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The superior physical properties of nanomaterials have
stimulated the construction of complex architectures for use
as nanometer-scale devices. Two major approaches—top-
down and bottom-up assemblies—have been applied in the
fabrication of these architectures. Top-down fabrication has
been used for a longer time in microfabrication and is still a
major technique for the production of electronics and optics;
this process requires the creation of nanoscale patterns at
precise positions.[1,2] Further miniaturization with the top-
down approach is limited by the spatial resolution of
lithography; its use in nanofabrication is also not cost-
effective. The bottom-up fabrication overcomes these
demands by achieving nanofabrication in high spatial reso-
lution with cost-effective and robust self-assembly,[3–9] how-
ever, the difficulty of precisely immobilizing nanoscale
building blocks limits its practical application. Therefore,
the combination of top-down and bottom-up fabrications
could integrate advantages of both techniques to create
nanoscale architectures with the precise and robust fabrica-
tion of nanoscale building blocks on substrates.[10–24]

Herein, we combine top-down and bottom-up fabrications
to grow arrays of monodisperse Au nanoparticles (AuNPs) on
peptide lines patterned on substrates. Top-down fabrication
was used for the patterning of peptides that can effectively
mineralize AuNPs, bottom-up fabrication was then applied to
grow AuNPs on the underlying peptide lines to produce an
array of AuNP lines with high monodispersity. Although
arrays of NP lines have previously been grown on peptides
patterned by microfluidics or holograms,[10, 11] our method
could dramatically reduce the particle size on the peptide
array to 5 nm in diameter. Another advantage of our
integrated technique is its simplicity in dictating the number
of AuNP lines on substrates; the number of AuNP lines was
simply determined by the width of the mineralizing peptide
lines that were patterned by nanolithography. We observed

that the number of lines of close-packed AuNPs increased
proportionally as the patterned lines of the mineralizing
peptides became wider. This is one of the simplest methods to
fabricate large-scale arrays of monodisperse nanoparticles
that have a line width of less than 10 nm.

To develop arrays of AuNP-aligned wires, the gold-
mineralizing HRE peptide (AHHAHHAAD)[25, 26] was first
patterned in a series of lines on an Au substrate by nano-
lithography (Figure 1a–c). Au nanoparticles were then grown
on this peptide array pattern by biomineralization (Fig-

ure 1d). After the Au substrate was incubated overnight with
(2-(2-(2-(11-mercaptoundecyloxy)ethoxy)ethanol (MUEE,
SHC11H22(OCH2CH2)3OH) to form the protective self-assem-
bled monolayer (SAM) that resists the nonspecific binding of
peptides, a silicon atomic force microscope (AFM) cantilever
was used as a pen to draw trenches by removing the MUEE
SAMs from the Au substrate (Figure 1b). After the formation
of trenches was confirmed by AFM imaging (Figure 2a), we
immobilized 16-mercaptohexadeconic acid (MHA, a coupling
agent that binds HRE peptides) in the trenches on the Au
surface over a 12 hour incubation period, and then the HRE
peptide was covalently bound to MHA in the trenches by
using the 1-ethyl-3-(3-dimethylaminopropyl)-1-carbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) coupling
reaction (Figure 1c). After incubating the resulting substrate
in HAuCl4 for 24 hours, the Au ions on the HRE peptide were
reduced with NaBH4 for 2 hours in order to grow AuNPs on
the HRE peptide lines (Figure 1d).

To study the correlation between the morphology of the
AuNP arrays and the width of the mineralizing peptide lines,
three different trench sizes (12 nm, 18 nm, and 32 nm) were
prepared. The accurate measurement of the particle size and
trench width are critical for this study, however these values
cannot be reliably determined from AFM images because the

Figure 1. Growth of Au nanoparticle wires on Au substrates by
mineralizing Au nanoparticles on the underlying HRE peptide array.
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radius of the AFM tip is comparable to the size of the AuNPs.
Since the particle radius was less than 4 nm from the height
profile and the radius of the AFM tip was 15 nm, we applied
the Zenhausern model to calibrate the scales in the x- and y-
directions in all AFM images.[27] The Zenhausern model,
which is one of the simplest quantitative evaluation methods
to determine the dimensions of nanoscale features on
surfaces, is especially suitable when the shape profile of the
nanoscale objects is round and the radius of the nanoparticle
is smaller than the radius of AFM tip.[28]

