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Abstract
Exploiting the concepts learnt from nature to build new nanomaterials from
the bottom up is critical for the efficient design of complex nanodevices. We
demonstrate for the first time that the capacity of the α -synuclein protein to
assemble into nanofibres can be used for the synthesis of metallic nanowires.
Silver and platinum nanowires with controlled diameters, ranging from 15 to
125 nm, have been synthesized on an α -synuclein protein fibre scaffold.

However, in order to realize nanoscale interconnects based
on biological templates as building blocks for nanocircuits, it
is critical to achieve control on the diameter of the synthesized
nanowires. A change in the nanowire lateral dimension has a
dramatic influence on its resistance per unit length. Because
of this relationship between size and resistance, the inability
to control the nanowire diameter can limit applications in
nanoscale electronic devices. Developing a simple nanowire
fabrication method that takes advantage of the properties
of natural molecules and enables precise control over the
nanowire dimensions is therefore of a significant scientific
interest.
The α -synuclein protein shows particular promise due
to its capacity to self-assemble into long amyloid-like fibrils
under certain incubation conditions, such as in the presence
of transition metal ions [15, 16]. α -synuclein is a 14.5 kDa
protein found in the human brain [17]. When fibrillation
finds favourable conditions in vivo, it leads to diseases such
as Parkinson, dementia with Lewy bodies, and HallervordenSpatz disease [18]. Under controlled incubation conditions
in vitro, α -synuclein has the capacity to self-assemble into
fibres through the formation of extended β -sheets stabilized
by hydrogen bonds [19, 22]. This capacity of α -synuclein
to form polypeptide fibres offers geometries that can be used
as construction tools for the assembly of nanowires. The
synuclein family of proteins has a strong hydrophobicity, and
a highly ordered structure, and its fibrillization is enhanced by
exposure to some metal ions [15, 16, 23, 24].
The deposition of silver [25], gold [26], platinum [27, 28]
and palladium [29, 30] on DNA has been demonstrated for

1. Introduction
The interest in one-dimensional (1D) nanosized materials has
increased rapidly over the past few years, since the material
properties of these nanostructures have considerable potential
in the development of functional electronic and optoelectronic
devices. As the size of the components of integrated circuits
decreases, the use of optical patterning techniques becomes
extremely complicated and expensive. Thus, alternative
methods of creating nanosized circuit components are being
investigated. Biomolecular templates have been used for
the synthesis of metallic and semiconducting nanowires from
the bottom up [1–4]. The bio-templated self-assembly of
these nanowires takes advantage of the nanoscale dimensions
of various peptides, proteins and DNA. Some peptides have
the capacity to self-assemble into 1D structures and to
subsequently serve as templates for various conducting or
semiconducting nanowires [5–8]. Other structures that have
been used as biotemplates include microtubules [9–11], β amyloid [7, 12], the yeast prion protein Sup35NM [13],
and the tobacco mosaic virus [14]. The capacity of some
of these peptides and proteins to self assemble into various
shapes such as fibres, tubes and wires offers ready-to-use
nanoscale shapes, coupled with the molecular recognition
capacity that is often available in biological molecules. As
opposed to other more expensive inorganic nanowire synthesis
and processing techniques that require high temperatures, such
as chemical vapour deposition, nature has the advantage that it
can produce self-assembled nanotubular or fibrillar structures
at ambient temperature and atmospheric pressure which offer
the necessary geometry for metallic nanowire design.
0957-4484/07/055609+09$30.00
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Figure 1. TEM images of α -synuclein at (a) 12 h, (b) 36 h and (c) 96 h of incubation for fibrillization. The results show the fibrillization
mechanism, starting from (a) oligomeric particles, through (b) protofibril formation to (c) the fully formed fibrils.

of α -synuclein fibres. The exact relationship between the
formation of smaller oligomers, larger protofibrils and the
completely formed α -synuclein fibrils is unclear. Figure 1
shows TEM (transmission electron microscopy) micrographs
of the α -synuclein self-assembly pathway at intermediate
stages during the process. All samples prepared for TEM
were negatively stained with uranyl acetate, to induce the
contrast required for imaging. The grids were imaged
using a Philips CM-100 transmission electron microscope,
operating at 100 kV. The images of the samples incubated
in a phosphate buffer solution, for fibrillization, for 12, 36
and 96 h, respectively, are presented in figure 1. The
pictures show the intermediate steps of the fibril formation.
At 12 h incubation, α -synuclein appears to have aggregated
into oligomeric particles. At 36 h incubation, the aggregates
have a more defined shape that possibly represents the start of
protofibril formation. At 96 h in the process, the α -synuclein
fibres are fully grown.

the fabrication of metallic nanowires. In this paper we
report the first use of α -synuclein fibres (ASFs) as biological
templates for the diameter-controlled synthesis of silver (Ag)
and platinum (Pt) nanowires.

