molecular interactions for a Boc-FFF assembly.

a) CD spectrum, b) UV/Vis absorption, and c) florescence emission (Zexcitation = 260 nm) of
dilute Boc-FFF solution. d) FT-IR spectrum of the dried bionanospheres. €) Proposed
self-assembly mechanism. A phenyl ring of Boc-FFF undergoes n—n stacking with a

nearby phenyl ring from a neighboring molecule to facilitate assembly into a nanosphere

morphology.
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chemistry and purified by recrystallization
from acetonitrile!!"] (see  Supporting
Information). The design of FFF was
motivated by previous studies on dipheny-
lalanine (FF), a well known structural motif
for the pB-amyloid associated with
Alzheimer’s disease.!"”) The aromatic FF
and its derivatives have been found to self-
assemble into highly stable, one-dimen-
sional nanometer-scale morphologies, such
as nanotubes, nanowires, and nanoribbons,
depending on their chemical structures, the
type of their terminal functional groups, the
assembly conditions, and so on.!">! Inter-
and intra-molecular hydrogen bonding and
aromatic n—r stacking have been found to be
the major molecular interactions driving its
self-assembly behavior.'*1718211 In  this
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work, Boc-FFF was designed to introduce an intramolecular
ten-membered hydrogen bonding between the C=0O of the
carbamate group and N—H of the (i + 2) Phe residue into the
aromatic peptide scaffold, as described in Figure 1a. The Boc-
FFF is expected to adopt a turn-like conformation with three
phenyl rings oriented outward, which is disallowed in FF
derivatives (Figure 1b).*?! The outward phenyl rings mediate
n—n stacking interactions with nearby phenyl rings from
neighbors to facilitate the eventual assembly into nanosphere
morphologies. Figure 1c shows a scanning electron microscopy
(SEM) image of triphenylalanine bionanospheres left over on a
silicon substrate upon evaporation from ethanol solution.
Transmission electron microscopy (TEM) investigation ver-
ified that, unlike a hollow vesicular structure, the nanosphere
cores were fully filled without void spaces (Figure 1d).

The molecular interactions involved in the self-assembly of
Boc-FFF were investigated by spectroscopic analysis, including
circular dichroism (CD), UV/Vis absorption/fluorescence
spectroscopy, and Fourier-transform infrared (FT-IR) spectro-
scopy. Figure 2a shows the CD spectrum of a dilute ethanol
solution of Boc-FFF. The two positive maxima at ~200 and
~220nm indicate the n—m stacking of aromatic units, as
frequently observed in the CD profiles for biomolecular self-
assembly with B-turn conformation.*”! UV/Vis absorption and
fluorescence spectroscopy for diluted solutions (Figure 2b and
c) also support the existence of aromatic m-m stacking
interactions.”**! The UV/Vis absorption spectrum in
Figure 2b shows two peaks at 210 and 260 nm. The peak at
260 nm corresponds to the phenylalanine residues in proteins,
while the peak at 210 nm arises from the existence of phenyl
rings.®! As shown in Figure 2c, the fluorescence spectrum
shows a peak at 290 nm that corresponds to n—n interactions
between phenyl units.??! The FT-IR spectrum of the dried
spherical Boc-FFF assembly exhibited a significant B-turn
character based on the position of the amide I band at 1690 cm ™
and 1650 cm™! (Figure 2d).2°?3! The peak at 1650 cm™! was
assigned to aperiodic secondary structures involving type I, II,
Vla,and VII B-turns. The peak at 1690 cm ' can be identified as
a marker band for the B-turn conformations adopted by the
molecules. The optimized geometry of Boc-FFF generated
from a quantum-mechanical calculation at the AMI1 level
agreed well with the experimentally observed characteristic
B-turn structure from FT-IR analysis (Figure 1b).*%!
Meanwhile, dynamic light scattering (DLS) measurements
detected no discrete particles in the ethanol solution of
Boc-FFF. This demonstrates that the self-assembly of
Boc-FFF into bionanospheres did not occur in the
dilute ethanol solution but instead occurred during solvent
evaporation. Taken together, Boc-FFF molecules with B-turn
secondary structures exist as elementary aggregates with m—n
interactions among the phenyl groups in a solution and
subsequently self-assemble into crystalline spheres upon
solvent evaporation (Figure 2e).

