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Regular nanocluster arrays were fabricated by chemical reduction of Pd complexes in the presence of
the two-dimensional crystalline surface layer protein from the bacteriumSporosarcina ureae. The size
of Pd clusters grown on the protein, its occupation properties, and the local cluster distribution on the
protein surface were analyzed by electron microscopy, correlation averaging, and multivariate statistical
analysis. The Pd clusters of 1.2-1.5 nm in size are preferably located in and close to pores and gaps of
the protein framework in seven cluster sites of three different types per unit cell. The sites are almost
completely occupied. The clusters appear strongly directed by the protein template but show positional
variability within the main cluster sites. This variability is an inherent property of the Pd clusters and
cannot be explained by statistical error with positional analysis. Binding studies with Pd complexes prior
to reduction suggested that a high number of potential nucleation sites are formed on the protein surface,
facilitating the initial growth of clusters at variable positions. A model for heterogeneous nucleation and
cluster development on protein surfaces is proposed and compared to the mechanism of reductive
metallization of DNA investigated previously.

1. Introduction

The application of biomolecular structures as templates
for the controlled organization of inorganic matter at the
nanometer scale is a very promising approach to the
development of reliable bottom-up strategies for the forma-
tion of low-dimensional hybrid materials with novel elec-
tronic, optical, or chemical properties. Advanced nanostruc-
ture fabrication by biomolecular templating takes advantage
of the recognition and self-assembly properties of biomol-
ecules, which allow a tailored formation of DNA or protein
templates with pre-defined geometries1-4 and spatially
defined physical and chemical surface properties. Several
methods of metal application have been used, the most
important being metal deposition in vacuo by metal shadow-
ing or decoration,5-7 deposition of preformed metal particles,
e.g., gold, in aqueous solution,8-10 and, more recently, growth
of metal clusters generated by chemical redox mineralization

processes in vitro starting from template-bound metal
complexes.11-16

Regularly arrayed protein structures such as bacterial and
archaeal surface layers (S layers) with lattice constants of
5-30 nm are of particular interest for the in vitro formation
of metal arrays in two dimensions. S layers are natural two-
dimensional (2D) crystalline protein sheets found in the cell
envelope of bacteria and archaea.17 They usually form the
outermost cell wall layer and represent the only cell wall
component in many archaea. S-layer proteins are arranged
in p2, p3, p4, and p6 symmetries and exhibit distinctly
different structures and properties at the extracellular (outer)
surface oriented toward the surrounding medium and the
cellular (inner) surface associated with the underlying cell
envelope component.18 The protein crystals usually show
several pores and gaps per unit cell that have significance
for macromolecules to penetrate.19 S layers exhibit variable
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structures in detail20-22 and some of them remarkable stability
even under extreme conditions,18 features that make them
attractive templates for metal deposition.7,10,14-16,23-25 The
obvious correlation between the spatial distribution of metal
clusters and the geometry of the protein target led to the
hypothesis of a template-controlled metal deposition at
specific sites. However, the specific functionalities of such
affinity sites, e.g., the spatial organization of charged or
hydrophobic residues, the presence of reactive (chelating,
reducing, or oxidating) groups, or the location of modified
(glycosylated) amino acids, are still unknown for S layers,
mainly because of the lack of high-resolution structures.

One possible approach to obtain more information about
the local affinity sites of S-layer surfaces is to analyze the
individual metal cluster positions by means of electron
microscopy and image processing. These methods allow the
study of both the characteristic cluster positions and their
local variability. Previous investigations on platinum arrays
using image-averaging methods already revealed preferred
sites for cluster formation on the S-layer surface.15 However,
contrast differences between the various cluster sites also
indicated remarkable variations in the deposition of metal
clusters. The exact topography of individual clusters and its
relation to the S-layer template has not been analyzed so
far, but it can be expected to provide valuable information
on the properties of cluster-protein interactions.

