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A
key step in nanoscience and nano-
technology is indeed to achieve our
desirable arrangements of organic or

inorganic species at the nanoscale. In or-
ganic nanomaterials, molecular components
can be assembled through specific molecular
interactions such as covalent and hydrogen
bonds.1,2 Such directional and site-specific

interactions in intra- and intermolecules enable
us to design and create elaborate hierarchical
nanoarchitectures, as exemplified in proteins
and cells. In contrast, the tailor-made arrange-
ment of inorganic species is hardly controlla-
ble, because their attractive forcesarebasedon
less directional ionic and metallic interactions.
A variety of methods and techniques for

fabricating a rational nanostructure of me-
tallic particles have been attempted.3�12 In
particular, gold (Au)-basednanomaterialshave
been widely applied to functional devices
such as electronic devices,3 electron transis-
tors,4 catalytic potentials,5 and sensors.6 The
versatile functionality originates from not
only the metallic nature of Au itself but also
the spatial arrangement of Au particles. For
instance, multilayer thin films consisting of
self-assembled Au nanoparticles are created
on a mercapto-modified surface through
treatment with dithiol and subsequent im-
mersion in an Au solution.3 The resultant
thin films provide unique nonmetallic elec-
tronic and optical properties. As another ex-
ample, Au colloidal nanoparticles are orga-
nically linked together through treatment
with dithiol.4 The Au particle chain can be
used as a “bridge” for a single electron tran-
sistor with a multitunnel junction structure.
A monolayer of biotin-coated Au nanopar-
ticles on a glass surface constitutes a highly
sensitive biosensor.6 A topologically pat-
terned Au or Ag�Au array was also obtained
from Au nanoparticles on a poly(dimethyl-
siloxane) stamp through nanotransfer print-
ing or nanotransfer edge printing technique.7

Despite these elegant approaches, there
is still a gap between inorganic and organic
(or biological) matters in the control of na-
nospacing. Thus the fabrication of rational
inorganic array structures is addressed as
one of the most challenging fields in na-
noscience. To diminish the gap, it has been
proposed that biological templates are an
effective tool for fabricating a position-spe-
cific inorganic array structure.10�12 For in-
stance, β-sheet-forming oligopeptides, which
preferentially bind to Au surfaces, are self-
assembled in Au buffer solutions, simulta-
neously generating unique Au-nanoparticle
double helices along the peptide tem-
plate.10,11 The Au-superstructural features
can also be tuned with various synthetic
conditions.11 Another unique example of
using a peptide template is the combinator-
ial phage�display library method.12 It en-
ables one to select a peptide-specific in-
organic compound to build up its direc-
tional nanocrystal assembly.
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ABSTRACT We have demonstrated a unique method for rational arrangement of gold (Au)

nanoparticles on a β-sheet peptide template through nucleobase pairing. For the template, the

16-mer peptide 1 was synthesized, which is based on an alternating amphiphilic sequence of Asp-Leu.

Here Leu at the sixth position is replaced by thymine-modified Lys, and a polyethylene glycol chain is

introduced to the C-terminus. The surface of Au nanoparticles was modified with the complementary

adenyl group. Peptide 1 formed a stable β-sheet monolayer at the air/water interface under

an appropriate surface pressure. The monolayer film transferred onto a mica surface by the

Langmuir�Blodgett method showed a linearly striped pattern with 6.1 nm average stripe width and

6 nm average interval between stripes, derived from β-sheet assembly. The adenine-bound Au

nanoparticles were successfully immobilized on the thymine-bound template through a complementary

adenine�thymine hydrogen bonding pair. Interestingly, linear assembly structures of the Au

nanoparticles were observed, thus being successfully reproduced by the original striped pattern of the

template of 1. Our method might readily fabricate Au materials with our desirable 2D pattern through

fine-tuning of β-sheet sequence and nucleobase position.

