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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 nanocrystals have been demonstrated to tune electrical, mag-

netic, and optical properties by controlling the size and the

. The“? has bee_n much_lnterest Iately_ln ordered_ two- and _three'packing density of nanocrystals on planar surfdée%. The
dimensional device fabrications by using nanowires as building

. . . . electronic structures of nanocrystals were also controlled by their
blocks~7 Those nanowires with various electronic transport v y

shapeg®230 If nanocrystals can be formed into the nanowire
properties can be synthesized in various phases with a varlety P y

of chemical methods. depending upon the materials used to fOIrmgeometry in controlled diameters and packing densities, one may
. - » dep g up . be able to produce nanowires with tunable electrical properties
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 (13

properties in one simple method.
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from one type of nanocrystal. Because one synthetic methodspecific metals/semiconductors to produce highly crystalline
can be applied to form one type of nanocrystal and the size of nanocrystal$? Another advantage is that peptide conformations
nanocrystal can be controlled kinetically in the same synthetic and charges on nanotubes control the size and the packing
method?1:32 this proposed approach will allow us to produce density of nanocrystat$:52-55 In our previous publication, the
nanowires with various electrical properties in one simple sequenced histidine-rich peptides were formed into nanotubes
synthetic method. This outcome may also be important to by immobilizing them on template nanotub&sThe template
engineer nanoscale electronic devices such as quantum computranotube, whose structure is shown in Figure 1a, is self-
ers from nanocrystafs. assembled from small bolaamphiphile peptide monomers (Figure

One of the straightforward approaches to form nanocrystals 1b) in NaOH/citric acid solution via three-dimensional inter-
into the nanowire geometry is to use template nanowires to grow molecular hydrogen bonds among the monom&rs This
nanocrystals on the nanowire surfaces. While nanocrystals cartemplate nanotube is programmed to immobilize biological
separately grow in solution and then mix with template molecules such as DNAs, peptides, and proteins at free amide
nanowires to anchor nanocrystals onto nanowire surfaces viasites of the sidewall via hydrogen bonding (Figure ¥c).
chemical interactions between capping ligands of nanocrystals We have also demonstrated that an immobilized histidine-
and template nanowiré$, it would be desirable to grow rich peptide, whose sequence isA—H—-A—H—H—-A—A—
nanocrystals directly on nanowires in a simpler fabrication D, can mineralize Au nanocrystals on the nanotubes in the
procedure. The difficulty for the one-step synthetic approach is uniform size distributiort> The fabrication process is illustrated
to control the size and the density of nanocrystals on nanowire in Figure 2. Briefly, Au ions are captured by imidazole and
surfaces. amine groups of the sequenced peptides on the nanotubes

Biological systems control mineralizations and nanocrystal (Figure 2b), and then the trapped Au ions in the peptides
synthesis of various metals in the exact shapes and sizes withhucleate Au nanocrystals after reducing those ions by hydrazine
high reproducibility and accuracdy.“° Therefore, itis alogical ~ hydrate (Figure 2c). Au nanocrystals grown on the nanotubes
approach to use biological nanotubes as templates to growwere highly monodisperse, and their average diameter was 6
monodisperse nanocrystals on the nanowires via biominer-nm. This system has potential to control the size and the packing
alization?~4” Nanocrystal synthesis via biomineralization was density of nanocrystals on nanotubes by simply adjusting
so efficient that contamination with various precipitates was external experimental conditions such as pH, temperature, and
reduced significantly as compared to conventional electrolession concentration because immobilized peptides on nanotubes
coating processe$. This feature is important because the may have freedom to undergo the conformation change by
contamination makes reproducible electronic transport and changing the experimental conditions, which determines the
absorption measurements problema#ic? nanocrystal size and the packing denstty.