Here we study a system consisting of a palladium cluster
array grown on the S layer from the bacteriumSporosarcina
ureae.26 Our focus is the analysis of individual metal cluster
positions with the aim to get a deeper insight into the
distribution and local properties of individual affinity sites
and to shed some light on the template-controlled nucleation
and growth processes, which are not yet understood at the
molecular level. We apply principal component analysis
(PCA), a variant of correspondence analysis that has been
proven to a be a powerful tool for elucidating structural
characteristics and variability in electron microscopical
images from various applications.27-32

2. Materials and Methods

2.1. Sample Preparation.The S layer was isolated from the
bacteriumSporosarcina ureae(ATCC 13881). The conditions for

cell cultivation and purification of S-layer sheets were described
previously.26 Pd cluster arrays were grown on the 2D crystalline
protein by a method similar to that for the metallization with Pt as
described by Mertig et al.15 To this end, 50µL of an S-layer
suspension (7.5 mg/mL protein in buffer solution: 50 mM KH2-
PO4/Na2HPO4, pH 7.5, 1 mM MgCl2, 3 mM NaN3) were mixed
with 1 mL of a 3 mM K2PdCl4 solution; the latter had been prepared
24 h before to enable hydrolysis of the metal complexes.33 After
24 h, 50µL of the sample was diluted in 1 mL of bidest H2O, and
this solution was used for electron microscopy.

2.2. Binding of Pd Complexes to the S-Layer Protein without
Reduction and Cluster Formation. To estimate how many
unreduced metal complexes bind to the S-layer protein during
incubation prior to the reduction process, aliquots (50µL) of an
S-layer preparation, containing 10 mg/mL protein in Tris/H2SO4

pH 7.4, were dissolved in 1 mL of a 24-h-aged solution of K2-
PdCl4 (3 mM). After incubation at 25°C for 1 h, the S-layer protein
was removed by ultracentrifugation at 4°C for 1 h and the
supernatant used for UV-vis spectroscopy. Spectra were recorded
from 300 to 700 nm and analyzed as described.34 The amount of
Pd complexes bound to the S layer was calculated in comparison
to control experiments with K2PdCl4 solutions free of protein.

2.3. Transmission Electron Microscopy (TEM).A droplet of
about 5-10 µL of the sample solution, prepared as described in
section 2.1, was placed onto a carbon-coated copper grid that had
been made hydrophilic by glow discharge. Excess liquid was blotted
with filter paper, and the sample immediately washed by placing
the grid onto a 500-µL drop of water. The grid was blotted and the
sample air dried.

Electron microscopy was carried out in low-dose mode using a
Philips CM 12 equipped with a LaB6 cathode. The sample was
exposed to the electron beam only during image recording to avoid
radiation damage. All the focusing and image inspections were
performed with areas neighboring those of interest. Images were
recorded by means of a charge-couple device camera (1024 pixels
× 1024 pixels) at 500-ms exposure time. For detailed analyses, a
series of partially overlapping images of an S-layer sheet was
recorded at a primary magnification of 100 000×, corresponding
to a pixel size of 0.12 nm on the specimen level.

2.4. Image Analysis.In the first step, the TEM images of metal
cluster arrays were analyzed by correlation averaging35 using the
SEMPER image-processing system36 installed on an SGI worksta-
tion. To obtain a noise-reduced reference for subsequent cross
correlation, each of the images of the metallized S layer was Fourier
transformed and window filtered such as to select the reflections
containing the periodic information of the 2D crystal only. The
transform was high- and low-pass filtered in addition to remove
insignificant reflection spots.37 A reference of 2× 2 unit cells in
size was extracted from the back transformed image for cross
correlation and determination of the unit cell positions in the original
image. The use of such almost noise-free reference images with
an optimized signal-to-noise ratio promises least error positioning
of the individual unit cells in the original images of (imperfect)
2D crystals. This procedure also limits the error of unit cell centering
introduced by the variable distribution of metal clusters within the
unit cells. Since the individual distribution of clusters is not
compared to another original unit cell image but with the average
distribution (e.g., density) of clusters, the definition of the particular
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unit cell center is least impaired. In addition, the contribution of
pure protein contrast is enhanced in the Fourier-filtered and in the
averaged references, improving the positioning of unit cells further.

In a second run, the cross correlation was refined with the result
from correlation averaging as a new reference. Averages and
variance images of the unit cells were calculated and the position
coordinates used to extract images of the unit cells. These were
re-sampled with respect to the base vectors in order to fit the unit
cells of thep4 lattice into square images of dimensionsa ) b )
12.9 nm (108 pixels× 108 pixels). Double peaks from overlapping
regions were removed from the peak list. In addition, unit cells
located close to the border of the metallized S layer, and those
situated in double-layer areas of the partially folded S-layer sheet,
were excluded. The remaining coordinate list containedN ) 420
unique positions of unit cells being centered on the minor 4-fold
symmetry axis according to the nomenclature of Engelhardt et al.28

These unit cell images were used for multivariate statistical analyses.
Principal component analysis (PCA)27,31was performed by means

of the EM image processing system.38 The images of unit cells or
extracted subframes thereof were normalized to a mean value of 0
and a standard deviation of 1. Prior to PCA, the average of all
images was subtracted from the individual ones. The 10 most
significant eigenvectors (eigenimages) and the corresponding
importance images were calculated. For classification, the firstQ
eigenimages were selected and the coordinates of the individual
images in N-dimensional space (N ) 420) projected into the
Q-dimensional subspace.

