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Organic compounds are used as templates to regulate the morphology of inorganic
nanostructures. In the present study, we used intermediate filaments (IFs), the major
cytoskeleton component of most eukaryotic cells, as a template for hollow silica
nanotube preparation. Sol-gel polymerization of tetraethoxysilane proceeded prefer-
entially on the surface of IFs assembled from vimentin protein in vitro, resulting in
silica-coated fibres. After removing IFs by calcination, electron microscopy revealed
hollow silica nanotubes several micrometers long, with outer diameters of 35-55nm
and an average inner diameter of 10 nm (comparable to that of IFs). Furthermore, the
silica nanotubes exhibited a gnarled surface structure with an 18-26 nm repeating
pattern (comparable to the 21-nm beading pattern along IFs). Thus, the characteris-
tic morphology of IFs were well replicated into hollow silica nanotubes, suggesting

that IFs maybe useful as an organic template.
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The creation of precisely controlled inorganic structures
at a nanometer scale is of considerable interest for use as
catalysts, nanowires, circuits, molecular containers and
complicated patterning required in nanotechnology appli-
cations (I-3). However, inorganic compounds generally
lack the ability to self-assemble into nanostructures
with regulated morphology. By contrast, natural or
designed organic molecules exhibit those characteristics
under appropriate conditions, and organic structures
with diverse and well-regulated shapes have been used
as templates onto which inorganic materials can be
deposited (3-6). For instance, inorganic structures
including fibres, tubules or spheres of silica (SiO,), tita-
nia (TiOy) and other common oxides have been created
using organic templates such as synthetic polymers, sur-
factants, proteins and DNAs (4, 6). Silica nanostructures,
in particular, have great potential for use in catalysis
and electronics applications, and the sol-gel chemistry
of silica, in which tetraalkoxysilicate precursors are
hydrolysed and condensed through the interaction with
cationic charges of organic templates, has been exten-
sively studied (3, 4, 6). Nanostructures of silica have
been synthesized by this method using organic templates
such as phospholipids (7), peptidic lipid (8), laurylamine
hydrochloride (9), collagen fibres (10), DNAs (11), peptide
fibrils (12, 13) and polymeric micelles (14).

Intermediate filaments (IF's), a major component of
the cytoskeleton of most eukaryotic cells, are attractive
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candidates for an organic template as their filament
structures (several micrometer lengths and a uniform
10-nm diameter) are easily constructed in vitro by poly-
merization of subunit proteins without any cofactors, and
they are very stable compared with other cytoskeletal
components such as actin filaments and microtubules
(15-18). In addition, IFs form large fibres or macrofibrils
in which many are highly aligned in parallel arrays
through the interaction with IF-associated proteins (19).
Neuron-specific IFs (neurofilaments) create fibrous net-
works that are extensively cross-linked to each other by
lateral cross-bridges formed by various linking proteins
and the extended domains of the neurofilament proteins
(20), while nuclear lamin IFs in nuclear lamina exhibit
a marked near-tetragonal meshwork that lines the inner
nuclear membrane (16, 21).

The genes encoding IF proteins are well characterized
in vertebrates; in humans 70 distinct genes have been
described (22). All IF proteins share a characteristic tri-
partite structure that includes the central o-helical rod
domain flanked by the non-o-helical N-terminal head and
C-terminal tail domains (16-18). The rod domain, consist-
ing of ~310 amino acids, has relatively conserved
sequences at the N- and C-terminal ends, and displays
long heptad-repeat patterns (abcdefg) of hydrophobic
residues (@ and d). The rod domain is responsible for
the initial association of IF proteins into a coiled-coil
dimer and also for higher-order polymerization into IF's.
The rod domains pack closely together to form the back-
bone of IF's, with the head and tail domains lying largely
on the surface (16-18). In contrast to the rod domain, the
both end domains of individual IF proteins are extremely
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Fig. 1. Negative-staining TEM (a) and AFM (b and c¢)
images of vimentin IFs. (a) Vimentin IFs constructed in vitro
were dropped on specimen grids, the excess solution drained by
touching filter paper after 3min, and then negatively stained

variable both in size and amino acid sequence, and are
primarily responsible for determining the unique charac-
teristics of the individual IF proteins.