Histidine-containing peptides have been studied extensively  To examine this hypothesis, we studied the correlations
because their high affinities to metal ions damage central petween the growth conditions such as pH and ion concentra-
nervous systems by altering peptide conformations into abnormaltions and the size/packing density of Au nanocrystals grown
forms via histidine-metal complexation and this protein  on the sequenced histidine-rich peptide nanotubes. Both the ion
deformation may cause Parkinson’s and Alzheimer's dis€ases. concentration and the pH of the growth solution could be used
It is advantageous to apply a nanotube-form of the sequencediy control the packing density of Au nanocrystals on the
histidine-rich peptides as a template for metallic nanowire nanotubes, while the diameter of Au nanocrystals was always
synthesis because specific sequences of peptides mineralizg nm, independent of the growth conditions. The mechanism
to control the size and the packing density of nanocrystals on
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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 bléck.

Experimental Section

First, bis\N-a-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

(52) Whaley, S. R.; English, D. S.; Hu, E. L.; Barbara, P. F.; Belcher, A. M.
Nature 200Q 405, 665.

(53) Ziegler, J.; Chang, R. T.; Wright, D. W. Am. Chem. Sod 999 121,
2395
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200Q 209.

(55) Whitling, J. M.; Spreitzer, G.; Wright, D. WAdv. Mater.200Q 12, 1377.

(56) Matsui, H.; Gologan, BJ. Phys. Chem. B00Q 104, 3383.

(57) Shimizu, T.; Kogiso, M.; Masuda, MNature 1996 383 487.

(58) Shimizu, T.; Kogiso, M.; Masuda, M. Am. Chem. S0d997, 119, 6209.

(59) Douberly, G. J.; Pan, S.; Walters, D.; Matsui, HPhys. Chem. B001,
105, 7612.
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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.
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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 Ay isitebindin
after reducing Au ions with hydrazine hydrate.

described elsewhePé After the template nanotubes were washed with peptide nanotubes, 5 mg of trimethylphosphinchlorogold salt (CIAuPMe
deionized water several times 1 mLsolution of the template nanotube  was mixed with the histidine-rich peptide nanotube solution (4 mL) in
was mixed wih a 1 mLsolution of a sequenced histidine-rich peptide, the dark at room temperature. The incubation time of Au ion was varied
A-H-H—-A—H—-H—-A—A-D (2 umol), in Tris buffer (0.1 M, pH to control the Au ion concentration on the nanotubes batvéek and

8.6) for 24 h to immobilize the histidine-rich peptide onto the nanotubes. 20 days. Next, 5&xmol of a reducing agent, hydrazine hydrate (2 M),
This histidine-rich peptide was sequenced by Applied Biosystems was added to grow Au nanocrystals on the nanotubes. Transmission
Peptide Synthesizer 432A and purified with Beckman 110 HPLC with electron microscopy (TEM) was applied to resulting Au nanotubes in
the C-18 reverse phase column at the CUNY Gene Center. After the the dark field mode on a PHILLIPS CM-100 microscope operating at
histidine peptides were immobilized on the nanotube surfaces, citric 80 keV. For the investigation, the nanotube solutions were dropped
acid (1 M) and NaOH (1 M) were added to the solution to adjust pH’s onto carbon coated copper grids and were allowed to dry gradually at
in the range of 411.5. To grow Au nanocrystals on the histidine-rich  room temperature.

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5875
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L L A B L B various precursor Au ion concentrations at pH 8, and the size
5 and the packing density of Au nanocrystals were monitored after
] reducing those growth solutions. The relative concentration of
] the Au ion, CIAuUPMeg, on the nanotubes was controlled by the

- ion incubation time in the growth solutidd.lt 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

W D < o0
(=) o S (=}
T

Au nanocrystal packing density (%)

N
(=]
T

Figure 3. The correlation between the packing density of Au nanocrystals

and pH of the growth solution. shown in Figure 6. There was no further change in the packing
density of Au nanocrystals over 12 days.

