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Biological molecules and organisms are intriguing scaf-
folds for the growth and assembly of inorganic nanoparticles.
Biopolymers such as DNA,1,2 RNA,3,4 and proteins5-13 have
been used to template the synthesis and spatial organization
of metal and semiconductor nanoparticles, and bacteria,14-16

viruses,17-20 yeast,21 and fungi22 have been used for similar
purposes. These biological templates are useful because of
their molecularly precise shapes and the spatial organization

that they impart on the nanoparticles, as well as specific
affinities for binding to surfaces and nucleating and as-
sembling certain materials.23,24 In particular, the M13 bac-
teriophage has been used extensively for its ability to bind
selectively to a variety of distinct crystal faces of several
types of materials.25 It has also been shown to template the
formation of nanocrystals,26 nucleate the precipitation of
crystalline powders,27,28 and assemble nanocrystals into
highly organized nanostructures.29 M13 bacteriophage that
exhibit these material-specific binding and nucleation capa-
bilities are typically identified through a multistep biopanning
process.27,30 These studies generally yield a small number
of amino acid sequences that are thought to be responsible
for the specific phage/surface interactions. Binding occurs
either via the tip of the bacteriophage (pIII region) or, through
genetic modification, both the tip and body (pVIII region).26,31

As a result, nanoparticles can form at the tips or decorate
the bacteriophage lengthwise to generate nanowires.26,31

Most of the efforts involving materials applications of the
M13 bacteriophage have centered on identifying and exploit-
ing binding motifs that are specific for a particular material
or crystal face, with genetic engineering of the pVIII region
required for nucleating nanoparticles lengthwise to form
nanowires. Typically, a single material is templated by the
phage, although a few examples of phage-templated nano-
particle composites are known (e.g., Co3O4/Au32 and Au/
CdSe33). Here, we show that nonspecific electrostatic inter-
actions between cationic aqueous metal complexes and the
anionic carboxylate groups of the solvent-exposed pVIII
region of wild-type (WT) M13 bacteriophage, followed by
borohydride reduction, can generate similar nanostructures
without the need for genetic modification. These nonspecific
electrostatic interactions can also be used to template metal
particles lengthwise along the pVIII region of M13 bacte-
riophage that have previously been selected for specificity
to a different material at the tip (pIII region) via phage
display. This approach to site-directed templating via a
combination of specific and nonspecific interactions can be
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used to engineer bifunctional nanocomposite materials.
Magnetically separable hydrogenation catalysts (pVIII-Rh/
pIII-Fe3O4) are used to demonstrate this concept.

Bacteriophage decorated with Rh, Pd, and Ru nanoparticles
were typically synthesized by incubating 100 - 200 µL of
WT M13 bacteriophage (∼5 × 1012 to 2 × 1014 pfu/mL)
with 50 µL of 50 mM metal salt solutions (RhCl3 · xH2O,
K3RhCl6, PdCl2, K2PdCl4, RuCl3 · xH2O, K3RuCl6) in 750 µL
of Milli-Q deionized H2O (autoclaved) at room temperature
with gentle mixing for approximately 1 h. The metal salts
were reduced by the slow dropwise addition of 50-100 µL
of freshly prepared NaBH4 (approximately 25 mg/mL) to
the solution of phage and metal salts. The nanoparticle-
decorated phage were collected via centrifugation, washed
in H2O and 70% ethanol with brief sonication, and then
resuspended in ethanol.

Figure 1 shows transmission electron microscope (TEM)
images of Rh nanowires templated by WT M13 bacterioph-
age. Decorating the phage are aggregates of Rh nanoparticles
that are each ∼5 nm in diameter. Electron diffraction
confirms that the nanoparticles consist of fcc Rh metal
(Figure 1). Nanowire formation is likely the result of cationic
metal complexes adsorbing nonspecifically along the anionic
surface of the pVIII region and remaining anchored after
reduction and nucleation of the nanoparticles. This is
analogous to the wet impregnation process often used for
forming supported metal nanoparticle catalysts34 and for
coating some other types of biological templates.35 Consistent
with this hypothesis, preformed Rh nanoparticles incubated
with WT M13 bacteriophage do not assemble into nanowires.
Nanowires form only under conditions where a cationic metal
reagent is used.

Figure 2 shows representative TEM images for phage-
templated Pd and Ru nanowires prepared using a variety of

metal salt reagents, including PdCl2, K2PdCl4, RuCl3 · xH2O,
and K3RuCl6. A different Rh nanowire sample, made using
K3RhCl6, is also shown (Figure 2a). All of the Rh, Pd, and
Ru metal salt reagents exhibit relatively rapid ligand
exchange with water, yielding a mixture of predominantly
neutral and cationic complexes in near-neutral aqueous
solutions, e.g., Rh(H2O)6

3+, Pd(H2O)6
2+, Ru(H2O)6

3+, and
other mixed chloro/aqua complexes.36,37 In contrast, typical
Pt and Au metal salts (K2PtCl6, HAuCl4) yield predominantly
anionic complexes in aqueous solutions near neutral pH.36,37

Therefore, these anionic species would not be expected to
strongly adhere to the negatively charged pVIII surface.
Consistent with this, preliminary studies with the Au and Pt
systems do not show nanoparticles coating the pVIII surface.

