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Protein-templated structured silica and titania are fabricated via
a biomimetic method based on the synergistic effect of amine/
carboxyl complexes under ambient conditions. Atelocollagen-
templated silica showed a tangled fibrous structure with a smooth
surface. The number of carboxyl groups of a protein is an important
factor for homogeneous silica growth.

The templating approach is a recent important technique for the
controlled fabrication of structured and functional materials.
Proteins have well-defined three-dimensional nano-scale struc-
tures dependent on the amino acid sequence. The fine structure
of a protein is a useful natural resource for the creation of a new
class of nano-materials. Protein-templated inorganic minerals
are promising as such nano materials, because they would be
stable under the harsh conditions for the native protein. The
mineralization of proteins should be performed under mild
conditions at which the protein is not denatured.

Silica is one of the most abundant minerals and has a wide
range of applications. In particular, nano- to meso-structured
silica has attracted considerable attention due to their potential
applications in nanotechnology and biotechnology. The sol-gel
process using silicon alkoxides as the precursors is widely used
for template-based synthesis of structured silica, for example,
in surfactant-directed synthesis of mesoporous silica." While
the traditional sol-gel method requires harsh conditions,
biomimetic silica synthesis proceeds under gentle conditions.
In nature, aquatic life such as diatoms and sponges (phylum
Porifera) synthesize structured silica using biocatalysts such
as silaffin peptide, silicatein enzyme and polyamines under
ambient conditions.>™" Inspired by them, the mimicking
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organic molecules have been studied for biomimetic silica
synthesis.'**8

Biomimetic protein-templated silica synthesis was pioneered
by Shinkai et al'® In their research, the collagen protein was
soaked into a tetraethoxysilane (TEOS) solution for one month,
and rod shaped silica was obtained. Collagen-templated silica has
been synthesized under various conditions: with different kinds
of precursors (TEOS, tetramethoxysilane and Na,SiOs), with or
without a catalyst for the hydrolysis of the precursor and varying
states of collagen (solution or gelled).”>">* However, the reported
methods are time consuming and have shown limited structural
reproducibility and dispersion of the fibrous silica.

In this study, we used collagen as the model template protein.
Collagen is a rod-like protein with a triple helical structure with a
diameter of 1.5 nm, composed of three polypeptide chains with a
length of 300 nm and a high aspect ratio (—200). Under physio-
logical conditions, collagen molecules self-assemble into insolu-
ble fibrils. Unlike the heterogeneous reaction dispersing collagen
fibrils in the reported methods, we used atelocollagen (AC),
pretreated by a proteolytic removal of telopeptides on both ends
to suppress fibril formation,**”* as the homogeneous template
for the primary step of such biomineralization processes. The
triple helical rod-like fibrous structure of collagen is retained in
AC (Fig. S1, ESIT).

It is well known that amine groups are essential for biomimetic
silica formation.">'”'® Tonic complexes of amine groups with
carboxyl groups are known to improve silicification activity.>”
Jin et al. fabricated chiral silica from an ionic complex of
polyethyleneimine (PEI) with chiral tartaric acid under ambient
conditions.?® The PEI/tartaric acid complex catalyzes the hydro-
lysis of TEOS eliminating the need for pre-hydrolysis of the
precursor by an acid or base catalyst. This hydrolysis activity of
amine-carboxyl complexes would offer two good advantages for
our protein-templated silica synthesis. Firstly, the precursor
silicon alkoxide is typically pre-hydrolyzed by a strong acid or
base catalyst, which has an adverse effect on the native protein.
Secondly, since the hydrolyzed reactive species is generated
on the surface of the complex, the polycondensation of silica

This journal is © The Royal Society of Chemistry 2016
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proceeds in the vicinity of the complex, resulting in the formation
of the protein-templated silica. We tried to apply a strategy
utilizing this amine-carboxyl ionic complex for the fabrication
of protein-templated silica, because soluble proteins typically
have exposed carboxyl groups on the surface. The combination
of protein and PEI as a template for biomimetic silica synthesis
was reported by Jackson et al. and spherical silica particles were
obtained; however, they used pre-hydrolyzed TEOS with HCI as
the precursor, and the catalytic activity of the amine-carboxyl
complex was not mentioned at all.”’

Instead of polymeric amines such as PEI, we used ethylene-
diamine (EDA) as the amine group donor for uniform associa-
tion onto the protein. In addition to AC, we used succinylated
AC (SC-AC), whose side-chain amines of the lysine residues were
succinylated. Because of succinylation, the number of carboxyl
groups increased from 340 in the AC to 440 in SC-AC. The effect
of carboxy groups on silicification was examined by comparing
the results for AC and SC-AC.

The collagen-templated silica was fabricated as follows (Fig. 1a).
Solutions of AC and SC-AC (0.1 wt%, 3.3 uM) were prepared and
the pH of each solution was adjusted to 6.5. Then a solution of
EDA-HCI was added, to maintain the ratio of the number of amine
groups of EDA to that of the carboxyl groups of AC or SC-AC at 20.
TEOS was directly added to each solution and stirred at 30 °C for
20 hours, and a white insoluble precipitate was generated. AC and
SC-AC were not detected from the resultant reaction mixtures in
the SDS-PAGE analysis (Fig. 1b). The result of SDS-PAGE analysis
(AC or SC-AC was absent) indicated that collagen molecules
were not absorbed on the white precipitate but were completely
incorporated inside the product. The precipitate was collected
via centrifugation, washed with water and ethanol, and freeze-
dried to obtain a white product. TGA showed that the product
contained 10% of retained water, 20-25% of organic matter and
65-70% of inorganic matter (Fig. 1c). We also calcined the
product at 500 °C in air.

