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Abstract: A new biological approach to fabricate Au nanowires was examined by using sequenced peptide
nanotubes as templates. The sequenced histidine-rich peptide molecules were assembled on nanotubes,
and the biological recognition of the sequenced peptide selectively trapped Au ions for the nucleation of
Au nanocrystals. After Au ions were reduced, highly monodisperse Au nanocrystals were grown on
nanotubes. The conformations and the charge distributions of the histidine-rich peptide, determined by pH
and Au ion concentration in the growth solution, control the size and the packing density of Au nanocrystals.
The diameter of Au nanocrystal was limited by the spacing between the neighboring histidine-rich peptides
on nanotubes. A series of TEM images of Au nanocrystals on nanotubes in the shorter Au ion incubation
time periods reveal that Au nanocrystals grow inside the nanotubes first and then cover the outer surfaces
of nanotubes. Therefore, multiple materials will be coated inside and outside the nanotubes respectively
by controlling doping ion concentrations and their deposition sequences. It should be noted that metallic
nanocrystals in diameter around 6 nm are in the size domain to observe a significant conductivity change
by changing the packing density, and therefore this system may be developed into a conductivity-tunable
building block.

Introduction

There has been much interest lately in ordered two- and three-
dimensional device fabrications by using nanowires as building
blocks.1-7 Those nanowires with various electronic transport
properties can be synthesized in various phases with a variety
of chemical methods, depending upon the materials used to form
nanowires. While those nanowires have selectively been used
as building blocks for specific device configurations, it would
be practical if we can fabricate nanowires with various electrical
properties in one simple method.

Nanocrystals are the materials that can tune their electronic
structures via their size and morphology.8-10 When the coupling
strength of overlapped wave functions between neighboring
nanocrystals is tuned by compressing the lattice of nanocrystals,
the range of tuning the electronic structures is considerable
because the overlap depends exponentially on the interdot
distance and the size.11,12On the basis of this principle, various

nanocrystals have been demonstrated to tune electrical, mag-
netic, and optical properties by controlling the size and the
packing density of nanocrystals on planar surfaces.13-27 The
electronic structures of nanocrystals were also controlled by their
shapes.28-30 If nanocrystals can be formed into the nanowire
geometry in controlled diameters and packing densities, one may
be able to produce nanowires with tunable electrical properties
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from one type of nanocrystal. Because one synthetic method
can be applied to form one type of nanocrystal and the size of
nanocrystal can be controlled kinetically in the same synthetic
method,31,32 this proposed approach will allow us to produce
nanowires with various electrical properties in one simple
synthetic method. This outcome may also be important to
engineer nanoscale electronic devices such as quantum comput-
ers from nanocrystals.33

One of the straightforward approaches to form nanocrystals
into the nanowire geometry is to use template nanowires to grow
nanocrystals on the nanowire surfaces. While nanocrystals can
separately grow in solution and then mix with template
nanowires to anchor nanocrystals onto nanowire surfaces via
chemical interactions between capping ligands of nanocrystals
and template nanowires,34 it would be desirable to grow
nanocrystals directly on nanowires in a simpler fabrication
procedure. The difficulty for the one-step synthetic approach is
to control the size and the density of nanocrystals on nanowire
surfaces.

Biological systems control mineralizations and nanocrystal
synthesis of various metals in the exact shapes and sizes with
high reproducibility and accuracy.35-40 Therefore, it is a logical
approach to use biological nanotubes as templates to grow
monodisperse nanocrystals on the nanowires via biominer-
alization.41-47 Nanocrystal synthesis via biomineralization was
so efficient that contamination with various precipitates was
reduced significantly as compared to conventional electroless
coating processes.45 This feature is important because the
contamination makes reproducible electronic transport and
absorption measurements problematic.48-50

Histidine-containing peptides have been studied extensively
because their high affinities to metal ions damage central
nervous systems by altering peptide conformations into abnormal
forms via histidine-metal complexation and this protein
deformation may cause Parkinson’s and Alzheimer’s diseases.51

It is advantageous to apply a nanotube-form of the sequenced
histidine-rich peptides as a template for metallic nanowire
synthesis because specific sequences of peptides mineralize

specific metals/semiconductors to produce highly crystalline
nanocrystals.39 Another advantage is that peptide conformations
and charges on nanotubes control the size and the packing
density of nanocrystals.45,52-55 In our previous publication, the
sequenced histidine-rich peptides were formed into nanotubes
by immobilizing them on template nanotubes.45 The template
nanotube, whose structure is shown in Figure 1a, is self-
assembled from small bolaamphiphile peptide monomers (Figure
1b) in NaOH/citric acid solution via three-dimensional inter-
molecular hydrogen bonds among the monomers.56-58 This
template nanotube is programmed to immobilize biological
molecules such as DNAs, peptides, and proteins at free amide
sites of the sidewall via hydrogen bonding (Figure 1c).59

