Eur. Phys. J. D 16, 317-320 (2001)

THE EUROPEAN
PHYSICAL JOURNAL D

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 2001

Formation and manipulation of regular metallic nanoparticle
arrays on bacterial surface layers: an advanced TEM study
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Abstract. The template-directed formation of regular nanoparticle arrays on two-dimensional crystalline
protein layers after their treatment with metal salt complexes was studied by transmission electron mi-
croscopy. For these investigations, bacterial surface layers (S layers), recrystallized in vitro into sheets and
tube-shaped protein crystals with typical dimensions in the micrometer range, were used as the template.
As identified by electron holography and scanning force microscopy, the S-layer tubes form alternating
double layers when deposited onto a solid substrate surface. Two distinct pathways for the metal particle
formation at the templates have been found: the site-specific growth of metal clusters by chemical reduction
of the metal salt complexes, and the electron-beam induced growth of nanoparticles in the transmission
electron microscope. Both mechanisms lead to regular arrays with particle densities > 6 x 10 cm™2.
Nanoparticle formation by electron exposure takes exclusively place in the flat-lying double-layered pro-
tein tubes, where a sufficient amount of metal complexes can be accumulated during sample preparation.

PACS. 82.30.Nr Association, addition, insertion, cluster formation — 68.37.Lp Transmission electron
microscopy (TEM) (including STEM, HRTEM, etc.) — 82.35.Pq Biopolymers, biopolymerization

1 Introduction

With progressive miniaturisation of electronic and opti-
cal devices there is an increasing interest in the develop-
ment of advanced methods for the bottom-up construc-
tion of functional nanostructures. In particular, the use
of biological molecules and structures constitutes a very
promising approach for the organisation of inorganic ma-
terials at the nanometer length scale [1]. Due to the well
defined chemical, physical and structural properties of the
templates, the method of biomolecular templating allows
parallel fabrication of desired inorganic nanostructures of
different morphology [2—7]. Especially, regular S layers are
found to be well suited as templates for the predefined
fabrication of ordered metallic and semiconducting cluster
arrays [8-10]. S layers are regular quasi two-dimensional
protein crystals with a thickness of 5 to 15 nm. They con-
stitute the outermost component of the cell envelope of
many bacteria and archaea [11-13], exhibit different lat-
tice symmetries with lattice constants ranging from 3 to
30 nm and possess nanopores of well-defined size. S lay-
ers are composed of periodically-arranged identical sub-
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units leading to a precise spatial arrangement of physico-
chemical affinity sites at the protein surface, that can be
used to accomplish a site-specific chemistry. These partic-
ular properties allow to employ S layers for the template-
directed parallel fabrication and manipulation of metal
clusters with a narrow size distribution [10]. Moreover, the
possibility to reconstitute S layers in vitro into large-area
two-dimensional crystals [14] makes them an almost ideal
biomolecular template for supramolecular engineering.

Here, we report two different methods of the forma-
tion of regular cluster arrays on the S layer of Bacillus
sphaericus NCTC 9602: the chemical deposition of metal-
lic clusters, and the template-directed synthesis of Pt and
Pd nanoparticle arrays in the transmission electron micro-
scope. In the latter method, the simultaneous growth of
ordered nanoparticles is solely initiated by electron ex-
posure. That is, the metal clusters are manipulated in
parallel. Furthermore, advanced transmission electron mi-
croscopy (TEM) methods like electron holography [15] are
exploited for the sample characterisation.

2 Experimental

The S-layer protein was isolated from Bacillus sphaeri-
cus NCTC 9602 cells. The cell cultivation conditions and
protein purification are described elsewhere [16,17]. The
obtained S-layer preparation was washed, resuspended in
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a phosphate buffer solution (50 mM KH2PO,4/NasHPOy,
pH 7.5, 1 mM MgCls, 3 mM NaN3) and stored at 4 °C. For
the large scale recrystallization of the protein template,
first the S-layer preparation was centrifuged at 20.000 g
for 60 min at 4 °C. Then the pellet was solved in about
ten times the amount of guanidine hydrochloride (7.5 M
in 50 mM TRIS hydrochloride buffer, pH 7.4) to disin-
tegrate the native S-layer sheets into protein monomers.
Thereafter, the sample was dialysed against 10 mM CaCly
for more than 2 hours at 4 °C. During this time the mono-
mers reassembled in the form of larger S-layer sheets and
tubes. The assembly products were again centrifuged and
resuspended in phosphate buffer.

To activate the recrystallized S-layer structures, 20 ul
of S-layer suspension containing ~ 10 mg/ml protein
were treated with 1 ml of hydrolysed 3 mM KsPtCly or
KyPdCly solution at room temperature. The incubation
time of S layers was varied between a few minutes up to
30 h.

The TEM and scanning force microscopy (SFM) sam-
ples were prepared by placing a droplet of activated S-layer
suspension onto a TEM grid for about 1 min and then re-
moving excess solution with a filter paper. After this, the
samples were air-dried. Carbon-coated finder grids with
letter markers were used to allow direct comparison of
special features in TEM and SFM. For the structure inves-
tigations on non-activated S layers the preparations were
negatively stained with 2% uranyl acetate.

