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ABSTRACT

We have developed a simple and robust method to fabricate nanoarrays of metals and metal oxides over macroscopic substrates using the
crystalline surface layer (S-layer) protein of Deinococcus radiodurans as an electrodeposition mask. Substrates are coated by adsorption of
the S-layer from a detergent-stabilized aqueous protein extract, producing insulating masks with 2 −3 nm diameter solvent-accessible openings
to the deposition substrate. The coating process can be controlled to achieve complete or fractional surface coverage. We demonstrate the
general applicability of the technique by forming arrays of cuprous oxide (Cu 2O), Ni, Pt, Pd, and Co exhibiting long-range order with the 18
nm hexagonal periodicity of the protein openings. This protein-based approach to electrochemical nanofabrication should permit the creation
of a wide variety of two-dimensional inorganic structures.

Through-mask electrodeposition has been used extensively
to pattern metals, semiconductors, and polymers on conduc-
tive substrates.1-4 The mask, a patterned arrangement of
solvent-accessible openings, limits the regions of the substrate
where material growth occurs, thereby allowing synthesis
of a high fidelity negative replica with nanometer-thickness
control.5 Emerging techniques for electrochemical nano-
fabrication frequently exploit masks that self-organize, such
as anodic alumina6-14 and molecular crystals such as
amphiphilic surfactants15-18 and block-copolymers.19 Unfor-
tunately, these self-assembling masks form a limited number
of unit cell geometries, precluding the creation of complex
patterns. Proteins can organize into homo- or heterostructures
representing all possible two-dimensional (2-D) space groups
built from chiral molecules. Moreover, they are readily
engineered through molecular biology, providing an attractive
foundation for nanotechnology. As a result, crystalline protein
architectures have been used as templates for organizing
nanoparticle arrays,20-23 as shadow masks for nanoarray
synthesis via vapor-phase deposition,24-28 and many other
nanofabrication approaches.

To the best of our knowledge, electrodeposition through
crystalline protein masks has not been demonstrated as a
robust nanofabrication strategy. In electrodeposition, material
growth proceeds from the substrate outward and need not
follow a line-of-sight path through the mask (as do many
vapor-phase deposition methods). Thus, electrodeposition

offers the unique prospect of being able to grow dense
materials through a tortuous multilayer crystalline protein
mask, or other complex protein structure, thereby relaxing
the difficult task of optimizing the protein-surface interface29

to attain perfect monolayer coverage.

Of particular interest for bio-inspired nanofabrication are
surface layer (S-layer) proteins, a class of 2-D crystalline
proteins that encapsulate certain bacterial cells, protecting
them from extracellular enzymes and regulating molecular
trafficking.30 S-layers are highly resistant to conditions that
normally denature proteins (e.g., low pH, chaotropic agents,
and heat)31 and can assemble into all 2-D rotational sym-
metries (p1, p2, p3, p4, and p6). They have 1-4 nm solvent-
accessible openings organized with typical lattice parameters
ranging from 10 to 20 nm.32 To demonstrate the potential
of S-layer proteins for through-mask electrodeposition, we
selected the hexagonally packed intermediate (HPI) layer
from Deinococcus radioduransbased on its chemical
resistance33,34 and ease of purification in the crystalline
state.35,36 The HPI layer is tethered to the bacterium via
hydrophobic interactions that are disrupted upon detergent
addition. Indeed, incubation of the cells with 5% sodium
dodecyl sulfate (SDS) at 60°C for 2 h caused large
crystalline protein sheets to slough from the cell surface, as
imaged in Figure 1 using glutaraldehyde-fixed, uranyl
acetate-stained samples. Higher magnification imaging (inset)
confirmed the expected structure of the HPI layer, a
hexagonal array (p6, 18 nm) of hexameric proteins pierced
with 2-3 nm pores.37 Purification of the HPI layer protein
was accomplished by repeated centrifugation, decanting, and
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pellet resuspension in 5% SDS.38 Purified HPI layer proteins
were stored at room temperature in 0.1-1 mg mL-1 stock
solutions in 5% SDS. Imaging with transmission electron
microscopy (TEM) and atomic force microscopy (AFM),39

as well as electrophoresis experiments, revealed that protein
solutions can be stored for at least 6 months in 5% SDS at
room temperature without loss of crystalline order or
proteolytic degradation.