2. Experimental results
2.1. Formation of α -synuclein fibrils
Expression and purification of α -synuclein was performed
as described previously [31]. For the self-assembly of α synuclein into fibres, purified, lyophilized E46K α -synuclein
was chosen due to its ability to form amyloid fibrils rapidly.
α -synuclein was dissolved in ‘fibrillization buffer’ (phosphatebuffered saline (PBS), pH 7.4, 0.02% (w/v) NaN3 ) and
dialysed against the same buffer (24 h, 4 ◦ C). The protein
solution was filtered through a 0.22 μm nylon spin filter
followed by a Microcon-100 spin filter, yielding a stock
solution depleted of aggregates. The protein was diluted in
fibrillization buffer to a final concentration of 100–300 μM
(determined with a BCA assay) and incubated at 37 ◦ C for 12–
96 h with gentle ‘rolling’ in a tissue culture rolling drum.
Several groups have proposed a multistep self-assembly
mechanism for α -synuclein into fibrils [15, 32–35]. According
to these models, during fibrillization, the natively unfolded α synuclein monomers transform into soluble oligomers. These
oligomers may then transform into protofibrils, which can
subsequently enter the aggregation pathway and function as
fast nucleation sites, accelerating the nucleation and growth

2.2. Synthesis of Ag and Pt nanowires
The chemicals used in the metallization process were silver
nitrate (AgNO3 ) potassium tetrachloroplatinate (K2 PtCl4 ) and
sodium borohydride (NaBH4 ). A p-type Si(111) wafer was
used as a substrate for the metallization process. Silicon
was chosen as the substrate material for the synthesis of
the nanowires due to their projected application in nanoscale
electronic devices. Another substrate used for the metallization
2
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Figure 2. TEM micrograph of an α -synuclein fibre. The fibres are
smooth, with a twisted morphology.
380

process was a 3 mm continuous carbon-coated copper TEM
grid.
A solution of ASFs in phosphate buffer (10 μl)
was pipetted onto the silicon substrate (p-type with hole
concentration of ∼5 × 1018 cm−3 ), and dried in a desiccator.
The initial pH of the AgNO3 (0.1 mM) solution was 5.9. In
the next step, 10 μl of the silver nitrate solution was pipetted
onto the silicon substrate and held for 30 min in atmospheric
conditions. Then, 10 μl of NaBH4 (0.003 wt%) solution was
pipetted onto the AgNO3 solution and held for 10 minutes.
Finally, the substrate was rinsed with deionized water and dried
under an N2 jet. For the growth of platinum nanowires on
the same ASF template, a similar experimental procedure was
used with the difference of the type of the metal ion solution
(K2 PtCl4 ), and the concentrations of the K2 PtCl4 and NaBH4
solutions. Briefly, 0.5 mM K2 PtCl4 solution was used as the
Pt2+ source, and 0.05 wt% NaBH4 was used as the reducing
agent. The reduction of ionic silver to a metallic form in
the presence of proteins and DNA was described by Merril
et al [36, 37]. The method is applied for the detection of
proteins and nucleic acids and is based on the differences
between the redox potentials of the biomolecules and those
of the matrix. A similar chemical mechanism, in which
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Figure 4. XPS spectra of a silver nanowire sample on silicon
substrate. The spectra confirm the presence of silver on the substrate.

the metal ions are selectively reduced to a metallic form in
the presence of biomolecules, could explain our experimental
results. During the metallization process, the cations react with
the amynoacil side chains of the protein, at basic pH [36, 37].
Moreover, the same mechanism of reductive deposition of
metals could be expanded to other biomolecules and can
therefore be of significant potential importance for the field of
designing bottom-up strategies of nanomaterial fabrication on
biomolecular templates.
2.3. Characterization of Ag and Pt nanowires
Before metallization, the α -synuclein fibres appeared uniform
and smooth, with a twisted morphology (figure 2).
After metallization, the diameter of the wires increased,
and aggregation of metallic nanoparticles into continuous
chains was apparent, indicating metal deposition on the
fibre surface. The microstructural characterization shows
that the nanowires’ appearance is that of nanocluster chains.

500 nm
Figure 3. FESEM image of (a) a silver nanowire, with an average diameter of ∼40 nm and (b) a platinum nanowire, with an average diameter
of ∼50 nm.