Figure 3a shows a thermogravimetric analysis (TGA)
thermogram of Boc-FFF bionanospheres. Unlike usual bio-
materials, the aromatic Boc-FFF nanospheres have a relatively
high thermal stability. A weight loss of about 30% occurred
from ~170-250 °C, which presumably can be attributed to the
gradual thermal release of peptide molecules.'”>* The major
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Figure 3. a) TGA plot of bionanospheres showing high thermal stability
up to 250 °C. b) Powder XRD of a bionanosphere demonstrating a high
crystallinity.

weight loss for the remaining 70% that was caused by thermal
degradation occurred at above ~250°C. This high thermal
stability of the bionanospheres is due to the highly crystalline
assembly of aromatic Boc-FFF. As shown in Figure 3b, X-ray
diffraction (XRD) measurements of the bionanospheres
showed a high degree of crystallinity.

Figure 4a schematically illustrates the evaporation-induced
hierarchical self-assembly of Boc-FFF. Upon the drying of a
dispensed ethanol solution drop under humid air, Boc-FFF
molecules spontaneously assembled into bionanospheres,
which were subsequently close packed into two-dimensional
colloidal arrays following the mechanisms of ‘“‘convective
assembly” and “‘capillary-force-induced aggregation.”®! As
the ethanol evaporated, a convective flux was built up inside the
solution drop towards the solution-drop edge due to solvent
depletion at the evaporating-solution edge. This convective
flow carried the self-assembled Boc-FFF bionanospheres to the
solution edge. The bionanospheres transferred to the solution
edge experienced attractive capillary immersion interactions
with their neighboring bionanospheres, which were caused by
the remaining solvent wetting the film. To minimize the
capillary force due to this thin wetting film, bionanosphere
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Figure 4. Hierarchical self-assembly of Boc-FFF into a hexagonal bionanosphere array at various humidity conditions. a) Schematic illustration of
hierarchicalassemblyintoahexagonalbionanospherearray. Duringevaporationofthe ethanol, Boc-FFFmoleculesassembleinto bionanospheres that
close pack to form a hexagonal array. SEM images of bionanospheres at relative humidities of b) 40%, c) 50%, d) 60%, and €) 80%.

colloidal particles were forced to close pack, and, thus, the
liquid—air interfacial area was minimized.

As demonstrated in the previous evaporation-induced self-
assembly (EISA), a variety of environmental parameters can
influence the self-assembly behavior. In our approach,
humidity turned out to be a crucial parameter for the
hierarchical self-assembly. The humidity controlled the
evaporationrate of ethanol, and, therefore, the size distribution
of bionanospheres and their subsequent hexagonal assembly.
As shown in Figure 4b—e (40, 50, 60, and 80% relative humidity,
respectively), variation in the humidity significantly influenced
the size distribution of bionanosphere assembly and the degree
of ordering of their colloidal assembly (Figure 5). Below a
relative humidity of 50%, the size distribution of Boc-FFF
nanospheres was fairly broad, as demonstrated in the
histograms of Figure 5a and b. The close packing of such
polydisperse nanospheres generated disordered arrangements.
In contrast, at a higher relative humidity of 60 or 80%, the
nanospheres became highly uniform. The slow evaporation of
ethanol that occurred at the highly humid conditions created
the monodisperse nanospheres. The close packing of

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

monodisperse nanospheres generated a well ordered hexago-
nal monolayer, particularly at a humidity of 60%, as presented
in Figure 4d. When the relative humidity was over 80%, the
packing area of the colloidal particles decreased significantly.
This reduced packing area could result from the Maragoni
effect.”® Due to the vast difference in surface tension between
water (72mN m ') and ethanol (22 mN m '), a surface-tension
gradient could be built up at the interface of ethanol and
condensed water.l?*! Such Such Maragoni flow could transfer
Boc-FFF molecules from ethanol to the water phase. Due to its
higher volatility, ethanol evaporates more rapidly than
condensed water, leaving behind condensed water containing
Boc-FFF molecules in a small, limited area. The subsequent
evaporation of water left behind only the ordered bionano-
sphere array within the limited area.