2.5. Statistical Analysis of Cluster Displacements.Local
variations in cluster positions in identical metallization sites from
different unit cells may originate from misalignment or from other
sources. To distinguish between these situations, the cluster
positions of the four equivalent metallization sites (protein pores)
located around the minor 4-fold symmetry axis26 were investigated
separately. The analysis is based on the fact that the cluster positions
in the four sites become correlated if the unit cell was displaced
upon misalignment, i.e., the cluster positions were shifted in the
same direction. TheN ) 420 cluster positions per individual A
site (A1 to A4) were analyzed by PCA and separated into six subsets,
using the most significant five eigenvectors for classification. In
the next step, the unit cells UCi were identified that contributed to
the N1,A1 (N2,A1, N3,A1, ..., N6,A1) clusters in class #1 (#2, #3, ...,
#6) of site A1. Now, the corresponding N1 images of site A2 (A3,
A4), identified by the same unit cell numbers, were selected and
determined how many clusters had been distributed to the classes
#1-6 of this site upon independent PCA and corresponding
classification. The hypothesis (H0) is that the observed frequencies
are statistically identical to the expected frequencies derived from
the distribution of the 420 images to the six classes of site A2 (A3,
A4). The expected frequencies are N1,A1‚N1,A2/420 (N1,A1‚N2,A2/420,
..., N1,A1‚N6,A2/420) for the six classes of site A2 according to the
N1,A1 images regarded. The other frequencies are calculated
accordingly. The expected and the real distributions were compared
by ø2 tests (degrees of freedom) 5 for each test) and the results
judged according to a significance level of 5%. The clusters are
regarded as not correlated if the tests revealed a probability of
>0.05.

3. Results

3.1. Image Analysis of Pd Cluster Arrays by Correla-
tion Averaging. The treatment of the S-layer template with
palladium complexes (K2PdCl4) led to the development of
Pd cluster arrays in a similar way as obtained for platinum
previously.15 Figure 1 shows a compilation of overlapping
micrographs taken from a single S-layer sheet after metal-

lization. Each of the subframes was recorded at low-dose
conditions and possesses a size of 123-nm square, corre-
sponding to an area of about 90 unit cells withp4 symmetry
and lattice constants ofa ) b ) 12.9 nm. The subframes
contained 420 unique unit cells that were identified by means
of cross correlation. These unit cells were used for averaging
and multivariate statistical analysis.

Correlation averaging revealed the distribution of clusters
on the protein template on average (Figure 2). In the
following, we distinguish between “cluster sites”, i.e.,
subareas of the unit cell exhibiting increased metal contrast
as obtained by averaging, and “cluster positions”, referring
to the individual positions of metal particles (Pd clusters),
e.g., within these sites.

Although the contrast of protein is low in electron
micrographs, the structure of unstained S layers can be
rendered visible and reliably be reconstructed in 2D and in
3D.39-41 The average in Figure 2C clearly reveals the basic
structural domains of the S-layer unit cells and shows that
the preferred cluster sites coincide with the pore regions of
the S-layer topography. The size, shape, and location of high
contrast areas in Figure 2C (indicating metal) match the
geometry of pores and gaps of the protein network (Figure
2A). These pores belong to three different types (Figure 2):
four identical pores around the minor 4-fold symmetry axis
of the unit cell (type A), elongated gaps at the 2-fold
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Figure 1. Electron micrograph of a Pd cluster array grown on the S layer
of Sporsarcina ureae, exhibiting ap4 lattice with a lattice constant of 12.9
nm. The image is a compilation of partially overlapping micrographs
(subframes indicated) taken from a single metallized S-layer sheet. The
positions of the 420 individual unit cells that were extracted from the
micrographs and used for averaging and multivariate statistical analysis are
marked with white dots. These indicate the centers of the minor 4-fold
symmetry axes as identified in Figure 2. Metal clusters grown on the protein
surface are identified as small dark spots.
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symmetry axes (type B), and a porelike indentation at the
major 4-fold symmetry axis (type C). At least the latter
represents a combined position from the inner and the outer
surface of the S layer (parts A and B of Figure 2), which
are not differentiated in the 2D projections of our analysis.
As shown in Figure 2C, four equivalent cluster sites with
strong contrast are located at position A. Apparently, an
elongated cluster site is found at the 2-fold symmetry axis
(position B) and another cluster area is located at position
C. The site at the minor 4-fold symmetry axis in A is another
potential cluster site but was excluded from further analysis
because of poor contrast and high variability according to
the variance image in Figure 2D. Thus, from a crystal-
lographic point of view, each of the unit cells contains 7
major distinguishable cluster sites in projection, i.e., four
around position A, two at position B, and one at position C.
The cluster sites found here are identical to the positions for
platinum clusters grown on the same S layer as reported
previously.15

