
Enzymatic Synthesis and Surface Deposition of Tin Dioxide using
Silicatein-α
Rute Andre,́† Muhammed Nawaz Tahir,† Heinz Christoph C. Schro ̈der,‡ Werner E.G. Müller,‡

and Wolfgang Tremel*,†

†Institut für Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-Universitaẗ, Duesbergweg 10-14, D-55099 Mainz,
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ABSTRACT: Nanostructured tin dioxide was synthesized by making use of the
catalytic activity of silicatein-α. TEM, HRTEM, and XRD revealed the formation of
cassiterite SnO2. Surface bound silicatein retains its biocatalytic activity. This was
demonstrated by immobilizing silicatein on glass surfaces using a histidine-tag
chelating anchor. The subsequent deposition of SnO2 on glass was monitored by
quartz crystal microbalance (QCM) measurements and scanning electron microscopy
(SEM). This new aspect of silicatein activity toward the formation of metal oxides
other than SiO2, TiO2, and BaTiO3 opens up new vistas in composite material synthesis.
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■ INTRODUCTION
In biological systems such as diatoms and sponges, the
formation of solid silica structures with precisely controlled
morphologies is directed by proteins and polysaccharides and
occurs in aqueous media at neutral pH. Typical examples are
marine sponges or diatoms where silicification is thought to
occur at pH values of ∼5−6.1,2 The control over mineralization
achieved in biological systems has been an inspiration for the
development of new synthetic routes to materials with techno-
logical interest.3 Biological organisms are able to synthesize a
myriad of inorganic materials (calcium carbonate, calcium
phosphate, silica, iron oxide, etc.) using simple precursors
under mild reaction conditions, usually at ambient temperature
and almost neutral pH, resulting in highly complex structures
with several levels of hierarchy from the nano to the macro
level.4

Mostly, these mineralized materials are formed either by
controlled condensation in specific compartments, e.g., by
regulating the concentration of the inorganic precursors or by
enzymatic catalysis. In the case of demosponges like Tethya
aurentia or Suberites domuncula, the inorganic skeleton
composed of silica spicules is formed by the catalytic activity
of one special class of proteins, the silicateins.5,6 These proteins
have proven very versatile: besides the formation of silica and
polysilsesquioxanes,7−9 they can also catalyze the formation of
TiO2,

10 ZrO2,
11 CaTiO3,

12 and GaOH/Ga2O3.
13 The slow

hydrolysis and polycondensation in these syntheses were
derived from a mechanism underlying biosilicification,7,8

which was confirmed through cloning, site-directed muta-
genesis and detailed biochemical investigations.14

The broad variety of “synthetic biomaterials” that can be
obtained with silicatein indicates that this protein has a very
flexible active site. Therefore a very general mechanism can be
assumed to underly its catalytic activity. Furthermore, the
materials catalyzed by silicatein (native and recombinant) often
exhibit crystalline polymorphs that are uncommon for low
temperature syntheses (e.g., anatase-type TiO2,

15,16 cubic
ZrO2,

10 or γ-Ga2O3
13) and that are usually only obtained at

high temperatures or under extreme pH conditions.17

The mechanism underlying enzyme-mediated biosilicif
ication was translated into a bioinspired approach (i) by
using the intact axial protein filament from T. aurantia or their
constitutional monomers obtained by disaggregation of the
filaments,18 (ii) or those produced from recombinant DNA
templates cloned in bacteria.7,19 (iii) The corresponding recom-
binant proteins could be surface bound to produce thin films of
silica,20 titania,16 or zirconia.10 (iv) Finally, kinetically
controlled catalytic hydrolysis and polycondensation could be
achieved through development of synthetic analogs of the
enzyme responsible for biosilicification.9,21

