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Patterning the nanostructure of monolithic solids to make ordered
motifs is a powerful tool for material design. Several chemical
strategies for generating such materials rely on porous templates.
Block copolymers and colloidal crystals are two such examples of
templates used to generate long-range three-dimensional ordered
materials.1-3 While versatile in many ways, these templates offer
only a limited number of architectures which can restrict their
potential use. In particular, for optical applications crystal sym-
metries which are more complex than close-packed spheres or
cylinders are required.4 Biological templates, in contrast, provide
a much wider variety of porous architectures and symmetries. Here
we show that biological macromolecules in their crystalline state
can be treated much like other monolithic templates and are
effective at generating ordered solids of nanostructured materials.

Protein and virus crystals have traditionally played a pivotal role
in structural biology where thousands of crystals with unique
symmetries have been grown for macromolecular structure deter-
minations.5 However, it is only recently that macromolecular
crystals have been exploited for noncrystallographic purposes as
in the area of material synthesis.6,7 An interesting and wide array
of biological materials have been used as templates. Meldrum
deposited gold onto sea urchin skeletal plates which were used to
create micrometer-scale patterned materials.8 Other studies have
been performed on smaller biological systems such as DNA,
microtubules, and individual virus particles to form metallic nano-
wires, nanofibers, and two-dimensional arrays of nanoparticles.9-18

In this work, we use virus crystals as templates to form large-
scale solids containing nanoscopic order. The body centered cubic
crystal of cowpea mosaic virus (CPMV) is used as an example
template. This system has large nanoscopic cavities and channels
(Figure 1A) which occupy about 50% of the crystal’s total volume.
These repeating channels within the CPMV crystals can be exploited
as templates for the production of uniquely regular structures. We
use the solvent channels of CPMV crystals to confine the growth
of metals, including platinum and palladium. Metal infiltration into
the mesoscopic channels of a three-dimensional lattice is a
challenging process as it requires stringent reaction conditions and
can be difficult to control for a homogeneous deposition. To address
these issues, metal was deposited using an electroless plating process
similar to that used to fill colloidal crystals and to coat microtu-
bules.10,13,19

CPMV is an extensively studied virus that can be isolated in
large quantities (over 1 g/kg of infected leaves) and crystallized
using a straightforward procedure.20 These body centered cubic
crystals are reinforced by intervirus cross-linking so that they may
be dried or exposed to a variety of solvents with little adverse effect
on crystal quality.6,21 We use a 10% glutaraldehyde as the cross-

linking agent. The reinforced crystals are then exposed to a buffer
that also contains 20 mg/mL potassium tetrachloropallidate(II). The
palladium ions bind to basic amino acids that make up the protein
shell or capsid of the virus particles in the crystals. The crystals
are next placed in a buffer that contains 10 mg/mL potassium
tetrachloroplatinate(II) hydrate and 20 mg/mL sodium hypophos-
phite. The catalytic cycle starts with the reduction of the coordinated
Pd2+ by hypophosphite. This reduced Pd0 completes the catalytic
cycle by oxidizing and thereby reducing Pt2+ within the solvent
channels of the crystals, producing virtually no reduced metal in
solution.

To ensure that the distribution of the metal throughout the virus
crystal was uniform, we imaged cross sections of the crystal and
analyzed micrometer-sized regions for their metal content. Metal-
filled crystals were embedded in an epoxy matrix, Eponate-12 (Ted
Pella), and approximately half of the crystal was removed with an
ultramicrotome. The exposed microtomed, polished cross section
was analyzed using a scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray (EDX) spectrometer. An SEM
image and X-ray backscattering signal demonstrate the homogeneity
of the metal distribution shown in Figure 1B, C, and D. This
information was quantitated using EDX (Figure 1E) which found
10% Pd and 55% Pt by weight in the samples.

