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Diatoms, shells, bones and teeth are exquisite examples
of well-defined structures, arranged from nanometre to
macroscopic length scale, produced by natural biomineralization
using organic templates to control the growth of
the inorganic phase'. Although strategies mimicking
Nature have partially succeeded in synthesizing human-
designed bio-inorganic composite materials’', our limited
understanding of fundamental mechanisms has so far kept the
level of hierarchical complexity found in biological organisms
out of the chemists’ reach'. In this letter, we report on the
synthesis of unprecedented double-walled silica nanotubes
with monodisperse diameters that self-organize into highly
ordered centimetre-sized fibres. A unique synergistic growth
mechanism is elucidated by the combination of light and electron
microscopy, synchrotron X-ray diffuse scattering and Raman
spectroscopy. Following this growth mechanism, macroscopic
bundles of nanotubules result from the kinetic cross-coupling
of two molecular processes: a dynamical supramolecular self-
assembly and a stabilizing silica mineralization. The feedback
actions between the template growth and the inorganic
deposition are driven by a mutual electrostatic neutralization.
This ‘dynamical template’ concept can be further generalized as
a rational preparation scheme for materials with well-defined
multiscale architectures and also as a fundamental mechanism
for growth processes in biological systems.

The growth and form of natural biomaterials have been a
long-standing subject of questioning by biologists and also by
materials scientists, as, beyond complex morphologies, natural
hierarchical materials usually possess remarkably optimized
properties such as mechanical stiffness®, light conduction®**
or even multifunctions on multiple length scales. Inspired
by these natural templates, we wish to be able to mimic
them for human-designed applications in nanomaterials science®
and biotechnology'!, for example. Unfortunately, the rational
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synthesis of complex forms still lacks flexibility, primarily because
underlying growth mechanisms remain largely hypothetical for
both natural and biomimetic structures” . In this regard,
a better understanding of molecular mechanisms controlling
the morphogenesis of bio-inorganic composite materials would
foster a more efficient design of simplified models of natural
nanostructured biomaterials®'"". For instance, there is a current
consensus that biotemplated silica materials are produced from
the interaction of silica precursors with self-assembling proteins
containing amine moieties™'*'®". However, whether the organic
matrix is preformed or dynamically grown under the influence of
the mineralization is still open. In this work, we investigate the
bio-inspired silica mineralization processes of well-characterized
self-assembled peptide structures. Indeed, we have recently shown
that lanreotide, a dicationic octapeptide (Fig. 1a), self-assembles
in pure water into nanotubes with a monodisperse diameter of
24.4nm and a wall thickness of 1.8 nm, the structure of which
has been resolved at supramolecular as well as molecular levels?*?'.
In particular, the presence of two exposed protonable amine
groups per octapeptide makes the lanreotide nanotubes a potential
template for silica growth as presented hereafter'*".

The mineralization of these precisely designed tubes is
obtained by bringing into contact a lanreotide gel and a
tetraethylorthosilicate (TEOS) solution in water within the
confined volume of 1.5-mm-diameter glass capillaries (Fig. 1b).
Initially, a turbid gel of lanreotide nanotubes is set at the bottom of
the capillary and a TEOS/water mixture is added (Fig. 1b, tube 1).
Following a slow kinetics, a clear phase appears in the upper part of
the lanreotide zone (region 1), while the turbid phase recedes. The
small-angle X-ray scattering (SAXS) of the clear section in region 1
indicates that the lanreotide nanotubes are dissociated and that a
dilute aqueous solution of the peptide with a concentration lower
than 2.5% (w/w) is produced. After few days, centimetre-long white
fibres are formed in the TEOS solution (Fig. 1b, tubes 3 and 4,
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Figure 1 Silica mineralization of lanreotide. a, Structure of the lanreotide octapeptide showing the two charged amine sites. b, Time-lapsed pictures of the capillaries
during the mineralization process. Initially, a volume of lanreotide gel at 5% (w/w) poured into the bottom of the capillary (region 1) is covered with the same volume of a 30%
(w/w) TEOS/water mixture (region 2) (tube 1). On ageing, the lanreotide turbid gel recedes (white arrows), yielding a transparent region, while long white fibres appear in
region 2, starting from the interface (tubes 2 and 3). After 48 h, the lanreotide gel has completely disappeared and only two phases separated by a white ring are observed:
the lower clear one containing a dilute lanreotide solution and the upper one filled with mineralized fibres (tube 4). c—e, SAXS diffraction patterns taken at t=0 (c), t=4h (d)
and t=24h (e), at regular intervals along capillaries on either side of the interface represented by the horizontal dotted lines. Spectra have been shifted along the y-axis for
clarity. The lanreotide gel (red) and the lanreotide solutions (green) show characteristic spectra®'. A new phase (blue) is observed in region 2 after 24 h.

