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Metal nanoparticles exhibit unique size- and spatial organization-dependent physical and chemical
properties, and have a wide range of applications in various areas including single electron devices,
chemical catalysts and biomedicines. In this paper, chains of palladium nanoparticles were obtained by
incubating aged sodium tetrachloropalladate(II) with glucagon fibrils pre-deposited on a solid surface.
AFM height profiles showed that the size of the palladium nanoparticles within the chains could be fine
tuned in the range of 2 to 16 nm as a function of the concentration of the sodium
tetrachloropalladate(II). Moreover, the coverage of the palladium nanoparticles along the fibrils was
controlled simply by varying the incubation time. This method provides a facile approach for the
construction of a palladium nanoparticle ensemble on biotemplates.

Introduction
Recently, metal and semiconductor nanoparticles (NPs) have
attracted tremendous attention due to their unique optical,
electric and catalytic properties.1–4 Among them palladium NPs
are particular interesting for many fields such as catalysts,
biosensors and fuel cells.5,6 It has been discovered that the
catalytic activity and selectivity as well as electronic transport
properties of the palladium NPs are strongly dependent on the
size of palladium NPs.7–9 In addition, many applications of NPs
usually require precise control over the assembly of NPs, which
demonstrate distinct chemical and physical properties compared
with single or separated particles.10,11 In this regard, biotemplated fabrication is a very promising avenue for the
controlled growth and assembly of inorganic NPs owing to their
well-defined structures and specific affinities for nucleating and
adsorbing certain materials.12–18
To date, great efforts have been taken to use one–dimensional
(1D) biotemplates including DNA, M13 bacteriophage and
tobacco mosaic virus (TMV) to construct palladium 1D nanostructures.19–22 For example, in a pioneering work, Richter et al.
generated palladium clusters on DNA by activating DNA with
palladium ions followed by adding reducing agents.23 However,
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there are still some limitations in conventional biotemplated
fabrication methods, where the metal-ions, metal-biomolecule
complexes and reducing agents are present simultaneously.16,20,23
This usually results in an uncontrollable and irregular metal
layering on biotemplates. Achieving a uniform and size-tunable
inorganic coating on biotemplates still remains a fundamental
challenge. Up to now, there have been a few reports on the
fabrication of 1D chains of size-tunable palladium NPs. An
effective approach to tune the size of NPs coated on TMV was
investigated by controlling the concentration of the reducing
agents.24 Very recently, Lim et al. successfully fabricated uniform
aqueous-phase palladium nanocrystals on TMV without using
any external reducing agents.25 However, continual efforts are
necessary for developing methods that allow one to initiate the
nucleation of palladium NPs, control the particle size in the
growth process as well as spatially assemble the NPs in a serial
manner.
Amyloid fibrils with characteristic pleated-b-sheet structures
are very good candidates templates for the synthesis and
assembly of NPs due to their suitable geometries with diameters
of several nanometers and lengths of up to more than
10 mm.13,19,26–28 Particularly, they are rich with functional groups
that could specifically interact with desired ions and NPs.29,30
Indeed, Scheibel et al. have shown that amyloid fibrils can be
metallized for constructing conductive nanowires.31 Especially,
Colby et al. have successfully fabricated palladium metallic
nanoparticle chains by using a a-synuclein fiber scaffold.32
Glucagon is a 29-residue, single-chain peptide, which can
aggregate and form well shaped fibrils under gentle experimental
conditions.33,34 The mechanical stability and uniformity of
glucagon make them competitive with other amyloid materials
when used as biotemplates.35 Based on our previous studies on
the fibrosis progress of glucagon peptide,36 in this paper we
present a facile and reproducible approach to synthesize 1D
This journal is ª The Royal Society of Chemistry 2012
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chains of palladium NPs on a solid surface using glucagon fibrils
as templates. By controlling the concentration of palladium ion
and the assembly time, the size and coverage of the palladium
NPs can be well controlled.