3
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Figure 5. (a) Medium-magnification bright-field image of a typical nanowire. The boxed region indicates the area shown in (b).
(b) Higher-magnification bright-field image, showing clearly that the nanowires are composed of small particles. (c) High-resolution electron
micrograph (HREM) taken at Scherzer defocus, demonstrating the crystallinity of the nanocrystals. (d) Selected HREM image of a well
oriented region of one of the crystals. (e) Fourier-filtered image, based on masking two (110) diffraction spots obtained from a diffractogram
taken from (d). One of the two (110) lattice planes is indicated. The measured spacing of 0.204 nm is consistent with the crystals being silver.

peaks of Ag 3s, Ag 3p1/2 and Ag 3p3/2 . The result indicates the
presence of silver on the substrate.
High-resolution transmission electron microscopy
(HRTEM) was used to verify the composition and nanocrystallinity of the Ag nanowires. The images in figure 5 were captured with an FEI Titan transmission electron microscope operating at 300 kV. The micrographs show electron microscopy
images of the Ag nanowires, taken at different magnifications ranging from a medium to a high magnification where
lattice fringes become visible. The high-resolution electron
micrograph (HREM) in figure 5(d), taken at Scherzer defocus, demonstrates the crystallinity of the nanocrystals by the
presence of lattice fringes. The Fourier-filtered image in figure 5(e), shows one of the two (110) planes, with a measured
spacing of 0.204 nm, which is attributed to silver.

Field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were used to
determine the diameter and physical morphology of the
nanowires. Figures 3(a) and (b) show the FESEM images of
Ag and Pt nanowires, respectively. The average diameter of
both Ag and Pt nanowires was in the range of 40–50 nm and
their length varied between 500 nm and 1 μm.
X-ray photoelectron spectroscopy (XPS) can be used to
verify the presence of specific elemental metals on the surface
of the substrate. XPS was performed on the silver nanowires
synthesized on the silicon substrate. Figure 4 shows the
XPS spectrum of a silver nanowire sample, with the binding
energies of Ag 3d5/2 and Ag 3d3/2 at 367.83 and 373.83 eV,
respectively, which are the typical values of Ag(0) [41]. The
inset shows another XPS spectrum of the same sample with the
4
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Figure 6. UV–visible spectra of a silver nanowire sample with increasing reducing time from 5 to 45 min. The peaks at 350 and 380 nm
correspond to the presence of Ag in the form of nanowires. The reduction in the peak height as the reduction time increases shows a decrease in
the nanowires density. Further, a slight red shift in the peak position, from 380 nm to 390 nm, indicates an increase in the size of the nanowire.
(This figure is in colour only in the electronic version)

a

b

c

d

Figure 7. TEM images of silver nanowires with increasing reduction time of (a) 5, (b) 15, (c) 25, and (d) 35 min. The micrographs clearly
show an increase of the nanowires’ diameter with increased reduction time.

Ultraviolet–visible (UV–vis) spectroscopy is another
reliable method for detecting the presence of one-dimensional
metallic nanoscale structures [38, 39]. Specific signature peaks

can be used to extract information on the aspect ratio of the
nanostructures along with the identification of the chemical
elements that compose them. Moreover, the process of the
5
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Figure 8. Average diameter of the nanowire as a function of reducing time.

Figure 9. TEM images of silver nanowires with increasing pH of (a) 5.9, (b) 6.7, and (c) 8.2. The results show an increase of the nanowires’
diameter as the pH increases.

absorption peaks around 350 and 380 nm which indicate the
presence of long silver nanowires with aspect ratios (length
to diameter ratio) greater than 5 [38, 39]. The absorption
peak at ∼350 nm can be attributed to the plasmon response
peak from the longitudinal vibrations in the silver nanowires,
which is similar to that of bulk silver. The absorption peak
at ∼380 nm is due to the transverse plasmon vibration mode
which indicates a very small dimension. These results confirm
the presence of silver with a high aspect ratio form factor.
Furthermore, the absence of the absorption peak at ∼410 nm
suggests that silver is not present in colloidal form [38, 39].

variation in the nanowire diameter is correlated with the
intensity of UV–vis absorption peaks. To study the nanowire
diameter variation as a function of reduction time by UV–
vis spectroscopy, the nanowire synthesis method described
above was repeated in solution, without using a substrate.
The concentration and pH conditions were the same as those
used for nanowire synthesis on a substrate. UV–vis spectra
of the nanowire synthesis solution were registered at different
reduction times, ranging between 5 and 45 min.
Figure 6 shows the UV–vis spectra of a silver nanowire
sample with increasing reduction time. The spectra shows
6
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Figure 10. Average diameter of the nanowire as a function of pH.