Results While a series of TEM images were analyzed to understand

the trend in Au nanocrystal growth on the nanotube in various

The Influence of pH upon Au Nanocrystal Growth on Au ion concentrations, it was also interesting to observe darker

Nanotubes. To understand the influence of pH upon AU ¢ores within the central region of the nanotubes in those TEM
nanocrystal growth on the sequenced histidine-rich peptide jnages as shown in Figure 5a. The darker contrast may be
nanotube, the precursor Au ion, ClAuPyevas immobilized — gpserved due to the Au nanocrystal growth inside the template
on the histidine-rich peptide nanotubes by incubating it in the an6tubes. To confirm this hypothesis, the incubation time of
nanotube solution for 10 days at various pH's before reducing ay jon was further reduced to 5 h. Under this condition, few
with hydrazine hydrate. Hydrazine hydrate, one of the weaker oy nanocrystals were observed on the outer surface of the
reducing agents, was f‘?“”d to prpduce most monOd'Sp?rsenanotube, but the dark region in the core of the nanotube still
nanocrystals among various reducing agents. When Au ions 5pneared in the TEM image in Figure 5d. If the core of the
were incubated in the nanotube solution between pH 4 and pH hanotube is completely hollow, the contrast inside the nanotube
8, the size of Au nanoczys_tals was 6 nm in diameter, and the gpoy|d appear as a lighter color, as shown in the TEM image
packing density was 43% in area after reducing the Au-ion ¢ the neat template nanotube (Figure 1a). Therefore, when the
nanotube solutions (Figure 3).Below pH 4, the sequenced |oyer concentration of Au ion was incubated onto the nanotubes,
peptide precipitated without coating the nanotubes, and thereforep, nanocrystals were grown only inside the nanotubes.

no Au nano_crystals were observed on the nanotubes. Figure 4a 1 confirm that the sequenced peptide is responsible for the
is a TEM image of Au nanocrystals on the nanotube Dy reqyations of the size and the packing density of Au nano-
incubating the Au ion at pH 8. The inset of Figure 4a, the TEM ¢ yqtajs, TEM images of Au coatings on the template nanotubes
image in higher magnification, shows that the shape of AU 5" the same experimental conditions without the sequenced
nanocrystals is isotropic and those nanocrystals are also highlynistidine-rich peptide were compared to the ones with the
monodisperse. A striking difference in the nanocrystal distribu- pistidine-rich peptide on the nanotubes. Figure 5e is a TEM
tion was observed when the Au ions were incubated at pH'S jmage of Au nanocrystals grown without the histidine-rich
higher than 9. When Au ions were mcupated in the pH range peptide after incubating Au ions at pH 8 for 4 days. Au
between 9 and 11.5, the packing density of Au nanocrystals nanocrystals grown in this condition were polydisperse in the
was 78% in area (Figure 3), which is much higher than the giameter range between 5 and 50 nm, while Au nanocrystals

packing density observed in the pH 9 solutions, while the  gron with the histidine-rich peptide were monodisperse in a
diameter of Au nanocrystals remained constant at 6 nm in the gigmeter of 6 nm (Figure 5b). When Au ions were reduced

entire pH range examined in this study. Figure 4b shows a TEM yithout the histidine-rich peptide after incubating Au ions in

image of Au nanocrystals on the nanotube by incubating the the pH g solution for 12 days, Au nanocrystals were no longer
Au ion at pH 11.5. The magnified TEM image, the inset of ,pserved, and the Au coating became continuous on the
Figure 4b, reveals the higher packing density of Au nanocrystals onqtube as shown in Figure 5f. In the same experimental

on the nanotube as compared to the packing density observed,ongition with the histidine-rich peptide, Au nanocrystals were

in the inset of Figure 4a. still monodisperse on the nanotubes, as shown in Figure 5a.
The Influence of Au lon Concentration upon Au Nano-

crystal Growth on Nanotubes. Au nanocrystals were also ~ Discussion

grown on the sequenced histidine-rich peptide nanotubes in  When the template nanotubes were coated with Au without
the sequenced histidine-rich peptide on the nanotube surfaces,

(60) Packing density of Au nanocrystals on nanotubes was calculated as (total H i
area of Au nanocrystals)/(total area of nanotube surfacg)0. The areas Au nanocrystals were polydisperse (Figure 5e). After the longer
were determined by TEM images of Au nanocrystals on the outer surfaces

of nanotubes. (61) Forster, S.; Antonietti, MAdv. Mater. 1998 10, 195.