The cluster sites exhibited remarkable differences in their
density contrast (Figure 2C). This gives rise to the assumption
that the cluster sites were either variably occupied from one
unit cell to the next or that the positions of individual Pd
particles differed notably. So, it is impossible to judge
whether the protein gap at site B is filled with one elongated
metal cluster or with smaller clusters variously positioned
along the pore. The variance image (Figure 2D) suggests

similar degrees of variability for all the cluster sites (A to
C) but it does not provide information on the nature of
variance. To study the contributions of cluster shape, position,
and frequency to variable site occupation, we applied PCA.

3.2. Multivariate Statistical Analysis of Unit Cells. In
a first attempt, we analyzed the distribution of metal clusters
at the level of whole unit cells by PCA. The resulting
eigenvectors did not reveal clear structural differences
between individual unit cells, which should show up by
prominent contrast variations. We must therefore assume that
each unit cell contained a number of metal clusters that
contributed individually and independently to structural or
statistical variability, so that no particular distribution of
metal clusters was dominating. In the following, we divided
the unit cells into subareas according to the preferred
metallization sites A-C and subjected them to PCA inde-
pendently.

3.3. Multivariate Statistical Analysis of Individual
Metallization Sites. According to the identification of
different cluster sites per unit cell, we selected seven subareas
for individual PCA (Figure 2C). The subareas were centered
at the corresponding sites and were about twice as wide as
the apparent clusters. Since the four areas at position A and
the two at B, respectively, are crystallographically equivalent,
we combined them to coherent data sets. The images A2-
A4 were rotated byπ/2, π, and-π/2, respectively, to align
the structures with respect to the subframe A1. In the same
way, the subareas at position B were combined, rotating area
B2 by π/2. The resulting three data sets comprised 1680
images for the cluster sites at A, 840 images for sites B, and
420 images for C, the latter without any rotational correction.
The positional error possibly introduced by extraction and
rotation of the subframes should not exceed 1 pixel or 0.12
nm.

As an example, Figure 3 shows the total average and the
10 most significant eigenvectors (out of 1679) of data set A
processed by PCA. The first 10 eigenimages already ac-
counted for 15.6% of the total variance but with relatively
small differences between the eigenvalues of consecutive
eigenvectors. They describe the most important (and inde-
pendent) contrast variations (originating from metal contrast)
in the images of the data set. The so-called “importance
images” depicted in Figure 3 help to illustrate the theoretical
extremes of the structural image characteristics calculated
from the corresponding eigenvectors (but they do not
represent real images). Accordingly, the first eigenvector
(Figure 3, #1) distinguishes between images containing
centered Pd clusters in a metal-free surrounding and the
opposite situation, i.e., images with a free center (pore) and
metal in an off-center position. The eigenvectors #2 and 3,
#4 and 5, and #6 and 7 represent characteristic pairs, each
exhibiting similar densities rotated to each other by an angle
related to the apparent rotational symmetry of the eigenim-
ages. They describe one, two, or three noncentered cluster
positions with arbitrary angular orientation. In principle, the
importance images allow to quantify the maximum lateral
displacements of cluster positions within the analyzed region.
We find maximum off-center positions of clusters corre-
sponding to a displacement radius ofg2 nm. To illustrate

Figure 2. (A and B) Model of the S layer fromS. ureaeobtained by surface
rendering of the 3D data set from a negatively stained preparation.24 (A)
Inner surface, crystallographic symmetry axes:], minor 4-fold symmetry
axis, () 2-fold symmetry axis, and0 major 4-fold symmetry axis. (B) Outer
surface. (C) Correlation average of the 420 unique positions of unit cells,
representing the mean distribution and the preferred sites of Pd clusters
(dark) grown on the S-layer surface. Characteristic cluster sites at the
symmetry axes are marked: four equivalent clusters are located at sites
A1-A4, two at sites B1 and B2, and one at site C. (D) Variance image
depicting structural variability among the averaged units cells. Bright areas
indicate variable contrast in the images. Size of images 2× 2 unit cells,
corresponding to 25.8× 25.8 nm2.
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the variation in cluster positioning more clearly, we used
the results of PCA to separate the site A, B, and C images
into more homogeneous subclasses.