In the present study, we examined competence of
vimentin IFs as a template for preparation of hollow
silica nanotubes. Vimentin is a typical IF protein
expressed in mesenchymal cells, and the in vitro assem-
bly conditions required for vimentin IF production have
been established (16-18, 23). As the head domain of
vimentin is very basic, due to a wealth of arginine resi-
dues, and is considered to be located on the surface of
vimentin IFs, we hypothesized that the cationic charges
of the head domain play a crucial role in silica mineral-
ization around vimentin IF's.

Mouse vimentin (57kDa) was produced by bacterial
expression using pET3a vector and isopropyl-p-p-
thiogalactopyranoside induction, and then purified by
ion-exchange column chromatography on Q- and
SP-Sepharose resin, as previously described (23). The
purified vimentin was dialyzed against a high pH
buffer (buffer A: 10mM Tris—HCl, pH 8.8, 2mM EDTA,
10mM 2-mercaptoethanol), and cleared of aggregates by
centrifugation at 100,000g for 1h at 4°C. The protein
concentration was determined by the Bradford method
(24), using bovine serum albumin as a standard.

In a high pH and low ionic strength buffer, soluble
vimentin was reported to start assembly into IFs imme-
diately after adjusting to physiological pH and ionic

with 2% uranyl acetate. The AFM image (b) was processed com-
putationally into the 3D image (c). The images (b) and (c) show
the 21-nm beading pattern along vimentin IFs. Scale bars repre-
sent 200nm in (a) and 500nm in (b).

strength (17, 23). In the present study, IF assembly
of vimentin was initiated by addition of soluble
vimentin (6.0 mg/ml) in buffer A to 30 vol of buffer B
(10mM imidazole-HCl, pH 7.2, 150mM NaCl, 2mM
2-mercaptoethanol). Using this dilution, vimentin usually
forms typical IFs ~10nm in diameter of several micro-
meters long within 1h (Fig. 1a), as observed by transmis-
sion electron microscopy (TEM) under a JEM-1210
electron microscope (JEOL, Tokyo, Japan) at 80kV
after negative staining. Furthermore, vimentin IFs exhi-
bit the 21-nm beading pattern along the filament axis
(Fig. 1b and c), as observed by atomic force microscopy
(AFM) in the dynamic force mode under an SPA 300 unit
together with a SPI 3700 control station (SII, Chiba,
Japan) (23). The characteristic 21-nm beading pattern
of IF's has been also observed by rotary-shadowing elec-
tron microscopy (25, 26) and freeze-etch electron micros-
copy (27). Immediately after initiation of IF assembly by
dilution, the vimentin solution was mixed with 3 vol of
200mM tetraethoxysilane (TEOS) in 1mM sodium
citrate (pH 7.2) containing 150 mM NaCl; the final pro-
tein and TEOS concentrations in the reaction mixture
were 0.05mg/ml and 150 mM, respectively. The reaction
mixture was incubated at 37°C for 16 days without
stirring.

To examine the progress of the sol-gel reaction of
TEOS, an aliquot of the sample was analysed under a
JEM-1210 electron microscope at 80kV. Numerous silica
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Fig. 2. TEM images of the silica-coated vimentin IFs before along the fibres indicates the hollow structure of the silica fibres.
calcination. The sample was analysed without negative stain- Scale bars represent 200 nm.
ing. The contrast between the dark outlines and the centrelines

fibres with lengths of several micrometers and outer dia-
meters of 35-55nm were observed (Fig. 2); the contrast
between the dark outlines and the centrelines indicates
the hollow structure of the silica fibres. These results
suggest that the sol-gel reaction of TEOS occurred pre-
ferentially on the surface of vimentin IF's and formed the
silica-coated fibres. While it was previously reported that
the thickness of silica coating on a template is related to
the reaction time and TEOS concentration (10, 12, 28),
we observed that higher concentrations of TEOS resulted
in increased amorphous silica. When the final concentra-
tion of TEOS in the reaction mixture was reduced to
20mM, fibres that were lightly coated with silica, but
not thick enough to distinguish the inner and outer
structures, were exclusively obtained (data not shown).
Speculatively, the amorphous silica may have been
produced, at least in part, by non-specific polymerization
of TEOS or by polymerization of TEOS on the surface
of vimentin oligomers that were unable to assemble
further into IFs (Fig. 2).

