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Electronic Structure of Regular Bacterial Surface Layers
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We report photoemission and near-edge x-ray absorption fine structure measurements of the occupied
and unoccupied valence electronic states of the regular surface layer of Bacillus sphaericus, which is
widely used as the protein template for the fabrication of metallic nanostructures. The two-dimensional
protein crystal shows a semiconductorlike behavior with a gap value of �3:0 eV and the Fermi energy
close to the bottom of the lowest unoccupied molecular orbital. We anticipate that these results will open
up new possibilities for the electric addressability of biotemplated low-dimensional hybrid structures.
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Controlled organization of matter at the molecular
scale is an important objective of materials science,
aiming at the development of reliable bottom-up strat-
egies for the miniaturization of electronic components.
Addressing fundamental issues of both nanometer fabri-
cation and supramolecular engineering, biomolecular
templating has demonstrated the capability of building
up thoroughly predefined inorganic nanostructures by
taking advantage of the unique self-assembly capabilities
of biomolecules and of their well-defined structural and
physicochemical properties [1]. In particular, the precise
control of the association of metallic nanoparticles to
DNA and proteins [2] and the direct nucleation and
growth of metal clusters on biomolecular templates [3–
5] have led to metallo-organic nanostructures with struc-
tural densities much higher than those of today’s micro-
electronic structures [6]. It is expected that these novel
hybrid materials can disclose new, still not discovered
fascinating phenomena. In analogy with a series of or-
ganic and molecular systems [7,8], the synthesized com-
posites might reveal, e.g., superconducting or low-
dimensional magnetic behavior because of both the onset
of size-dependent quantum effects and the increase of the
surface-to-volume ratio with decreasing particle size.

However, both the understanding and the tailoring of
the physical and chemical properties of biotemplated
hybrid systems do not only require knowledge about the
electronic properties of the metallic clusters but also
thorough information about the electronic structure of
the template. With a few exceptions, these data are lack-
ing. Theoretical investigations are difficult to perform
because of the large size of unit cells [9–11]. Spectro-
scopic methods like photoemission (PE) and near-edge
x-ray absorption fine structure (NEXAFS) spectroscopy
provide the most direct information about electronic
structure. However, so far NEXAFS is rarely [12,13]
and PE is not applied to biological substances because
intensive photon exposure easily destroys the specimen.
Another methodical obstacle is that particularly PE ex-
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periments require samples with atomically clean surfaces
that might be difficult to assure by ex situ sample prepa-
ration. Moreover, the interpretation of the spectroscopic
data might fail, if the biological units consist of a large
amount of atoms. Thus, so far only a few rather indirect
measurements of the electronic structure are performed
by nuclear magnetic resonance [14], electron paramag-
netic resonance [15], fluorescence-excitation spectros-
copy [16], or electronic circular dichroism [17].

Here we report PE and partial-electron-yield NEXAFS
measurements of the electronic structure of regular
bacterial surface layers (S layer), which comprise the first
PE studies on valence electronic states in proteins.
S layers are regular two-dimensional (2D) protein crys-
tals, which form the outermost cell envelope component
of many prokaryotes in almost all phylogenetic branches
of bacteria and archaea [18]. The precise spatial modu-
lation of the physicochemical surface properties of the
periodic protein crystal makes them an ideal matrix for
supramolecular engineering. We investigate the elec-
tronic structure of the S layer of Bacillus sphaericus
NCTC 9602, which is frequently used as a 2D template
for the fabrication of highly oriented metallic nanoclus-
ter arrays [4,5]. The 5.0 nm thick protein layer exhibits
a p4 symmetry, a lattice constant of 12.5 nm, and a
complex pattern of pores and gaps that are 2 nm wide
(Fig. 1). The S-layer subunits have a molecular weight of
111.5 kDa. As the main result, we found a semiconductor-
like electronic structure with the Fermi level located at
the bottom of the lowest unoccupied molecular orbital
(LUMO). This investigation gives new insight into the
understanding of the electronic structure of compli-
cated protein structures and their application in bio-
nanotechnology.

Regular S-layer sheets, isolated from the cell walls
of B. sphaericus NCTC 9602 [5], were deposited ex situ
onto plasma-treated naturally oxidized Si substrates
(SiOx=Si) before injecting them into the ultrahigh vac-
uum spectrometer chamber. Resembling spectroscopic
-1  2004 The American Physical Society
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FIG. 2. C 1s NEXAFS spectra of the S layer taken before and
after (upper inset) its exposure with the ‘‘zero-order’’ synchro-
tron radiation. The region of the �� resonances (shadowed) is
enlarged in the bottom.