The diameter of the AuNPs in the trenches was found to
be 5 nm when the same concentrations of HAuCl4 and NaBH4

were applied to trenches of different widths (Figure 2).
However, the number of AuNP lines in each trench varied
and increased as the HRE peptide lines widened. For
example, when the peptide lines of 12 nm width were
incubated with the Au precursor and the reducing agent,
two lines of AuNPs of 5 nm diameter were grown on the
peptide lines (Figure 2 b). The section analysis of this trench
in Figure 2 b also shows two peaks, which correspond to the
two AuNPs on the peptide lines. These AuNPs were close-
packed and ordered, and the number of AuNP lines was
proportional to the trench size. Three lines of AuNP wires
were observed when the width of the peptide lines was
increased to 18 nm, the corresponding section analysis also

shows three peaks for those particles (Figure 2 c). The number
of AuNPs apparently increased further when the width of the
peptide line was expanded to 32 nm as the corresponding
section analysis indicates that five AuNP lines were formed in
the 32 nm trenches (Figure 2d).

We hypothesized that the formation of AuNP arrays is
controlled by the HRE peptide on the substrates. To confirm
this hypothesis, we carried out a control experiment to reduce
Au ions with the same reducing agent on the patterned Au
substrate, but without conjugating the HRE peptide to the
MHA SAMs in the trenches. Without the HRE peptides, no
AuNPs were grown in the trenches (see the Supporting
Information). In this control experiment, fewer AuNPs were
observed in the background of the substrate (that is, non-
trench regions), which indicates that the AuNPs in the
background in Figure 1b–d arise from the contamination of
the HRE peptide attached to the MUEE SAM. These results
support the hypothesis that the HRE peptides are necessary
to grow AuNPs in the trenches. As the AuNP size did not
change and the number of lines increased as the peptide line
width increased, we investigated the influence of the concen-
trations of both the peptide in the trenches and the Au
precursors on the particle size and/or the number of AuNP
lines. For example, MUEE or 16-mercaptohexadecane was
introduced as a spacer in the trenches to reduce the
concentration of HRE peptides on the surface. However,
the growth of the AuNP lines was only observed in the
trenches when the HAuCl4 concentration was 0.1 mm and the
spacers were not applied. The growth of metal nanoparticles
on organic layers reflects complex factors such as the charge
distribution on surfaces, the affinity of the peptide for metal
ions, the precursor concentration, and the surface topol-
ogy.[29, 30] The growth conditions here seem to satisfy the ideal
condition for the AuNP line formation, but unfortunately the
exact mechanism for the growth of the close-packed AuNP
lines from these complex conditions is still not well under-
stood at this point. Since the HRE peptide contains many
amino acids that bind strongly to Au ions, the fast nucleation
of Au on the peptide lines could also contribute to the
uniformity of the resulting Au NPs regardless of the line
width. The topology of the trench is highly likely to be
concave when the AFM tip scrapes the substrate for the
nanolithography of the trench because of the tip shape, and
the precise alignment of AuNPs along the trench direction
could be assisted by the V-shaped cross section of the trench
that results from the nanolithography process.

In conclusion, we have successfully demonstrated the
fabrication of AuNP lines by mineralizing AuNPs on the HRE
peptides that are patterned as line arrays by AFM nano-
lithography. The number of lines of AuNPs in the peptide-
filled trench was simply determined by the width of the
underlying gold-mineralizing HRE peptide patterns on the
substrates. In the traditional fabrication of an monodisperse
nanoparticle array, separately synthesized nanoparticles need
to be assembled on substrates where binding motifs for
capping ligands of nanoparticles are patterned.[31] Our
biomineralization nanolithography approach reduces the
number of fabrication steps for the nanoparticle-array
formation by the direct growth of nanoparticles on substrates,