We have also demonstrated that an immobilized histidine-
rich peptide, whose sequence is A-H-H-A-H-H-A-A-
D, can mineralize Au nanocrystals on the nanotubes in the
uniform size distribution.45 The fabrication process is illustrated
in Figure 2. Briefly, Au ions are captured by imidazole and
amine groups of the sequenced peptides on the nanotubes
(Figure 2b), and then the trapped Au ions in the peptides
nucleate Au nanocrystals after reducing those ions by hydrazine
hydrate (Figure 2c). Au nanocrystals grown on the nanotubes
were highly monodisperse, and their average diameter was 6
nm. This system has potential to control the size and the packing
density of nanocrystals on nanotubes by simply adjusting
external experimental conditions such as pH, temperature, and
ion concentration because immobilized peptides on nanotubes
may have freedom to undergo the conformation change by
changing the experimental conditions, which determines the
nanocrystal size and the packing density.54

To examine this hypothesis, we studied the correlations
between the growth conditions such as pH and ion concentra-
tions and the size/packing density of Au nanocrystals grown
on the sequenced histidine-rich peptide nanotubes. Both the ion
concentration and the pH of the growth solution could be used
to control the packing density of Au nanocrystals on the
nanotubes, while the diameter of Au nanocrystals was always
6 nm, independent of the growth conditions. The mechanism
to control the size and the packing density of nanocrystals on
the nanotubes via the conformations and the charge distributions
of the sequenced peptide is described in the Discussion section.
It should be noted that metallic nanocrystals 6 nm in diameter
are in the size domain to observe a significant conductivity
change by changing the packing density, and therefore this
system may be useful as a conductivity-tunable building block.13

Experimental Section

First, bis(N-R-amido-glycylglycine)-1,7-heptane dicarboxylate mol-
ecules (10 mM) were self-assembled into template nanotubes in a pH
5.5 citric acid/NaOH solution. Details of the heptane dicarboxylate
synthesis and the heptane dicarboxylate nanotube self-assembly are
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described elsewhere.56 After the template nanotubes were washed with
deionized water several times, a 1 mLsolution of the template nanotube
was mixed with a 1 mLsolution of a sequenced histidine-rich peptide,
A-H-H-A-H-H-A-A-D (2 µmol), in Tris buffer (0.1 M, pH
8.6) for 24 h to immobilize the histidine-rich peptide onto the nanotubes.
This histidine-rich peptide was sequenced by Applied Biosystems
Peptide Synthesizer 432A and purified with Beckman 110 HPLC with
the C-18 reverse phase column at the CUNY Gene Center. After the
histidine peptides were immobilized on the nanotube surfaces, citric
acid (1 M) and NaOH (1 M) were added to the solution to adjust pH’s
in the range of 4-11.5. To grow Au nanocrystals on the histidine-rich

peptide nanotubes, 5 mg of trimethylphosphinchlorogold salt (ClAuPMe3)
was mixed with the histidine-rich peptide nanotube solution (4 mL) in
the dark at room temperature. The incubation time of Au ion was varied
to control the Au ion concentration on the nanotubes between 5 h and
20 days. Next, 50µmol of a reducing agent, hydrazine hydrate (2 M),
was added to grow Au nanocrystals on the nanotubes. Transmission
electron microscopy (TEM) was applied to resulting Au nanotubes in
the dark field mode on a PHILLIPS CM-100 microscope operating at
80 keV. For the investigation, the nanotube solutions were dropped
onto carbon coated copper grids and were allowed to dry gradually at
room temperature.

Figure 1. (a) TEM image of the template nanotube. (b) Chemical structure of peptide bolaamphiphile monomer. (c) Chemical structure of the template
nanotube from the monomer (b). The template nanotube surface has free amide groups (shown by arrows and yellow squares) to immobilize biological
molecules on the nanotube surfaces.

Figure 2. Scheme of the Au nanowire fabrication. (a) Immobilization of the sequenced histidine-rich peptide at the amide binding sites of the template
nanotubes. (b) Au ion immobilization on the sequenced histidine-rich peptide. (c) Au nanocrystal growth on the nanotubes nucleated at Au ion-binding sites
after reducing Au ions with hydrazine hydrate.