Materials and methods
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Chemicals
Frozen powdered glucagon and sodium tetrachloropalladate(II)
were purchased from Sigma Co. (Shanghai, China). The
reducing agent, dimethylaminoborane (DMAB), was purchased
from J&K Scientific Ltd. These chemicals were used in our
experiments without further purification.
Self-assembly of glucagon fibrils
The frozen powdered glucagon was dissolved in Milli-Q water
(18.2 MU) to a concentration of 1.0 mg ml 1 (pH: 6–7) and then
incubated at room temperature for three days. A drop of this
solution (10 ml) was placed on a fleshly cleaved mica surface, and
was allowed to incubate for 5 min for depositing the assembled
glucagon fibrils onto the mica surface. Then the surface was
rinsed carefully with Milli-Q water and dried with a gentle flow of
nitrogen gas.
Metallization of fibrils on mica surface
A drop of 30 ml aged sodium tetrachloropalladate(II) solution at
a certain concentration was placed onto a mica surface on which
glucagon fibrils were pre-deposited and incubated for a desired
period of time. The residual solution was removed with filter
paper after incubation. Further, the incubated sample was gently
rinsed with Milli-Q water and dried under a nitrogen stream.
Then, a drop of 40 mM DMAB solution was deposited on the
sample surface. After 20 min, the sample was extensively rinsed
by Milli-Q water to remove extra DMAB solution and dried
under a nitrogen stream. The protein templates were finally
removed by using oxygen plasma (Plasma Cleaner/Sterilizer
PDC 32G-2, Harrick Plasma) for 1 min. The input power was
100 W and the power applied to the RF coil was 18 W.
Characterization of NP chains
Tapping mode atomic force microscopy (AFM) images were
collected using a NanoScope IIIa and NanoScope V SPM (Veeco
Instruments, Inc., Santa Barbara, CA) in air at room temperature. Silicon cantilevers with a nominal spring constant of 4.5 N
m 1 (NSC12, MikroMasch) were used for AFM imaging. The
scanning rate used was around 1–1.5 Hz. Scanning electron
microscopy (SEM) images were taken using FEG (Philips).
X-Ray photoelectron spectroscopy (XPS) spectra were
obtained on an Axis Ultra DLD spectrometer (Kratos Analytical, Ltd.), with a monochromated Al Ka X-ray source
(1486.7 eV of photons) to determine the C, O and Pd atoms
presented on the surface of samples. The XPS instrument was
calibrated at the Au 4f7/2 with a binding energy of 84.0 eV. In
our measurements, the binding energies were referenced to the
neutral carbon 1s peak at 284.6 eV.
This journal is ª The Royal Society of Chemistry 2012

Results and discussion
Our experimental approach for the controlled synthesis and
assembly of palladium NPs chains includes the following three
steps: (1) assembly of glucagon peptides into fibrils, (2) incubating the aged sodium tetrachloropalladate(II) with fibrils predeposited on a mica surface, (3) metallic reduction with DMAB
solution.
Firstly, glucagon peptides were incubated at room temperature for three days as reported in our previous article,36 and then
deposited on a mica surface as the templates. The height and
physical morphologies of pure and the NPs coated fibrils were
subjected to analysis by AFM. Fig. 1 shows the typical AFM
image of glucagon fibrils adsorbed on a mica surface. The
average height of fibrils is about 6.7 nm with a periodic height
fluctuation along the contour of the fibril (Fig. 1b), which was
consistent with the values reported in the literature.33–36 The
b-sheet conformation of these fibrillar structures was also
confirmed by circular dichroism spectroscopy, as illustrated in
Fig. S1 (ESI).†
Secondly, aged sodium tetrachloropalladate(II) solution was
incubated with glucagon fibrils pre-deposited on a mica surface.
In our strategy, this step was not followed by immediate reduction of palladium complexes into metallic palladium as is usually
adopted in conventional biotemplated fabrication.16,23 Interestingly, after this step we observed many NPs adsorbed around the
glucagon fibrils as illustrated in Fig. 2 and Fig. S2 (ESI),† which
was obtained by incubating the aged sodium tetrachloropalladate(II) solution with glucagon fibrils for 30 min. It
clearly indicates that the height of fibrils increases along with the
increase in palladium ion concentration. At a concentration of
1.0 mM, the height fluctuation along the fibrils become irregular
(Fig. 2d) compared with the pure fibril (Fig. 1b). Statistical
analysis of the AFM-images shows that the diameter of the fibril
is about 8.1 nm (Fig. 2e), which is slightly larger than 6.7 nm of
the pure fibrils. This is because glucagon fibrils adsorbed many
tiny particles along its length. Additional evidence for supporting
this conclusion come from the emergence of some ultra-small
(1–2 nm) precipitates on the mica surface (inset in Fig. 2a). With
an increase in concentration to 2.5 mM, many particle-like
structures along the fibrils can be distinguished by AFM, and the
height of fibrils reached 12.0 nm (Fig. 2e). As the concentration
increased to 5 mM, the glucagon fibrils still kept their shape and
the average height increased to about 22.6 nm. This value is much
smaller than the one reported previously (40–110 nm),32 probably due to the different fabrication approach, where palladium

