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Abstract

The current understanding of the molecular mechanisms involved in the bioinspired formation of
silica structures laid foundation for investigating the potential of the S-layer protein SbpA from
Lysinibacillus sphaericus CCM 2177 as catalyst, template and scaffold for the generation of novel
silica architectures. SbpA reassembles into monomolecular lattices with square (p4) lattice
symmetry and a lattice constant of 13.1 nm. Silica layers on the S-layer lattice were formed using
tetramethoxysilane (TMOS) and visualized by transmission electron microscopy. /n situ quartz
crystal microbalance with dissipation monitoring (QCM-D) measurements showed the adsorption
of silica in dependence on the presence of phosphate in the silicate solution and on the preceding
chemical modification of the S-layer. An increased amount of precipitated silica could be
observed when K,HPO4/KH,PO,4 was present in the solution (pH 7.2). Further on, independent of
the presence of phosphate the silica deposition was higher on S-layer lattices upon activation of
their carboxyl groups with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
compared to native S-layers or EDC treated S-layers when the activated carboxyl groups were
blocked with ethylene diamine (EDA). Fourier transform infrared attenuated total reflectance
(FTIR-ATR) spectroscopy revealed the formation of an amorphous silica gel (SiO5) ,» yH,0 on the
S-layer. The silica surface concentrations on the S-layer was 4 x 1079 to 2 x 1078 mol cm=2
depending on the modification of the protein layer and corresponded to 4-21 monolayers of SiO,.
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1. Introduction

Currently there is much interest in the synthesis of inorganic materials using biomimetic
approaches. One of the best examples is the synthesis of amorphous silica based on
principles learned from nature. The current understanding of the key proteins (silicateins [1]
and silaffins [2]), genes and molecular mechanisms involved in the bioinspired formation of
silica structures laid foundation for investigating the potential of S-layer proteins and their
self-assembly products as catalysts, templates, and scaffolds for the generation of novel
silica architectures.

S-layers are the most commonly observed cell surface structures in prokaryotic organisms
(bacteria and archaea) and have been optimized during billions of years of biological
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evolution[3-5]. S-layers exhibit oblique, square or hexagonal lattice symmetry. The unit cell
dimensions are in the range of 3-30 nm and the thickness is in the range of 5-10 nm. They
represent highly porous protein meshwork (30-70% porosity) with pores of uniform size
and morphology in the 2—-8 nm range. Native or recombinant S-layer proteins have the
intrinsic capability to reassemble into monomolecular arrays either in suspension, at solid
supports, the air—water interface or lipid films. In the present work the deposition of silica
(SiO2) x yH-0 on the S-layer protein SbpA from Lysinibacillus sphaericus CCM 2177 was
studied [6-8]. This S-layer protein reassembles with square (p4) lattice symmetry showing a
lattice constant of 13.1 nm. The diameter of pores in the S-layer lattice is ~4.5 nm and the
protein layer thickness is generally 7-8 nm [7]. A common feature of this S-layer is, with
respect to the orientation on the bacterial cell, its smooth outer (extracellular) and more
corrugated inner (intracellular) surface [7]. Functional groups on the surface are aligned in
well-defined positions and orientations and act as binding sites for the fixation of various
materials [8]. The outer surface does not have excess charges at physiological pH values
(equimolar amount of carboxyl acid and amino groups), whereas the inner surface is net
positively charged [8]. The isoelectric point (IEP) of the monomeric S-layer protein SbpA is
4.2 [8].

The natural analogue of the present study is the deposition of amorphous microporous gel-
like or opal-like varieties of hydrated silica (SiO,) » yH,O as observed in certain single- and
multicellular organisms including diatoms, sponges or higher plants [1,2]. VVarious proteins
and organic components form composites with silica. Thereby, the organic substances are
acting as specific molecules in the biosilification process. In recent years, some constituents
of the organic matrix of biosilificating organisms have been identified, e.g. the proteins of
the silicatein family from marine sponges [1] and silaffins from diatoms [2]. In sponges
(sponge classes: Demospongiae and Hexactinellida) hydrated amorphous silica is deposited
around an axial organic filament composed of chitin or collagen [9,10]. These organic
components allow, catalyzed by the enzyme silicatein, the precipitation of amorphous silica
and hence the formation of lamellar silica layers in form of spicules [11]. The crucial
moieties within the silicatein molecule that are involved in the catalytic mechanism are the
hydroxyl groups of the serine residue and the imidazole nitrogen of the histidine residue in
the active site of the enzyme [12]. Diatoms are able to accumulate silicon-containing
molecular species in their cell walls to produce nanoscale spheres [13-15]. Silaffins and
long-chain polyamines have a high affinity to silica and were identified as constituents of
biosilica in diatoms. These organic components show to accelerate silica formation from a
monosilicic acid solution in vitro whereas the presence of inorganic phosphate is required
[2,16]. For polymerization and condensation of silicic acid interactions exist between amino
groups of polyamine side chains and phosphorylated serine units with the silanol groups of
silica.

