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A gold-palladium (AuPd) solid solution alloy was successfully deposited on the genetically engineered tobacco mosaic virus
(TMV1Cys) by the biosorption of Au(III) and Pd(II) precursors and the reduction of the Au(III) and Pd(II) to their respective
metals or metal alloy. The resulting morphologies of alloy nanoparticles deposited on the TMV1Cys were observed with
transmission electron microscopy (TEM), and the AuPd alloy formation was supported with surface plasmon resonance (SPR)
and selected area electron diffraction (SAED). In addition, selected alloy nanoparticles on the TMV1Cys were analyzed further
with electron energy loss spectroscopy (EELS) to confirm the presence of gold and palladium. Our result implies that biotemplated
metal mineralization is a potentially useful methodology to prepare alloy nanoparticles.

1. Introduction

Electric and optical properties of the metal/semiconductor
nanoclusters are tunable depending on their size and shape
[1–3]. To take full advantage of the quantum size effect,
various approaches have been investigated to synthesize
the nanoscaled objects with tunable properties. Using bio-
logically driven macromolecules and their self-assembled
structures as templates is one very promising methodology to
prepare nanoscale organic-inorganic hybrid structures, such
as nanowires [4–19] or patterned arrays [10, 20]. Unlike
CVD or water in oil emulsion synthesis routes that require
extreme processing conditions (such as a vacuum, high
temperature, and harsh chemical process), biotemplated
nanomaterial synthesis is able to control the nanoscale
structures in relatively mild processing conditions. The
self-assembly of the proteins provides well-defined tubular
biotemplates for nanowire synthesis, such as the tobacco
mosaic virus and M13 bacteriophage. Genetic engineering
enables the manipulation of the self-assembled template
structure and its surface functionalities, providing the oppor-
tunity for selective deposition of materials on the surface of
the biotemplate.

The tubular biotemplates have demonstrated surface
mineralization of metal/semiconductors leading to the for-
mation of nanowires or patterned nanoarrays. For example,
the mutants of M13 showed selective semiconductor crystal-
lization [6, 7, 9] and were exploited for the preparation of
flexible film electrodes by coating metal deposited on their
assembly [10]. Additionally, various metal depositions were
achieved on TMV and related mutants to form discrete and
continuous metal coatings [11–14]. The self-organization
of TMVs on a gold substrate followed by nickel plating
on the virion surface produced nanopatterned electrodes
with high surface area [20]. Potential applications of the
palladium nanocluster-deposited TMV were demonstrated
in hydrogen gas-sensing [21], and memory storage [22]. The
above examples suggest that biotemplated mineralization
is promising for the preparation of nanostructured electric
devices.

Various Class B metal alloys have been used as high tem-
perature resistors, hydrogen permeation membranes, mul-
tilayer capacitors, and magnetic memory storage materials
[23]. One of the most important factors for the application
of alloy metals is controlling the composition of the alloy
in wide ranges. As the size of the structure approaches
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the nanometer scale, a more reliable method to control the
alloy composition is required. Biomolecule-mediated metal
cluster nucleation is advantageous for the alloy composite
synthesis because the heterogeneous nucleation of metal ion
can be controlled by the biomolecule and the homogeneous
mixing of various ionic metal salts are possible in the
aqueous medium where the biomolecules are suspended.
TMV has structural benefits to investigate the biomediated
alloy mineralization. TMV is a self-assembly of ∼2130
identical coat proteins and a single strand of RNA to form a
tubular structure. Thus, the external surface of TMV1Cys has
repeating unit surface of identical 2.3× 3.5 nm2 with affinity
to the metal ions after genetic modification [13, 14, 24, 25].
Onto this surface, successful biosorption of Au(III) and
Pd(II), respectively, has been demonstrated [26].

Several researchers have investigated the mechanism of
metal deposition on TMV. Dujardin et al. [11] hypothesized
that the anionic metal ion complexes will be attracted to the
positively charged surface functionalities of TMV followed
by the selective reduction of the ionic form of the metal
clusters on the virion surface. Lee et al. [13, 14] reported the
enhanced metal mineralization on the genetically engineered
mutant TMV with couple of extra cysteines (TMV2Cys)
whose sulfhydryl groups on the surface attracted the metal
ions. Lim et al. [26] investigated the Pd(II) and Au(III)
biosorption on the TMV1Cys. The enhanced palladium ion
loading improved the palladium deposition from discrete
cluster-type deposition to fully-layered coatings.

As an extension of the previous work [26], current
research investigates the simultaneous biosorption of Pd(II)
and Au(III) ions, leading to the gold-palladium alloy depo-
sition on the genetically modified tobacco mosaic virus
(TMV1Cys). The Au(III) and Pd(II) biosorption on the
TMV1Cys were utilized to uptake the different molar ratios
of Au(III) and Pd(II) from the medium. The biosorbed
Au(III) and Pd(II) ions on the TMV1Cys were subsequently
reduced by the reducing agent to mineralize the alloy
nanoclusters on the virion. The resulting morphologies
of the gold-palladium alloy particles deposited on TMV
were imaged with transmission electron microscopy (TEM).
Additionally, the metal coated TMV1Cys were analyzed with
a surface plasmon resonance (SPR) at 525 nm [3] and
the selected area electron diffraction (SAED) of the metal
clusters to support the formation of alloy on the virion. The
sample was analyzed with electron energy loss spectroscopy
(EELS) to demonstrate the existence of Pd and Au atoms in
nanoclusters.