KEYWORDS: nanopattern arrangement . gold nanoparticles . β-sheet peptide .
nucleobase . template
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We here propose another unique approach to a
peptide template-specific assembly of Au nanoparticles.
As a key for the Au�peptide binding, complementary
nucleobase pairs have been chosen. Nucleobase pairing
based on multivalent hydrogen bonds has commonly
been recognized as highly site-specific interactions for
creating DNA and supramolecular assemblies.13�15

The outline of our present method is illustrated in
Figure 1. First, an amphiphilic β-sheet peptide is cho-
sen for the peptide template. Herein a single nucleo-
base group (thymine) is covalently introduced to a
hydrophobic face of the amphiphilic sequence. The
peptide at the air/water interface is aggregated to form
a β-sheet monolayer, which is then transferred onto a
mica substrate by the vertical dipping method with
upstroke. Second, Au nanoparticles are chemically
modified with the complementary nucleobase groups
(adenine) through formation of an Au�sulfide bond.
Addition of the modified Au particles gives rise to
spontaneous nucleobase pairing at thyminyl groups
on the β-sheet template. Consequently, a unique two-
dimensional (2D) assembly structure of Au nanoparti-
cles can be rationally controlled by a 2D nucleobase
pattern drawn on the β-sheet template. The benefit of
our method is that another 2D nucleobase pattern is
easily prepared through the variation of the amino acid
sequence for structurally well-defined β-sheets.
To demonstrate ourmethod,we employed the 16-mer

peptide 1 for the β-sheet template.

Ac � (Asp � Leu)2 � [Asp � Lys(Thy)x (Ac)1 � x ]

� (Asp � Leu)5 � PEG70 1

[Ac, acetyl; Lys(Thy), Lys of thyminyl-capped Nε-amino
group; PEG70, polyethylene glycol having 70 ethylene
glycol (EG) units; x ≈ 0.36].
Peptide 1 is based on a sequential alternating amphi-

philic sequence (Asp-Leu) for adopting a β-sheet. The
sixth hydrophobic position is replaced by Lys, whose

Nε-amino group is capped with the thymine moiety. A
PEG chain is attached to the C-terminal position to
enhance its hydrophilicity. The C-terminal PEG is also
expected to maintain a constant distance between
β-sheet fibers and to prevent unfavorable amyloid-like
aggregations.16 As a result, peptide 1 at the air/water
interface took a stable β-sheet to yield a thymine-
bound monolayer template. Adenine-modified Au na-
noparticles were immobilized on the thymine-bound
template through complementary nucleobase hydro-
gen bonding. Linear assembly structures of the Au
nanoparticles were successfully obtained, thus being re-
produced by the original stripe pattern of the template.

RESULTS AND DISCUSSION

Design of an Amphiphilic Peptide Having a Thyminyl Moiety
for a Template. Peptide 1 (Chart 1) is designed with an
amphiphilic oligopeptide and a PEG chain. The peptide
part is a 16-mer of alternating amphiphilic sequence
based on Asp-Leu. Herein the sixth hydrophobic posi-
tion from the N-terminus is replaced by Lys having a
thyminyl group in the side chain.We dared not to place
the modified Lys at around the center of the 16-mer
sequence. The central position would disturb the
dense arrangement of Au nanoparticles, because thy-
minyl�thyminyl pairs on two neighboring chains packed
into a β-sheet are close to each other. In the case of
noncentral positions, such unfavorable proximity would
still occur on a parallel β-sheet, but not prominently on
an antiparallel β-sheet. Peptide 1 should favor an
antiparallel β-sheet similar to another amphiphilic
peptide.17�19 Thus the modified Lys residues on an
antiparallel β-sheet face should be arranged in a zigzag
pattern, exchanging between the sixth and 11th posi-
tions, thereby relaxing the steric hindrance of the Au
nanoparticles bound to two neighboring chains. In
addition, the fraction of thyminyl group incorporated
was shown to be about 36%. The functionality of ca.

Figure 1. Our method for fabricating a unique 2D assembly pattern of Au nanomaterials on a β-sheet monolayer template
through nucleobase pairing.
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1/3 should further moderate a dense arrangement of Au
nanoparticles.

Oligopeptides with such an alternating amphiphilic
sequence, at the air/water interface, facilitate forming a
β-strand structure,20 because all hydrophilic side chains
on the same face are spontaneously directed toward
thewater phase. Also in peptide 1, each carboxyl group
of Asp is preferentially located inwater. Conversely, the
hydrophobic alkyl chain of Leu and the thyminyl group
of Lys are directed to the air phase.

The C-terminal PEG chain is expected to act as a
spacer between two neighboring β-sheet lanes. Our
previouswork20 revealed that similar amphiphilicβ-sheet
peptides without a PEG chain are readily aggregated to
form an amyloid-like fiber. The incorporated PEG chain,
thus, should prevent unfavorable peptide aggregation,
thereby facilitating the formation of a 2D β-sheet mono-
layer.