density of the nanowires on the substrate decreased as the
reduction time and pH increased. The decrease in the density
of the nanowires with an increase in the reduction time and
the pH value can be attributed to the association of thinner
nanowires with the formation of thicker ones. This tendency is
explained by the reduction in the total free energy of the system
through the surface energy minimization criterion, while the
total volume energy of the system remains the same.
A similar set of experiments was carried out to control the
average diameter of Pt nanowires. The results indicated the
same trends in nanowire diameter variation as a function of
reduction time and pH as for the synthesis of Ag nanowires.
To examine the continuity and metallic nature of the
nanowires a two-terminal I –V (current–voltage) curve was
recorded for Pt nanowires. Platinum contacts were made to
the nanowire by the focused ion beam (FIB) technique [40]
with a Nova 200 FIB machine. Figure 11 shows an FESEM
image of a platinum nanowire with contacts, and the inset
shows the nanowire morphology at a higher magnification. The
two-terminal I –V curve of the nanowire was linear with a
measured resistance of ∼60 k. The breakage characteristic
of the nanowire, under high voltage, was also studied. A
high voltage, of 20 V, was applied across the entire circuit
and the heat generated due to the power loss ( I 2 R , where I
is the current and R is the resistance of the nanowire) resulted
in the melting of the nanowire. The small diameter of the
nanowire (∼40 nm) resulted in a very high resistance. This
high resistance led to the production of a high amount of Joule
heating that resulted in breaking the nanowire’s continuity. The
discontinuity in the nanowire led the current to flow through
the silicon substrate. The total series resistance increased to
∼200 k and the corresponding I –V curve exhibited a slight
deviation from linearity due to the semiconducting nature of
the substrate. The I –V curves, before and after the nanowire
breakage, are shown in figure 12. A clear change in the total
series resistance due to the change in the current path can be
observed. The I –V curve indicates that the nanowire was
continuous and its linear dependence indicates the metallic
nature of the nanowire [25, 30]. Figure 13 shows FESEM
images of the platinum nanowire before and after breakage.
The melted region can be clearly seen from the images and
is expected to have had the lowest diameter which led to
maximum local heating and thus breakage.
The metallization of DNA has been performed by many
research groups such as Braun [25, 26], Pompe [28–30],

Figure 11. FESEM image of a platinum nanowire with contacts. The
inset shows the same platinum nanowire at higher magnification.

Therefore, the results prove that the biotemplate synthesis
on α -synuclein fibre scaffolds led to the formation of Ag
nanowires with aspect ratio greater than 5.
It can be observed from the UV–vis spectra in figure 6
that the absorption intensity decreases as the reduction time is
increased. Moreover, there is a slight red shift in the position
of the 380 nm peak to 390 nm with increasing reduction time.
The reduction in the absorption intensity indicates a decrease in
the nanowires’ density, and the shift in peak position suggests
a nanowire diameter increase [38, 39]. Figure 7 shows TEM
images of silver nanowire samples, synthesized with different
reducing time conditions. The diameter of the nanowires
increased from 15 to 125 nm with increasing reduction time
from 5 to 35 min. The results indicate that a rigorous control of
the reduction time during the synthesis leads to the formation
of metallic nanowires with tunable diameters. Further, a plot
of the nanowire diameter versus reduction time shows a linear
dependence (figure 8).
A similar experiment was carried out to study the effects
of the pH of the silver nitrate solution on the nanowire
diameter, while keeping a constant reduction time of 10 min.
The pH of the AgNO3 solution was varied from 5.9 to 8.2
by the addition of ammonium hydroxide, keeping all other
experimental parameters the same as before. The diameter
of the nanowires increased with the increase in pH. Figure 9
shows TEM images of silver nanowires with increasing pH
values and figure 10 shows a plot of the nanowire diameter
versus the pH of AgNO3 solution, indicating a similar linear
dependence. Further TEM observations also showed that the
7
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Figure 12. Two-terminal I –V curve of a platinum nanowire before and after breakage.

Figure 13. FESEM images of the platinum nanowire (a) before and (b) after breakage. The inset shows the melted area of the nanowire.

I –V measurement. The charge transfer was confirmed by
breaking the nanowire using very high voltages, which resulted
in a high amount of Joule heating, due to the nanoscale nature of the synthesized structures. Such a precisely controlled
nanowire fabrication technique holds great promise for applications as interconnects in nanocircuitry.

Matsiu [5]. It has been observed that the shape of the nanowire
has been difficult to control.
Although the nanowire appears to be a loose connected
network of nanoparticles, the nanowire is continuous, which is
evident from the electrical properties of the metallic nanowires.
The advantage of these biotemplated nanowires is that
the template, the α -synuclein protein fibre in this case, can
be functionalized. Due to the bio-recognition capacity, often
present in the biomolecules, the template can be attached to the
desired position in the nanocircuit. This advantage eliminates
the possible challenges of placing the nanowire in a particular
position in a circuit.
Further studies are being carried out for functionalizing
these α -synuclein protein fibres to obtain the biomolecular
recognition capacity.
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