Au Nanocrystal Growth on Nanotubes A R T I C L E S
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Results

The Influence of pH upon Au Nanocrystal Growth on
Nanotubes. To understand the influence of pH upon Au
nanocrystal growth on the sequenced histidine-rich peptide
nanotube, the precursor Au ion, ClAuPMe3, was immobilized
on the histidine-rich peptide nanotubes by incubating it in the
nanotube solution for 10 days at various pH’s before reducing
with hydrazine hydrate. Hydrazine hydrate, one of the weaker
reducing agents, was found to produce most monodisperse
nanocrystals among various reducing agents. When Au ions
were incubated in the nanotube solution between pH 4 and pH
8, the size of Au nanocrystals was 6 nm in diameter, and the
packing density was 43% in area after reducing the Au ion-
nanotube solutions (Figure 3).60 Below pH 4, the sequenced
peptide precipitated without coating the nanotubes, and therefore
no Au nanocrystals were observed on the nanotubes. Figure 4a
is a TEM image of Au nanocrystals on the nanotube by
incubating the Au ion at pH 8. The inset of Figure 4a, the TEM
image in higher magnification, shows that the shape of Au
nanocrystals is isotropic and those nanocrystals are also highly
monodisperse. A striking difference in the nanocrystal distribu-
tion was observed when the Au ions were incubated at pH’s
higher than 9. When Au ions were incubated in the pH range
between 9 and 11.5, the packing density of Au nanocrystals
was 78% in area (Figure 3), which is much higher than the
packing density observed in the pH< 9 solutions, while the
diameter of Au nanocrystals remained constant at 6 nm in the
entire pH range examined in this study. Figure 4b shows a TEM
image of Au nanocrystals on the nanotube by incubating the
Au ion at pH 11.5. The magnified TEM image, the inset of
Figure 4b, reveals the higher packing density of Au nanocrystals
on the nanotube as compared to the packing density observed
in the inset of Figure 4a.

The Influence of Au Ion Concentration upon Au Nano-
crystal Growth on Nanotubes. Au nanocrystals were also
grown on the sequenced histidine-rich peptide nanotubes in

various precursor Au ion concentrations at pH 8, and the size
and the packing density of Au nanocrystals were monitored after
reducing those growth solutions. The relative concentration of
the Au ion, ClAuPMe3, on the nanotubes was controlled by the
ion incubation time in the growth solution.61 It means that the
longer Au ion incubation corresponds to the higher relative
concentration of Au ions on the nanotubes. When the nanotubes
were incubated with the Au ions for 12 days, Au nanocrystals
were grown to 6 nm in diameter, and the packing density was
54% in area (Figure 5a). The packing density of Au nanocrystals
was reduced to 18% as the ion incubation time was shortened
to 4 days (Figure 5b). While the packing density was consider-
ably decreased with the 4 day-ion incubation, the size of Au
nanocrystals still remained constant at 6 nm in diameter. The
packing density further declined to 9% in area with no
nanocrystal size change when the Au ion was incubated for 2
days (Figure 5c). The packing density of Au nanocrystals was
observed to be proportional to the Au ion incubation time, as
shown in Figure 6. There was no further change in the packing
density of Au nanocrystals over 12 days.

While a series of TEM images were analyzed to understand
the trend in Au nanocrystal growth on the nanotube in various
Au ion concentrations, it was also interesting to observe darker
cores within the central region of the nanotubes in those TEM
images as shown in Figure 5a-c. The darker contrast may be
observed due to the Au nanocrystal growth inside the template
nanotubes. To confirm this hypothesis, the incubation time of
Au ion was further reduced to 5 h. Under this condition, few
Au nanocrystals were observed on the outer surface of the
nanotube, but the dark region in the core of the nanotube still
appeared in the TEM image in Figure 5d. If the core of the
nanotube is completely hollow, the contrast inside the nanotube
should appear as a lighter color, as shown in the TEM image
of the neat template nanotube (Figure 1a). Therefore, when the
lower concentration of Au ion was incubated onto the nanotubes,
Au nanocrystals were grown only inside the nanotubes.

To confirm that the sequenced peptide is responsible for the
regulations of the size and the packing density of Au nano-
crystals, TEM images of Au coatings on the template nanotubes
in the same experimental conditions without the sequenced
histidine-rich peptide were compared to the ones with the
histidine-rich peptide on the nanotubes. Figure 5e is a TEM
image of Au nanocrystals grown without the histidine-rich
peptide after incubating Au ions at pH 8 for 4 days. Au
nanocrystals grown in this condition were polydisperse in the
diameter range between 5 and 50 nm, while Au nanocrystals
grown with the histidine-rich peptide were monodisperse in a
diameter of 6 nm (Figure 5b). When Au ions were reduced
without the histidine-rich peptide after incubating Au ions in
the pH 8 solution for 12 days, Au nanocrystals were no longer
observed, and the Au coating became continuous on the
nanotube as shown in Figure 5f. In the same experimental
condition with the histidine-rich peptide, Au nanocrystals were
still monodisperse on the nanotubes, as shown in Figure 5a.