region 2), which have been extensively characterized by a panel
of techniques in three sequential states: (1) fibres in their growth
solution; (2) dried fibres prepared by repeated water washing and
drying; (3) replicas obtained by calcination at 600 °C. Surprisingly,
no mineralization is observed in the lanreotide gel or in the clear
solution of region 1. Transmission electron microscopy (TEM)
on dried fibres and replicas reveals that they are constituted by
bundles of aligned inorganic nanotubes with homogeneous inner
and outer diameters of 15+ 1nm and 29 £ 2nm respectively
(Fig. 2a,b). Higher-magnification micrographs (Fig. 3a,b) show
that the nanotube walls are composed of three concentric layers that
are successively high, low and high in electron density, suggesting
a coaxial structure with a double-walled silica tube coating the
inner and outer surfaces of the organic template. Figure 3c,d shows
perfectly reproducible SAXS clichés recorded at various locations
along a fibre axis and for about 100 samples. Such SAXS clichés
confirm the very homogeneous structure of the hybrid silica—
lanreotide nanotubes. Indeed, more than 12 short oscillations
are observable thanks to the monodispersity of the cylindrical
shape. Moreover, the cosine envelope (Fig. 3d, red dotted line)
is a signature of the double wall with a well defined distance
between the inner and outer silica deposits. The simulation of the
SAXS spectra (see the Methods section) yields a mean diameter
of 24.6 nm, internal and external silica walls of identical 1.4 nm
thickness and a lanreotide template thickness of 2nm, in good
agreement with TEM data (Fig. 3e). Furthermore, the molecular
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organization of the organic template between the two silica walls
is preserved during the mineralization, as shown by Raman spectra
(see Supplementary Information, Fig. S1) and by X-ray diffraction
with the presence of the 0.35A~" peak (green arrow in Fig. 3¢),
characteristic of the -sheet organization in the lanreotide wall
surface?. A final calcination step at 600 °C converts hybrid organic—
inorganic nanostructures into pure silica double-walled nanotubes
(see Supplementary Information, Fig. S2). Beyond the molecular
self-assembly and the nanoscale tubular structures, the templated
mineralization of lanreotide results in higher-order architectures
at the micro- and macroscale. Electron micrographs show that
individual nanotubes reach 1-3um in length and bundles of
closely packed aligned nanotubes are observed to exceed 7 um
(Fig. 2b). The macroscale organization is reflected in the optical
properties of all three sequential states of the fibres. In particular,
the strong birefringence (Fig.2c) and its extinction (Fig.2d)
observed in polarized light microscopy for polarizers parallel to the
fibre main axis demonstrate that the fibres consist of anisotropic
entities ordered along a common orientation throughout the
length scales from one micron to one centimetre (Fig.2e and
see Supplementary Information, Fig. S3). Hence, the structural
hierarchical characteristics of the silica-mineralized lanreotide
fibres span more than six orders of magnitude from the precisely
controlled growth of the inorganic phase on the template at the
molecular level to the ordered organization of nanoscale objects up
to the macroscopic level.
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Figure 2 Multiscale organization of silica-lanreotide nanotubes. a, Transmission electron micrograph of double-walled silica nanotube replica after calcination.