Figure 6a shows a hexagonal monolayer of Boc-FFF
bionanospheres assembled at a humidity of 60% at room
temperature. The fast Fourier transform of the SEM image
(inset) clearly demonstrates a highly ordered hexagonal
arrangement. We employed this bionanosphere array as a
mask for selective deposition or selective etching. As shown in

small 2010, 6, No. 8, 945-951
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Figure 5. Histograms for the size distribution of bionanospheres at various humidity conditions: a) 40%, b) 50%, c¢) 60%, and d) 80%. The mean
diameters of the spheres were approximately 379 nm, 399 nm, 397 nm, and 334 nm for (a)—(d), respectively.

Figure 6b, the thermal evaporation of aluminum (Al) over a
bionanosphere array generated Al nanoparticle arrays. After
metal deposition, the bionanosphere mask could be readily
lifted off by mild ethanol washing. The deposited Al
nanoparticles demonstrated a trigonal pyramid morphology
with a side length of ~260 nm and a height of ~35nm in the
tilted SEM image of Figure 6¢. The metal nanoarray prepared is
potentially useful for localized surface plasmon resonance
(LSPR) biosensors.*”! Figure 6d presents the tilted SEM image
of a hexagonal silicon nanopost array produced by CF, reactive
ion etching (RIE) (100 sccm, 100 W, 30 min) employing a Boc-
FFF bionanosphere monolayer as an etching mask. While usual
biomolecularly assembled structures consisting of poorly
crystalline organic molecules could not effectively serve as a
mask for RIE due to their low chemical resistance to etchant,
the highly crystalline Boc-FFF bionanosphere array success-
fully played the role of an etching mask for the selective etching
of the underlying silicon substrate.

3. Conclusions
We have demonstrated the hierarchical self-assembly of
Boc-FFF peptide molecules into a hexagonal bionanosphere

array on a substrate. We have designed a self-assembling
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peptide of Boc-FFF, inspired by a structural motif for the B-
amyloid associated with Alzheimer’s disease. We were able to
fabricate periodic metal nanoparticle arrays and Si nanopost
arrays, employing monolayered bionanosphere arrays as
lithographic masks. Our bionanofabrication concept presents
a novel approach to the design of biomolecular assembly for
well defined nanometer-scale morphology, to position the
nanomaterials in ordered arrays, and to develop a straightfor-
ward lithography exploiting hierarchical biomolecular self-
assembly.

4. Experimental Section

Synthesis of Boc-FFF and the quantum-mechanical calculation:
General synthetic details, including the instrumentation and
methods, are given in the Supporting Information. The N-(t-
butyloxycarbonyl)-protected triphenylalanine (Boc-Phe-Phe-Phe-
OH) Boc-FFF was synthesized by standard solution-phase chem-
istry. N-Boc-Phe-OH monomer was purchased from Novabiochem.
Chemicals of the highest purity grade, N,N-dimethylformamide
(DMF), O-benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluoro-
phosphate (HBTU), hydroxybenzo-triazole (HOBt), and
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Figure 6. Fabrication of ordered nanostructures utilizing hexagonal
bionanosphere templates. a) Close-packed monolayer of
bionanospheres on a silicon substrate. The fast-Fourier-transform image
(inset) represents hexagonally ordered structures. SEM images of Al
nanoparticle arrays b) in plane view and c) with a tilted view. After Al
deposition (35-nm thickness) by thermal evaporation and the
subsequent lift off, hexagonally ordered Al trigonal pyramid arrays were
readilyfabricated.d) SEMimage ofaSinanopostarray prepared by CF, RIE
with a bionanosphere array as an etching mask.

diisopropylethylamine (DIEA), were purchased from Sigma-Aldrich
for the synthesis of triphenylalanine and were further purified.
Water was deionized by using Milipore MilliQ.