Discussion

When the template nanotubes were coated with Au without
the sequenced histidine-rich peptide on the nanotube surfaces,
Au nanocrystals were polydisperse (Figure 5e). After the longer(60) Packing density of Au nanocrystals on nanotubes was calculated as (total

area of Au nanocrystals)/(total area of nanotube surface)× 100. The areas
were determined by TEM images of Au nanocrystals on the outer surfaces
of nanotubes. (61) Forster, S.; Antonietti, M.AdV. Mater. 1998, 10, 195.

Figure 3. The correlation between the packing density of Au nanocrystals
and pH of the growth solution.
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ion incubation time period without the sequenced peptide, Au
coated the entire nanotube surface continuously (Figure 5f). In
the same experimental conditions with the histidine-rich peptide,
monodisperse and discrete Au nanocrystals 6 nm in diameter
were observed on the nanotube surfaces (Figure 5a and 5b).
These comparisons indicate that the sequenced histidine-rich
peptide regulates the size distribution of Au nanocrystals on
the nanotubes.

As shown in Figures 4 and 5, both the pH change and the
Au ion concentration change in the growth solutions have no
effect on the size of Au nanocrystals grown on the histidine-
rich peptide nanotubes. Under those condition changes, Au
nanocrystals were always observed as being 6 nm in diameter.

The size change and the morphology change of nanocrystals
are expected to be observed when the mineralizing peptide
molecules undergo conformation changes.54 Since the pH change
alters peptide-ion interactions, mainly due to the charge
distribution changes in electron donor groups of peptides,51 the
altered interactions between peptides and ions induce the
chemical structure change of the ion-peptide complexes, which
determines the size and the morphology of nanocrystals after
reducing those ions. Because the size change of Au nanocrystals
on the nanotubes was not observed in Figure 4, it indicates that
there is no major conformation change of the sequenced
histidine-rich peptide molecules on the nanotubes in the pH
range examined in this study. The rigidness of the peptide

Figure 4. TEM images of Au nanocrystals on the sequenced histidine-rich peptide nanotubes grown by reducing the Au ion-nanotube solution after
incubating Au ions for 10 days at (a) pH) 8 and (b) pH) 11.5. Insets show the TEM images in higher magnification.

Figure 5. TEM images of Au nanocrystals on the sequenced histidine-rich peptide nanotubes grown by reducing the Au ion-nanotube solution (pH 8) after
incubating Au ions for (a) 12 days, (b) 4 days, (c) 2 days, and (d) 5 h. TEM images of Au grown on the template nanotubes in the same experimental
conditions without the sequenced histidine-rich peptide are also shown in (e) 4 day- and (f) 12 day-ion incubations.

Au Nanocrystal Growth on Nanotubes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 19, 2003 5877



backbones on the nanotubes was also supported by Raman
spectroscopy. While the C-N stretch and the Au-N stretch
modes (1261 and 1430 cm-1) are sensitive to the peptide
conformational changes via aggregations,62,63no frequency shifts
of the peptide vibrations including those modes were observed
among different pH solutions (Supporting Information). The size
of Au nanocrystals, 6 nm in diameter, is consistent with the
spacing of histidine-rich peptide molecules on the nanotubes.
The periodicity of amide groups on the nanotubes to bind the
histidine-rich peptides is 6.4 nm in distance,56 and this peptide
spacing seems to determine the size of Au nanocrystals.54 As
illustrated in Figure 7, the sequenced histidine-rich peptide
molecules on the nanotubes likely trap Au nanocrystals and limit
their growth to 6 nm in diameter. Generally, peptides with
greater degrees of rotational freedom in the peptide backbone
can trap and grow a variety of nanocrystal sizes.64 The

sequenced peptide used in this report may be too rigid to produce
various nanocrystal sizes on the nanotube surfaces.

The packing density change of Au nanocrystals via the pH
change in the growth solution is explained by electron donor
groups in the sequenced peptide.51 In the lower pH range, the
imidazole of the histidine residue binds Au ions strongly. In
the higher pH range, the amine of the alanine residue can donate
electrons and anchor Au ions, while the imidazole groups still
bind Au ions. More binding sites are available to anchor Au
ions in the higher pH range, and therefore the higher density of
the nucleation sites for Au nanocrystals results in the less defects
and the higher packing density of the Au nanocrystals on the
nanotubes. Generally, the metal ions bind amine sites of
histidine-rich peptides in the pH range between 7 and 10,51

which is consistent with our observation that the significant
change in the packing density of Au nanocrystals occurred at
pH 9.