2. Experiment

2.1. Au(III) and Pd(II) Ion Uptake. Hydrogen tetrachloroau-
rate(III) (Aldrich,99.9 + % ) and sodium tetrachloropalla-
date(II) (Aldrich, 98%) were used as sources of the metal
ions. As a biotemplate, 11.4 mg/ml of TMV1Cys stock was
harvested from the infected tobacco leaves [27, 28]. UV-Vis
spectroscopy (Cary 100 Bio, Varian) was used to measure
the change of metal ion concentration before and after
biosorption. The Au(III) ion has a characteristic UV-Vis
absorption at 313 nm [29], and the absorption intensity was
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Figure 1: The Au(III) and Pd(II) uptake on the TMV1Cys.

linearly increased with the concentration. For the Pd(II)
ion, UV-Vis absorption at 252 nm [30] was used to measure
the concentration. In addition, a 0.015 M sodium chloride
solution was used as a base medium for the biosorption of
metal ions in order to suppress substitution of the chloride
ions in the metal ion complex with the hydroxide ions over
time.

The sorption of Au(III) and Pd(II) ions on TMV1Cys was
investigated. The TMV1Cys concentration was set at 3.8 ×
10−2 mg/ml. While the total concentration of Au(III) and
Pd(II) mixture was fixed at 2.8 × 10−7 mol/ml, the atomic
percentage of Au(III) : Pd(II) was adjusted to be 100 : 0,
20 : 80, 50 : 50, 80 : 20, and 0 : 100. The aqueous mixtures
of TMV1Cys and metal salts were aged one hour in dark
to reach the sorption equilibrium. For the concentration
calibration, all samples were prepared with standard solu-
tions having identical concentrations of Au(III) and Pd(II)
in the medium. After aging, samples were centrifuged at
16,000 rpm for 15 minutes (Centrifuge 5417 c, Eppendorf)
to separate the supernatant from the virion templates for the
determination of free metal ion concentration. Supernatants
of samples were scanned with a UV-V is spectrometer
to measure the absorption at 252 nm and 313 nm. The
differences in the absorbance intensities between a standard
sample (without TMV) and TMV-added samples were used
to measure the Au(III) and Pd(II) loading on the TMV
virion.

2.2. Gold-Palladium Deposition on the TMV1Cys. After aging
the mixture of metal ions and TMV1Cys for one hour,
the alloy metal deposition was achieved by addition of
freshly prepared 2.97 × 10−7 mol/ml dimethylamine borane
(DMAB, Aldrich 97%). The gold-palladium alloy nanopar-
ticles deposited on TMV were imaged with transmission
electron microscopy (CM10, Philips/FEI). To confirm the
alloy formation of gold and palladium on the virion tem-
plate, the surface plasmon resonance of alloy metal clusters
was measured at the wavelength of 525 nm. Additionally,
SAED patterns of metal-deposited TMV1Cys were obtained
to confirm the presence of a single solid-solution alloy phase
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Figure 2: TEM images of AuPd alloy deposited TMV1Cys templates
prepared from different Au(III) : Pd(II) percentage of (a) 0 : 100, (b)
20 : 80, (c) 50 : 50, (d) 80 : 20, and (e) 100 : 0 (scale bar: 200 nm).

of the face centered cubic (FCC) structure, not the presence
of separate gold and palladium phases. A selected sample was
analyzed with EELS to confirm the presence of Pd and Au
atoms in the nanoclusters.

3. Results

The Au(III) and Pd(II) uptake on the TMV1Cys, under the
fixed total metal ion concentration of 2.8×10−7 mol/ml, were
summarized in Figure 1. When two metal ions, Au(III) and
Pd(II), were simultaneously biosorbed on the TMV1Cys, the
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Figure 3: The surface plasmon absorption spectra (at 525 nm) of
AuPd alloy deposited TMV1Cys templates prepared from different
Au(III) : Pd(II) percentages of (a) 0 : 100, (b) 100 : 0, (c) 20 : 80, (d)
50 : 50, and (e) 80 : 20 (scale bar: 200 nm).

total amount and the fraction of the Pd(II) : Au(III) were
varied. These results strongly suggest that the biosorption of
multiple metal ions on the TMV1Cys is potentially tunable.