Figure 2. a) Top: AFM image of trenches patterned by AFM-based
nanolithography. Bottom: Section analysis of the trench along the
solid line. b) Top: AFM image of Au nanoparticles grown in the
trenches of 12 nm width filled with HRE peptides. Bottom: Section
analysis of the trench along the solid line. c) Top: AFM image of Au
nanoparticles grown in the trenches of 18 nm width filled with HRE
peptides. Bottom: Section analysis of the trench along the solid line.
d) Top: AFM image of Au nanoparticles grown in trenches of 32 nm
width filled with HRE peptides. Bottom: Section analysis of the trench
along the solid line. Scale bar: 80 nm.
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and the dimension of the lines could be reduced to less than
10 nm because of the mineralization function of peptides. The
writing of AuNP lines by nanolithography could be applied to
electronic components in the complicated designs of logic
gates, and the fabrication of line arrays of the monodisperse
nanoparticles could be useful in the fabrication of advanced
photonic devices. The combination of biomineralization and
nanolithography has a unique advantage in the creation of
complex device geometries. The types of assembled nano-
particles can be expanded to semiconducting nanomaterials
as various peptides were recently reported to behave as
nanoreactors, which could catalyze semiconductor nanopar-
ticle growths at room temperature.[32]

Experimental Section
Materials: EDC, NHS, 2-mercaptoethylamine, MHA, octadecano-
thiol, and HAuCl4 were obtained from Aldrich, annealed gold
substrates from Molecular Imaging, silicon substrates from Virginia
Semiconductors, MUEE from SensoPath, HRE peptide (AAHAA-
HAAD) from Genescript, and Si3N4 AFM tips were purchased from
MikroMasch.

Nanolithography: An array of the HRE peptide on Au substrates
was patterned with AuNPs in the following sequence: Firstly, MUEE
(1 mm, 2 mL) was self-assembled on Au substrates in 99 % ethanol at
room temperature for 12 h to prevent nonspecific binding of the HRE
peptide (Figure 1a). When the substrate was taken out of the MUEE
solution, it was diluted between five- and tenfold with ethanol and
removed quickly to avoid multilayer formation. Then, an AFM
cantilever was used as a pen to remove the SAM of MUEE to form
trenches by the AFM nanolithography process (Figure 1b). Before
writing the trenches, the substrate was washed three times with
ethanol. After drying the resulting substrate in a stream of nitrogen,
an array of trenches was written by removing the thiol SAMs by using
the AFM tip. The nanolithography was carried out in air with a tip
force of 1–3 mN in the contact mode with the scanning speed of
1 mms�1. In the next step, the substrate was immersed in 16-
mercaptohexadecanoic acid (MHA)/ethanol solution (2 mL, 1 mm)
overnight to assemble MHA molecules on the shaved trenches by
thiol–gold interactions (Figure 1d). The substrate was taken out of
the solution quickly after dilution with ethanol in the same manner as
the MUEE SAM formation, in order to reduce multilayer deposition.
After washing with ethanol and drying, the resulting substrate was
incubated in an aqueous solution of NHS (50 mm, 1 mL) and EDAC
(200 mm) for 15 min to form a covalent bond between the HRE
peptide and the carbonyl group of MHA. The substrate was rinsed
with ethanolamine (10 mm) and MES buffer (0.1m) thoroughly, and
then immersed in AAHAAHAAD HRE peptide (1 mgmL�1, 1 mL)
in a phosphate-buffered saline (PBS) solution (pH 7.4) for 12 h at
4 8C. After the substrate was passivated with a solution of ethanol-
amine (10 mm, 2 mL), it was rinsed with PBS buffer and then
incubated in HAuCl4 (0.1 mm, 3 mL) for one day. NaBH4 (1%, 30 mL)
was then added to reduce the Au ions and grow AuNPs on the HRE
layer in the trenches. The substrate was removed from the growth
solution after incubating for two hours and was rinsed with water
upon removal. Finally, the substrate was dried in a stream of nitrogen
gas. The topology of the resulting substrates was examined by AFM in
tapping mode.
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