3.4. Classification of Cluster Positions.For classification
purposes, we projected the 1680 site A images into the seven-
dimenisonal subspace defined by eigenvectors #1-7 (Figure
3) and grouped the images that were located together. The
total number of classes was determined empirically. The
number was increased as long as new classes showed
detectable and structurally clearly interpretable differences
to the previous ones. The images belonging to the cluster
sites B and C were treated in a similar way. Figure 4 shows
the averages of the final image classes A1-A13, B1-B8,
and C1-C8, respectively. The corresponding number of
images contributing to the classes are given in Table 1. The

local averages provide a rather realistic measure of the
average Pd particle size, which is about 1.2-1.5 nm.

An interesting result is the high occupation number of the
characteristic metallization sites. In about 85% of all cases,
the four cluster sites at A are occupied by one cluster (classes
A1-A10). Only 15% of the images were identified to contain
either two separated Pd clusters (A11-A13) or less-defined
structures. Although the eigenvectors of site A images also
suggested the existence of three clusters per subarea (Figure
3), they did not show up in the class averages (Figure 4),
indicating that this pattern is neither qualitatively nor
quantitatively prominent. A similar result is obtained for
cluster site C. Here, 72% of the images apparently contain
a single cluster (C1-C6 and C8). A different situation was
found for site B, where more than 46% of the images showed
two or more Pd clusters.

The second important result from PCA is the clear
variability of the individual cluster positions. According to
classification, about 55% of the cluster positions (A1-A4)
deviate from the pore center (corresponding to the image
center) by a distance less than the cluster radius. The
remaining 45% showed larger deviations. A similar situation
is found for site C. For both sites, A and C, the local
deviations are arbitrary in direction. This behavior is

Figure 3. Principal component analysis of the 4 cluster sites A1-A4, located around the minor 4-fold symmetry axis (parts A and C of Figure 2). Upper
row (#1-10): The 10 most significant eigenvectors sorted according to the size of the corresponding eigenvalues. They are displayed above the eigenimages
and indicate the contribution of each eigenvector to the total variance. Dark and bright areas represent regions with maximum structural contrast. The image
left to the eigenvectors is the average of the 1680 subareas analyzed, where the dark area indicates the mean position of Pd clusters. Middle and lower rows:
Pairs of “importance images” calculated from the total average( the corresponding eigenvectors displayed above. The importance images indicate the
extreme situations of the variable structural detail with respect to the corresponding eigenvectors. Here, dark areas indicate contrast originating from Pd
clusters, and bright areas are free of metal. Size of images 4.3× 4.3 nm2.

Figure 4. Averages of subsets of images after PCA and classification. The
number of images contained in the classes A1-A13, B1-B8, and C1-C8

are given in Table 1. The images originate from the cluster sites A, B, and
C as marked in the average displayed and in Figure 2. Dark areas indicate
Pd clusters. Image size 4.3× 4.3 nm2 (class averages from cluster sites A
and C) and 4.3× 8.6 nm2 (class averages from cluster site B).

Table 1. Number of Classified Images after Principal Component
Analysis of the Subareas of Cluster Sites A, B, and C, Respectively

cluster site

class no. A B C

1 193 124 45
2 182 116 78
3 222 50 26
4 190 53 59
5 129 110 46
6 126 98 49
7 92 180 62
8 83 109 55
9 103
10 113
11 84
12 90
13 73
Σ 1680 840 420

Analysis of Two-Dimensional Metal Cluster Arrays Chem. Mater., Vol. 17, No. 7, 20051891



particularly clearly visible in the class averages A5-A10,
where a characteristic “sine-wave-like” positioning of clusters
can be observed. Again, a different behavior is found for
the clusters at site B. Here, the cluster positions along the
elongated protein gap showed a higher variability than
perpendicular to it (classes B1 to B7 in Figure 4).

While the existence of positional variability was a clear
outcome of our analyses, it remained to be clarified whether
the displacement was a genuine feature of Pd cluster
deposition or whether it was artificially introduced by
misalignment of unit cells in the course of cross correlation.