Fabrication and Structural Analysis of the Template. We
fabricated a template composed of thymine-modified
amphiphilic peptide 1 by the standard Langmuir�
Blodgett (LB) technique (for the detailed procedure,
see the Experimental Section). Figure 2 shows the surface
pressure�area (π�A) isotherm of peptide 1 in the
water phase at pH 2.8, where the area is expressed per
molecule 1. A standard π�A profile was obtained here.
That is, the π value gradually increases with decreasing
area, then drastically increased in the area below
5�6 nm2. Thus the whole π�A curve is approximately
expressed with two lines of gentle and steep slopes.
Extrapolation of the steep line to π = 0 yielded the
limiting area permolecule1, 5.68 nm2 (indicated by the
arrow in Figure 2). This value was somewhat smaller
than the calculated value of 6.89 nm2, inwhich the area
of the PEG70 chain was estimated to be 4.30 nm2 from
the freely jointed chain model, and that of the peptide
domain was 2.59 nm2. The reason for this is that the
highly hydrophilic PEG chain might be partly sunk
down into the aqueous phase under a higher surface
pressure. As a result, the calculated PEG area is over-
estimated.

Figure 3 displays atomic force microscope (AFM)
images of the corresponding 1's LB films prepared
under a surface pressure of 10, 15, or 20 mN/m. While
all the morphologies showed a fiber-like pattern, their
fiber lengths depended largely on the surface pressure.
A low surface pressure (10 mN/m) gave considerably
short fibers, having a 7.1 nm average length on the
AFM image. A fiber patternwas clearly seen at amiddle
pressure (15 mN/m). A high pressure (20 mN/m)
yielded a nanostripe pattern assembled by long fibers.
Each stripe was characterized by a 0.6 nm average
height and a 12 nm average width on the AFM image.
In general, AFM analysis overestimates the sample
width depending on the shape of the scanning tip.
According to Fung's equation for AFM-derived width
calibration,21 the corrected width of the nanostripe
pattern was estimated to be 6.1 nm. This value is con-
sistent with the calculated molecular length (5.5 nm)
for the peptide part adopting a β-sheet conformation.

The conformation of peptide 1's LB film (10 layers)
prepared at a surface pressure of 20 mN/m was in-
vestigated by circular dichroism (CD) and transmittance
Fourier transform infrared (TM-FTIR) measurements.
The CD spectrum (Figure 4a) showed a convex profile
with a negative minimum at around 215 nm, typical of
a β-sheet conformation.22 The amide I region in the

Chart 1. (a) Amphiphilic β-sheet peptide 1 and (b) its molecular size.

Figure 2. π�A isotherm of peptide 1 in the aqueous solution
at pH = 2.8 at 25 �C. The arrow indicates the limiting area per
molecule.
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TM-FTIR spectrum (Figure 4b) consisted of a major
absorption band at around 1630 cm�1 and someminor
bands at 1700�1640 cm�1. Two bands of around 1690
and 1630 cm�1 suggest the presence of an antiparallel
β-sheet.23,24 The fractions of antiparallel β-sheet, R-helix,
and random coil23�26 were estimated, from curve fit-
ting of the observed spectrum, to be 75% β-sheet, 2%
R-helix, and 23% random coil. These CD and TM-FTIR
results reveal that the nanostripe film is comprised
primarily of antiparallel β-sheet chains.

The surface pressure-inducedmorphological changes
could be explained as follows. Under a lower surface
pressure, the PEG part of 1 on the water surface should
favor an expanded form, which might disturb the
growth of β-sheet chains into large fibers. In contrast,

a higher pressure increases the surface concentration
of 1 to facilitate the formation of longer β-sheet fibers.
At this point the PEG chain bound to the peptide
C-terminus can act as a spacer or a cushion between
the β-sheet fibers, thus disturbing excessive, unfavor-
able self-aggregation (leading to amyloid-like or ran-
dom aggregates) even at higher pressure condition. As
a result, the combination of the C-terminal PEG and
a higher surface pressure facilitates the formation of
the β-sheet-based nanostripe pattern with a regular
interval (6 nm average distance between neighboring
stripes).