Inspired by the process of biomineralization the S-layer protein SbpA, recrystallized on solid
supports or in suspension, was used as organic template for the deposition of silica in form
of thin layers. It was expected that the silica layer will replicate the topography of the S-
layer. Carboxyl groups on the S-layer lattice were activated with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), and, for comparison, also
subsequently blocked with ethylene diamine (EDA). The formation of the nanostructured
silica layer was investigated by transmission electron microscopy (TEM), quartz crystal
microbalance with dissipation monitoring (QCM-D) and Fourier transform infrared
attenuated total reflectance (FTIR-ATR) spectroscopy.
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2. Materials and methods

2.1. Isolation and recrystallization of the S-layer protein

The bacterial cell surface layer protein SbpA was isolated from L. sphaericus CCM 2177
(Czech Collection of Microorganisms). Growth, cell wall preparation and extraction of
SbhpA were performed as described previously [17,18]. The organism was grown in nutrient
broth (NB 2, Oxoid, UK) and harvested at the late exponential growth phase by
centrifugation. For extraction of S-layer protein from cell wall fragments intact cells were
washed in 50 mM Tris/HCI buffer (pH 7.2), broken by sonication, centrifuged to remove
non-open cells and cell content, and finally suspended in 5 volumes of the same buffer. To
eliminate the cytoplasma constituent cell wall fragments were extracted in detergent solution
(Triton-X-100) and washed for several times with water. The final solution was dialyzed
against 1 1 50 mM Tris/HCI/10 mM CaCl,-H,0 (pH 7.2) to get self-assembly products or
against 1 1 2 M H,O/EDTA to get monomer solutions of the protein. Dialysis was performed
for 20 min, 1 h, and 8 h at 4 °C, respectively.

For QCM-D and FTIR-ATR measurements the S-layer protein was mixed with buffer
solution in a protein/buffer ratio of 0.1:1 ml and dropped on the gold or germanium surface,
respectively. The buffer consisted of 0.5 mM Tris/HCI (pH 9) added to 10 mM CaCl, and
the protein concentration was 0.1 mg ml=1,

2.2. Fixation and modification of the S-layer protein

Glutaraldehyde was used in order to perform an intra- and intermolecular crosslinking of the
amino groups of the S-layer protein. The crosslinking leads to a better stability and
replication of the protein lattice structure. In addition, the S-layer was modified in some
experiments with EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride,
Sigma—Aldrich) or EDC/EDA (EDA: ethylendiamine, Sigma—Aldrich). EDC can react in a
first step with carboxyl groups of the protein to form highly reactive O-acylisourea
intermediates [19]. This active surface species may then react in a second step with a
nucleophile, such as EDA, in order to form an amide bond leading to a blocking of the
carboxyl group.

2.3. Silification of the S-layer protein

A solution of silicic acid was freshly prepared by dissolving tetramethoxysilane Si(OCH3),4
(TMOS, Sigma-Aldrich) in 1 mM HCI to a final concentration of 1 M (hydrolysis). In the
case of a phosphate solution, 800 .l KoHPO4/KH,PO4-buffer (pH 7.2) was added to this
solution to get a final concentration of 0.1 M TMOS. For the non-phosphate solution, 800 .l
KOH was added to adjust the pH of the acidic silicate solution to pH 7.2 yielding a final
concentration of 0.1 M TMOS, too. After KOH addition the pH was monitored and no
significant pH change was observed. The recrystallized S-layer was incubated with
phosphate and non-phosphate containing solutions for varying times (1-50 min).