Fig. 1 AFM height image of glucagon fibrils deposited on mica surface
(a) and cross section analysis of a glucagon fibril along its length marked
in the AFM image (b).
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Fig. 3 SEM image of palladium oxide NP chains after incubating 5 mM
aged sodium tetrachloropalladate(II) with glucagon fibril on a mica
surface for 30 min. The diameter of the particles was 20–25 nm.

samples using well prepared NPs and glucagon fibrils. In most
cases, we found homogeneous chains of NPs as observed in the
AFM images. It was also found that the uniformity of NP chains
was closely associated with the fibril distribution on mica surface.
Well-separated, un-crossed glucagon fibrils were perfect
templates for the NP chains.
The NPs along the fibrils showed in Fig. 2(a–c) are most likely
palladium oxide because of the hydrolyzation of palladium
chloride during three-day aging:20,37–39
Na2PdCl4 + H2O / PdO + 2HCl + 2NaCl.

To test this hypothesis, we put a drop of the aged sodium
tetrachloropalladate(II) on a mica surface and imaged the
hydrolyzed products with tapping mode AFM in air. Fig. 4
Fig. 2 (a–c) AFM height images of palladium oxide NP chains obtained
by incubating aged sodium tetrachloropalladate(II) at different concentrations with glucagon fibrils pre-deposited on the mica surface for 30
min. (a) 1mM; (b) 2.5 mM; (c) 5 mM; the insets are high-magnification
images of the areas marked with color squares. (d) Cross section profiles
of NP chains along the color dotted lines marked in AFM images, which
indicate that the diameter of NPs increased with an increase of ion
concentration. (e) The height distributions of palladium oxide NPs
obtained by incubating pre-deposited fibrils with aged sodium tetrachloropalladate(II) solution at three different concentrations. The mean
height of the NP-coated fibrils was about 8.1 (1mM), 12.0 (2.5 mM) and
22.6 nm (5 mM), respectively.

ions, a-synuclein solution and DMAB reduction agent were
mixed together. Due to the convolution effects of the AFM tip,
SEM was used to visualize the morphologies of sample. Fig. 3
clearly illustrates the continuous strings of NPs with widths of
about 20–25 nm, which is in good agreement with the AFM
measurements. Taking the height of pure fibrils into consideration, the height of net NPs is estimated to be 16 nm. In order
to check the reproducibility for the generation of NP chains, the
experiments in duplicate were performed with every set of 8
8864 | J. Mater. Chem., 2012, 22, 8862–8867

Fig. 4 AFM height images of hydrolyzed products (palladium oxide
NPs) of aged sodium tetrachloropalladate (II) at two different concentrations: 1 mM (a) and 5 mM (b). (c) and (d) are height distributions of
palladium oxide NPs in 1 mM and 5 mM aged solutions, respectively.
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indicates that there are indeed NPs on the mica substrate and the
size of these NPs is comparable to that adsorbed on the fibrils for
the same palladium ion concentration. In addition, it was found
that the more concentrated the palladium chloride solution the
bigger the size of particles, which is consistent with those particles revealed on the glucagon fibrils (Fig. 2a–c), implying that the
NPs adsorbed on the glucagon fibrils were hydrolyzed palladium
oxide. The concentration-dependent feature of the palladium
oxide NPs is also in good agreement with a previous report that
hydrolysis of palladium chloride increases with the increasing
concentration of palladium ions.38 Therefore, by controlling the
concentration of palladium ions, size-tunable palladium oxide
NPs were successfully produced.
This is unlike the previous reports in which the substrates
have to be functionalized in order to generate the NP chains
using pre-deposited biotemplates,22,40 otherwise many parasitic
metallizations would precipitate on the surface. In our approach,
only a little precipitate was observed on the pure mica surface.
We attribute the exclusive adsorption of palladium oxide NPs
around the fibrils to histidine residues on glucagon peptides,
which have been demonstrated to have a strong capacity for
significant improvements in metal precursor uptake and NPs
adsorption by electrostatic interaction.41,42 This selectivity is
a valuable advantage of glucagon fibrils compared with DNA
molecules when they serve as biotemplates, though the specific
mechanism by which NPs bind to glucagon fibrils continues to
be explored.
In conventional biotemplated synthesis, incubation time is one
of the key parameters for controlling the homogeneity and
particle size of the chains.13,23,43 However, in our experiments we
found that the incubation time determines the coverage of NPs
on glucagon fibrils. Fig. 5a–b illustrate the AFM height and
phase images of NP chains obtained by incubation of aged
palladium ion (5mM) with fibrils on a mica surface for a shorter
time (5 min). One can easily distinguish between the glucagon
fibrils and NPs via phase image (Fig. 5b). It is obvious that the
NP coverage is lower compared with that incubated for 30 min
(See Fig. 2c). Here we use a parameter, number of particles per
unit length, to describe the NP density along a fibril. Fig. 5c
shows the densities of NPs after 5 and 30 min of incubation,
respectively, which clearly indicates the increase in the NP
density along the fibrils with an increase in incubation time. It is
noteworthy to point out that, unlike coating palladium ions on
DNA, shortening the incubation time within 5 min did not affect
the size of palladium oxide NPs significantly. It is likely because
the NPs had formed in solution after three days aging prior to
deposition on the fibril-coated mica surface. Therefore, simply by
changing the incubation time, a coverage control over NPs along
the fibrils could be achieved, which has a crucial effect on the
catalytic activity.44,45
The final step to generate the metallic palladium NP chains
consisted of the reduction of palladium oxide by DMAB:46