3.5. Genuine Cluster Variability or Displacement by
Misalignment? Correlation averaging has the advantage that
displacements of unit cells from ideal crystallographic
positions can at least partly be corrected for. However, the
precision of cross correlation depends on the signal-to-noise
ratio that is rather low in micrographs of the metallized S
layers (Figure 1) and on the structural variability of unit cells
(see Materials and Methods). It is, thus, conceivable that the
observed variability of cluster positions originates from
alignment errors. In the following, we present evidence
excluding a substantial contribution from simple misalign-
ment.

(i) All three types of cluster sites contained not only one
but also two or more clusters. This implies the existence of
different cluster positions that cannot be explained by
statistical misalignment. In addition, these cluster pairs
occurred substantially rotated to each other (Figure 4, A11-
A13), a situation which cannot be achieved by lateral
misalignment of a 2D crystal.

(ii) If the variations of cluster positions originated from
correlation errors, one would expect laterally isotropic
displacements for all cluster sites. This is obviously not true
for site B where the displacements along the elongated
protein gap were larger than perpendicular to it. Accordingly,
the statistical error should not exceed the offset of the
symmetric arrangement of the cluster pairs from the gap
center in thex direction in Figure 4 (B6 and B7). This offset
accounts for 1-3 pixels on average, corresponding to 0.12-
0.36 nm, while the radial displacements in the class averages
A5-A10 were in the range of 1-2 nm.

(iii) In a further approach, we performed PCA and
subsequent classification of the four different A sites
separately (Figure 2C, A1-A4) and compared the individual
distributions of clusters. If we assume that the variability of
cluster positions was predominantly an effect of misalign-
ment, meaning that the clusters from each single unit cell
were shifted into a particular direction, the cluster positions
in the corresponding A sites should be correlated and should
be statistically independent otherwise. To test this hypothesis
we selected the images of each class of site A1 and analyzed
the class distributions of the corresponding clusters from the
other A sites (see Materials and Methods). The clear result
was that the distributions are independent from each other
at a significance level of 5% according to theø2 tests.

To take the results together, we must conclude that the
positional variability of the Pd clusters in the sites A, B,
and C predominantly reflected genuine variations of cluster
positions.

3.6. Binding of Multiple Nucleation Sites.To assess the
metal-complex binding capacity of the S-layer protein, we
incubated S-layer sheets in K2PdCl4 solution without adding
reducing agents so that cluster growth was suppressed. After
incubation the protein was removed by ultracentrifugation
and the UV-vis spectrum determined from the supernatant
to determine the remaining content of Pd complexes.34 The
results of several experiments showed characteristics as
follows. (i) The complex concentration was clearly less in
supernatants after 2-3 h incubation with the S-layer protein
compared to control solutions. (ii) The spectra did not change
further when the S layer had been removed, i.e., loss of
complexes from the solution was dependent on the protein.
(iii) Quantitative assessments suggested that about 200-300
complexes associated with one protein monomer, i.e., an
amount of∼103 complexes/unit cell. Interestingly, the range
is about 2 orders of magnitude higher than the number of
Pd clusters/unit cell found.

4. Discussion

The cluster arrays grown by chemical reduction of Pd
complexes in the presence of the regularly arrayed S-layer
protein exhibited a pattern very similar to that obtained by
electroless Pt deposition on the same target previously.15 In
both cases, the metal clusters occurred in 7 characteristic
sites per unit cell with similar morphologies on average. The
results presented here might, thus, also apply for metallization
with Pt. Correlation averaging revealed clear evidence for
preferred cluster sites close to the two 4-fold and at the 2-fold
symmetry axes, although the local precision of deposition
was disturbed by considerable variability of hitherto unknown
source. The Pd clusters are located within or close to the
pores and gaps of the S-layer framework as illustrated by
its 3D structure.26 This finding apparently supported the view
of a template-directed growth of metal particles on S-layer
proteins by reductive cluster formation.15 However, PCA
provided deeper insight. On the basis of individual PCA of
the three cluster sites A, B, and C, we were able to describe
the distinct distributions of cluster positions and to derive
characteristic features such as (i) the cluster size, (ii) the
occupation probability of metallization sites, and (iii) the
inherent variability of cluster positions within these sites.