2.4, Transmission electron microscopy

S-layer samples were investigated with a CM12 and CM100 transmission electron
microscope (TEM; FEI/Philips, Eindhoven, NL) operated at 80 keV. Self-assembly products
were adsorbed for 20 min on a TEM grid (Cu) coated with pioloform and carbon. The S-
layer lattice was subsequently stabilized by crosslinking with glutaraldehyde (2.5% in
sodium cacodylate buffer, pH 7.2) for 15 min and washed two times with water for 5 min.
Finally, the EM-grids with the attached S-layer self assembly products were incubated with
the silicate solution, removed after 1-2 min and washed with water again for several times.
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2.5. QCM-D measurements

QCM-D measurements were carried out using a Q-sense E4 instrument (Q-Sense AB,
Gothenburg, S). Polished AT-cut piezoelectrical quartz crystals with gold electrodes (Q-
Sense AB, Gothenburg, S) were used as substrates exhibiting a fundamental frequency fof 5
MHz. The adsorption of the material was monitored as a function of time by recording the
change in frequency (A7) and dissipation (A D). All measurements were done in a flow cell
with a flow rate of 100 I min~1 at a temperature of 21 + 0.02 °C. The evaluation of the data
was done with the QCM-D software QTools. For the interpretation and graphical
presentation of the frequency and dissipation the averaged data of the third (15 MHz), fifth
(25 MHz) and seventh (35 MHz) overtone signal were used. Viscosity and shear force were
analyzed with the Voigt based viscoelastic model [20]. The mass, m, and thickness, 4| of the
adsorbed layers were calculated by the Sauerbrey equation /= (¢ A/n(c. 17.7 ng Hz™1 cm=2
using the fifth overtone (25 MHz) signal [21]. Depending on the adsorbed material, different
layer densities were assumed for the calculations of the thickness d= mlp-A? (p: S-layer
1.14 g cm™3, silica 2 g cm™3, A: area of the gold sensor) [22].

For the measurements a protein/buffer solution was spread in situ on a QCM-D crystal
(crystallization time: 60 min). The S-layer was then washed with water for 5 min, fixed with
glutaraldehyde and washed with water again prior to the subsequent silicate precipitation. In
some experiments the S-layer was modified with 1 mM EDC or 1 mM EDC/EDA
(incubation time: 10 min). The modified layer was washed with water to remove unbound
molecules. A phosphate (pH 7.2, KoHPO4/KH,PO,) or non-phosphate (pH 7.2, KOH)
containing TMOS solution was flowing across the protein layer (incubation time: 8 min).
The silica layer was washed with water again to determine its stability.

2.6. Fourier transform infrared spectroscopy

Spectral analysis was performed using an FTIR-spectrometer (IFS 66, Bruker, Karlsruhe, D)
equipped with a “lift-model” single-beam-sample-reference (SBSR) mirror attachment for
ATR measurements (OPTISPEC, Neerach, CH). The instrument consisted of a
hydrodynamic optimized and water-thermostat SBSR cell (flow-through cuvette) made of
Delrin (OPTISPEC, Neerach, CH), with parallel and perpendicular polarized infrared light
produced by an aluminium grid polarizer on a KRS-5 substrate (SPECAC, Orpington, U.K.)
as well as a liquid-nitrogen cooled mercury—cadmium-telluride (MCT) detector (Bruker,
Karlsruhe, D). A germanium trapezoid (54 mm x 30 mm x 2 mm, mean number of active
total reflections /= 19.6, Komlas, Berlin, D) with an angle of incidence ®= 45° was used
as the multiple internal reflection element (MIRE). In SBSR measurements, the infrared
beam passed alternatively through the upper reference (R) and the lower sample (S)
compartment of a flow-through cuvette surrounding the MIRE. SBSR absorbance spectra
were calculated from corresponding single channel spectra recorded with the infrared beam
going to the two different compartments of the MIRE [23-26]. All measurements were done
at 25 °C recording a spectral range of 700-4000 cm™1 with 4 cm™1 resolution. 100-1000
scans were accumulated to achieve the desired signal-to-noise ratio. Reference spectra were
recorded with identical (phosphate) solutions as used for the sample spectra. The
spectrometer software OPUS was used for the data evaluation. In addition, transmission
measurements were done for evaluation of integral molar absorption coefficients. Solutions
were analyzed in a CaF, transmission cell using a 10 um mylar spacer.

For the measurements the protein/phosphate solution was pumped in situ over the Ge-MIRE
to crystallize the S-layer. The recrystallization was done in an alternation process of flowing
solution (flow rate 50 I min~1 for 5 min), stop of flow (for 30 min) and measurement (for
25 min). The recrystallized non-activated S-layer was washed with water several times
before starting subsequent silicate adsorption. A phosphate (pH 7.2, KoHPO4/KH5POy4)
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containing TMOS solution was flowing on top of the protein layer (flow rate 50 I min=1
for 45 min). The silica layer was washed with water again to check its stability.