The latter process uses vapor diffusion of a hydrolytic catalyst
into the solution of a molecular precursor to establish temporal
and spatial vectorial gradients of catalyst concentration for the
kinetically slow hydrolysis of precursor monomers at room
temperature and ambient pressure. Functionalized gold nano-
particles mimic catalytic activity of a polysiloxane-synthesizing
enzyme. We recently found that core−shell TiO2@SiO2 and
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TiO2@ZrO2 nanofibers can be obtained via grafting of
silicatein-α onto a TiO2 nanowire backbone followed by a
coassembly of “sticky” protein, silintaphin-1, through its
specifically interacting domains.22 This mechanism can be
harnessed for nanostructural control of patterned biosilica-
based biomaterials. To test the possibility that the catalytic
potential of silicatein can be used for building up complex
functional inorganic/organic hybrid materials by successive
hydrolysis and condensation reactions, we examined the
formation of nanostructured crystalline tin dioxide using
surface-bound silicatein in aqueous solution. Tin dioxide is a
well-known wide band gap semiconductor material that
combines high conductivity with high optical transparency in
the visible range,23 making it an important component for
optoelectronic applications. These properties have been already
demonstrated in applications as transparent conducting oxides
in electrodes for solar cells24 or lithium-ion batteries.25 Tin
dioxide has also been used as a heterogeneous oxidation
catalyst26 or as a solid-state gas sensor.27

The efficiency of these materials is closely related to their
nanoscopic properties, the surface to volume ratio being of
crucial importance. Furthermore semiconductor nanocrystals
are attractive candidates for nanoscale devices due to their
enhanced physicochemical properties compared with the bulk
materials.28 All these properties have raised a special interest in
the synthesis of nanostructured tin dioxide in recent years.
Several different morphologies have been achieved like
nanodiscs,29 nanobelts,30 nanorods,31 among others, usually
applying vapor deposition,32 solvothermal,33 or microwave34

routes. Hollow SnO2 nanoparticles were prepared by a
template-free hydrothermal route.35 Also the formation of tin
dioxide using amino acids via hydrothermal route or
polypeptides at room temperature (reaction times up to 2
weeks) has been reported recently.36 In all cases, the synthetic
routes either demand for harsh conditions though with good
structural control, whereas milder conditions lead structures
with less morphological and structural control.
A crucial point for the formation of metal oxides is the

versatility of the synthetic route, as they have a broad field of
application, either used as thin films or as free-standing nano-
particles. In this contribution we show that silicatein is able to
produce not only nanostructured SnO2 dispersed in solution
but also when immobilized on surfaces (glass slide), thereby
providing flexible and mild biomimetic pathways for the
fabrication of SnO2-based materials with potential applications
in catalysis or optoelectronics.

■ EXPERIMENTAL SECTION
Methods and Materials. Sodium hexafluorostannate (Na2SnF6,

ABCR, 99%), Tris buffered saline (TBS, Sigma-aldrich), bovine serum
albumin (BSA) blocking solution (Carl Roth), Cy3-conjugated goat
antirabbit antibody (Dianova), 3-(2,3-epoxypropoxy)propyltrimethoxysilane
(Sigma-Aldrich) and N,N-Bis(carboxymethyl)-L-lysine hydrate
(Sigma-Aldrich) were purchased and used as received without further
purification. Solvents, acids, and bases, such as ethanol, dichloro-
methane, toluene, HCl, HNO3, and NaOH, were purchased technical
grade and used as received.
Synthesis. Silicatein-α Production. Recombinant silicatein-α

was prepared as described before.6,37 Silicatein was obtained and
used in TBS (Tris buffer saline, pH 7.4) as working buffer.

Protein-Assisted Synthesis of Tin Oxide (SnO2). For SnO2
biosynthesis, 1 mL of 5 mM solution of sodium hexafluorostannate
(Na2SnF6) in TBS buffer, pH 7.4 was added to 500 μL of a solution of
recombinant silicatein-α (50 mg/mL) in TBS buffer pH 7.4, and kept

under agitation at room temperature for 4 h. The white precipitate
formed was washed several times with Milli-Q water and ethanol and
dried in an oven at 60 °C overnight. The product was used as prepared
or after annealing at 200 °C under air, for 2 h. As control experiments
the same concentration of Na2SnF6 was incubated only in TBS buffer
at pH 7.4, or with denaturated silicatein-α under the same conditions.
For protein denaturation, a heat treatment at 95 °C for 10 min was
performed.