In most cases examined, proteins were partially coated on
substrates to compare material nucleation and growth on
adjacent protein-covered and bare regions.40 Typical surface
coverages were 40% to 80%, corresponding to roughly 2-60
min of substrate contact time with the stock protein solution.
AFM examination of partially covered surfaces (Figure 2A)
shows that protein monolayers are 5-6 nm in height with
single-crystal domain sizes around 1µm. Additional features
are evident, such as protein crystals that have folded onto
themselves. Higher resolution imaging (Figure 2A, inset)
reveals the presence of two different types of putative protein
openings, one or both of which must be solvent accessible
for D. radioduransto live. Complete surface coverage was
achieved by multilayer adsorption of HPI layer protein
crystals, leading to the more pronounced surface topography
seen in Figure 2B.

The substrates used for electrodeposition studies were
ultrathin AuPd films draped across the imaging windows of
gold TEM specimen grids.41 These electron-transparent films
permitted high quality electrodeposition, TEM imaging, and
electron diffraction-based characterization. Potentiostatic
electrodeposition of cuprous oxide (Cu2O) from a room
temperature, pH 9, 0.4 M CuSO4, 3 M lactic acid bath
produced well-nucleated films on the bare TEM grid
substrates.42 Figure 3A shows that Cu2O grown on substrates
partially covered with proteins produced 0.5 to 1µm patches
displaying the 18-nm hexagonal periodicity of the protein,

along with regions of plain film typical of growth on the
bare substrate. The protein itself is transparent in the TEM
under the imaging conditions (120 kV accelerating voltage),
so the observed hexagonal structure is due to electrodeposited
inorganic masked by the protein. Fast Fourier transform
(FFT) analysis of Figure 3A confirms that the deposit has
long-range order with 18 nm periodicity (upper left inset).
The higher resolution Fourier-filtered image (upper right
inset) suggests that each of the two putative protein openings
seen in Figure 2A can be filled by electrodeposition, though
perhaps not equally well. Figure 3B shows a cross-sectional
schematic illustration of the through-protein deposition
process in the protein-covered and bare substrate regions.

Results from electron diffraction studies (Figure 3C)
confirm that the electrodeposited inorganic is Cu2O in both

Figure 1. TEM image of glutaraldehyde-fixed and uranyl acetate-
stained Deinococcus radioduransafter detergent treatment. A
portion of the cell and the partially sloughed HPI layer proteins
are labeled. Inset: higher magnification image of the HPI layer
proteins shown in the smaller window.

Figure 2. (A) Tapping mode AFM image of HPI layer proteins
on a polished steel disk reveals typical coverage when proteins are
contacted for several minutes before washing. Inset: higher
resolution image on freshly cleaved mica revealed patterned
arrangement of channels. (B) Tapping mode AFM image of HPI-
layer proteins completely covering a polished gold foil. Image is
shown in deflection mode due to the pronounced topography of
the height mode.
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the protein-covered region and on the bare substrate. The
image shows a portion of the substrate with three distinct
regions. Diffraction from region (i), an area where protein-

masked electrodeposition is visible, has the cuprite structure
of Cu2O (Pn3m-Oh

4) superimposed on the AuPd substrate
diffraction. Region (ii), an area where deposition occurred
on unmasked AuPd substrate, also exhibits a cuprite crystal
structure. Finally, region (iii) is bare AuPd substrate showing
the weak, broad background diffraction from the 1-2 nm
grains of the ultrathin AuPd substrate. Electron diffraction
over larger areas (not shown) further confirms that all
electron-dense regions are primarily composed of polycrys-
talline Cu2O. Thus, the protein mask has not significantly
modified the material produced by the electrodeposition
process.