3. Results

3.1. Transmission electron microscopy: ultrastructure of the silica layer

A TEM image of a self-assembled S-layer protein lattice almost completely covered by a
silica gel layer is shown in Fig. 1. In this example, the silica layer was obtained by exposing
the S-layer to a phosphate containing silicate solution. According to the investigation of
silica formation by QCM-D and FTIR-ATR, time series studied by TEM showed that the S-
layer was covered with silica within 1-2 min. Thus, a detailed replication of the S-layer
lattice structure could only be achieved within the first minute of incubation with the silicate
solution. In addition, according to the QCM-D and FTIR-ATR measurements, the observed
contrast in the TEM images resembled the different layer thicknesses caused by the
presence/absence of phosphate and the different chemical modifications of the S-layer
protein (non-activated, EDC or EDC/EDA activated) (data only shown for presence of
phosphate and EDC activated carboxyl groups on S-layer; Fig. 1).

3.2. QCM-D: adsorption process and stability of the protein layer

An increasing number of theoretical and experimental investigations with a quartz crystal
microbalance with dissipation monitoring (QCM-D) working with liquids have opened the
possibility for studying biomolecular assemblies, the adsorption of different materials on
these assemblies and the quantitative interpretation of their viscoelastic properties. Thereby,
the fixation of the adsorbed assemblies depends on the material of the sensor surface and on
the type of surface modification [22,27].

In the present study, QCM-D measurements showed a decrease of the frequency adverse to
an increase of the dissipation upon S-layer protein adsorption on the gold sensor (Table 1
and Fig. 2). The frequency decreased exponentially to a level of =87.9 Hz in the first 10 min
and to a final level of —104.5 Hz within the next 50 min. The dissipation featured a
characteristic initial maximum between 0 and 10 min followed by a small decrease and a
small increase again. In detail, the dissipation increased to a level of 3.2 x 108 in the first 10
min and to a final level of 3.6 x 106. An averaged A D/A fratio of 0.04 was calculated. This
indicates that the mass of the layer is relatively thin and rigid and is not deformed during the
oscillatory motion of the gold crystal [28]. The observed frequency shift from approximately
—80 to —100 Hz agrees with results of previously published studies, although A fand ADare
certainly affected by the individual preparation of the protein solution used in the
experiments [22,27,29,30]. The mass uptake calculated by the Sauerbrey equation
corresponded to 1546 ng cm™2 in the first 10 min and increased to 1850 ng cm™2 within the
next 50 min. The calculated thickness (density: 1.14 g cm~3) was 13.5 nm (after 10 min) and
finally 16.1 nm, indicating the formation of a protein double layer on the gold sensor with
the outer surface exposed to the solution. Viscosity and shear force of the adsorbed protein
were calculated by the Voigt model to 0.005 Pa's and 1.1 x 10° Pa. In comparison, the
viscosity and shear forces of biomolecules and polymers are in the range 0.0005-0.01 Pa s
and 100 Pa—1000 MPa, respectively [31].

3.3. QCM-D: adsorption process and stability of the silica layer

The silification of the S-layer depends on the phosphate concentration in the used silicate
solution and the modification of the protein layer. Detailed results of the QCM-D
measurements are presented in Tables 2 and 3 and Figs. 2 and 3. During the silification of
the S-layer a decrease of the frequency and a strong increase of the dissipation were noted
within the first 2 min when a phosphate containing silicate solutions (KoHPO4/KH,PQy)
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was used (Fig. 2). In this case additional frequency changes of —95.3 Hz (EDC-activated),
-55.6 Hz (EDC/EDA-activated) and —43.9 Hz (non-activated) and dissipation changes of
23.8 x 108 (EDC-activated), 19.6 x 10  (EDC/EDA-activated) and 11.9 x 10% (non-
activated) were measured. A change of the silica layer could be observed after a 5 min
washing procedure. The frequency increased to a final level of —78.5 Hz (EDC-activated),
-29.2 Hz (EDC/EDA-activated) and —23.8 Hz (non-activated) whereas the dissipation
decreased to a final level of 17.0 x 10% (EDC-activated), 8.7 x 106 (EDC/EDA-activated)
and 3.4 x 10% (non-activated), respectively. An averaged A DI A fratio of 0.22 (EDC-
activated), 0.30 (EDC/EDA-activated) and 0.14 (non-activated) was calculated. The final
adsorbed silicate mass was estimated by the Sauerbrey equation to 1355 ng cm~2 (EDC-
activated), 502 ng cm~2 (EDC/EDA-activated) and 370 ng cm~2 (non-activated). If a silica
layer density of 2.0 g cm~3 is assumed the layer thickness was calculated to 6.8 nm (EDC-
activated), 2.5 nm (EDC/EDA-activated) and 1.9 nm (non-activated), respectively. The
silica surface concentration was calculated using the molar masses of SiO, and HsSiO4
(Table 4 [32]). Based on a dense package of SiOy4 tetrahedra, the number of adsorbed SiO,
monolayers was 21 (EDC-activated), 8 (EDC/EDA-activated) and 5.5 (non-activated),
respectively. Once comparing the calculated silica layer thickness, the possible inclusion of
water and low amounts of potassium and phosphate ions should be noted, since they might
affect the values slightly. When the protein layer was incubated with the phosphate
containing silicate solution the viscosity decreased and the shear force increased. A washing
process with water led to a desorption of unfixed silicate molecules, leading to an increase
of the viscosity and a decrease of the shear force again. The final viscosity of the completely
adsorbed layers (protein plus silica) was approximately 0.0037 Pa s (EDC-activated), 0.0033
Pa s (EDC/EDA-activated) and 0.0031 Pa s (non-activated), respectively. The shear force
was 1.6 x 10° Pa (EDC-activated), 1.2 x 10° Pa (EDC/EDA-activated) and 1.4 x 10° Pa
(non-activated). Therefore, the complete adsorbed silica layer had similar viscoelastic
properties and shear forces as the underlying adsorbed protein layer.