Immunostaing and Light Microscope Imaging. Specific anti-
silicatein antibodies were prepared as described before.6 The presence
of silicatein was monitored by incubating the as-synthesized tin-oxide
with primary antisilicatein (produced in mouse) polyclonal antibody
(1:2000 dilution), in a 5% blocking solution (BSA) for 2 h at room
temperature. The sample was washed several times using TBS buffer
(pH 7.4) for 5 min followed by the secondary antibody, antimouse
Cy3 labeled (1:2000 dilution), incubation in 5% blocking solution
(BSA) for 3 h at room temperature, and then washed with TBS. The
as-synthesized product was washed only with buffer (TBS, pH 7.4)
before performing the immunostaing in order to maintain the included
protein in the structures. As control, annealed SnO2 samples were
used, where no protein was expected to be found due to the heat
treatment. For immunostaining in functionalized glass surfaces the
same procedure was used. The fluorescence analysis was performed
with an Olympus AHBT3 light microscope, together with an AH3-
RFC-reflected light fluorescence attachment at the emission wave-
length of 580 and 499 nm.

Glass Slide Functionalization with Recombinant Silicatein-α. Glass
slides with an average 1 cm ×1 cm in dimension were cleaned with
piranha solution (H2SO4/H2O2, 1:3) for 30 min at room temperature.
The slides were rinsed several times with distilled water and dried
under a stream of nitrogen. For the functionalization of the glass slides
with the histidine-tagged silicatein a modified procedure by Chevalier
et al.38 was used. Briefly, the glass slides where added to a solution of
3-(2,3-epoxypropoxy)propyltrimethoxysilane (2% in toluene) and kept
overnight at room temperature, under an argon atmosphere. After
rinsing with dry toluene and 10 mM carbonate buffer pH 10, the glass
supports were incubated with 20 mM N,N-bis(carboxymethyl)-L-
lysine hydrate (in carbonate buffer, 10 mM pH 10) overnight at room
temperature. Once again the surfaces were rinsed with carbonate
buffer and then submerged in a 100 mM NiSO4 solution for 30 min.
The surfaces were washed with a 150 mM solution of NaCl, and
incubated with a 100 μg/mL solution of silicatein-α in TBS buffer, pH
7.4, for 2 h. To remove unbound protein, we washed the surfaces with
TBS buffer several times.
Characterization. (High Resolution) Transmission Electron

Microscopy (HR)TEM. Characterization and morphology analysis of
the samples was carried out using transmission electron microscopy
(TEM) using a Philips 420 instrument with an acceleration voltage of
120 kV or for high resolution TEM, a Philips TECNAI F30 electron
microscope (field-emission gun, 300 kV extraction voltage).

Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy (SEM-EDX). The samples were mounted on aluminum
stubs covered with adhesive carbon (Leit-Tabs No.: G 3347 [Plano,
Wetzlar; Germany]) and analyzed by scanning electron microscopy
using a Nova 600 NanoLab SEM equipped with an EDAX Division
EDX analyzer.

X-ray Powder Diffraction. The sample was analyzed by X-ray
powder diffraction (XRD) in θ/2θ reflection geometry using a
Siemens D8 power diffractometer equipped with a position sensitive
detector. The data were collected using Cu−Kα radiation at an
operating potential of 40 kV and a current of 40 mA, and analyzed
using the EVA software.39

UV−Vis Spectroscopy. The SnO2 powders were dispersed in Milli-
Q water and slightly sonicated prior to transfer to quartz cuvettes.
Glass slides were washed with Milli-Q water and dried at 60 °C for 5 h
prior to measure. The samples were then measured at room
temperature and in the range between 200 and 800 nm using a
Varian Cary 5G UV/vis spectrophotometer.