b, Transmission electron micrograph of a 7-um-long bundle of dried mineralized nanotubes. ¢,d, High- and e, low-magnification cross-polarized optical microscopy images
of a centimetre-long dried hybrid fibre (white arrows indicate the light polarization). Extinction is observed only when the light is polarized along the fibre axis (d), revealing
the uniaxial orientation of the nanotubes within the fibre, whereas bright birefringence is recorded when light is polarized at 45° (c,e). Scale bars are a, 100 nm; b, 1 um;

c,d, 200 um; e, 1 mm.

Interestingly, notwithstanding the clearly templated growth
process, several experimental observations indicate that direct
mineralization of preformed lanreotide nanotubes cannot explain
the observed superstructures. As already underlined, the hybrid-
nanotube growth does not occur in the lanreotide gel phase but
in the upper aqueous TEOS solution at the same time as the gel
is consumed (Fig. 1b). Indeed, SAXS spectra acquired at regular
intervals along the capillary at different stages in the mineralization
process are presented in Fig. 1c—e. Immediately after bringing the
reactant into contact, region 1 yields only lanreotide nanotube
spectra (red curves)®, whereas region 2 is characterized by diffuse
scattering due to lanreotide solution?, the concentration of which
is decreasing as a function of distance from the interface (Fig. 1c,
green curves). Consequently, preformed nanotubes do not exist in
region 2 before silica condensation. Furthermore, after a few hours,
initial nanotubes in region 1 are unaffected, and the intensity of
the central diffusion signal increases in region 2 significantly as
TEOS starts to condense into silica (Fig. 1d, blue curves). After 24 h,
region 1 still shows receding nanotube-gel and expanding clear-
solution phases. Noticeably, spectra of silica-coated nanotubes
appear in region 2 (Fig. le, blue curves). Second, TEM observations
show that the thicknesses of inner and outer silica walls are strictly
identical (1.4 nm) and homogeneous along the entire tube length
for all observed nanotubes (Figs 2a and 3). This can hardly be
accounted for by the identical diffusion of silica precursors into
and onto preformed nanotube templates, because diffusion-limited
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transport of silica reactant inside the narrow nanotube cavity
would result in a dissymmetry between the inner and outer wall
thicknesses. On the contrary, because the organic gel is in a dynamic
equilibrium with free lanreotide”, it acts as a reservoir, providing
free octapeptide, which diffuses into the hydrolysed TEOS solution,
where it reforms nanotubes in the presence of reactive silica
species. Moreover, such a dynamic templating mechanism does
not restrict the morphology of the replica to the initial nanotube
size, nor does it limit the diffusion of reactant inside the
nanotubes. Therefore, centimetre-long mineralized fibres can grow
from the template that is formed in situ under the guidance
of the self-assembly process. Although dynamical templating is
widespread in supramolecular self-organization processes?, it has
been proposed for hybrid organic/inorganic mesoporous silica
formation only recently®.

Our proposed dynamic templating mechanism accounts for
two distinct self-assembly processes occurring simultaneously:
the nanotube organic template formation and the silica
polymerization. The regularity of the composite wall structure
strongly supports the idea that the two processes are intimately
entangled (Fig. 4). This coupling necessarily occurs at the extremity
of the template, where it self-assembles, at the same time that
the silica precursors are condensing. In this scenario, both inner
and outer silica walls are equivalently accessible for the silica
precursor by diffusion to the tip of the growing hybrid nanotube.
The coupling of two molecular processes requires a mutual
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Figure 3 Evidence for double-walled silica-lanreotide nanotubes. a, Cross-sectional TEM image of dried fibres, revealing several concentric circles due to the
double-wall structure. b, TEM image of a fragment of dried nanotube, showing that the internal and external cylinders are independent and free to slide. ¢, SAXS clichés of an
as-synthesized fibre with a sample—detector distance of 1.2 m (inset: 3 m). d, SAXS diffraction pattern (bold black line). The peak envelope (form factor, red dotted line) is
clearly observed, with well-resolved individual peaks that can be adjusted to the fitting model (fine black line). e, Schematic representation of a silica—lanreotide nanotube
with an inner and an outer 1.4-nm-thick silica shell (blue) and a central 2.0-nm-thick lanreotide tube (green) as deduced from radial density (o) profiles. Scale bars are

a, 30nm; b, 50nm; ¢, 0.2A .