Characterization of Adenine-Modified Au Nanoparticles. The
preceding nanostripe film was employed for the thy-
mine-modified template. In turn, Au nanoparticles as
an inorganic target were modified with the comple-
mentary adenyl group. The diameter of the nanopar-
ticles must be less than the nanostripe width (6.1 nm)
and the space between neighboring β-strand chains
(4.65 nm). Here Au nanoparticles with a small diameter,
ca. 1 nm, were prepared. Such a particle size was con-
trolled with feed ratios of hydrogen tetrachloroaurate-
(III) (HAuCl4) to the thiol groups of 1-propanethiol (C3)
and 11-mercapto-1-undecanol (C11OH).

27 A wine-red
colloidal solution of adenine-modified Au nanoparti-
cles [Au(Ade)NPs] in chloroform originates from a small
absorption band at 500 nm (Figure 5a). This band is
assigned to the plasmon band of Au nanoparticles,
thus supporting successful synthesis of adenine-coated
Au nanoparticles. The adenyl amount per particle was
also determined to be 0.68mmol/g fromabsorbance at
264 nm of the colloidal solution by using the molar
extinction coefficient of adenosine.28

The size of Au(Ade)NPs was estimated from the
AFM image. As shown in Figure 5b, the nanoparticles
were homogeneously dispersed on amica surface. The
average diameter was estimated to be 1.1 nm from the
height of each particle in the cross section. We calcu-
lated the number of adenyl groups per Au nanoparticle
using eq 1:29

1
6
d3FnπNA � 10�21 molecules=particle (1)

Figure 3. AFM images of the monolayers of 1 transferred onto a mica plate. The transfer process was performed by the vertical
dipping method on upstroke at a surface pressure of 10, 15, or 20 mN/m.

Figure 4. (a) CD and (b) TM-FTIR spectra of 1's LB film onto a
CaF2 plate. The transfers were performed 10 times by the
vertical dippingmethod on up- and downstrokes at 20mN/m.
(b) Broken lines show the peak deconvolution of the amide I
band to β-sheet, R-helix, random coil, and antiparallel β-sheet
conformation.
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where d is the diameter of Au(Ade)NPs in the AFMmea-
surement (1.1 nm); F, the density of gold (19.3 g/cm3);
and n, the amount of adenyl group on the particle
surface (0.68 mmol/g). As a result, 5.5 adenine groups
were introduced into a single nanoparticle. Au(Ade)NPs
obtained here were characterized by a very small particle
size and a sufficient number of adenyl groups, thus being
expected to sit on the thyminyl groups of the template.

Ordered Nanopattern of the Au Nanoparticles on the Peptide
Template. For our purpose, we have attempted to fabri-
cate an ordered nanostructure of the Au(Ade)NPs on
the monolayer template. As seen in Figure 2, the tem-
plate alone, prepared at a surface of 20 mN/m, shows a
regular nanostripe pattern. The peptide template was
immersed into a suspension of Au(Ade)NPs in chloro-
form (2.2 � 10�2 mg/mL) at 20 �C. After being incu-
bated at 20 �C for 1 h, the template was rinsed with
pure chloroform several times. AFM images of the
resultant template are shown in Figure 6a. Au nano-
particles appear to be immobilized on the original
nanostripe pattern. From a cross section analysis, the
average height of the particles was 1.8 nm from the
bottom surface of mica. This value is in good agree-
ment with summation of the height of the peptide
template (0.6 nm) and the diameter of the Au particle
(1.1 nm). Thus the original template structure is not
destructed by immobilization of the nanoparticles.

Figure 6b shows an AFM image of the template pre-
pared through another incubation at a higher tempera-
ture (40 �C for 1 h). Interestingly, the nanoparticles on the
template dramatically decreased, compared to the incu-
bationat 20 �C (Figure6a). Thus the temperature-sensitive
immobilization supports the view that Au nanoparticles
bind to the template through complementary hydrogen
bonding of thymine�adenine pairs. Such multivalent
hydrogen bonds, due to an exothermic process, weaken
at a higher temperature. In fact, thymine�adenine hydro-
gen bondswere broken at 30�35 �C or above in variable-
temperature NMR experiments using model compounds
in solution (for details, see Figure S1).30�32

To shed light on the nucleobase-pairing effect on
the immobilization, Au nanoparticles modified with C3
and C11OH, Au(C3)NPs were prepared. Au(C3)NPs were
used instead of Au(Ade)NPs. The Au(C3)NP template
was prepared through incubation at 20 �C as men-
tioned above. The AFM image (Figure 7a) indicates that
no Au(C3)NPs particles are essentially found on the
peptide template. Moreover, we investigated the com-
bination of Au(Ade)NPs with another peptide, 2, lacking
the thyminyl group in peptide 1: 2, Ac-(Asp-Leu)2-[Asp-
Lys(Ac)]-(Asp-Leu)5-PEG70; Lys(Ac), N