Quartz Crystal Microbalance (QCM). Measurements were per-
formed on a Q-sense D300 instrument using the axial flow chamber
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and a quartz crystal sensor with the gold electrode coated with 50 nm
of silicon dioxide (Q-sense QSX 303, AT-cut, 5 MHz). The silicon
dioxide surface was functionalized ex situ with silicatein, using the
procedure described above for the glass slides. For the measurement,
the functionalized crystal was placed in the sensor chamber with TBS
buffer (pH 7.4) until a stable frequency baseline established, and then
the precursor solution (5 mM Na2SnF6) was introduced. The resonant
frequency and dissipation were measured at intervals of 40 ms (25 °C
for 30 min), after which the sensor was washed with buffer to
eliminate possible adsorbed precursor. The changes in mass were
calculated using Sauerbrey equation40

Where m is de adsorbed mass, f is the frequency, and n is the
overtone number.

■ RESULTS AND DISCUSSION

The synthesis of SnO2 nanostructures was achieved by incubating
5 mM of Na2SnF6 precursor with recombinant silicatein-α (50 μg/
mL) in TBS (Tris buffer saline) buffer pH 7.4 under agitation at
room temperature. After approximately 4 h a visible white
precipitate was formed. Controls using either only TBS buffer or
the denaturated protein showed no precipitate formation or any
other reaction product (see the Supporting Information, Figure
S1). After extensive washing with water and ethanol, to remove
unbound protein and buffer salts, the precipitate was dried and
characterized by transmission electron microscopy (TEM). The
overall sphere like morphology of the as-synthesized product can
be seen in Figure 1A. The spherical agglomerates have an average
size of 50 nm. Silicatein typically assembles in a fractal manner

Figure 1. SnO2 obtained by silicatein-mediated synthesis. (A, B) TEM micrographs of the as-synthesized product. (C) HRTEM micrograph of the
as-synthesized product with electron diffraction pattern in the inset; (D) EDX and (E) XRD of the as-synthesized product.

Figure 2. Characterization of SnO2 synthesized using silicatein as hydrolytic catalyst, after annealing at 200 °C. (A, B) TEM micrographs of the
annealed product. (C) HRTEM of the annealed product. (D) Electron diffraction referring to the spot in C. (E) XRD pattern of the annealed
product and calculated powder pattern (gray vertical lines) for cassiterite (PDF 41−1445). Scale bars: 100, 20, and 10 nm, respectively.
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forming agglomerates. When incubated with silica precursors
similar structures are obtained.18 The morphology of the product
in Figure 1 is assumed to arise from a templating effect of the
protein agglomerates. Zooming into the sample shows that the
sphere-like agglomerates are composed of smaller particles
appearing as amorphous/nanocrystalline material (Figure 1B and
C). TEM and HRTEM reveal that the product is made up of
amorphous as well as small crystal domains (between 2 and 5 nm).
EDX of the sample (Figure 1D) shows only the presence of
carbon, tin and oxygen. The copper signal arises from the grids
used for the sample preparation. In the crystal domains, a d spacing
of 3.3 Å was obtained for the lattice fringes, which is a good match
to the (110) planes of SnO2. Electron diffraction on the sample
(inset in Figure 1C) supports the presence of some crystal
domains.
X-ray diffractometry was used to determine the overall

composition and structure of the products. It requires the availability
of material in sufficient amount and purity. X-ray diffraction patterns
of all samples (see Figure 1E) indicate the presence of SnO2

(cassiterite, PDF 41−1445) independent of the choice of reaction
parameters. The reflection broadening due to particle size effects
prevents a quantitative determination of the pattern using Rietveld
methods. However, the presence of few very broad reflections in
Figure 1E indicates the formation of a product composed of mainly

amorphous and/or small crystallites. The position of the main
reflections is compatible with the presence of tin dioxide.
Heat treatment of the sample (200 °C for 2 h) was used to

further characterize the product and probe any possible phase
transformation. TEM images in Figure 2A and B reveal a
decrease in aggregate size to about 20 nm while maintaining the
small crystallite size. HRTEM (Figure 2C) shows an increase in
the crystal domain size with values ranging from 5 to 10 nm.
Lattice fringe measurements still show an average value of 3.3 Å
for the (110) plane of tin dioxide. For the larger particles
shown in Figure 2C, the distances between two adjacent planes
are 1.6, 2.4, and 3.3 Å, corresponding to the (220), (110), and
(200) planes of cassiterite (Figure 2D). The powder X-ray
diffraction pattern in Figure 2E shows sharpened reflections
whose positions and relative intensities match well with