feedback, which implies two regulation mechanisms between silica
condensation (Fig. 4, step C) and template self-assembly (Fig. 4,
step T,,). First, controlled experiments with diluted solutions
of lanreotide showed that the sole presence of the lanreotide
is insufficient to initiate the silica condensation. We postulate
that Coulomb interactions between the positively charged
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lanreotide nanotube surface and the slightly negatively charged
silica precursors are driving the cooperative processes. Indeed,
we have recently shown that the pure lanreotide self-assembly
into nanotubes in water is driven by hydrophobic interactions
but is hampered by the electrostatic repulsion between free
cationic lanreotide molecules and charged nanotubes®. This
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Figure 4 Dynamic template model for the growth mechanism of the peptide—silica fibres. The cationic lanreotide nanotube surface catalyses the silica condensation by
electrostatic forces (step C) and the anionic silica deposit promotes the lanreotide assembly (step T,,) by synergetic neutralization of the system.

repulsion vanishes with the neutralization by the silica deposition,
which promotes the nanotube growth although the monomer
concentration is low. The application of the Gouy—-Chapman
theory** shows that the concentration of silica precursor R;SiO~
in the vicinity of the positively charged lanreotide surface is 30
times higher than in the bulk solution. This ensures the spatial
selectivity of the template surface and locally accelerates the
silica condensation (Fig. 4, step C). The mineralization reaction
generally leads to a slightly negatively charged silica deposit due to
unreacted silanol groups®. In the present system, the silica coating
compensates for the cationic template charge until neutralization of
the hybrid nanotube is reached for a well-defined deposit thickness,
preventing further catalysis of the condensation. Indeed, a complete
consumption of the reactants cannot be invoked, because the
TEOS solution is still rich in reactive hydrolysed silica species after
synthesis, as seen by the instantaneous precipitation induced by the
addition of 0.5 M sodium hydroxide to the solution.

Neutralization of Coulomb interactions is therefore the
underlying principle governing synergistically the surface-confined
condensation of silica into tubes of uniform thickness and the
growth of extended unidimensional tubular peptidic templates.
On the one hand, the silica polymerization is activated by the
slight excess of peptides during the template growth. On the
other hand, the octapeptide assembly/de-assembly equilibrium
is shifted towards the formation of long nanotubes by the
continuous neutralization of the reformed template. Conversely,
silica deposition is inhibited where the template is lacking and
peptide self-assembly in the reaction medium is negligible in the
absence of silica condensation. In summary, the local coupling of
the self-assembly processes derives from two cross-linked feedback
mechanisms at the molecular scale, both involving Coulomb
interactions between the two oppositely charged building blocks,
namely silicates and lanreotide peptides.

In this letter, we demonstrate that the kinetic coupling of
two fundamental mineralization mechanisms produces unique
synthetic organic—inorganic materials with hierarchical features
spanning more than six orders of magnitude. In previous works,

438

the morphological control was restricted to either nanoscopic
features such as double walls® and wall thickness®” or the
macroscopic length®. Significantly, in the proposed coupling
mechanism, the spatio-temporal coordination regulates recursively
the template self-assembly and its coating, and thus results
in higher-order macroscopic constructions with nanometric
precision. At the same time, the dynamical template offers the
unique opportunity to generate architectures far beyond the initial
size of the template.

