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Abstract

Crystalline cell surface layer proteins (S-layers) can be used in electrochemical fabrication to create nanoscale arrays of metals and oxides on
surfaces so long as the proteins maintain their long-range order during processing. We have explored the stability of the HPI layer protein (the
S-layer protein from the microorganism Deinococcus radiodurans) adsorbed onto platinum surface after immersion in sulfuric acid or sodium
hydroxide electrolytes ranging in pH from O to 14 over time periods ranging from 1 to 1000 s. Topographic data obtained by atomic force microscopy
(AFM) was used to characterize the protein stability, judged by its retention of long-range order after immersion. The compiled data revealed that,
under these solution conditions and in this environment, the HPI layer protein has a dose-dependent structural stability “envelope” in the acidic
range from 1 < pH <4. The protein retains its long-range order up to 1000 s from pH 4 to 11, and has a sharp stability edge between pH 12 and 13.
Interestingly, the more stringent requirement of stability (i.e., retention of long-range order) defined in the context of electrochemical fabrication

for this protein narrowed the window of stability in pH and time when compared to previous stability studies reported for this protein.

© 2007 Published by Elsevier B.V.
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1. Introduction

Bacterial cell surface layer proteins are becoming increas-
ingly popular systems for organizing and templating the
synthesis of nanomaterials [1-9]. These proteins are generically
categorized as the paracrystalline outer cell wall protein found
enveloping cells of many microbiological species [10]. They
are well known for having a high degree of order even when
removed from the cell surface, and having high tolerance to
harsh chemicals and temperature variability [11].

Previously, we have demonstrated that S-layer proteins can
serve as masks for electrochemical fabrication of metal and
semiconductor nanoarrays [8]. Protein-based electrochemical
fabrication allows smaller and higher density packing of peri-
odic elements than lithography-based methods widely used in
integrated circuit fabrication technology. Initial results relied on
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electrolyte formulations from the literature or those available
commercially. The quality of the resulting patterned materials
varied from exceptional, in the case of cuprous oxide, to poor,
for platinum, to non-existent, for copper. The initial hypothesis
for these varied results was based primarily on poor optimization
of the electrodeposition process, which can be finely tailored to
satisfy the high nucleation density required for the electrochem-
ical fabrication of individual units at a density on the order of
10'2 cm~2 on the work surface. However, an alternative hypoth-
esis for poor pattern transfer could be that the various electrolytes
may disrupt the long-range order of the S-layer protein of D.
radiodurans (also known as the HPI layer, or the hexagonally
packed intermediate layer, protein). This alternative hypothesis
was initially rejected owing to the extensive characterization of
this protein [12,13] which indicated a broad stability over time
scales (16 h or greater) far exceeding that needed for electro-
chemical fabrication.

An early study on the HPI layer stability used precipitation
as an indicator that the proteins survived exposure to various
aggravating conditions [12]. However, precipitation alone does
not differentiate between HPI layer proteins that have a long
range ordered nanostructure (desirable for electrochemical
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fabrication) from disordered HPI layer protein aggregates large
enough to precipitate. Later stability studies used transmission
electron microscopy in conjunction with heavy metal staining
[13] to examine the fine structure of the protein, a more stringent
test which may be more useful for electrochemical fabrication.
However, as the degradation of the HPI layer protein was tested
on a time scale of several hours to overnight, and short contact
times are of much greater interest, this information may be
unnecessarily conservative for fabrication purposes.

Here, we explore the temporal stability of the HPI layer pro-
tein adsorbed on surfaces as a function of electrolyte pH (one
of the key variables in formulating baths for electrochemical
fabrication). The figure of merit for this protein is its ability
to retain its long-range order upon exposure to the electrolyte.
This refined definition narrows the window of stability of the D.
radioradurans HPI layer protein when compared to the window
of stability against other modes of degradation such as prote-
olysis or acid hydrolysis, but it permits a rational approach to
formulating an electrolye to achieve successful pattern transfer.
We demonstrate the value of this approach by re-examining cop-
per electrodeposition through the HPI layer proteins, a process
that previously failed when using conventional electrolytes.