When silicate solutions without phosphate (KOH) were used, changes in frequency and
dissipation were not as strong as in the case of silicate solutions with phosphate (KoHPO,4/
KH,PQy). For the adsorbed silica layer frequency changes of 21.5 Hz (EDC-activated), 16.5
Hz (EDC/EDA-activated) and 10.0 Hz (non-activated) and dissipation changes of 4.3 x 106
(EDC-activated), 4.6 x 108 (EDC/EDA-activated) and 3.6 x 10° (non-activated) could be
determined. Nearly all adsorbed silica gel could be removed from the S-layer by a washing
procedure with water. Thus, the frequency decreased to a final level of 13.0 Hz (EDC-
activated), 6.9 Hz (EDC/EDA-activated) and 1.9 Hz (non-activated) whereas the dissipation
increased to a final level of 0.5 x 108 (EDC-activated), 0.4 x 10% (EDC/EDA-activated) and
0.1 x 10% (non-activated), respectively. A A DIA fratio of 0.04 (EDC-activated), 0.09 (EDC/
EDA-activated) and 0.02 (non-activated) was calculated. The use of a non-phosphate
solution consequently led to a lower mass adsorption resulting in a lower thickness of the
fixed silica layer compared to experiments with silicate solutions including phosphate (Fig.
3). Final adsorbed masses of the silica layers of 219 ng cm™2 (EDC-activated), 142 ng cm™2
(EDC/EDA-activated) and 46 ng cm™2 (non-activated) and thicknesses of 1.2 nm (EDC-
activated), 0.6 nm (EDC/EDA-activated) and 0.2 nm (non-activated) were determined. The
corresponding number of adsorbed SiO, monolayers was 4 (EDC-activated), 2 (EDC/EDA-
activated) and 1 (non-activated), respectively. The adsorption of silicate solutions without
phosphate on the S-layer caused a decrease of the viscosity and an increase of the shear
force. A subsequent flushing with water resulted in a decrease of the viscosity and an
increase of the shear force. Finally, the viscosity of the complete adsorbed layers (protein
plus silica) was 0.0053 Pa s (EDC-activated), 0.0049 Pa s (EDC/EDA-activated) and 0.0059
Pa s (non-activated) and the shear force was 1.0 x 10° Pa (EDC-activated), 1.4 x 10° Pa
(EDC/EDA-activated) and 1.6 x 10° Pa (non-activated).
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3.4. FTIR-ATR: adsorption process and stability of the silica layer