ε-acetyl Lys. The Au-
(Ade)NP template of 2 was also prepared through in-
cubation at 20 �C. TheAFM image (Figure 7b) reveals that
Au(Ade)NPs are not absorbed on the template of 2,
whereas the template itself also shows a nanostripe
pattern. Therefore, successful immobilization of Au(Ade)-
NPs on the template of 1 (Figure 6) is unambiguously
derived from the complementary nucleobase pairing. Ac-
cordingly, the Au particles should be rationally put on
thyminyl positions preorganized on the β-sheet surface.

Figure 8a shows the AFM image of Au(Ade)NPs
immobilized on the template of 1. The incubation for
adsorption of the nanoparticleswas carried out at 20 �C
for 24 h. In comparison with the incubation at 1 h
(Figure 6a), the surface density of the nanoparticles was
greatly increased by the prolonged incubation period.
More interestingly, linear assembly structures of the
nanoparticles were clearly observed here, which ap-
pears to reflect the original stripe pattern of the tem-
plate 1 alone (Figure 8b).

For a more quantitative evaluation, the order para-
meter P2 for linear arrangements of the nanoparticles
was calculated from 2D fast Fourier transform (2D-FFT)
of the AFM image (Figure 8a) to be �0.26: for the
definition of P2, see the Experimental Section. On the
other hand, Au(Ade)NPs alone on mica form large
aggregates (Figure 8c), whose the P2 value was �0.09.
It should be noted that the P2 parameter ranging from
0 to�0.5 takes a larger negative value when objects of
interest are more highly ordered. It is obvious that the
template of 1promotes the ordered state of Au(Ade)NPs.
Furthermore, the P2 value for a nanostripe pattern of
the template of 1 alone was estimated to be �0.27
(Figure 7b). Interestingly, this value is approximately

Figure 5. (a) UV/vis spectrum of Au(Ade)NPs in chloroform.
The concentration of the nanoparticles was adjusted to 1.0�
10�2 mg/mL. (b) AFM image of Au(Ade)NPs in chloroform.
An aliquot of a colloidal solution of Au(Ade)NPs in chloroform
(2.2 � 10�2 mg/mL) was placed on freshly cleaned mica,
allowing the nanoparticles to be adsorbed on its surface.
After the absorption, the excess solution was removed by
absorption onto filter paper.
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equal to �0.26 of the Au(Ade)NPs linearly assembled
on the template (Figure 7a). The significant similarity of

the two P2 values strongly supports that the linear-
assembled structures of Au(Ade)NPs are reproduced by

Figure 6. AFM images of adsorbedAu(Ade)NPson the template of 1. The adsorptionof the nanoparticles on the templatewas
carried out for 1 h at (a) 20 �C and (b) 40 �C, respectively. The blue circle indicates that the Au nanoparticles were immobilized
on a peptide nanofiber.

Figure 7. AFM images of (a) Au(C3)NPs adsorbed on the template of 1 and (b) Au(Ade)NPs adsorbed on the template of 2
having no thymine group.
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the thymine-bound stripe pattern through comple-
mentary nucleobase pairing.

CONCLUDING REMARKS

We here have demonstrated a rational assembly of
inorganic nanoparticles on organic monolayers through
directional site-specific interaction. The adenine-modi-
fiedAunanoparticles, although statisticallydistributedon
a mica surface, can be regularly arranged on a β-sheet-
striped surface that holds thyminyl groups in a position-
specific 2D pattern. The nanoparticles are distributed on
the thyminyl sites preorganized on the β-sheet template
through complementary hydrogen bonding for adeni-
ne�thymine pairs. Consequently, linearly striped assem-
bly structures of the Au nanoparticles are successfully

fabricated in response to the nanostripe pattern of the
thymine-bound template.
As the most striking feature of our method, we can

readily design another β-sheet template tailoring our
desired nucleobase pattern, because the β-sheet back-
bone is a well-defined structure. On the basis of β-sheet
sequence design, standard solid-phase synthesis enables
us to modify the original amino acid sequence to control
the size of the β-sheet template or the thyminyl position.
A variety of such templates offer the corresponding
thyminyl 2D pattern to reproduce a unique Au-assembly
structure. Our method would also control the assembly
structures of two kinds of inorganic materials through
simultaneous use of the other nucleobase pair, guani-
ne�cytosine, as well as the thymine�adenine pair.