Fig. 5 (a–b) AFM images of palladium oxide NP chains by incubating
5 mM aged sodium tetrachloropalladate(II) with fibrils pre-deposited on
a mica surface for 5 min. (a) Height image, the inset is a cross-section
profile of a fibril and a particle marked with color dotted lines, respectively. (b) Corresponding phase image, which clearly indicates the
particles and fibrils. (c) Histograms fitted with Gaussian curves indicating
the NP density along fibrils after 5 and 30 min of incubation.

protein fibril templates is important to yield well-organized metal
NPs, which have potential applications in nanodevices. Therefore, oxygen plasma was used to remove the protein templates of
the palladium NP chains. The samples were prepared by incubating 5 mM aged sodium tetrachloropalladate(II) with
glucagon fibrils on a mica surface for 30 min, followed by DMAB
reduction, and finally treated with 1 min of oxygen plasma. SEM
and AFM images of the plasma-treated samples are shown in
Fig. 6, indicating that the dotted-line-shaped palladium NP
assemblies have nanometer-sized gaps between individual
nanoparticles, which is in agreement with a recent report.22
XPS measurements were performed afterwards to evaluate the
reduction at room temperature. Samples for XPS measurements
were prepared by incubating 5 mM aged sodium tetrachloropalladate(II) with fibrils pre-deposited on a mica surface

Pd2+ + (CH3)2NHBH3 / Pd0 + 2H+ + (CH3)2NBH2

As confirmed by AFM and SEM images illustrated in Fig.S3
(ESI),† the reduction of palladium oxide by DMAB did not
significantly change the morphologies of the NPs. Removing the
This journal is ª The Royal Society of Chemistry 2012

Fig. 6 (a) SEM and (b) AFM image of metallic palladium NP chains
after partially removing the protein fibrils by using oxygen plasma.
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for 30 min. Fig. 7 shows the high resolution XPS spectra of
palladium 3d5/2 peaks, which clearly suggest the difference in the
outer layer composition after treatment with DMAB. The Pd
3d5/2 peaks at 337.5 eV and 342.8 eV from NP chains before
reduction indicate that the surface layer mostly consisted of
palladium oxide according to previous literatures.20,47,48 Interestingly, after treatment with DMAB new Pd 3d5/2 peaks at
335.3 eV and 340.5 eV appeared, suggesting that the surface
palladium oxide layer has been reduced to metallic palladium.
Surprisingly, the characteristic signatures of palladium oxide at
337.5 and 342.8 eV are very weak, suggesting that most of the
palladium oxide has been reduced in our experiment. In contrast,
Nguyen et al. only observed trace (6%) metallic palladium
using the same reducing agent.20 This may be due to the higher
concentration of DMAB used in our experiment as well as the
longer incubation time. Therefore, the reduction of palladium
oxide at room temperature by DMAB might be potentially useful
to control the ratio of metallic palladium to palladium oxide and
thus manipulate the conductivity of palladium NP chains.

Conclusions
In summary, glucagon fibrils were harnessed as biotemplates to
fabricate chains of palladium NPs. Compared with other
biomolecules such as DNA and bacteriophages, glucagon fibrils
offer some attractive advantages when serving as biotemplates
due to their suitable geometries, highly stable mechanical properties as well as their specific interaction with NPs. Simply by
depositing a drop of aged palladium chloride solution on
glucagon fibrils pre-deposited on a mica surface, followed by

Fig. 7 High resolution XPS spectra of palladium 3d5/2 signals from
palladium NP chains (a) before and (b) after reduction by DMAB at
room temperature.
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metallic reduction, chains of palladium NPs with tunable sizes
(2–16 nm) and coverage were successfully generated. Further
work and the application of palladium NP chains including
electrical conductivity characterization and size-dependent
asymmetric catalysis are in progress in our laboratory.
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