Attenuated total reflectance FTIR-ATR spectroscopy allows to record infrared spectra of
biological specimen in an aqueous phase as a function of the time. Fig. 4a and b shows the
FTIR-ATR absorption spectra of the non-activated recrystallized S-layer on the Ge-MIRE.
Amide | (peptide C=0 stretching) and amide Il (peptide C—N stretching coupled to NH
bending) absorption were found at 1597-1712 and 1482-1597 cm™1, respectively, where
amide 11 peak appeared with a lower intensity. The amide | absorption frequency depends on
the secondary protein structure (a-helical structure, p-structure) allowing to assess relative
amounts of secondary structure parts [33-36]. Further IR-absorptions of the protein were
observed at ~1460 cm™1 (8,5(CH3), §(CH>)), 1300-1420 cm ~1 (v4(CO0-)), 2844-2863
cm™1 (v5(CHy)), 2865-2888 cm™1 (v5(CH3)), 2900-2946 cm™ (1,5(CH,)) and 2900-2946
cm™1 (vy5(CH,)). The washing procedure with water after stopping the reassembly of the S-
layer protein led to no characteristic changing of the absorption protein bands. Fig. 4c and d
shows the IR-absorption of silicate molecules bound on the S-layer. No shifting of the
protein peaks could be observed. The main broaden asymmetric band at 1010-1300 cm™1 is
assigned to the Si—O—Si stretching group. A smaller asymmetric band at 901-1002 cm™1
could be assigned to the Si—O stretching vibration of Si—OH groups [37,38]. In addition,
three bands were measured at 920-940, 970-1010, and 1040-1120 cm™1, corresponding to
the vibration modes of the used KoHPO4/KH,PO, solutions. These bands interfered with the
Si—O—Si and Si—O bands from the silicate molecules. A further strong band at 1005—
1030 cm™~1 appeared due to the formation of methanol during the hydrolysis of the TMOS
solution. Both, the methanol band and the phosphate bands disappeared after washing with
water (Fig. 4e and f). This procedure led to a decrease of the intensity of the Si—O—Si
band and an explicit appearance of the Si—O band without a coincidence with the P—O
bands.

In addition to qualitative information, the surface concentration of silica adsorbed on the
protein layer could be calculated by quantification of the absorbance of the Si—O—Si band
in both, parallel and vertical polarized light (following the approach of Wenzl et al. [40] and
Fringeli [23]). Detailed information and results are listed in Table 4. The experimental
surface concentration /ey, of the adsorbed silicate molecules on the S-layer was calculated
to 3.7 x 1078 mol cm™2 (parallel polarized /7,,) and 3.9 x 1078 mol cm™2 (vertical polarized
Ip), respectively, by integration of the Si—O—Si band of the ATR measurements using the
measured integral molar absorption coefficient £(Si—O0—Si) = 1.06 x 107 cm mol~1
(integration area 1010-1300 cm™1) of the transmission experiments. The dichroitic ratio
Rexp (R = ApplAyp) is 1.81 (theoretical expected value for a isotropic thin film Riso heor =
1.90). The difference between the theoretical and experimental dichroitic ratio is close to the
error in determining this value. Assuming the adsorbed silicate has a dense spherical
packing, the theoretical surface concentration Iineor for a monolayer is calculated to be 9.0 x
1079 mol cm~2. A comparison between the experimental surface concentration Texp and the
theoretical surface concentration /iheor for a monolayer indicate an adsorption of
approximately 4 monolayers of silicate molecules or the formation of polymerized
(SiO9) , yH-0 layers (Table 4). This agrees well with the surface concentration and the
number of monolayers determined by QCM-D. In comparison the adsorption of the S-layer
protein resulted in an experimental surface concentration /ey, of 3.5 x 10712 mol cm2
(parallel polarized 7pp) and 3.3 x 10712 mol cm™2 (vertical polarized Ip), respectively. This
surface concentration corresponded to an adsorbed protein mass of 447 ng cm~2, which is
less than 925 ng cm~2 (for a monolayer) determined by QCM-D. However, the results of
both experiments are seen as consistent, as the adsorbed mass measured using QCM-D
includes also water molecules hydrodynamically coupled to the deposited protein structure.

In addition the C—OH band at 1015 cm™1 was quantified to obtain information how many
Si—OH bonds are formed from the start component TMOS (Si(OCHs)4). Therefore,
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transmission measurements were performed with different concentrations of methanol. The
integral molar absorption coefficient e of 1.28 x 108 cm mol~! (integration area 1005-1030
cm~1) was calculated from a linear fit of the absorptions at the used concentrations. The bulk
concentration ¢y of the methanol was estimated by integration of the C—OH band at 1015
cm~1 of the ATR measurements using the molar absorption coefficient e of the transmission
experiments. The calculated values are 3.8 x 1074 mol cm™=3 (cop) for parallel respectively
4.0 x 104 mol cm™2 (qp) for vertical polarized IR light. These results correspond to an
average bulk concentration gy, of the methanol of 3.9 x 107 mol cm=3. As the methanol
concentration is 4.0 10~* mol cm™3 (concentration of TMOS = 1.0 x 10~ mol cm~3) all
CHs groups (100%) of TMOS were split off and reacted to form methanol in the bulk
solution. This proofs the possibility that nearly all formed Si(OH),4-groups can polymerize to
a Si—O—Si network and form a (SiO5) , JH,0 gel.