The enlarged TEM images in Figure 2e show that the Pd
nanoparticles densely coat the pVIII region of the M13
bacteriophage, but in some cases seem to be absent from
the pIII tips. This implies that the pIII region may still be
accessible for biopanning and materials-specific binding, and
initial studies with the Rh/Fe3O4 system support this hy-
pothesis. Six rounds of biopanning were performed against
Fe3O4 nanoparticles using a commercial library containing
∼1 × 109 random sequences of the 12-mer peptide at the
pIII region of the M13 bacteriophage. After the biopanning
process was complete, sequencing studies identified the 12-
mer QAFPLSNQSLTV as one of several peptides with
specificity to our specific sample of Fe3O4. This phage (called
φFe3O4

) was amplified, and 50 µL of high titer φFe3O4
was

incubated at room temperature overnight with a dispersion
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Figure 1. TEM images of WT phage coated with Rh nanoparticles using
RhCl3 as the metal salt reagent and SAED pattern confirming the presence
of fcc Rh.

Figure 2. Representative TEM images of WT M13 bacteriophage coated
with nanoparticles of (a) Rh (K3RhCl6), (b) Ru (RuCl3), (c) Ru (K3RuCl6),
(d) Pd (K2PdCl4), and (e) Pd (PdCl2). Metal salts used for each sample are
indicated in parentheses.
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of Fe3O4 nanoparticles. Images a and b in Figure 3 show a
negative-stain (2% uranyl acetate) TEM image of φFe3O4

bound to the larger Fe3O4 nanoparticles.
The φFe3O4

has the same anionic pVIII region as the WT
phage, but the pIII region has been selected to be materials-
specific toward Fe3O4. To combine the materials-specific
interactions of the pIII region with the nonspecific electro-
static interactions possible via the anionic pVIII region, we
incubated φFe3O4

in dilute aqueous RhCl3 solution and reduced
with NaBH4 as described earlier. The Rh-coated φFe3O4

, made
using a lower concentration of RhCl3 relative to that shown
in Figure 1 in an attempt to avoid overgrowth at the pIII tip,
was collected by centrifugation, rinsed with water, and then
incubated with a dispersion of Fe3O4 nanoparticles. The TEM
image of the product (Figure 3c) confirms the successful
incorporation of both Fe3O4 and Rh onto the pIII and pVIII
regions of φFe3O4

, respectively. The SAED pattern in Figure
3d further confirms the presence of both Rh and Fe3O4. The
pVIII region was coated lengthwise with Rh nanoparticles
via nonspecific electrostatic interactions while the pIII tip
was bound to Fe3O4 particles via materials-specific interac-
tions. When a magnet is placed next to the vial containing
the dispersed Rh/Fe3O4 phage, the entire black-colored
sample collects at the magnet and leaves behind a clear,
colorless solution (Figure 3e). This further confirms that all
of the Rh and Fe3O4 are co-located on the φFe3O4

, because
the Rh are attached to the phage and only the Fe3O4 is
magnetic.

The M13 bacteriophage provide a high surface area
support for nucleating small noble metal nanoparticles with
no deliberately added organic stabilizers, making them
intriguing for catalytic applications. In particular, Rh nano-
particles are known to be excellent hydrogenation catalysts.38

As an initial test of their catalytic viability, the hydrogenation
of styrene to ethylbenzene was studied. Rh-coated phage (3
mg) was added to 5 mL of a 20 mM solution of styrene in
methanol, and the reaction mixture was stirred at room
temperature under a hydrogen atmosphere. GC-MS data (see
Figure S2 in the Supporting Information) confirmed a
complete conversion of styrene to ethylbenzene after 1 h.
The catalytic hydrogenation of methyl red39 was also studied.
Rh-coated phage (2 mg) was added to 5 mL of 46 µM methyl
red solution, and the reaction mixture was stirred under a
hydrogen atmosphere for 10 min. UV-vis spectra (see Figure
S3 in the Supporting Information) show a rapid decrease in
absorbance of the methyl red solution, indicating the near
complete cleavage of the azo bond.39 The Pd/WT-phage
system behaved similarly. These results demonstrating
catalytic viability, coupled with the magnetic separation of
Rh/Fe3O4/phage, provide evidence that specific and nonspe-
cific interactions can be combined for the nucleation and
assembly of bifunctional nanocomposites.

In conclusion, nonspecific electrostatic interactions be-
tween cationic metal complexes and the anionic pVIII region
of WT M13 bacteriophage can be used to generate metal
nanowires. These nonspecific interactions along the pVIII
region can be combined with materials-specific interactions
in the pIII region to engineer multifunctional nanocomposites,
such as magnetically separable Rh/Fe3O4/phage hydrogena-
tion catalysts. This provides a straightforward platform for
designing site-directed multifunctionality into commercially
available M13 bacteriophage and serves as a simple method
for introducing multicomponent architectures into phage-
based scaffolds without the need for genetic engineering.
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Figure 3. (a, b) Negative-stain TEM images of the φFe3O4
phage attached to

Fe3O4 particles via materials-specific interactions after incubating the phage
with the particles. (c) TEM image of φFe3O4

phage coated with Rh
nanoparticles and attached to Fe3O4 particles. (d) SAED pattern of the Rh/
Fe3O4/phage sample confirming the presence of Rh (diffuse rings, indexed)
and Fe3O4 (crystalline spots, see the Supporting Information for comparison).
(e) Photograph of aqueous solutions of (i) a uniform dispersion of Rh/
Fe3O4/phage and (ii) the Rh/Fe3O4/phage collected at the side of the vial
via interaction with an external magnet.
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