FIG. 1. Transmission electron micrograph of a folded, nega-
tively stained sheet of the S layer of B. sphaericus NCTC 9602.
Both insets have a size of 38� 38 nm2, and depict image-
reconstructed parts of the S-layer sheet with different orienta-
tions to the surface demonstrating the morphological anisot-
ropy of the ‘‘inner’’ and the ‘‘outer’’ surface of the S layer.
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results were obtained for a large number of sample prepa-
rations, giving strong evidence of only negligible (if any)
surface contaminations. The experiments were performed
at BESSY (Berlin) using radiation from the Russian-
German ultrahigh energy-resolution dipole beam line.
In contrast to nowadays mostly employed undulator
beam lines, which deliver an extremely high photon flux
in the form of a discrete spectrum, this beam line pro-
vides low-intensity radiation continuously distributed in a
wide range of photon energies (30 to 1500 eV) and is thus
suitable for spectroscopic studies of ‘‘fragile’’ protein
samples. C 1s NEXAFS spectra of the S layer were taken
with a photon-energy resolution of 80 meV full width at
half maximum (FWHM). The spectra were normalized to
the signal measured for a clean Si wafer. In the PE
measurements, a photon energy of 40.8 eV (He II�) was
selected to compromise between the high photoexcitation
cross sections of the primarily 2p states of the second-
period elements forming the valence bands of proteins,
and the high surface sensitivity, required to increase the
contribution from the valence band of the S layer rela-
tively to the signal from the substrate. The overall PE
energy resolution was set to 150 meV FWHM. In both
experiments, the photon incident angle was selected to be
50� relative to the sample surface [19]. The light-spot size
at the sample position was 20� 80 �m2 providing the
possibility to study the homogeneous parts of the S layers.
Only a moderate S-layer dynamic charging at a level
similar to that of regular wide-gap semiconductors was
observed with PE. This fact reveals relatively large charge
carrier mobility suggesting a bandlike description of the
electronic structure of the S layer.

NEXAFS spectroscopy probes the energy- and
angular-momentum character dependent photoabsorp-
tion cross sections of core-electron excitations into such
unoccupied electronic states, which are primarily local-
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ized on the excited atoms [20]. As each atom has charac-
teristic binding energies (BE) of core levels, NEXAFS
spectra reflect the element-specific density of empty
states in compounds. Since S layers contain mainly C
atoms involved in different forms of bonding, the most
informative spectra to be studied are those taken upon
excitation of the C 1s core level [21]. The C 1s spectrum
reflecting the partial density of the C 2p unoccupied
electronic states of the ‘‘as-deposited’’ S layer (Fig. 2
top) is found to be surprisingly simple. It shows rather
sharp transitions involving ��-symmetry molecular orbi-
tals (283–289 eV) and smooth structures in the
	�-transition region (>290 eV). The observed spectral
features disappear almost completely when the sample
is disintegrated applying high-flux irradiation with non-
monochromatized, zero-order light (inset in Fig. 2).

The 	�-transition structures observed for the as-
deposited S layer are very broad because of the short
lifetime of the corresponding exciting states. Here we
concentrate on the evaluation of the 1s ! �� resonances.
These are found to be similar to those measured for
individual amino acids and small peptides [12]. We inter-
pret the ��-transition spectrum of the S layer within a
simple ‘‘building-block model’’ where the complex pro-
tein structure is seen as an assembly of its primary con-
stituents. In comparison to data obtained for a set of
different amino acids [12] and their interpretation on
the basis of the ab initio static-exchange method calcu-
lations [22], we can assign the lowest energy �� feature of
the S-layer spectrum at 285.0 eV to transitions mainly
into unoccupied orbitals of C——C double bonds located in
the aromatic rings of individual amino acids. The LUMO-
derived lowest energy feature is manifold since the en-
-2
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FIG. 3. (a) Valence-band PE spectra of the supported S layer
and of the pure substrate (shadowed). (b) Difference spectrum,
which represents the pure PE signal from the S layer.
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ergies of the particular C——C orbitals depend on the
specific molecular environment of the C atoms which
participate in the double bonds. The second peak at
288.1 eV photon energy is of much larger intensity and
can predominantly be attributed to the 1s ! �� excita-
tion of the C——O double bonds of the carboxyl groups.
There is no initial-state splitting of this resonance since
the chemical environment of this bond does not change
from one amino acid to another. Correspondingly, this
feature appears less structured than the 285-eV one. The
shoulder at the low-energy side of the C——O peak at
�287 eV coincides in energy with the expected C——N
1s ! �� resonance, which is not supposed to reveal a
pronounced manifold splitting by the same reason as
discussed for the C——O transition. By referring the N 1s
and O 1s NEXAFS spectra of the S layer (not shown) to
the same energy scale according to the BEs of the corre-
sponding core levels, the ��-derived peaks of the N 1s and
O 1s spectra overlap with the 287-eV and 288.1-eV fea-
tures of the C 1s spectrum, supporting the interpretation
of these two structures in terms of C——N and C——O bonds,
respectively. Since the intensity ratios between the three
main features of the ��-transition region in the C 1s
spectrum are mainly caused by the relative numbers of
bonds contributing to a particular bond type (C——C,
C——O, or C——N), we can conclude that the relative num-
ber of amino acids with aromatic rings in the studied
S layer is rather small. This is in agreement with the
investigation of the primary protein structure, reporting
for the S layer of B. sphaericus NCTC 9602 a content of
amino acids with aromatic rings of less than 11% [23].