4. Discussion

4.1. Silica adsorption on the S-layer structure

Based on the microscopic studies presented in this work it can be stated that the pattern of
bound silicate molecules resembled the lattice constant and symmetry of the S-layer
template. The process of polycondensation of silicic acid seems to involve three stages
through the adsorption on the S-layer: (1) homogeneous nucleation of silicate monomers and
oligomers from the solution forming stable nuclei on the protein layer, (2) lateral growth of
a silica network in all directions, and (3) fusion/aggregation of further molecules or
polycondensates forming higher ordered structures including vertical growth of a silica
network resulting in a corrugated silica film. Unfortunately, there are no direct indications
where the first fixation of the silicate molecules (monomers, dimers, initial polymers) on the
S-layer takes place (on cores, in proximity of the cores, in pores). In consideration to the fact
that a silica network is formed, a first nucleation on the massive cores (major four-fold
symmetry axis) can be assumed, which is followed by further fixation of silicate molecules
on the arms (two-fold symmetry axis) and finally a coverage of the whole S-layer surface
that comprises a closure of the pores, too. A model (Fig. 5) should illustrate the possibilities
of a first silica fixation on the S-layer.

4.2. Influence of phosphate molecules on silica adsorption

The present investigations demonstrate that the silification of the S-layer depends on
different parameters, like the presence of phosphate in the silicate solution or the preceding
modification of the protein layer. The results from QCM-D measurements indicate a higher
silica adsorption in the presence of KoHPO4/KH,PO,4 compared with non-phosphate
containing solutions of the same pH (Fig. 3 and Table 4). The phosphate molecules seem to
influence the interface of the organic S-layer and therefore the adsorption of silicate
molecules. Possibly, phosphate molecules accelerate molecular deposition and
homogeneous nucleation by increasing the extent of surface ionisation of the S-layer
including the pore structure [41,42]. In addition, phosphate can act as regulator for the
condensation of silicate molecules in solution and their adsorption on the protein layer.
Thereby, the catalytic effect of the phosphate ions influences the surface ionisation of the
next adsorbed silicate layers. This results in a decrease of the solubility of silica, which
causes a higher polymerization rate including a higher deposition on the S-layer. A defined
hydrogen-bonded network of silica adsorbed on the S-layer can be stabilized by balanced
electrostatic interactions [41,43,44]. In nature, the silaffin1A component in diatoms has
phosphorylated serine residues indicating that a high level of phosphorylation is essential for
biological activity [45]. Non-phosphorylated silaffin1A precipitated significantly less silica,
similar to the present silica adsorption on S-layers. In solutions without phosphate molecules
the ionisation of the S-layer is smaller following a possible minimal catalytic effect and a
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reduced deposition of silica (Fig. 3 and Table 4). The outer surface of the protein layer does
not have excess charges at physiological pH values (equimolar amount of carboxyl and
amino groups) and is characterized by hydrophobic properties [46]. Consequently, the outer
S-layer surface can function without phosphate molecules only as a weak catalyst for the
adsorption of silicate, which could explain the lower deposition of silica.

4.3. Silica adsorption caused by S-layer functional groups

Generally, the extent of adsorption is affected by the number and type of functional groups
on the protein molecules. Hydroxyl-, carboxyl-, amino-, and phosphoryl groups can be
particularly effective in causing adsorption. In the case of the studied S-layer, there are large
amounts of the hydrophilic amino acids threonine (13.9%), asparagine (8.2%), serine
(5.6%), glutamic acid (5.2%), and aspartic acid (4.4%) and a smaller amount of basic amino
acids, first of all lysine (6.1%). For the outer surface of the S-layer lattice 1.6 carboxyl
groups per nm? relevant for interactions with other protein molecules in solutions have been
determined [47]. These carboxyl groups, in particular the amino acids glutamic acid (5.2%)
and aspartic acid (4.4%), seem to be important for the fixation of silicate molecules. EDC
treatment of the S-layer activates the carboxyl groups before the silica adsorption. The
observed higher silica adsorption (Fig. 3 and Table 4) highlights the importance of carboxyl
groups for the silification process. Attacking nucleophiles like oxygen atoms of phosphate as
well as of silicate tetrahedra can interact with these carboxyl groups. Thus, a negative
surface ionisation can be assumed, promoting the further adsorption of silica. A blocking of
carboxyl groups through amino groups, like in the case of EDA/EDC maodification of the S-
layer, enhances the amount of amino groups (positive surface charges) on the protein surface
at the expense of carboxyl groups (negative surface charges). Consequently, the lack of
negatively charged groups yields a lower massadsorption of silica. Basic amino acids can
also promote the hydrolysis and condensation of silicic acid [48]. However, in the case of
this S-layer lattice negatively charged carboxyl groups seem to be more important compared
to amino groups for the binding of silicate molecules and to design a complex network.