Figure 3. UV−vis spectra of SnO2 synthesized using silicatein as
hydrolytic catalyst. Blue line, spectrum of the as-synthesized product.
Red line, spectrum of the annealed product (200 °C).

Figure 4. Light and fluorescence optical micrographs of the
immunostaining against silicatein for SnO2 formed in the presence
of the protein. (A) Light and (B) fluorescence micrographs of
immunostaining on as-synthesized product indicating the presence of
silicatein. (C) Light and fluorescence micrographs of immunostaining
on annealed product where no specific binding was detected. Scale
bar: 5 μm in all images.

Figure 5. Scheme illustrating the steps for glass slide functionalization with histidine tagged silicatein (illustrations not to scale).
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expected pattern for cassiterite (PDF 41−1445, gray vertical
lines in Figure 2E) as in the freshly synthesized product.
The typical plasmon band of SnO2 was identified in both

samples, as-synthesized and annealed, at around 280 nm as
can be inferred from the UV−vis spectra in Figure 3. The
absorption band edge for SnO2 was reported to be around 300
nm.41 In the prepared samples the band edge is blue-shifted to
280 nm which indicates, in agreement with the small particle
size, the presence of a quantum size effect. For both, the as-
synthesized and the annealed sample, the spectra are similar,
showing that the annealing process does not change the
intrinsic properties of the material.
Monoclonal antibodies directed against recombinant silica-

tein-α were used to demonstrate the binding of silicatein

between the individual SnO2 domains by CLSM through the
positive cross-reaction between the SnO2 particles and the
polyclonal antibodies raised against silicatein-α (PoAb-aSILIC,
Figure 4B).42 To avoid protein damage, the product was
washed with buffer several times to remove unbound protein,
maintaining in that way the included protein responsible for the
SnO2 precipitation. The fluorescence microscope image in
Figure 4B indicates that silicatein is distributed and included
in the as-synthesized tin-oxide sample. No fluorescence was
observed in the control experiments (Figure 4D). As a control
(to rule out unspecific interaction of the antibodies with the
material), the annealed SnO2 samples were submitted to
immunostaining, and no fluorescence could be detected
(Figure 4C, D).

Figure 6. Fluorescence microscopy images showing the immunostaing against silicatein on (A) amine NTA/silicatein functionalized glass surfaces
and (B) on nonfunctionalized glass surface (direct incubation with silicatein) as control. Scale bars: 5 μm.

Figure 7. SEM images of (A) a bare glass slide, (B) ,onfunctionalized glass slide after incubation with the SnO2 precursor, (C) NTA/silicatein
functionalized glass slide after incubation with the SnO2 precursor. Inset: High-resolution of where the typical spherelike shapes are observed (scale
bar: 100 nm). (D) SEM-EDX corresponding to the spot in C. Scale bars: 5 μm.
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When the reaction was performed under the same conditions
but with denaturated silicatein-α, no precipitate was observed
(see the Supporting Information, Figure S1). This indicates
that the catalytic activity of silicatein for the formation of SnO2

is dependent on the three-dimensional integrity of the protein,
and that silicatein is occluded in the formed structures.
Regarding the mechanism of formation of SnO2 in the

presence of silicatein, we can infer that the protein plays an
active role in the hydrolysis of the precursor, which otherwise is
stable in aqueous solution at room temperature (as shown in
Figure S1 in the Supporting Information). Attempts to deter-
mine the reaction intermediates by 119Sn or 19F NMR or FTIR
were unsuccessful, most likely because the concentration of the
protein and the precursors in solution were close to the
detection limit of those methods.
Therefore, we propose that silicatein catalyzes the