5876 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003
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Figure 4. TEM images of Au nanocrystals on the sequenced histidine-rich peptide nanotubes grown by reducing theamotube 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.

f)

200 nm

Figure 5. TEM images of Au nanocrystals on the sequenced histidine-rich peptide nanotubes grown by reducing thenAoatube 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.

ion incubation time period without the sequenced peptide, Au The size change and the morphology change of nanocrystals
coated the entire nanotube surface continuously (Figure 5f). In are expected to be observed when the mineralizing peptide
the same experimental conditions with the histidine-rich peptide, molecules undergo conformation changf€Since the pH change
monodisperse and discrete Au nanocrystals 6 nm in diameteralters peptideion interactions, mainly due to the charge
were observed on the nanotube surfaces (Figure 5a and 5b)distribution changes in electron donor groups of peptidése
These comparisons indicate that the sequenced histidine-richaltered interactions between peptides and ions induce the
peptide regulates the size distribution of Au nanocrystals on chemical structure change of the iepeptide complexes, which
the nanotubes. determines the size and the morphology of nanocrystals after
As shown in Figures 4 and 5, both the pH change and the reducing those ions. Because the size change of Au nanocrystals
Au ion concentration change in the growth solutions have no on the nanotubes was not observed in Figure 4, it indicates that
effect on the size of Au nanocrystals grown on the histidine- there is no major conformation change of the sequenced
rich peptide nanotubes. Under those condition changes, Auhistidine-rich peptide molecules on the nanotubes in the pH
nanocrystals were always observed as being 6 nm in diameterrange examined in this study. The rigidness of the peptide

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5877
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Figure 8. Sequence of the Au nanocrystal growth on the histidine-rich
peptide nanotube surfaces.

Au nanocrystal packing density (%)

sequenced peptide used in this report may be too rigid to produce

0 s 10 15 20 various nanocrystal sizes on the nanotube surfaces.
Au ion incubation time (day) The packing density change of Au nanocrystals via the pH
Figure 6. The correlation between the packing density of Au nanocrystals change in the growth solution is explained by electron donor
and the Au ion incubation time in the growth solution at pH8. groups in the sequenced peptfden the lower pH range, the

imidazole of the histidine residue binds Au ions strongly. In
Niu‘% (e the higher pH range, the amine of the alanine residue can donate
o His o 3His electrons and anchor Au ions, while the imidazole groups still
i N%ﬁ e Nﬁw bind Au ions. More binding sites are available to anchor Au
L N Lw o= o ions in the higher pH range, and therefore the higher density of
‘*“% “"""3=0 the nucleation sites for Au nanocrystals results in the less defects

s St and the higher packing density of the Au nanocrystals on the
%{* ] ”} y g‘ Oﬁ:? nanotubes. Generally, the metal ions bind amine sites of
ng; N ) rk;c histidine-rich peptides in the pH range between 7 and'10,
Taa 0 . which is consistent with our observation that the significant
Dﬁ; change in the packing density of Au nanocrystals occurred at
pH 9.

Bala

Itis 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

6.4 nm packing density was observed when the Au ion incubation time
was reduced. Over 12 days, the increase in the packing density
Template nanotube of Au nanocrystals was no longer observed, and it indicates
Figure 7. A proposed structure of the Au nanocrystakptide complex that the binding Sltes_ on the_ hIStldm_e'”Ch peptide nanotub_es
on the template nanotube. are saturated after incubating Au ions for 12 days. It is

interesting to observe that the Au nanocrystals were also grown
backbones on the nanotubes was also supported by Ramannside the nanotubes and we could limit the Au nanocrystal
spectroscopy. While the -€N stretch and the AuN stretch growth only inside the nanotubes when the Au ion incubation
modes (1261 and 1430 ch) are sensitive to the peptide time was reduced to 5 h. This observation suggests the coating
conformational changes via aggregatiéh®no frequency shifts mechanism that the Au nanocrystals grow inside the nanotubes
of the peptide vibrations including those modes were observedfirst and then grow on the outer surfaces, as illustrated in Figure
among different pH solutions (Supporting Information). The size 8. We do not clearly understand this growth mechanism, while
of Au nanocrystals, 6 nm in diameter, is consistent with the this outcome indicates that multiple materials can be coated
spacing of histidine-rich peptide molecules on the nanotubes.inside and outside the nanotubes, respectively, which is very
The periodicity of amide groups on the nanotubes to bind the Useful to design complex nanometer-scaled devices.
histidine-rich peptides is 6.4 nm in distarf®and this peptide
spacing seems to determine the size of Au nanocryztals.
illustrated in Figure 7, the sequenced histidine-rich peptide A sequenced histidine-rich peptide, A-H-H-A-H-H-A-A-D,
molecules on the nanotubes likely trap Au nanocrystals and limit was immobilized on the template nanotube surfaces, and this
their growth to 6 nm in diameter. Generally, peptides with peptide regulated the size and the packing density of isotropic
greater degrees of rotational freedom in the peptide backboneAu nanocrystals on the nanotubes. The conformations and the