4.4. Molecular structure of adsorbed silica

FTIR-ATR measurements allow to identify the nature of the silica present on the protein
surface and to determine its concentration. The broad absorption bands (Si—O—Si and Si—
OH) are caused by several vibrations or interactions between atoms. In the case of the
silicified S-layer, a polymerized (SiO») , yH,0 gel is formed. The FTIR-ATR spectra of
silica adsorbed on the S-layer are similar to natural biomineralized silica. Studies using
FTIR spectroscopy have suggested that one of four oxygen atoms at the apices of the
individual silica tetrahedra may be in the form of an OH group, indicating that biogenic
silica is not as highly condensed as possibly assumed [49]. Other investigations showed that
silicic acid molecules form preferentially a maximum number of siloxane (Si—O—Si)
bonds and a minimum of uncondensed Si—OH groups during oligomerisation [41]. This
results in the formation of three-dimensional infinite network structures with silanol group-
saturated surfaces [50]. Quantitative results of the present FTIR-ATR measurements suggest
that nearly all formed Si(OH)4-groups are polymerized to a (SiO5) , yH,0 gel with a Si—O
—Si network. Therefore, the formed silica network adsorbed on the S-layer lattice seems to
be linked to the bioorganic component, probably via Si—O~R* bonds.

5. Conclusion

The S-layer protein ShpA of L. sphaericus CCM 2177 was used as organic template for the
generation of nanostructured silica. It has been shown that this S-layer protein is capable to
bind silicate and thus could be used for nanobiotechnological applications. TEM
investigations showed the formation of a nanostructured silica network resembling the S-
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layer lattice. QCM-D measurements of silica adsorption demonstrated, that a certain amount
of negatively charged sites, like phosphate molecules or activated carboxyl groups,
significantly promote the deposition of silica on the S-layer. In contrast, the dominance of
amino groups does not seem to be required for optimal catalysis of the silica formation on
the protein layer. Investigations of the subsequent silification process using FTIR-ATR
measurements showed the structure formation of an amorphous silica gel (SiO5) , yH,0 on
the S-layer which was also supported by electron diffraction. A combined QCM-D and
FTIR-ATR approach was successfully applied to calculate the silica surface concentration of
the adsorbed silica layers.

Studying the formation of silicified S-layers may help to develop novel silicon-based
materials. Advanced nanobiotechnological applications with such nanostructured framework
materials will make use of their enhanced mechanical stability and optical properties.
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Fig. 1.
Transmission electron microscopy image of an EDC-activated and silicified S-layer (bar:
300 nm).

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2010 August 31.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Gobel et al.

frequency change [Hz]

100

50+

-504

-100

-150

protein adsorption  glutaraldehyd  silification

fixation

activation

T T T T T
20 40 60 80 100
time [min]

Fig. 2.

dissipation change [x10°]

Page 13
60 - -
protein adsorption  glutaraldehyd silification
50 fixation
activation

401

| a
30+
20 B b

.F
10 1

1 .¢

0 _-/\
T T T T T T T T
0 20 40 60 80 100
time [min]

QCM-D results (frequency and dissipation change) of the S-layer protein SbpA from
Lysinibacillus sphaericus CCM 2177 adsorbed on a gold sensor and the adsorption of silica
on that protein layer in a phosphate solution (pH 7.2, KoHPO4/KH,PO,). (a) EDC-activated

S-layer, (b) EDC/EDA-activated S-layer and (c) non-activated S-layer.
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Fig. 4.

FTIR-ATR absorption spectra (parallel and vertical polarized) of (a and b) crystallization of
the S-layer on the Ge-MIRE, (c and d) silification of this S-layer, (e and f) the silicified S-
layer after flushing with water. Left: Overview spectra, Right: silica spectral range.
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Fig. 5.

Models of the possible silification of the S-layer surface (a) homogeneous nucleation on the
massive cores (major four-fold symmetry axis) and (b) coverage of the whole S-layer
surface with pores initially left open.
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Table 1

QCM-D data (frequency change A £, dissipation change A D, mass m, thickness d, viscosity V; shear force S)
of the adsorbed S-layer after washing with water (xo)

n  Protein solution

Frequency, f[Hz] 3 1047+18

5 104710

7 1040%15
Dissipation, D[x106] 3 3.3+0.2

5 3703

7 3804
Mass, /m[ng cm=2] 5 1850+40
Thickness, d[nm] 5 16.1+0.7
Viscosity, V[Pas] 5 0.005 + 0.0001
Shear force, S[10°Pa] 5 1.1%0.2
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