An aliquot (~100 pul) of the reaction mixture was dried
at 40°C for 1day to obtain a powder of the silica/vimentin
IF composites. The composites were heated at 200°C for
1h and at 400°C for 2h under a nitrogen atmosphere,
and finally at 400°C for 2h under aerobic conditions to
remove IFs. The heating rate was 10°C per minute. The
calcinated samples were suspended in milliQ water and
dropped on specimen grids for TEM, then after 3 min the
excess solution was drained by touching filter paper.
TEM images of the samples after calcination at 400°C
under a nitrogen atmosphere, and at 400°C under aero-
bic conditions can be seen in Fig. 3a and b-d, respec-
tively. The image (a) was obtained under a JEM-1210
electron microscope at 80kV and the images (b—d)
under a JEM-2000FX electron microscope (JEOL) at
200kV. The hollow silica nanotubes had an outer
diameter of 35-55nm and an average inner diameter
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of 10nm, comparable to the diameter of vimentin IFs
(Fig. 1a). Interestingly, the hollow silica nanotubes
appeared to have a gnarled surface structure with an
18-26nm repeating pattern, comparable to the 21-nm
beading pattern along vimentin IFs (Fig. 1b and c¢)
(23, 25-27) These results suggest that the silica nano-
tubes largely replicated the characteristic morphology
of vimentin IFs. However, no repeating patterns were
evident in the inner structures of the silica nanotubes,
which may relate to fusion of the silica directly contact-
ing with the vimentin IFs during calcination.

In the present study, we demonstrated that vimentin
IFs were able to be used as a template for the sol-gel
polymerization of TEOS to produce hollow silica nano-
tubes. The head domain of vimentin might play a critical
role in the specific polymerization of TEOS on the
surface of vimentin IFs as the abundance of arginine
residues, but only few acidic residues, causes the head
domain of vimentin to be very basic (pI 11.6) and the rod
and tail domains to be relatively acidic (pI, 4.5 and 5.0,
respectively). The head domain of vimentin is considered
to essentially lie on the surface of the IF structure
(16-18). As such, the cationic charges of the head
domain, possibly catalysing the hydrolysis of TEOS, can
attract the negatively charged TEOS derivatives such as
partially hydrolysed TEOS and TEOS oligomers to the
surface of vimentin IFs at the pH we used (3, 4, 6).
Then, polymerization of the TEOS derivatives concen-
trated around IFs proceeds. In addition, the head and
the tail domains are considered responsible for the for-
mation of the 21-nm beading pattern along the vimentin
IFs due to their regular deposition on the filament sur-
face (16, 17, 23). 1t is possible that the gnarled surface
structure of the silica nanotubes observed in the present
study was produced by replicating the beading pattern of
vimentin IFs. Silica nanotubes prepared using collagen
fibres as a template were reported to have a gnarled
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Fig. 3. TEM images of the hollow silica nanotubes after silica nanotubes exhibited a gnarled surface structure and an
calcination at 400°C under a nitrogen atmosphere (a) average inner diameter of 10 nm, comparable to the diameter of
and at 400°C under aerobic conditions (b-d). The hollow vimentin IFs. Scale bars represent 50 nm.

surface structure with 60-80-nm repeating pattern, com- 2.

parable to that of the collagen groove (67nm) (10).
By contrast, relatively smooth surfaces were reported
for silica nanotubes synthesized on peptide amphiphile
nanofibre templates with smooth surfaces (12). The
results from the present study support the concept that

silica shells formed by the sol-gel polymerization of silica 4.

precursors replicate the surface structures of organic
templates with high fidelity.

In summary, we demonstrated the application of 5.

vimentin IFs as a template for preparation of hollow
silica nanotubes by sol-gel polymerization of TEOS, with
excellent replication of the characteristic morphology of
vimentin IFs into the hollow silica nanotubes. Future
studies will focus on production of a more regulated and 7
tailorable silica nanostructure, and on modification of IF

templates such as parallel alignment of the filaments or

construction of IF networks with lateral cross-bridges. 8.
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