We confirmed that the formation of metals was confined to the
channels of the virus crystal using electron microscopy. Thin cross
sections (50-60 nm) were cut from metalized crystals using a Leica
UCT-FCS ultramicrotome under cryogenic conditions. These cross
sections were approximately 1.5-3.5 planes thick. Parts A and D
of Figure 2 are transmission electron microscopy (TEM) images
of typical lattice cross-sections cut near the (110) and (111) planes,
respectively. B, C, E, and F of Figure 2 are simulations of how an
I23 metal-infiltrated lattice would appear with those same orienta-
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Figure 1. (A) Porous spaces between the viruses within the crystal structure,
generated by XRD data. Orange box represents the unit cell. (B) SEM image
of a cross-linked CPMV crystal after metallization. (C) X-ray backscattering
of the palladium (D) and platinum distribution in the crystal. (E) EDX
analysis of the metal distribution in the same crystal.
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tions and thicknesses. Table 1 gives the theoretical and measured
values of segments and angles notated in Figure 2C and F. As
indicated by Figure 2 and Table 1, these metal-infiltrated viruses
retain their original crystalline structure.

Moreover, the angles and dimensions of the infiltrated lattice
are near to those expected for a native lattice. We attribute the
differences in these values to distortions that occur from crystal
shrinkage during dehydration, as well as from the process of
sectioning this brittle solid.

The lack of interconnects between the darker metal-filled portions
of our composite (Figure 2) suggests that the templating process
does not completely infiltrate the smaller porous sections to form
one intact metal superstructure. In particular, it is more effective
at generating metallic material in the larger portions of the porous
network shown in Figure 1A and does not generally form metals
between the areas of closest approach in the virus crystal. These
metal-filled sections average 10.3 nm in diameter (Figure 2A, D),
which compares favorably to the size of the larger compartments
(Figure 1A) that are approximately 10-15 nm, depending on crystal
orientation.

Further high-resolution studies of the metal portions find that
this electroless deposition process forms metals that are nanostruc-
tured, consisting of single or aggregated nanocrystals (d ) 2.7 nm).
This result is in agreement with the metallic nanostructures found
in similarly templated colloidal crystals, which also exhibited
nanostructured crystallinity.19 X-ray powder diffraction confirms
the crystalline nature of the metal in the pores and through Scherrer
analysis an average grain size of 1.3 nm was obtained.22 We attribute
the difference between the diffraction and imaged grain size to arise
from the difficulty with measuring the precise size of the aggregated
nanocrystals using TEM.

In summary, we have demonstrated that virus crystals can be
used in material synthesis. They provide a porous, highly organized
scaffold around which an inorganic matrix can be assembled. These
nanocomposites, unlike the native virus or protein crystals, are
sturdy materials. Moreover, they represent a monolithic three-
dimensionally structured solid with nanometer-scale detail. These
materials may find use as sensors and in X-ray optical systems.
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Figure 2. (A) TEM image of a thin (∼50 nm) CPMV crystal cross-section.
(B and C) Simulations of the metal-filled major pores along the (110) crystal
plane of anI23 (body centered cubic) crystal. (D) TEM image of a thin
(∼50 nm) CPMV crystal cross-section. (E and F) Simulations of metal-
filled major pores along the (111) crystal plane of anI23 (body centered
cubic) crystal. The measured line segments and angles are listed in Table
1.

Table 1. Theoretical and Measured Lattice Features from Figure
2

angle segment

a (deg) b (deg) c (deg) 1 (nm) 2 (nm) 3 (nm)

(110)
theoretical 90.0 90.0 109.1 15.9 22.4 27.5
measured 85.5 90.8 105.2 16.3 21.6 25.2
std. dev. 4.9 5.5 3.9 1.2 1.3 1.3

(111)
theoretical 60.0 60.0 60.0 22.4 22.4 22.4
measured 62.8 52.2 60.7 21.5 17.8 21.5
std. dev. 4.0 2.9 3.4 1.2 1.4 1.2
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