(@) AC/EDA

Freeze
-dry

g

z
I D 404

o

N

}p

chain

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 1 Atelocollagen-templated silica synthesis. (a) Preparation scheme for
AC-templated silica synthesis. The scale bar is 1 cm. (b) SDS-PAGE analysis
of the reaction mixture. AC and SC-AC were not detected after silicification
(EDA + and TEOS +). (c) TGA of AC and SC-AC templated silica.
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Fig. 2 Identification of the silica. (a) XPS spectrum of AC-templated silica.
(b) IR spectrum of AC-templated silica before (lower) and after (upper)
calcination.

The product was characterized using EDX, XPS and IR (Fig. S2,
ESIt and Fig. 2). The EDX analysis detected silicon. The XPS
spectrum showed a Si 2p peak at 103 eV, implying that silicon
was present as Si’". The IR spectrum showed several absorption
peaks. The peak at 1085 cm ™" corresponds to siloxane (Si-O-Si)
stretching. The two peaks at 1650 and 1550 cm ™ are assigned to
C—0O stretching (amide I) and C-N stretching in combination
with N-H bending (amide II) of the peptide bond of the protein,
respectively. In the calcined samples, a siloxane linkage was
confirmed, whereas amide I and amide II groups were lost.
From the above analytical results, the formation of silica with
incorporated protein was confirmed.

The formation of silica did not occur in the absence of EDA.
In the presence of 1 M NaCl, which prevents the electrostatic
complexation of protein and EDA, silica was not formed (Fig. S3,
ESIt). These results revealed that the formation of silica, with
TEOS as the precursor, was catalyzed by the ionic complexes of
AC/EDA and SC-AC/EDA.

The morphological structures of the AC- and SC-AC-templated
silica were observed using SEM (Fig. 3). The AC-templated silica
showed a tangled fibrous network structure (Fig. 3a). The surface
of the fibers was smooth and ledge-free, showing uniform silica
formation on the surface of the AC. The length and width of
the fiber were >500 nm and 50 nm, respectively, which are larger
than the molecular dimensions of collagen, indicating that multiple

[OY AC-cal

Fig. 3 SEM image of AC (a and b) and SC-AC (c and d) templated silica
before (a and c) and after (b and d) calcination.
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AC molecules were bundled by the intermolecular bridging of
EDA. The bundled AC worked as a catalytic template for the
formation of long silica with a high aspect ratio. The character-
istic structure of AC-templated silica was retained after calcina-
tion, showing that the structure originating from AC was fixed
as an inorganic material (Fig. 3b).

In the case wherein the starting AC solution (pH = 3.7) was
not neutralized by NaOH, the addition of EDA and TEOS also
resulted in the formation of silica. However, the silica sample
thus obtained was not fibrous, but it had a sheet-like structure
(Fig. S4, ESIT).

The SC-AC-templated silica also showed a network structure
before and after calcination (Fig. 3c and d). In contrast to the
AC-templated silica, the network was densely connected, the
surface of the silica fibers was rough and non-fibrous silica was
also observed. The structural roughness of SC-AC-templated
silica was suggested to be caused by an increased number of
carboxyl groups. The SC-AC/EDA complex had more catalytic
sites than the AC/EDA complex, and so reactive species were
generated in excess, resulting in heterogeneous growth of silica.

We investigated the effect of rod-like fibrous structure of
collagen as the template material on the formation of fibrous
silica. The use of heat-denatured SC-AC with EDA also resulted
in the formation of silica. However, the morphological structure
of the obtained silica was not tangled fibrous, instead, it con-
sisted of aggregated particles (Fig. S5, ESIT).

For further structural characterization, the nitrogen adsorption-
desorption isotherm was obtained (Fig. 4). The AC-templated silica
showed a type II/III isotherm, characteristic of nonporous or
macroporous (> 50 nm) structures, indicating a uniform growth
of the silica layer on the AC/EDA complex. The BET surface area
was 218 m” g~ . The calcined AC-templated silica also showed a
nonporous isotherm (type II), and the BET surface area increased
to 667 m* g~ *. The SC-AC-templated silica exhibited a type II/IV
isotherm, indicating macroporous and mesoporous structures,
and the corresponding BET surface area was of 280 m* g~ *. The
difference in mesoporosity is consistent with the different surface
roughness observed using SEM. The calcined SC-AC-templated
silica also showed a type II/IV isotherm and the corresponding
BET surface area was 640 m”> g .

Finally, we also applied the present method for titania as a
functional metal oxide (Fig. S6, ESIt). By using the AC-EDA
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Fig. 4 Nitrogen adsorption—desorption isotherm of (a) AC and (b) SC-AC
templated silica before (circle) and after (square) calcination. Open symbols
and filled symbols indicate adsorption and desorption, respectively.
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complex and the water-stable precursor titanium(wv) bis(ammonium
lactato)-dihydroxide, tangled fibrous titania was formed at 4 °C
after 20 hours.

Conclusions

In this study, we demonstrated that the atelocollagen used in this
study plays roles in both the template and supply of inherently
equipped carboxyl groups, which are paired with the added amine
to work as catalysts for mild silicification. AC-templated silica
shows finer and smoother structures than the SC-AC counterparts.
Thus, we concluded that a number of carboxyl groups of the
protein have the potential to adopt any protein shape to form
silica and other functional metal oxide nanomaterials such
as titania. The tangled fibrous AC and SC-AC templated silica
materials constitute a novel class of porous materials with rod-
like structures. Such materials have potential applications such
as high-performance adsorbent carriers, such as “monolithic
columns”.?® The method, based on the use of an amine-
carboxyl complex, is simple and can be easily applied to other
proteins for the fabrication of a new class of nano-structured
materials.
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