2. Experimental methods
2.1. Protein preparation

Intact 2D HPI-layer protein sheets were prepared as previ-
ously described [8], using methods adapted from the work of
Baumeister et al. [14]. Briefly, A 1L culture of D. radiodurans
SARK (ATCC 35073) was grown to early stationary phase in
TGY medium (0.3% tryptone/0.1% glucose/0.5% yeast extract)
and washed in deionized water two times and finally resuspended
in 2% sodium dodecyl sulfate (SDS). The cell suspension was
shaken for 2h in a rotary shaker at 60 °C. Cells were sedi-
mented at 2200 x g for 15 min and discarded. The supernatant
was centrifuged at 18,000 x g for 45 min and the protein pellet
was resuspended in 5% SDS. This process was repeated until
no solid material was visible at the bottom of the tube after cen-
trifugation at 2200 x g. SDS-polyacrylamide gel electrophoresis
[15] revealed a protein band at about 100 kDa as well as sub-
fragments previously identified to be strain-specific cleavage
patterns from an extracellular protease [16]. The final volume of
the suspension was brought to 3 mL, corresponding to an esti-
mated S-layer protein concentration of 1 mgmL~!, which was
estimated by the Bradford assay [17] using bovine serum albu-
min (BSA, Sigma—Aldrich) as a standard and a protein sample
resuspended in deionized water. The stock sample for all exper-
iments was diluted into 5% SDS to about 0.25mgmL~" for
routine use.

2.2. Protein adsorption

Protein adsorption on surfaces was performed as previously
described [8], and summarized here for the reader’s convenience.
For atomic force microscopy (AFM), grade V-4 muskovite mica
(Structure Probe, Inc.) was mounted onto steel AFM pucks. The

mica surface was cleaved using Scotch® tape and immediately
sputter-coated in a Gatan PECS system with 10 nm of platinum
based on in situ quartz crystal microbalance monitoring. For
transmission electron microscopy (TEM), platinum-coated gold
TEM grids (Structure Probe, Inc.) were used.

For AFM, 15-20 nL of stock protein suspension was used,
whereas 2-3 pL was used for TEM imaging. The protein was
applied on the surface by pipette and allowed to sit for about
30-60s. The surface was then gently rinsed by repeated immer-
sion in deionized water and either dried under argon for AFM
analysis or wicked dry with a wipe for TEM experiments.

2.3. Sample preparation

Test solutions of sulfuric acid or sodium hydroxide were pre-
pared by adding concentrated (10 M) sulfuric acid or sodium
hydroxide to deionized water. The pH was monitored using high-
resolution pH indicator strips (colorpHast®, EM Science). The
protein-coated surface was exposed to a given test solution for
a predetermined time and immediately blown dry under argon.
The surface was then rinsed by repeated immersion in deionized
water and dried under argon.

2.4. Atomic force microscopy (AFM)

AFM was performed on a Nanoscope® III AFM under
Tapping Mode® conditions using amplitude feedback control.
Linear scans rates were typically 0.8—1.2 pums~!. Probes were
aluminum-coated Pointprobe® Plus (Nanosensors) SPM probes
with a typical resonance frequency of 250-350 kHz and a nomi-
nal tip radius of less than 10 nm. Lateral size bars on images are
based on calibrations with diffraction grating standards and are
accurate to within 1%.

2.5. Transmission electron microscopy (TEM)

TEM was performed on a Philips 420 TEM (Cs ~ 1.3 mm)
at 120kV accelerating voltage using a tungsten filament. No
objective aperture was used. Electron diffraction was used to
verify the material’s crystal structure by simulating it with a
powder diffraction analysis. The effective camera length was
calibrated by an aluminum foil standard. Size bars on images
are based on calibrations with diffraction grating replicas and
are estimated to be accurate to within 5%.

2.6. Copper electrodeposition

Electrodeposition was performed in a quiescent, three-
electrode, single compartment cell operating at room temper-
ature. The working electrode (cathode) was composed of the
protein-adsorbed platinum-coated gold TEM grid held by self-
closing anti-capillary tweezers at an acute angle to the electrolyte
surface. The counter electrode (anode) was a piece of platinum
foil angled nearly parallel to the working electrode. The refer-
ence electrode was a saturated calomel electrode (SCE) and all
voltages are reported as cathode potentials with respect to the
SCE.
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Electrolytes of two types were prepared: a 0.5M sulfuric
acid/0.5 M cupric sulfate electrolyte (pH ~ 0) and a comparable
bath of 0.5 M sodium sulfate/0.5 M cupric sulfate, using sulfuric
acid to adjust the pH to 3.