It is reasonable to observe the increase in the Au nanocrystal
packing density with the higher Au ion concentrations on the
nanotubes due to the larger number of nucleation seeds for Au
nanocrystal growth. Therefore, the decrease of Au nanocrystal
packing density was observed when the Au ion incubation time
was reduced. Over 12 days, the increase in the packing density
of Au nanocrystals was no longer observed, and it indicates
that the binding sites on the histidine-rich peptide nanotubes
are saturated after incubating Au ions for 12 days. It is
interesting to observe that the Au nanocrystals were also grown
inside the nanotubes and we could limit the Au nanocrystal
growth only inside the nanotubes when the Au ion incubation
time was reduced to 5 h. This observation suggests the coating
mechanism that the Au nanocrystals grow inside the nanotubes
first and then grow on the outer surfaces, as illustrated in Figure
8. We do not clearly understand this growth mechanism, while
this outcome indicates that multiple materials can be coated
inside and outside the nanotubes, respectively, which is very
useful to design complex nanometer-scaled devices.

Conclusion

A sequenced histidine-rich peptide, A-H-H-A-H-H-A-A-D,
was immobilized on the template nanotube surfaces, and this
peptide regulated the size and the packing density of isotropic
Au nanocrystals on the nanotubes. The conformations and the
charge distributions of the histidine-rich peptide, controlled by
the pH and the Au ion concentration in the growth solution,
determine the size and the packing density of Au nanocrystals.
The diameter of Au nanocrystals was 6 nm in various pH’s
and Au ion concentrations examined in this study. The spacing
between the neighboring histidine-rich peptides on the nanotubes
is 6.4 nm, and this geometry seems to limit the growth of Au
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Figure 6. The correlation between the packing density of Au nanocrystals
and the Au ion incubation time in the growth solution at pH) 8.

Figure 7. A proposed structure of the Au nanocrystal-peptide complex
on the template nanotube.

Figure 8. Sequence of the Au nanocrystal growth on the histidine-rich
peptide nanotube surfaces.
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nanocrystals to 6 nm in diameter. As the growth solution was
adjusted to higher pH’s, the packing density of Au nanocrystals
increased, while the nanocrystal size remained constant. The
increase of Au nanocrystal packing density at higher pH’s is
consistent with the increase of Au ion binding sites in the
sequenced histidine-rich peptide because amine groups of the
alanine residue contribute as electron donors to Au ions at higher
pH’s in addition to the imidazole groups of the histidine residue.
Therefore, more nucleation sites in the histidine-rich peptide at
higher pH’s induce the less defects in the Au nanocrystal
assembly. The increase of the Au ion concentration also resulted
in the higher packing density of Au nanocrystals on the
nanotubes. TEM images of Au nanocrystals on the nanotubes
grown in the shorter Au ion incubation time periods reveal that
Au nanocrystals grow inside the nanotubes first and then cover
the outer surfaces of the nanotubes. Therefore, multiple materials
will be coated inside and outside the nanotubes, respectively,
by controlling doping ion concentrations and their deposition
sequences.

An advantage to applying biological recognitions to synthe-
size metal nanocrystals on nanotubes is the efficient and
reproducible nanocrystal production in the control of size and
packing density without contaminating with precipitated metal
aggregates. This is important when those nanotubes are practi-
cally used as the building blocks for electronics and sensor
devices because uniform metal coatings with the small and
monodisperse domain sizes are crucial to optimize nanotube
conductivity and to detect changes in conductivity and absorp-
tion induced by analyte adsorption on metal nanotube sur-
faces.23,65 Metallic nanocrystals in diameter of 6 nm are in the
size domain to observe a significant conductivity change by

changing the packing density of nanocrystals. While the size
of Au nanocrystals is constant in various experimental conditions
examined in this study, different sequences of peptides with
more flexible backbones will allow us to tune the size of
nanocrystals in various pH’s.

We believe this simple metal nanotube fabrication method
via biomineralization can be applied to various metals and
semiconductors with peptides whose sequences are known to
mineralize specific ions. Peptide nanotubes incorporated with
a recognition protein (antibody) have been used to assemble
the nanowires onto patterned complementary protein (antigen)
surfaces via biological recognition.66 Therefore, a combination
of sequenced peptides and proteins on nanotubes that control
biological mineralizations and biological immobilizations may
produce various structures of electronics and sensor devices in
a simple and economical manner.
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