Electrodeposition on substrates that were completely
covered with multilayers of S-layer proteins produced
hexagonal arrays of Cu2O over the entire observable surface
of the 3 mm-diameter thin film substrate (typical region
shown in Figure 4). The intense rings seen in the FFT inset
indicate that the electrodeposited structure exhibits the long-
range periodicity of the protein, but is a mosaic of many
rotated protein crystals. We also observed various local Moire´
patterns, likely resulting from material growth through more
than one protein layer. Thus, electrodeposition can readily
proceed through multilayer protein films, demonstrating its
value as a material growth strategy vis-a`-vis a line-of-sight
deposition method.

To demonstrate the generality of the above strategy with
other materials, nickel, platinum, palladium, and cobalt were
electrodeposited on TEM substrates with partial HPI layer
protein coverage. These systems represent a wide range of
electrolyte characteristics, as noted below. Despite having
done little optimization of the electrodeposition conditions
for each metal, ordered nanostructures were seen in all cases
(see Figure 5 and insets). FFT analysis confirmed that
electrodeposition occurred through the protein mask (see left
insets). The density of openings in the HPI-layer mask
demands nucleation densities on the substrate of∼1012 cm-2

to completely and uniformly fill the mask. The room

Figure 3. TEM imaging and electron diffraction of Cu2O electro-
deposited under partial protein coverage conditions. (A) Low
magnification image of a typical Cu2O film electrodeposited on a
thin film substrate partially coated with HPI layer proteins. FFT
analysis (left inset) reveals a mosaic of variously rotated structures
with 18-nm hexagonal periodicity. FFT-filtered image (right inset)
shows excellent fidelity of the electrodeposited material to the
protein structure. (B) Schematic cross-section of the proposed
deposit. (C) An areaof film showing nanostructured Cu2O (i),
unpatterned Cu2O (ii ), and bare substrate (iii ). Electron diffraction
patterns from a∼50 nm probe are shown along the top. Weak Au-
Pd background diffraction is seen in all three regions, but does not
obscure the strong pattern from the Cu2O cuprite structure of the
electrodeposited film in regions (i) and (ii ).

Figure 4. TEM image of Cu2O electrodeposited through multilayer
protein with complete surface coverage. Inset: Computed FFT of
the low-resolution image.
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temperature potentiostatic deposition of Pt and Pd (from the
commercial baths Platinum AP and Pallaspeed by Technics)
clearly did not fully nucleate, producing patchy deposits. The
potentiostatic growth of Co and Ni (from an ethanol-based
electrolyte and a Watts-type electrolyte, respectively) de-
veloped strong crystalline texture with characteristic dimen-
sions larger than the periodicity of the protein or the
crystalline grain size of the substrate. These results show
that optimization of the mask filling process requires careful
attention to nucleation densities on the substrate. A com-
parison between masked and unmasked regions on each
substrate suggests that the protein did not substantially
change the character of nucleation. Hence, unmasked sub-
strates can probably be used to optimize the nucleation and
growth processes of a particular material of interest (via pulse
plating, applied potential, and/or use of surface active agents),
as is typical in electrodeposition research. Once optimal
growth conditions are found, full protein coverage conditions
can be used for the routine preparation of nanostructured
surfaces, as demonstrated for the case of Cu2O. The wide
range and nature of the electrolytes used here highlights the
stability of this S-layer protein to chemical environment.

In summary, we have shown that electrodeposition through
the crystallineD. radioduransHPI-layer is a reliable and
easily implemented technique for the fabrication of a variety

of nanostructured materials on electrically conducting sub-
strates. Because the stacking of multiple HPI layer protein
crystals does not stop the material growth processes, pat-
terning over millimeter distances is possible using crystalline
arrays isolated directly from the cell without the difficult
task of reassembling individual subunits into large single
monolayer crystals. On the other hand, careful control of
the deposition thickness and nucleation properties are neces-
sary to achieve uniform surfaces due to the small opening
sizes and dense lateral spacing. TheD. radioduransHPI layer
is a robust protein that remains structurally intact under a
wide range of environmental conditions. Because this
characteristic is shared by many class members, S-layer
proteins from other organisms, and possibly other self-
assembling proteins, will certainly prove useful for the
electrodeposition of ordered nanostructures with a variety
of superlattice symmetries.
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