3. Results and discussion

The S-layer protein of D. radiodurans (HPI) can be purified
as intact 2D protein “sheets”. The two faces of the sheet have
different characteristics. Upon adsorption to surfaces, either face
of the sheet may be exposed; for labelling purposes, one face
will be referred to as face “A” (Fig. 1A) and the other as face
“B” (Fig. 1B) in this article. Inspection of the images in Fig. 1
shows that, whereas the periodicity is the same for either “A”
or “B” faces, the topography is greatly different. On a routine
basis, the hexagonal arrangement of face “B” is rarely resolved,
while face “A” can in nearly all cases. Because the goal of this

study is to evaluate long-range order, there was a real danger of
mislabeling an intact protein sheet as disordered because face
“B” was exposed to the tip. To avoid this error, a standardized
“blind trial” protocol was developed (Fig. 2A and B).

The first step consists in scanning at low enough resolution
(fewer scans along the slow scan axis) so that the pattern —
whether it is present or not — cannot be observed, but the outline
of protein sheets are still visible with height steps corresponding
to single, double, or additional protein layers (Fig. 2A). Having
multiple height steps in the scan maximizes the likelihood that
in the field of view, both faces of the protein sheet are going
to be exposed to the tip. Once a protein fragment is identi-
fied, it is selected as a candidate for a higher resolution scan
(Fig. 2B). An important feature in the high-resolution scan is
the imaging of the platinum-coated mica background, which
provides a reproducible 2—5 nm cobblestone structure. The plat-
inum surface itself, therefore, serves as an internal resolution

Fig. 1. Atomic force microscope image pair of S-layer protein cell wall
fragments from Deinococcus radiodurans adsorbed on platinum coated mica
revealing the topography of both orientations. Protein sheets will have their
faces designated as face “A” (A) or face “B” (B). Proteins are about 5-6 nm high
with respect to the platinum surface.

Fig.2. Standardized protocol for a single imaging experiment in which adsorbed
HPI protein has been exposed to a sample electrolyte. A low-resolution scan
(A) is used to search for a characteristic region containing protein sheets with
multiple height information. A subsequent high-resolution scan (B) is used to
examine protein pattern quality.
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BorA

sds

Fig. 3. Sample AFM data illustrating how quality was assessed. Images of multiple protein sheets obtained (left) and region outlining a protein sheet (as indicated
in schematics on the right) were identified. Only sheets exposing face “A” can be used for evaluation except under conditions of totally disordered (0% quality). If
all proteins in the same sheet are ordered the quality is ranked 100%. Intermediate values were ranked into quartiles by judging the size of the region containing
hexagonal order relative to the size of the entire sheet exposing the same face. Conditions and the assigned quartile values (for the particular image shown) are
indicated in the lower left of the image.
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standard. If the platinum background cannot be imaged clearly,
the image is not used for analysis and the AFM tip is replaced.
In summary, the low-resolution scan allows image collection
objectively without bias towards obtaining high quality data a
priori. The need to have multiple protein layers in the field of
view is essential to provide proteins exposing both faces to the
tip, because one face could be easily mistaken for disordered
protein.

Fig. 3 illustrates how the quality of a protein sheet was
assessed after exposure to a given experimental condition.
Shown are a series of sample AFM images taken after exposure
of adsorbed HPI layer proteins to a sulfuric acid solution at pH
2 for 1, 100, and 1000 s. Proteins constituting a face are outlined
and labelled as either face “A”, face “B”, or “?” if undeter-
minable. Only face “A” can be reliably used to evaluate quality as
explained above. The quality of the protein sheet was estimated
by ranking the images into quartiles from unflawed (100%) to
totally disordered (0%). Intermediate values were estimated by
the amount of protein lattice structure which could be discerned
relative to the size of the entire sheet exposing the same face.
More data was taken in the important “boundary” zone where
variability was greatest. As protein sheets that are totally dis-
ordered (quality =0%) have no determinable face, 0% can be
assigned only when there is a clear fold of a protein resulting in
a double step height from a height trace across the sheet so that
regardless of which face is exposed, both faces must be present
in the same image.

Fig. 4 shows the “phase diagram” of the complete HPI layer
protein stability obtained from repeated experiments. The num-
bers in the spaces represent the total number of samples used for
the particular test. Most data collection was focused on identify-
ing the “boundary” of the stability envelope, where the transition
occurs from useful protein to useless protein. Once identified, the
rest of the diagram was filled in based on extrapolation or inter-
polation around the well-established data. Additionally, control
experiments with 1 M sodium sulfate showed that the loss of
long-range order primarily results from the acidity or basicity
of the medium. Also, if ionic strength or a particular salt plays a

role in the degree of order, this happens so in a manner that cou-
ples with the pH of the solution. A worthwhile point to mention
here is that, though this study did not extend out to many hours,
under all conditions tested, protein sheets can still be found in
abundance on the surface, whether disordered or not.