Although the complexity of biological systems is not achieved
in the reported case, it also provides a further insight into
fundamental mechanisms possibly occurring in biological
hierarchical architectures. For instance, biosilica formation
has been related to the higher reactivity of silica precursors
with silaffin®* or silicatein’*'® in their template self-assembled
forms rather than with their soluble forms, in agreement with
the exaltation of the Coulomb interactions close to charged
surfaces described above. Another open question is the formation
mechanism of spicules of desmosponges, which can reach
macroscopic length>*?°. Here also, the classical static template
mechanism has been excluded, whereas the dynamical template
emerges as an explanation compatible with such biomineralized
architectures larger than biological templates'®?. Pursuing
such a dialectic between better described morphogenesis of
natural architectures and refined synthetic model systems will
doubtlessly open countless possibilities to design and produce
more sophisticated functional materials for biological and
technological applications.

METHODS

MATERIALS

Cyclic lanreotide (sequence NH,—(D)Naph-Cys—Tyr—(D) Trp—Lys—Val-Cys—
Thr-CONH,; BIM 23014C) was obtained from Ipsen Pharma (Barcelona) as
an acetate salt (molecular masses of 1,095 Da, purity >98%). Mixtures were
made by dissolving the peptide powders at 5% w/w in pure water. TEOS
(purity > 99%) was purchased from Sigma and used as received.
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SYNTHESIS

Lanreotide nanotube gels were prepared at ambient temperature using
lanreotide acetate powder dissolved in pure water (5% w/w). The silica
precursor solution is an emulsion of TEOS in water (30% w/w), prepared 24 h
before use. The fibre syntheses were carried out in 1.5 mm glass capillaries
(GLAS Technik & Konstruktion). The samples were prepared by sequential
deposition of first 15 pl of lanreotide gel and then 15 pl of the silica precursor in
the capillary. The fibres appeared after a time ranging from 48 h to one week.
The resulting white fibres were removed from the tube and dried under vacuum
at 80 °C. Inorganic replicas were obtained by calcination of the peptide by
heating up to 600 °C.

OPTICAL MICROSCOPY
The samples were observed directly in the capillaries or on a glass slide with an
Olympus IX70 microscope equipped with two crossed polarizers.

ELECTRON MICROSCOPY

Fibres were dispersed in ethanol by sonication for 3 min and drop-casting onto
carbon-coated copper EM grids. For cross-sectional imaging, the fibres were
rinsed with water, followed by dehydration in 90% ethanol, and embedded in
an Epon-Araldite mixture. Ultra-thin sections obtained by ultramicrotomy
were collected onto copper grids. Observations were carried out on Philips
CM12 microscopes operated at 100 kV.

SAXS

X-ray diffraction experiments were carried out at the High Brilliance beamline
(ID2), European Synchrotron Radiation Facility in Grenoble, France. The beam
size defined by the collimating slits was 0.2 mm X 0.2 mm. The detector was an
image-intensified CCD (charge-coupled device) camera, and the
sample-to-detector distance varied between 120 and 300 cm.

SAXS SIMULATION

The intensity of the radial integration of this SAXS can be simulated by
order-one Bessel functions, J;, corresponding to the Fourier transform of a
multilayer tube:

I(g)= <51r1h(nq) +8:12]1(r2q) — 8,13]1(13q) — 8174)1 (raq) )2
q

where 1y, 13, 3 and ry correspond to the cylinder radius, r; and r, being
respectively the internal and external diameter of the internal silica cylinder,
and r3 and r4 being respectively the internal and external diameter of the
external silica cylinder. §, and 8, are the differences of the electron density
between water and silica or silica and lanreotide respectively.

COULOMB ATTRACTION BY A CHARGED SURFACE

For a surface composed of cationic molecules, the Gouy—Chapman theory**
predicts that anions A~ are attracted by the positive surface with a
concentration increase of [A™ ]y /[A™ oo = exp[(—zeyo) /kT], where e is the
electron charge, z the charge of the ion, z =2, and 1, the electrostatic
potential, g =93 mV when 3.0 < pH < 6.5. The theoretical excess of anions
in the neighbouring surface on increasing the solution pH is shown in
Supplementary Information, Fig. S4.
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