TEM investigations as well as off-axis electron holog-
raphy have been performed at a 200 kV Philips CM200-
FEG electron microscope equipped with a Lorentz lens.
The electron holograms are recorded by means of a
Moellenstedt biprism which superimposes an unmodu-
lated reference wave to the object-modulated electron
wave yielding an interference pattern, the so-called elec-
tron hologram. The reconstruction of the hologram using
the laws of Fourier optics yields two separate images, the
amplitude and the phase image. The phase image mainly
represents the wave optical path difference of the mod-
ulated and unmodulated electron waves. In the domain
of nm-scale the phase is proportional to the mean inner
potential multiplied to the specimen thickness. Therefore,
electron holography can be used to determine the relative
thickness of the sample. The holograms were recorded in
slight underfocus with the objective lens switched-off and
the Lorentz lens switched-on, since this electron optical
setup provides larger field of views of 500 nm and higher.
The SFM investigations were carried out with a Digital
Instruments NanoScope IIla in tapping mode.

3 Results and discussion

The recrystallized S-layer sheets of B. sphaericus
NCTC 9602 exhibit a square lattice symmetry with a lat-
tice constant of 12.5 £ 0.8 nm (Fig. 1). The image recon-
struction by FFT filtering shows that the protein units are
slightly tilted with respect to the major symmetry axes of
the lattice.
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Fig. 1. S-layer of B. sphaericus NCTC9602: A - TEM micro-
graph of the negatively stained S layer, B - power spectrum of

A, C - reconstructed S-layer lattice obtained by noise filtering
of B.

Besides S-layer sheets, the recrystallization in bulk so-
lution resulted in the formation of open-ended S-layer
tubes with a length up to 10 ym and diameters <1 pm.
As revealed by SFM, the adsorption of such tubes on the
TEM grids led to flat-lying double-layered band-shaped
protein structures at which the larger corrugated cytoplas-
mic surface of the S layer [12] is located inside the tubes
(not shown). When deposited to the substrate, the tubes
fold solely along the [11]-direction of the protein crystal.
Therefore, the larger corrugations come into register and
form small cavities located between the alternatively ori-
ented layers of the tube. One cavity per unit cell with a
lateral size of about 6 nm is formed. We have applied elec-
tron holography to identify double-layered protein tubes
by measuring the relative thickness of these protein assem-
blies. The double layers were analysed in the reconstructed
phase image since the phase shift doubles with respect to
a single layer (Fig. 2). The ends of the tubes are mostly
frayed-out; hence one finds at this part of the specimen
both mono and double layered areas. Since the unstained
samples exhibited electrical charging which falsified the
information in the reconstructed phase, the holographic
investigations were only performed at stained specimen.
Up to now, the holograms were recorded with broad in-
terference fringes, leading to a limited spatial resolution of
the reconstructed images. Therefore, the lattice structure
is not resolved in the reconstructed amplitude and phase.
However, the spatial resolution can still be improved down
to the given information limit of the Lorentz lens (1.3 nm),
which is part of our future activities.

The long-time treatment (> 5 h) of the S-layer sus-
pensions with hydrolysed Pt or Pd complexes leads to the
formation of ordered metal cluster arrays at the template
(Fig. 3A). These clusters, nucleated at the biomolecular
template, are formed by chemical reduction of metal salt
complexes. Here, the used phosphate buffer itself, which
contains small amounts of NaN3, acts as very mild reduc-
tion agent.

The well separated clusters have a diameter of 2 to
3 nm. Fig. 3C reveals that the lateral cluster arrangement
is completely determined by the p4 symmetry of the un-
derlying protein lattice. This result is in agreement with
previous experiments, where regular cluster arrays were
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Fig. 2. Height analysis of one open end of a self-assembled
negatively stained S-layer tube. Upper image - reconstructed
phase of an electron hologram. Lower image - corresponding
profile. A stepwise transition from a mono- to a double-layered
protein structure is observed.

Fig. 3. Platinum clusters chemically deposited onto the S layer
of B. sphaericus NCTC 9602: A - TEM micrograph, B - Fourier
spectrum of A, C - image reconstruction after filtering of B.

fabricated on the S layer of Sporosarcina ureae [10]. The
observed particle pattern is nearly identical to that of the
negatively-stained protein crystal (¢f. Fig. 1C). This im-
plies that the cluster formation takes place at the same
positions where the stain is accumulated, i.e. in the pores
of the S layers. However, contrary to the staining with
uranyl acetate, the formed Pt or Pd clusters appear well
separated. They are still bound after repeated washing of
the sample. The preferential growth of clusters in the pores
of the S-layer template clearly indicates that the pores
are distinguished sites for the heterogeneous nucleation of
clusters. Site-specific nucleation will take place when the
concentration of metal complexes adsorbed in the pores
gets high enough to become critical for cluster nucleation.
Thus, the presented results unambiguously show that the
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pores of S layers constitute specific affinity sites for the
metal deposition. However, the reason for the enhanced
affinity in the pores is not yet understood.