The Pd clusters had a characteristic size of 1.2 to about
1.5 nm independent of the localization in a certain cluster
area. They were, thus, smaller than the Pt clusters on the
same S layer showing a diameter of 1.9 nm on average
obtained under similar conditions.15 Since Pd and Pt have
almost identical atomic volumes and occur in the same
crystalline packing the Pd clusters contained less atoms in
the characteristic case. The enhanced growth of Pt clusters
remains to be investigated, but it is conceivable that the
higher electron affinity of Pt is of some influence.

Although the contrast variations of the cluster sites did
not suggest a high occupation of particles at the first glance,
PCA revealed that apparently every image of all the sites
showed metal contrast. About 85% of the 4 cluster sites
around the symmetry axes A were loaded by one cluster each,
the remaining 15% either contained two separated Pd clusters
or less-defined structures. However, neither of the cluster
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sites was found to be free of particles, and none of the more
significant eigenvectors suggested a clear contribution of
images without any contrast from metal. So, metallization
of the preferred sites was apparently complete. This conclu-
sion is in agreement with the total number of individual
clusters directly counted in a larger S-layer area. Here, we
found about eight clusters per unit cell area.34

But may we regard a “site” as being highly occupied if
the cluster positions vary considerably? About 55% of the
A sites with a single Pd particle showed cluster positions
that were displaced from the pore center in arbitrary direction
by a distance less than the cluster radius. This distance is
too small to allow the deposition or growth of additional
clusters near the center. So, in about half of all cases, the 4
A site pores are loaded with clusters located rather “specif-
ically” in the center and closely surrounded by the protein
surface forming the pores. The remaining A sites were
occupied by one or more particles located at the “rim” or
the pore wall. These clusters were randomly distributed with
respect to the pore center, indicating that there is no locally
defined nucleation center for cluster growth. A distinct
behavior was observed for site B clusters where half of the
elongated protein gaps contained two or more particles.
Obviously, steric hindrance was not a problem. And we
found that the variation of cluster positions was biased by
the geometry of the gap and was not arbitrary in direction,
the cluster positions varied much more along the protein gap
than perpendicular to it. The comparison between the
characteristic features of the sites A and B clearly demon-
strates the direct influence of the protein morphology on both
occupation and variability of individual cluster positions,
supporting the hypothesis of a template-directed growth of
Pd clusters at the S layer surface.

However, is it possible to derive a more detailed view of
the local interactions in the process of nucleation and growth
of metal clusters? The intriguing problem is whether the local
templating effect is chemically based, e.g., driven by the
chemical potential between the metal complexes and the local
amino acid residues, or rather physically based, i.e., effected
by the geometry of the S layer.

Recently, we studied the conditions for selective nucleation
and growth of Pt and Pd clusters at DNA, both experiment-
ally13,42-44 and theoretically.13,45 The key for reductive
metallization is the incubation of DNA with an aged metal
salt solution to allow the binding of hydrolyzed metal
complexes. The latter act, in the subsequent reduction step,
as preferential nucleation centers for the selectively hetero-
geneous cluster growth.13,42 Our investigations by first-
principles molecular dynamics revealed that the nucleotide
ligands both enhance the electron affinity of the complexes
and stabilize the formation of Pt-Pt bonds during the first
reduction steps.13,45Cluster growth is an autocatalytic process,

and the first-formed nuclei quickly develop to larger clusters,
consuming the dissolved metal complexes. In this way, the
delicate balance between the kinetics of reduction in the
homogeneous and heterogeneous nucleation and growth
channels is shifted toward the heterogeneous growth of
clusters at the template. Since this reaction involves covalent
binding of metal complexes to specific DNA bases, metal-
lization is mainly determined by the local chemistry of the
metal-complex-DNA adducts.

Theoretical considerations suggest that this mechanism
also works for amino acids acting as electron donors, i.e.,
particularly for histidine containing an imidazole ring.45,46

Nevertheless, the same process is not likely to occur with S
layers because they usually do not possess many amino acids
that could function as electron donors. The relative content
of histidine, cysteine, and tryptophan in the S layer ofS.
ureaeis approximately 0.6, 0, and 0.9% of all amino acids,
accounting for about eight histidine residues (of unknown
location) per monomer.47 This is in contrast to the relatively
high number of Pd complexes bound to the protein.
Therefore, binding of metal complexes to the S layer cannot
depend on the presence of rare reducing amino acids. It is
likely that the metal complexes are immobilized by various
amino acid residues or abundant groups that are located on
the surface of S-layer proteins and in the preferred metal-
lization sites in particular.