Fig. 4 provided the information needed to reformulate the
copper electrolyte to fall within the envelope of the HPI layer
stability. Of course, the pH value is not the only electrolyte com-
ponent that may impact the stability of a given protein; therefore,
Fig. 4 provides valuable guidance, though it does not ensure
success. Only a specific study with all electrolyte components
present could test a “point” in electrolyte formulation space.
Fig. 5 shows TEM results before and after pH stability infor-
mation was used to optimize the use of the HPI layer protein as
a mask for the electrochemical fabrication of copper nanopat-
terns. In the previous work [8], we have shown that the HPI layer
protein is an effective mask for the electrochemical fabrication
of metal and metal oxide nanopatterns on surfaces. However, at
that time it was not clear why the technique would not work for
copper, an important material in the integrated circuit industry,
and perhaps the most well studied metal for electrodeposition.

In the original experiments (unpublished), the use of a simple
electrolyte consisting of 0.5 M sulfuric acid and 0.5M cupric
sulfate electrolyte (a common copper electrolyte) consistently
failed to produce nanostructured films of copper. However, under
these conditions, geometric patches of missing electron-density
were observed, suggesting that electrodeposition did not suc-
cessfully proceed through the S-layer protein mask (Fig. SA). A
pH test of the electrolyte revealed that the pH level was between
0 and 1. Although the fabrication is complete within 3-5s, the
data from Fig. 4 indicates that the integrity of the S-layer protein
at such a low pH is entirely lost in the first seconds of exposure.
The original experiments with copper were performed without
the availability of Fig. 4 as a guide.

Fig. 4 provides a guideline for reformulating an electrolyte
to fall within the stability of the protein. This will be especially
important for simple metal electrolytes as they are generally
quite acidic. To verify that the loss of HPI order was responsible
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Fig. 4. The D. radiodurans S-layer protein stability “envelope” for electrochemical fabrication with respect to pH. Measurements were repeated until outliers were
insignificant or did not occur and were performed most repeatedly along the “boundaries” of the stability envelope where quality of the protein crystal was neither
0% nor 100%. Numbers in the squares indicate number of repetitive measurements. Where numbers are missing, data was interpolated or extrapolated based on
neighboring values. Error should be considered to be within one quartile of the values shown, and pH should be considered accurate to within 1 unit.
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Fig. 5. Transmission electron micrographs of copper electrodeposited for 3 s at
—300mV vs. SCE through S-layer proteins of D. radiodurans adsorbed onto
platinum-coated gold TEM grids using electrolytes (A) 0.5M HS04/0.5M
CuSOy4 at pH 0 and (B) 0.5M Na;S04/0.5M CuSO4 adjusted to pH 3 with
H,S04, showing the lack of and the presence of hexagonally structured electron
dense material, respectively. Electron diffraction studies (inset of B) showed the
electron dense material to be copper (with a trace of cuprous oxide, as expected
for an oxidizable metal).

for the inability to fabricate copper nanopatterns, an electrolyte
similar to the original one was prepared, except that the protons
would be exchanged for sodium ions to keep the ionic strength
of the electrolyte constant, i.e., 0.5 M sodium sulfate and 0.5 M
cupric sulfate adjusted to pH 3. This pH was chosen because it
is a good compromise between the performance of protein and
the electrochemistry where the protein should be able to survive
for 100-1000s of exposure, and copper is still highly soluble
without the need for complex coordination chemistry. Fig. 5B
shows that, after electrodeposition for the similar time frame as
before under the stated conditions, the hexagonal superstructure

is evident in the geometric patches. Electron diffraction studies
revealed the presence of crystalline copper (along with cuprous
oxide) in the electron dense material seen in the figure, which is
evidence of an electrodeposition process as opposed to simple
copper staining or complexation with the protein sheets.

4. Conclusions

The ability of the HPI layer of D. radiodurans to retain
long-range order was investigated over a wide range of pH
and following 1-1000s of exposure to the electrolyte. The aim
of this study was to develop a rational approach to formulat-
ing electrolytes for electrochemical fabrication of dense arrays
of nanomaterials. We are well aware that the pH is not the
only electrolyte component that can impact protein stability.
Thus, while results such as those compiled in Fig. 4 can pro-
vide valuable guidance, they do not ensure success. Our results
highlight the fact that data from biochemical studies cannot be
readily extrapolated to protein-aided electrochemical nanofab-
rication.
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