EXPERIMENTAL SECTION
Materials. PEG-loaded resin, commercially available from

RAPP Polymers GmbH, was used as a starting material for

solid-phase peptide synthesis. It contains an Fmoc-protected
amino group at one terminal of the PEG chain: for a ratio of
amino group incorporated of 0.24 mequiv/g and for an average

Figure 8. AFM images, their power spectral maps, and azimuthal angular intensity distributions: (a) Au(Ade)NPs assembled
on the template of peptide 1, (b) template of 1 alone, and (c) Au(Ade)NPs adsorbed on a mica plate. The order parameter P2,
calculated from the azimuthal angular intensity distributions, is shown in the corresponding figures. Adsorption of the
nanoparticles on the template of 1 or a mica plate was carried out at 20 �C for 24 h.
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molecular weight of PEG chain of 3080 (number of EG repeating
units, 70). Fmoc-amino acids (Fmoc, 9-fluorenylmethyloxycar-
bonyl) was also purchased: Fmoc-Leu-OH, Fmoc-Asp(OtBu)-OH
(OtBu, tert-butyloxy) and Fmoc-Lys(Mtt)-OH [Lys(Mtt), Nε-
methyltrityl-lysine; Mtt, Nε-methyltrityl].

Synthesis of Ac-[Asp(OtBu)-Leu]2-[Asp-Lys(Mtt)]-[Asp(O
tBu)-Leu]5-PEG70.

Peptide 1, protecting all side-chain functional groups, was syn-
thesized by conventional solid-phase method33 (see Figure S2).
The detailed procedure is as follows.

The PEG-loaded resin (200 mg) was swollen in 5 mL of
dichloromethane (DCM) for 1 day, then rinsed with 5 mL of
dimethylformamide (DMF) three times. Prior to the first con-
densation, the Fmoc groupwas removed by treatment of a DMF
solution containing 20 vol % piperidine. After 1 h, piperidine
was removed by rinsing with DMF. To the resin/DMF mixture
were added Fmoc-amino acid (0.12 mmol) in 3 mL of DMF, 1,3-
diisopropylcarbodiimide (0.36 mmol) in 1 mL of DMF, and
1-hydroxy-7-azabenzotriazole (0.36 mmol) in 1 mL of DMF.
The suspended mixture was shaken for 2 h to couple Fmoc-
amino acid to the amino group in the resin. Then the resin was
rinsed with DMF. Prior to the next condensation, the Fmoc
group was removed in a similar manner to that mentioned
above. The deprotected amino group was coupled with Fmoc-
amino acid, as mentioned above. This deprotection�coupling
process was successively repeated to reach the desired
sequence.

In the final 16-mer sequence, the Fmoc group of N-terminal
Asp(OtBu) was removed as mentioned above. The resultant
N-terminal amino group was acetylated by treatment for 2 h
with a pyridine solution (6 mL) containing 33 vol % acetic
anhydride. Themixture was rinsed with DCM to obtain the resin
possessing the 16-mer peptide.

Synthesis of Peptide 1. The thyminyl group was introduced
into the side chain of Lys as follows. The Mtt group of Lys(Mtt)
was removed with 5 mL of a DCM solution containing 2 vol %
trifluoroacetic acid (TFA), 2 vol % triisopropylsilane, 4 vol %
thioanisol, and 0.6 mL of water for 10 min.34 After rinsing with
DCM, thymine-1-acetic acid was coupled to the Nε-amino group
of Lys, according to amanner similar to coupling of Fmoc-amino
acid in the preceding section. The coupling process was mon-
itored by the 2,4,6-trinitrobenzenesulfonic acid test35 and con-
tinued until the Nε-amino group disappeared.

The 16-mer-bound resin was dried in vacuo and then stored
in an ice bath. To the precooled resin was added a precooled
aqueous solution (10 mL) containing 95 vol % TFA, 8.5%
ethanedithiol, and 5 vol % thioanisol. The mixture stood for 1
h at room temperature to remove all OtBu groups of Asp
residues and to detach the peptide-PEG polymer from the resin.
After the remaining resin was filtered out, the filtrate was
concentrated to a volume of ca. 1�2 mL under reduced
pressure. After precooled diethyl ether (100 mL) was added,
our final product 1 was recovered as precipitates. The product
was checked by 1H NMR spectroscopy (see Figure S3).