The occupied electronic states were studied by angle-
integrated valence-band PE. The corresponding spectrum
[Fig. 3(a)] contains contributions from the S layer and the
substrate. In order to extract the virginal signal of the
S layer, the bare plasma-treated substrate was measured
before at the same photon energy (shadowed area in
Fig. 3). The substrate spectrum reveals a triplet line
shape, which is a combination of a typical SiOx
valence-band spectrum with a pronounced O 2p derived
feature and structures characteristic for admixtures of
different Si carbides [24]. The pure S-layer spectrum
[Fig. 3(b)] was obtained by a subtraction of the shadowed
spectrum from the top one [25]. Similar to results ob-
tained for other organic materials, the S-layer PE spec-
trum consists of a series of individual peaks that originate
from different molecular orbitals. The highest occupied
molecular orbital (HOMO) of the S layer is relatively
sharp. A second, intense manifold structure (A) is located
�4:5 eV below the HOMO, and a less pronounced peak
(B) is found at 21 eV.

Valence-band PE is not element specific. Hence, from
PE data we cannot unambiguously determine the origin
of the occupied molecular orbitals, particularly, since
electronic structure calculations do not exist for
S layers. However, preliminary interpretation can be de-
rived from electronic density-of-states (DOS) calcula-
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tions for rather small proteins [9–11], assuming that in-
tegral DOS data can be expected to be qualitatively
similar for different proteins. Theoretical evidence for
this assumption is reported for the comparison of the
DOS for peptidic Bunodosoma granulifera toxin and
charybdotoxin [9,10] as well as for self-assembled pep-
tide nanotubes [11] calculated using the local density
approximation. In Fig. 4 the electronic structure of the
S layer is compared with the calculated DOS of peptidic
charybdotoxin. To construct the experimental electronic
structure of the S layer, the occupied and unoccupied
electronic states, probed by PE and NEXAFS, are re-
ferred to the common Fermi energy (EF). The EF position
of the PE spectrum was determined by measuring the EF
offset for a reference metallic gold sample. In addition,
the BE shifts of the S-layer PE features induced by
charging of the bare protein sample were accounted for
by a separate PE experiment with S layers covered with
a thin gold film. The latter system was found to be
metallic, and the gold does not noticeably react with
the protein template, since the PE line shapes are very
similar to those of the pristine S-layer sample. The
NEXAFS data were referred to EF by using the BE of
the S-layer C 1s PE spectrum assuming a similar
screening of the remaining core holes in x-ray absorp-
tion and photoemission processes. Although the effect
of the core hole was found to be rather strong in 1D
ladderlike structures (e.g., naphthacene, C18H12), its mag-
nitude decreases with the increase of the size and dimen-
sionality of the �-conjugated system [26]. By the
observed similarity of energies and line shapes of the
calculated and the measured structures in Fig. 4, we can
assign the occupied valence-band PE features on the ba-
sis of the eigenvector analysis performed in [9]. Accord-
ing to this, the main contributions to the HOMO origi-
-3
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FIG. 4. (a) Valence-band and LUMO originating structure of
the S layer as derived from the PE and NEXAFS experiments.
(b) DOS calculated for charybdotoxin [9]. The energy scales
are adjusted relatively to the positions of the HOMOs.
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nate from � clouds of aromatic rings and from lone
pairs of oxygen and nitrogen. Feature A is mainly caused
by the 	-bondlike structures between hydrogen and car-
bon atoms, whereas feature B arises from the 	 bonds
between C atoms. The calculated energy gap between
LUMO and HOMO is somewhat smaller than the mea-
sured one, which is a known effect for calculations of
semiconductor band structures within density functional
theory [27].

The electronic structure of the 2D protein layer shown
in Fig. 4 resembles that of a moderate wide-gap semicon-
ductor. The energy gap value is �� 3:0 eV. As an im-
portant feature, we find the Fermi level closely located to
the bottom of the LUMO. The gained information is of
high importance to make reliable predictions for possible
chemical reactions and other chemical or physical phe-
nomena in hybrid biological systems. In particular, we
expect that —similarly to the behavior of C60 films—the
Fermi level of the investigated protein can be shifted to
higher energies by intercalation of dopants. Since the
LUMO is formed by the C-derived states, and C atoms
exhibit a large electronegativity, we anticipate that inter-
calation of the S layer with donors might lead to a filling
of the LUMO. Similarly to other molecular compounds
like alkali fullerides [8] it may even cause high-
temperature superconductivity of the S-layer intercala-
tion compounds, which could be used, e.g., in field-effect
transistor doped biocomposites. This will, in general,
open the possibility to use the S layers to address clusters
arrays, grown on the template, electronically. It seems
also conceivable to obtain a local addressability of indi-
vidual or a limited number of clusters by a patterned
intercalation of dopants, e.g., by vapor deposition of donor
materials through a lithographic mask.
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