hydrolysis of the hexafluorostannate, which condensates in a
subsequent step to form SnO2 crystallites. Because of the
lower Pearson hardness of Sn compared to Si and the resulting
lower degree of hydration small crystallites (rather than
amorphous and partially hydrated material) are formed. The
nucleating SnO2 nanocrystals are stabilized by surface binding
of silicatein. Upon aggregation of these nanocrystals, domain
crystals43 with nanometer-sized domains are formed. These
results indicate that silicatein has not only a catalytic but also a
potential templating and constraining effect on the formation
of SnO2.
Tin dioxide is a well-studied and widely used semi-

conductor. Therefore, facile and sustainable synthetic routes

are necessary which can be expected to have a widespread
application. As recombinant silicatein-α promotes the
formation of SnO2 at neutral pH, in aqueous media and at
room temperature in an economic and simple fashion, we have
studied the deposition of SnO2 mediated by silicatein on glass
surfaces.
Self-assembled monolayers (SAM) of alkanethiol derivatives

on metal electrodes provide numerous possibilities for
immobilizing proteins.44 Glass surfaces were chosen as a
common substrate for the deposition of tin dioxide and derived
composite materials that form the basis for transparent
semiconductor surfaces which have further applications in
solar cell assembly or intelligent glass displays. Hence, recom-
binant silicatein was immobilized on glass surfaces by
complexation with a histidine tag, Ni2+ and nitrilotriacetic
acid (NTA) as described elsewhere.45 In short, the glass slides
were silanized with 3-(2,3-epoxypropoxy) propyltrimethoxysi-
lane which was further functionalized with amine terminated
nitrilotriacetic acid. This allowed, after incubation with Ni2+, the
immobilization of histidine-tagged silicatein on the surface, as
illustrated in Figure 5.
The presence of silicatein on glass surfaces was assessed by

immunostaining with specific antisilicatein antibodies, after
blocking the surface with BSA, to avoid any unspecific interaction
of the antibodies with the surface. As seen in Figure 6A, a
complete coverage of the surface was achieved. Bare glass
surfaces (nonfunctionalized with NTA ligand) were also
incubated with protein, where no binding was observed (Figure
6B). Thus the functionalization method using a NTA linker
on the glass surface proved to be efficient for further
functionalization with the recombinant histidine-tagged silica-
tein.
To obtain a tin dioxide coating on the functionalized glass

surface, incubation with Na2SnF6 (5 mM, TBS buffer pH
7.4) was performed for 4 h. Subsequently, the surface was
washed extensively with water and ethanol and dried at
60 °C for 5 h. As a control, nonfunctionalized surfaces were
incubated with the tin dioxide precursor under the same
conditions.
The morphology of the surfaces with and without SnO2 was

investigated using SEM. Figure 7A shows the bare glass slide
before functionalization. The control experiment (nonfunction-
alized glass) does not show any significant deposition (Figure
7B). The surfaces incubated with the tin dioxide precursor in
the presence of silicatein (Figure 7C) show a substantial homo-
geneous surface deposition, where the material has a similar
appearance (inset Figure 7C) as SnO2 synthesized by silicatein
in solution (Figure 1A). Elemental analysis with EDX clearly
shows the presence of Sn, O and Si (from the glass) thereby
demonstrating that tin dioxide is present on the glass surface
(Figure 7D).
The color of the glass slides did not change significantly

after tin dioxide deposition, and the transparency in the
visible light was maintained (Figure 8A), where, at the
macroscopic level, both functionalized and nonfunctional-
ized surfaces look virtually identical. The transmittance of
the surface in the UV range is similar for the bare and the
SnO2 covered glass slides (Figure 8B); only a slight decrease
in transmittance is present between 200 and 250 nm for the
SnO2-coated glass.
The deposition profile of tin oxide on functionalized glass

surfaces was monitored using a quartz crystal microbal-
ance (QCM). With this method, it is possible to obtain