The metallic character of the clusters grown on S-layers
was confirmed by high-resolution TEM (HRTEM) investi-
gations. Fig. 4 shows an example for Pt clusters, where the
lattice spacings are determined as 0.22 nm and 0.19 nm
identifying the (111) and (202) planes, respectively, of a
pure metallic Pt phase with an unit cell size of about
0.39 nm.

Fig. 4. HRTEM micrograph of a Pt-cluster array on the S
layer of B. sphaericus NCTC 9602.

A completely different result is obtained for short-time
activation. Treatment times of a few minutes up to 2 hours
are not sufficient for nucleation and growth of metal clus-
ters to occur by chemical deposition. However, we observe
a different mechanism of metal particle formation, caused
by electron exposure in the transmission microscope [17].
Electron-beam induced reduction to the metallic state in
an electron microscope was first reported for tungsten tri-
oxide [18] and Pd acetat [19]. In our case, however, this
mechanism leads to the formation of periodically arranged
nanoparticle arrays because of the specific geometry of the
used S-layer templates (Fig. 5). The metallic character
of the nanoparticles was confirmed by HRTEM investiga-
tions (not shown).

For the electron-beam induced growth of nanometer-
sized metal particles, it is necessary to accumulate the
metal complexes at sufficiently high concentrations on the
specimen prior to electron exposure. This requirement
can be met in a particular way during the deposition of
tube-shaped S-layer assemblies onto the substrate surface.
When tubes, still filled with metal salt solution, are de-
posited onto a rapidly drying substrate surface, we ob-
serve that an appreciable amount of metal complexes is
accumulated between the inner, cytoplasmic surfaces of
the tubes [17]. Localized patches with a sufficiently high
complex concentration are formed, not covering the com-
plete sectional area of the flat-lying band-shaped tubes.
Only in that area nanoparticles start to grow within the
time of a few minutes when the samples are exposed
to the electron beam, explaining why the nanoparticle
arrays exhibit a non-regular shape as seen in Fig. 5.
Interestingly, the shape of the growing particles, their
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Fig. 5. TEM micrograph of highly-ordered platinum particles
formed by electron-beam induced nucleation in a recrystallised
S-layer tube of B. sphaericus NCTC 9602 after 80 min of treat-
ment with KoPtCly.

interparticle distances and the symmetry of the particles
are entirely determined by the S-layer template. The par-
ticle exhibit a square-like shape with a lateral size of 5
to 7 nm. The squares are slightly tilted with respect to
the major symmetry axes of the array. The particle ar-
rays show a fourfold symmetry with a periodicity which
corresponds to the lattice constant of the protein crystal.
Therefore, we conclude that the nanoparticles grow pref-
erentially in the small cavities between the inner, cyto-
plasmic surfaces of the flat-laying tubes. In distinction to
that, electron-beam induced nanoparticle formation was
not observed at monolayers, since metal salt trapping does
not occur at S-layer sheets. The nucleation of Au clusters
on recrystallized monolayers of the S layer of B. sphaer-
icus CCM 2177 in the TEM due to the thermal effect of
the radiation was reported in an alternative approach by
Dieluweit et al. [9]. In their experiment the Au complexes
are bound to the protein surface prior to the electron ex-
posure by chemical modification of the S layer with thiol
groups. In our investigations the Pt and Pd complexes are
physically accumulated due to the particular molecular
geometry of recrystallized S-layer tubes.

After long-time exposure we observed that the
nanoparticles start to migrate and finally to agglomer-
ate. Under the assumption that the particle migration
is caused by irradiation damage of the supporting pro-
tein matrix, our investigations allow to estimate the elec-
tron doses relevant for structural protein damage. The
nanoparticle formation was accomplished within about
3 min at a dose rate of about 7 x 10%e nm~2s~!1. Within
this time approximately 1.8 x 10® electrons pass through
each unit cell of the protein lattice which consists of 4 pro-
tein monomers of about 130 kDa [20]. This corresponds
to a minimum electron dose of about 1.2 x 10%¢ nm™2.
This value is 10* times higher than that reported by
Knapek [21] for the damage of biological specimens. We
suppose that the difference can be explained by the as-
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sumption of stabilisation of the protein structure by the
intercalated metal complexes.

4 Summary

The presented results show that periodic nanoparticle ar-
rays can be formed in various ways by a growth of metallic
clusters on S layers of B. sphaericus NCTC 9602 activated
with metal salt complexes. Depending on the particular
morphology of the recrystallized protein templates, clus-
ter nucleation can be accomplished chemically or by elec-
tron exposure in the transmission electron microscope. In
both cases the geometrical properties of the particle arrays
are completely determined by the underlying protein tem-
plates. Thus, biomolecular templating allows to fabricate
and to manipulate metal clusters in parallel.
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