TMV1Cys was initially suspended in Au(III) : Pd(II)
ion mixture solutions (100 : 0, 80 : 20, 50 : 50, 20 : 80, and
0 : 100) and the biosorbed metal ions were subsequently
reduced to form AuPd alloy by the addition of DMAB. The
resulting morphologies of AuPd alloy decorated TMV1Cys
were observed using TEM (Figure 2). The mixture of
Au(III) : Pd(II) improved total metal ion loading on the
TMV1Cys in comparison to the case where the sole Au(III)
precursor was used. Consequently, improved metal coverage
was achieved on the virion (Figures 2(b)–2(d)) when
compared to the Au(III) only solution (Figure 2(e)), which
is in good agreement with the previous work by Lim et al.
[26]. There have been reports that the biosorbed Au(III) and
Pd(II) showed poor desorption with the charge inversion
of sorbent functionalities by pH adjustment. Significant
desorption was achieved only when chemicals (thiourea)
that form strong ligands with the metals were used in the
medium [31, 32]. The cysteine mutant TMVs demonstrated
improved surface mineralization in comparison to the wild-
type TMV (nonsulfhydryl groups on the external) [13,
14, 26], suggesting the possibility of the complexation of
metal precursor/metal with the sulfhydryl groups. The strong
affinity of the metals to the sulfhydryl group improves the
biosorption properties, which should result in denser alloy
cluster mineralization on the TMV1Cys template.

To support the conjecture that the alloys formed as
solid-solution nanoparticles, the alloys on the TMV1Cys
were analyzed further using the SPR and SAED. The UV-
Vis absorptions at 525 nm for the gold, palladium, and
gold-palladium alloys are summarized in Figure 3. When
Au(III) precursor was used without Pd(II), the gold cluster
deposition on the TMV1Cys was recognized by the char-
acteristic SPR absorption peak at 525 nm (Figure 3(b)). In
contrast, the depositions of palladium or gold-palladium
alloys on the virion (Figures 3(a), 3(c)–3(e)) did not show
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Figure 4: SAED patterns of AuPd alloys prepared from different
Au(III) : Pd(II) percentage of (a) 80 : 20, (b) 50 : 50, and (c) 20 : 80.

significant absorption peaks at 525 nm. In prior work, Kim
et al. [33] demonstrated a significant decrease of gold SPR
at 525 nm by AuPd alloying. Similarly, Figure 3 strongly
indicates that the AuPd nanoparticles on the TMV1Cys
should be predominately an AuPd alloy rather than the
phase-separate Au and Pd nanoparticles. The AuPd alloy
formation on the TMV1Cys was further supported with
SAED. X-ray diffraction (XRD) data reported by Kim et al.
[33] showed that the AuPd alloys produced a single phase
diffraction signal at 38.7◦ of (111) plane whereas the separate
Pd and Au mixture produced the two diffraction signals of Pd
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Figure 5: Electron energy loss spectra collected from AuPd (20 : 80)
alloy nanoparticles on TMV1Cys, showing existence of (a) Pd at
M4,5 edge (335 eV) and (b) Au at M5 edge (2206 eV). Insets are
background subtracted electron energy loss spectra at 335 eV and
2206 eV, respectively.

(111) at 39.8◦ and Au (111) at 38.2◦, indicating two different
phases. Since SAED of many particles is exactly analogous
to XRD and if the gold and palladium are separately
mineralized, the FCC (111), (200), (220), and (311) of
two metals should produce 8 rings due to the differences
between the Au and Pd lattice spacings [34]. However,
the diffraction patterns of AuPd alloys on the TMV1Cys
(Figure 4) showed only the first four rings, suggesting the
AuPd on the sample is a single phase or completely alloyed.
In principle, accurate lattice spacing measurement of AuPd
alloys with different composition would allow us to at least
roughly determine a composition of nanoparticles formed,
but in our case uncontrollable experimental errors such as
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small variation in objective lens focus and also broadening of
diffraction rings from nanosized particles prevented us from
doing deeper analysis with diffraction patterns in Figure 3.
Instead, in order to further confirm the existence of gold and
palladium atoms in the nanoclusters, EELS was performed
on AuPd alloy (20 : 80) on TMV1Cys. Electron energy loss
spectra were collected from a couple of particles at several
spots. Figure 5 shows representative electron energy loss
spectra at 335 eV of the Pd M4,5edge (Figure 5(a)) and at
2206 eV of the Au M5 edge (Figure 5(b)), confirming the
existence of both Pd and Au [35]. Based on the consistent
characterization results by three different approaches, it
can be safely concluded that the AuPd nanoparticles on
TMV1Cys form a solid solution alloy.

4. Conclusion

As a model study, the biosorption of multiple metal ions
on the TMV1Cys was utilized to prepare the biotemplated
alloy metal nanoparticles. The Au(III) and Pd(II) ions were
simultaneously biosorbed on the TMV1Cys whose uptake
ratio could be controlled by varying the initial concentration
of Au(III) and Pd(II) in the medium. The deposition of
AuPd alloy on the TMV1Cys was achieved by the addition
of the reducing agent to samples with different ratios of
Au(III) : Pd(II) ion concentration. The formation of AuPd
nanocrystal alloys on the TMV1Cys was analyzed using
spectroscopic techniques as well as electron diffraction that
can clearly indicate the crystalline structure. These results
suggest that gold nanoclusters did not segregate, but the gold
atoms were mixed with the palladium atoms to form metal
alloy nanoclusters. The biosorption of multiple metal ions
on the TMV is a potentially useful tool to prepare metal alloy
nanoparticles with a tunable alloy ratio.
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