The proton integral ratio of (8H, Asp CRH):(8H, Leu and Lys
CRH):(42H, Leu CδH3) was shown to be 7.9:8.1:42, indicating the
successful solid-phase synthesis of the 16-mer peptide. On the
other hand, the fraction of thyminyl group incorporated was
estimated to be ca. 0.36, from the observed ratio of 0.37:0.34:42
for (1H, thyminyl NH):(1H, thyminyl vinyl H):(42H, Leu CδH3).

Preparation of Adenine-Modified Au Nanoparticles. A synthetic
route of Au(Ade)NPs is illustrated in Figure S4. Au(C3)NPs were
prepared. Hydroxyl groups located on the surface of Au(C3)NPs
were used as reaction sites for incorporation of adenyl group. As
shown in Figure S4, Au(C3)NPs were prepared by reduction36 of
HAuCl4 3 4H2O with sodium borohydride (NaBH4) in the pre-
sence of C3 and C11OH. The detailed procedure is as follows.

HAuCl4 was dissolved in 1 L of purewater at [HAuCl4] = 2.0�
10�4 M. To the HAuCl4 aqueous solution was slowly added an
ethanol solution of C3 and C11OH (5 mL each) at [HAu-
Cl4]:[C11OH]:[C3] = 10:3:27. To the solution was added 10 mL
of an ice-chilled aqueous solution of NaBH4 (2 mM; 10 molar
equiv for HAuCl4) with vigorous stirring. After stirring at room
temperature for 1 h, the mixture was concentrated to ca.
100 mL, and then the solution was dialyzed overnight against
1 L of distilled water using a Spectra/Pore molecular porous

membrane tube (Spectrum Medical Industries, Inc., MWMC35-
00). The remaining solution was lyophilized to obtain Au
nanoparticles modified with hydroxyl groups on the surfaces
of Au(C3)NPs.

Au(Ade)NPs were obtained by coupling between adenine
phosphoramidite and hydroxyl groups of Au(C3)NPs,

37 as fol-
lows. Au(C3)NPs (100 mg) were added to adenine phosphor-
amidite (1 g) dissolved in 5 mL of dry acetonitrile (AcCN). To the
suspended mixture was added an AcCN solution of tetrazole
(0.45 M) with vigorous stirring. After being stirred at room
temperature for 2 h, the reaction mixture was diluted with
20mL of purewater, and then the solutionwas lyophilized. After
the remaining solution was dried, the resultant nanoparticles
were suspended in a 0.02 M iodic aqueous solution containing
tetrahydrofuran and pyridine, and the suspended mixture was
stirred for 2 h to oxidize the phosphite to phosphate. After
addition of 6 mL of purified water, the suspended mixture was
dialyzed until iodine was completely removed. After lyophiliza-
tion, the corresponding nanoparticles were obtained.

The nanoparticles were dispersed in 10mL of AcCN solution
containing 3 vol % of trichloroacetic acid (0.02 M), and the
suspension was stirred for 2 h to remove the 4,40-dimethoxy-
trityl protecting groups of the 50-hydroxyl group of deoxyade-
nosine. After evaporation, the residue was stirred for 24 h with
5 mL of an aqueous solution containing 28 wt % ammonia and
5 mL of 1,4-dioxane to remove the benzyl protecting group of
the adenine moiety and the β-cyanoethyl protecting group of
phosphate moiety. After addition of pure water, the suspension
was dialyzed overnight as mentioned above and then lyophi-
lized to obtain adenine-modified Au nanoparticles. The crude
product was purified through silica gel column chromatogra-
phy using AcCN as eluent. The first elution fraction was col-
lected and concentrated to ca. 10 mL, and then 90 mL of
purified water was added. The suspension was lyophilized to
obtain the final adenine-modified Au nanoparticles.

Measurements. Surface Pressure�Area Isotherms. π�A iso-
therms of peptides 1 and 2 monolayers were recorded on a
Filgen NL-BI040-MWCT instrument by using a LB film balance.
Milli-Q-treatedwater was used as the subphase, of which the pH
was adjusted to 2.8 by addition of hydrogen chloride. Each
peptide sample was dissolved in benzene at 0.1 mg/mL. A small
amount of the peptide solution was delivered to the water
surface with a microsyringe. The corresponding π�A isotherms
at a compression rate of 5 mm/min were taken under the
subphase at 25 �C.