Conclusion

can trap and grow a variety of nanocrystal si%esThe charge distributions of the histidine-rich peptide, controlled by
the pH and the Au ion concentration in the growth solution,
(62) Miura, T.; Hori-i, A.; Mototani, H.; Takeuchi, HBiochemistry1999 38, determine the size and the packing density of Au nanocrystals.
11560.

The diameter of Au nanocrystals was 6 nm in various pH’s
and Au ion concentrations examined in this study. The spacing
(64) Winges, D. R.; Cameron, C. T.; Mehra, R.Metallothioneins: Synthesis, f : iotidina.ri :
Structure, and Properties of Metal-lothioneins, Phytochelatins, and Metal _between the nelghbonng histidine-rich pepthes on the nanotubes
ComplexesVCH: New York, 1992. is 6.4 nm, and this geometry seems to limit the growth of Au
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(63) Miura, T.; Suzuki, K.; Kohata, N.; Takeuchi, Biochemistry200Q 39,
7024.
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nanocrystals to 6 nm in diameter. As the growth solution was changing the packing density of nanocrystals. While the size
adjusted to higher pH’s, the packing density of Au nanocrystals of Au nanocrystals is constant in various experimental conditions
increased, while the nanocrystal size remained constant. Theexamined in this study, different sequences of peptides with
increase of Au nanocrystal packing density at higher pH's is more flexible backbones will allow us to tune the size of
consistent with the increase of Au ion binding sites in the nanocrystals in various pH’s.

sequenced histidine-rich peptide because amine groups of the We believe this simple metal nanotube fabrication method
alanine residue contribute as electron donors to Au ions at highervia biomineralization can be applied to various metals and
pH’s in addition to the imidazole groups of the histidine residue. semiconductors with peptides whose sequences are known to
Therefore, more nucleation sites in the histidine-rich peptide at mineralize specific ions. Peptide nanotubes incorporated with
higher pH’s induce the less defects in the Au nanocrystal a recognition protein (antibody) have been used to assemble
assembly. The increase of the Au ion concentration also resultedthe nanowires onto patterned complementary protein (antigen)
in the higher packing density of Au nanocrystals on the surfaces via biological recognitidf Therefore, a combination
nanotubes. TEM images of Au nanocrystals on the nanotubesof sequenced peptides and proteins on nanotubes that control
grown in the shorter Au ion incubation time periods reveal that biological mineralizations and biological immobilizations may
Au nanocrystals grow inside the nanotubes first and then cover produce various structures of electronics and sensor devices in
the outer surfaces of the nanotubes. Therefore, multiple materialsa simple and economical manner.

will be coated inside and outside the nanotubes, respectively, Acknowledgment. This work was supported by the National

by controlling doping ion concentrations and their deposition Science Foundation CAREER Award (ECS-0103430) and the
sequences. o » U.S. Department of Energy (DE-FG-02-01ER45935). R.D.
An advantage to applying biological recognitions to synthe- acknowledges Professor William L’Amoreaux (Department of

Size met.al nanocrystals on nanotu'bes is the efﬂugnt and Biology, CUNY College of Staten Island) for technical support
reproducible nanocrystal production in the control of size and of TEM

packing density without contaminating with precipitated metal . _ .
aggregates. This is important when those nanotubes are practi- Supporting Information Available: Raman spectra of the
cally used as the building blocks for electronics and sensor histidine-rich peptides on the nanotubes in various pH's of the
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