N-Boc-protected phenylalanine was coupled with a previously
prepared diphenylalanine fragment (C-benzyl protected) using
HBTU, HOBt, and DIEA in anhydrous DMF at room temperature to
obtain Boc-Phe-Phe-Phe-OBn. Hydrogenolysis of the benzyl ester
provided the crude carboxylic acid, which was recrystallized from
CH3CN to yield Boc-FFF. The conformation optimization of a
triphenylalanine molecule was performed at the AM1 level using
the Gaussian 03 program package. No geometrical constraints
were imposed on the triphenylalanine molecule during the
optimization of conformation.

Fabrication of Boc-FFF bionanospheres: A predetermined
amount of Boc-FFF was completely dissolved in ethanol (peptide
concentration ~0.1-20 mg mL™?). A drop of Boc-FFF solution was
deposited on a silicon substrate, which was subsequently
maintained in a humidity-controlled environment for solvent
evaporation. The evaporation rate of solvent was controlled by a
stream of humid air (mobile gas: N) at room temperature.

Fabrication of hexagonal metal nanoparticle arrays and Si
nanopost arrays: The Al nanoparticle arrays were produced by
thermal evaporation of a 35-nm-thick Al layer over a hexagonal
colloidal monolayer of Boc-FFF bionanospheres. After metal
deposition, the Boc-FFF bionanospheres were completely removed
by sonication in ethanol (JAC 2010, 65W, 40kHz; Ko Do Tech.).
The embossed Si nanopost arrays were prepared by RIE with CF,
gas (100 sccm, 100W) using Boc-FFF bionanosphere arrays as an
etching mask. The residual colloidal mask was removed by
dissolution in ethanol.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Characterization: Morphological investigations were per-
formed with a field-emission SEM system (FESEM; Hitachi
S-4800 SEM, Japan) and a high-resolution TEM system (HRTEM;
Philips Tecnai F20). Molecular interactions for the assembly of
Boc-FFF were examined by spectroscopy analysis. The UV/Vis
spectroscopy of the diluted Boc-FFF solution was obtained by a
UV/Vis near-infrared (UV/Vis-NIR) scanning spectrophotometer
(Shimadzu, UV-3101 PC). A 1.0-cm-path-length quartz cuvettes
sample holder was used. The fluorescence intensity was
measured by excitation at 265nm (slit width of 5nm) with a
spectrofluorophotometer (Shimadzu, RF-5301PC). The CD spec-
trum was recorded on a J-815 Spectropolarimeter (150-L
Type, Jasco Inc., Japan). Samples were dissolved in ethanol
(0.5mg mL™Y) and loaded into a 1-mm quartz cuvette. A spectrum
was obtained from 190 to 260 nm. FT-IR (Bruker Optiks, IFS66V/S
& HYPERION 300) spectra of dried Boc-FFF bionanospheres were
obtained from KBr pellet samples. The crystallinity of the
bionanospheres was characterized by means of powder XRD with
CuKa radiation on a D/Max 2500 X-ray diffractometer (Rikagu,
Japan). The thermal stability was examined by a Q500 thermo-
gravimetric analyzer (TA Instruments, USA). The TGA measure-
ments were carried out from 30 to 400°C at a heating rate of
20°C min~* under a stream of nitrogen (purging rate: 60 mL min~%).
The DLS measurements were performed with a BI-200SM
(Brookhaven Instruments Co., USA) with a 532-nm laser
source at 25°C. Image analysis of the bionanosphere array for
size determination was performed with Matrox Inspector software
version 2.1 (Matrox Electronic System Ltd., Canada).
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