Spectroscopic Measurements. UV/vis absorption spectra of
Au(Ade)NPs and Au(C3)NPs in chloroform were recorded on a
Jasco V-550 spectrophotometer. The conditions are as follows:
ambient temperature; optical path length, 10 mm; Au concen-
tration, 11 mg/L.

The CD spectrum of 1's LB films was measured on a Jasco
J-820K spectropolarimeter. Ten-layered LB films were trans-
ferred onto a CaF2 disk by a vertical dippingmethod at a surface
pressure of 20 mN/m.

Themolar ellipticity [θ] of the peptide LB filmwas calculated
by

[θ] ¼ θANA

nl
� 10�19 deg cm2=dmol

where θ [deg] is the ellipticity; A [nm2/molecule], the surface
area per molecule at a surface pressure of 20 mN/m; n, the total
number of amino acid residues in 1 (16); l, the number of LB
layers (10); and NA, Avogadro's constant. CD spectra were
recorded at room temperature in a region of 260 to 190 nm,
with an integration number of 64.

TM-FTIR spectra of 1's LB films were recorded at room
temperature on a Perkin-Elmer Spectrum 2000 spectrometer
by using a mercury�cadmium�tellurium detector (resolution,
4 cm�1; number of scans, 2048). The LB sample used in the
preceding CD measurement was used here. The obtained
spectra in the region 1800�1500 cm�1 were computationally
resolved into individual absorption bands with a Gaussian/
Lorentzian (9:1 ratio) function through curve fitting of experi-
mental ones. 1H NMR spectra were recorded on a Bruker DPX-
200 spectrometer (200 MHz).
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Microscopic Measurements. The particle sizes of Au(Ade-
)NPs and Au(C3)NPs were estimated from AFM observation. An
aliquot of a suspended chloroform solution of these nanopar-
ticles was placed on a freshly cleaved mica surface at room
temperature in a clean chamber. Each nanoparticle can be fully
adsorbed onto the mica surface. Here an excess of the sus-
pended solution on the surface was removed with filter paper.
AFM images were observed on a Nano Scope IV instrument
(Veeco Instruments) at a scanning speed of 1 Hz for the line
frequency by using silicon cantilevers (125 μm in length; 12 nm
tip radius).

The morphologies of the peptide template only and of Au
nanoparticles adsorbed on the template were observed by AFM
measurement. Peptide 1's LB monolayers dispersed on an
aqueous surface were transferred onto a freshly cleaved mica
surface through a vertical dipping method with upstroke at a
surface pressure of 10, 15, or 20 mN/m.

Au nanoparticles were adsorbed onto the peptide template
prepared at a surface pressure of 20 mN/m. The peptide
template was immersed into a chloroform suspension of Au
nanoparticles at 20 or 40 �C. After incubation for 1 or 24 h, the
template was rinsed with chloroform several times. An ampli-
tude ratio of tip oscillation of 0.8 and higher was used to avoid
damaging the sample. All original images were sampled at a
resolution of 1024 � 1024 points.

To quantify orientations of the peptide lane and nanopar-
ticle, we used an order parameter P2, which can be calculated
from 2D-FFT of the original AFM image.38,39 P2 is derived from

P2 ¼ 3Æcos2 φæ � 1
2

( � 0:5eP2e0)

Æcos2 φæ ¼

Z π

0
dφ(Iq(φ) 3 cos

2(φ) 3 jsin(φ)j)Z π

0
dφ(Iq(φ) 3 jsin(φ)j)

0ecos2 φe
1
3

� �

P2 ranges from�0.5 to 0, where P2 =�0.5 is perfectly oriented.
The angle j quantifies the in-plane direction, with j = 0�
corresponding to the direction perpendicular to a slow scan
axis of the AFM probe. The size of the AFM image was adjusted
to 500 � 500 nm2 as an efficient size for peptide nanopattern,
and the “flatten image processing” was carried out with Nano-
scope 6.11.r1 software. The power spectral map was also
calculated through 2D-FFT of the AFM image, and the azimuthal
angular intensity distributions were plotted on the power
spectrum against angle j ranging from 0� to 180�.

Supporting Information Available: Variable-temperature
NMR data of a pair of thyminyl and adenyl compounds; syn-
thetic scheme of peptide 1 and adenine-modified Au particles;
1H NMR spectrum of peptide 1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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