Figure 8. Optical images of glass slides covered SnO2 mediated by
silicatein. (A) Glass slides before and after SnO2 deposition.
Almost no color change was detected after functionalization with
protein and deposition of SnO2. (B) Transmittance in the UV−vis
range of the bare glass slides (red) and the SnO2 covered glass
slides (blue).
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information on the mass deposited on the surface and on
the elasticity of the deposited films. Silicon dioxide covered
QCM sensors were used, which were functionalized with
silicatein in the same manner as the previously shown
glass slides. After addition of the precursor solution, the
mass change (Δm) was monitored continuously with time.
(Figure 9A) With the addition of the precursor solution the
growth rate rapidly increases during the first 5 min and then
it decreases during the remaining reaction time, possibly
due to enzyme saturation. A control experiment on a non-
functionalized QCM sensor, using the same precursor con-
centration showed small or no deposition during the same
reaction time (see the Supporting Information, Figure S2).
Hence it can be concluded that the mass deposition is
exclusively due to the presence of silicatein-α. Furthermore,
the dissipation data (Figure 9B) indicates the formation of
a rigid film (decrease in dissipation over time) which is as
expected for a mineralized surface.
SEM pictures were taken from the sensor after the reaction

time (see the Supporting Information, Figure S3A) were the
presence of similar structures as for the SnO2 deposition in
the glass slides (Figure 7) is clearly visible. In the control
experiment no significant deposition was observed (Supporting
Information, Figure S3B).

■ CONCLUSIONS AND OUTLOOK

In summary, we were able to demonstrate that recombinant
silicatein-α can mediate the formation of nanostructured
crystalline SnO2 under mild conditions, i.e., at room temper-
ature and neutral pH, in a buffered system. Silicatein can be
assumed to have a catalytic effect on the synthesis of tin dioxide
through the enhanced hydrolysis of the precursor compounds.
The freshly synthesized product contains spherical agglomer-
ates of smaller particles with crystalline domains of cassiterite.
After the product was annealed at 200 °C, the SnO2 cassiterite
phase was maintained. The typical surface plasmon absorption
band for SnO2 was identified by optical spectroscopy. Silicatein
has a constraining effect on the particle size due do the
agglomeration of the protein on the newly formed crystals. The
SnO2 product nanoparticles are stabilized by surface binding of
silicatein through its functional (amino and/or carboxylate)
groups, as shown by fluorescence microscopy using a
fluorophore attached to silicatein by specific antigen−antibody
interactions.

In addition, recombinant silicatein-α was immobilized on
glass slides using epoxysilane/NTA ligands. After incubation
with a tin oxide precursor, a layer of SnO2 was successfully
synthesized. The glass slides after the catalytic deposition of tin
oxide remain colorless and transparent in the UV range, thus
indicating the potential application of this simple deposition
method in the development of new composite materials with
technological interest, for example, in production of transparent
conductive oxides.
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Epple, M., Eds.; Wiley-VCH: Weinheim, Germany, 2007.
(2) Nassif, N.; Livage, J. Chem. Soc. Rev. 2011, 40, 849−859.
(3) Mann, S.; Archibald, D. D.; Didymus, J. M.; Douglas, T.;
Heywood, B. R.; Meldrum, F. C.; Reeves, N. J. Science 1993, 261,
1286−1292.
(4) (a) Lakes, R. Nature 1993, 361, 511−515. (b) Ozin, G. A. Acc.
Chem. Res. 1997, 30, 17−27. (c) Douglas, T. Science 2003, 299, 1192−
1193.
(5) Shimizu, K.; Cha, J.; Stucky, G. D.; Morse, D. E. Proc. Natl. Acad.
Sci. U.S.A. 1998, 95, 6234−6238. (b) Brutchey, R. L.; Morse, D. E.
Chem. Rev. 2008, 108, 4915−4934. (c) Schröder, H. C.; Wang, X.;
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