Therefore, we propose a model for the heterogeneous
nucleation and growth of Pd (and Pt) clusters on protein
surfaces, which is based on the mechanism of heterogeneous
nucleation described in refs 13 and 45 with the important
difference that amino acid residues are not necessarily
directly involved in the reduction process. The essential steps
for cluster formation are (i) binding of metal complexes to
the protein surface via still unresolved (e.g., polar) interac-
tions, (ii) formation of a surface-associated Pd nucleation
site by a reducing agent, (iii) autocatalytic cluster growth
consuming (a) locally enriched (surface associated) com-
plexes or closely located clusters in the early state of
development and thereby attenuating competitive cluster
growth in the very neighborhood, and (b) complexes from
the bulk solution. In fact, metal complexes associated on the
surface are available at a much higher density than those
from the bulk. Given that∼103 complexes are bound to one
unit cell, about 3 complexes/nm2 can be expected on the
(projected) surface area (of both sides of the S-layer sheet),
while 3 soluble complexes populate a bulk solution volume
of 12.9 × 12.9 × 10 nm3 next to the S-layer surface with
the actual experimental conditions (12.9 nm corresponds to
the unit cell size). The characteristic distance between
surface-associated complexes is, thus, considerably smaller,
and they are more easily available for initial cluster growth.
Up to 30% of the Pd contained in the final clusters may
originate from surface-bound complexes. Nucleation sites
situated in areas with an enhanced density of surface-
associated complexes will preferably grow and finally occupy
the metallization site. If none of the bound complexes is

(42) Seidel, R.; Mertig, M.; Pompe, W.Surf. Interface Anal.2002, 33,
151.

(43) Mertig, M.; Seidel, R.; Colombi Ciacchi, L.; Pompe, W.AIP Conf.
Proc. 2002, 633, 449.

(44) Seidel, R.; Colombi Ciacchi, L.; Weigel, M.; Pompe, W.; Mertig, M.
J. Phys. Chem. B2004, 108, 10801.

(45) Colombi Ciacchi, L.; Mertig, M.; Seidel, R.; Pompe, W.; De Vita, A.
Nanotechnology2003, 14, 840.

(46) Colombi Ciacchi, L.; Mertig, M.; Pompe, W.; Meriani, S.; De Vita,
A. Platinum Metals ReV. 2003, 47, 98.

(47) Beveridge, T. J.J. Bacteriol.1979, 139, 1039.

Analysis of Two-Dimensional Metal Cluster Arrays Chem. Mater., Vol. 17, No. 7, 20051893



distinguished as a particular nucleation site, the final position
of clusters will vary, corresponding to the results obtained.

Under these conditions, the observed cluster positions can
also be regarded in analogy to the behavior of adatoms on
vicinal surfaces. Here, two characteristic positions are
energetically favored. The early studies by Brassett and
Bethge showed that step ledges are preferred nucleation sites
for adatoms because of the increasing coordination with
respect to the terrace sites.48,49Later Ehrlich50 and Schwoebel51

showed that adatoms also locate preferentially on the upper
terrace step due to the occurrence of a diffusion barrier down
from the terraces. In analogy, favored types of cluster
positions at the S-layer surface are the pores, where metal
clusters experience a maximum of contact area with the
protein, and the rims or walls of the pores. It is well
conceivable that clusters grown in areas where they could
develop multiple contacts to the protein surface were more
stable in position than those at exposed areas and less
interaction with the protein surface. As a consequence,
complexes will be found enriched in surface regions with
cavities, pores, and gaps.

In conclusion, we demonstrated that Pd clusters grown on
a 2D protein crystal by chemical reduction, first, were
variable in position very likely due to multiple nucleation
sites bound to the protein. The initial steps of cluster

formation can be explained by a model of heterogeneous
Pd complex reduction and creation of nucleation sites, which
includes binding of metal complexes to more common groups
of amino acids, possibly enriched in subareas of the protein
surface. We, second, showed that the Pd clusters were
preferably located in porous regions of the protein lattice,
providing sufficient or maximum cluster-protein interactions
and, thus, stabilizing the cluster positions. This is a rather
physically based contribution of the protein structure and a
distinguished property of S layers.

There is great interest in the controlled deposition of
functional molecules and inorganic particles on nanoscopi-
cally structured surfaces and polymeric material.1,52 To
develop specific methods for this purpose, we need to
understand the interaction between inorganic clusters, func-
tional molecules and organic templates in more detail. The
results of our investigations presented here help to address
important questions to achieve this goal. The challenge for
the future is to elucidate the mechanism of complex binding
and to control the nucleation process as to metallize protein
or DNA templates more specifically.
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