
    

Controlled formation of biosilica structures in vitro†
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Herein we describe the controlled formation of biosilica
structures by manipulation of the physical reaction environ-
ment; we were able to synthesize arched and elongated silica
structures using a synthetic peptide; the results presented
here are evidence that in vitro biocatalysis may be controlled
in order to form desired silica structures.

Numerous examples of nanopatterning and nanostructure are
commonly found in nature, most apparent in the marine diatoms
and sponges.1,2 These organisms are able to form intricate
siliceous nanostructures within their cell walls with precise
control. The structures are reproduced generation after genera-
tion with great fidelity.2 Proteins known as silicateins isolated
from within sponge silica have been shown to catalyze the in
vitro polymerization of silica from tetraethoxysilane at neutral
pH.3,4 Silaffins, a set of cationic polypeptides isolated from the
diatom Cylindrotheca fusiformis, can generate a network of
silica nanospheres when added to a solution of silicic acid in
vitro.5 The diatom cell walls are considered as a paradigm for
the controlled production of nanostructure silica. The conven-
tional chemical synthesis of silica-based materials requires
harsh conditions such as extreme temperature, pH and pressure,
whereas biosilification occurs at ambient temperature and
pressure. The low cost, low impact, biomimetic formation of
silica nanostructures using polypeptides overcomes all of these
limitations. More importantly, biosilification allows control of
morphology at the structural level desired for advanced nano-
applications. Sil1 protein from C. fusiformis is composed of
seven highly homologous repeating units (R1 to R7). We, as
well as others, have observed the formation of silica nano-
spheres using a 19 amino-acid R5 unit peptide [H2N-
SSKKSGSYSGSKGSKRRIL-COOH] of the Sil1 protein.5,6

Here we report the formation of silica morphologies that are
driven by the flow dynamics of the enzymatic reaction. In a
typical procedure, 1 M tetramethoxysilane (TMOS) dissolved
in 1 mM hydrochloric acid was mixed with the Sil1-derived R5
peptide at a concentration of 10 mg ml21 and the reaction was
incubated for 2–5 min.6 The silica precipitate obtained was
analyzed by scanning electron microscopy (SEM). Silica
spheres obtained from the TMOS reaction are shown in Fig. 1A.
In the absence of R5, no precipitate was observed and the
reaction mixture formed a gel within 24 h. Silica pecipitate was
not obtained in the absence of R5 peptide or when a non-specific
peptide was used in the above reaction. When a stream of
nitrogen was slowly passed through the reaction vessel, an arch-
like structure was formed. As the nitrogen gas was passed
through the reaction mixture, contact between newly formed
bubbles resulted in the formation of an interface. We propose
that the arched morphology is a result of the continual addition
of silica spheres to the growing structure, (Fig. 1B and C).
Incorporated silica, similar in diameter ( ~ 500 nm) to that
produced under ambient conditions with the R5 peptide and

TMOS, can be easily identified along the length of these
structures. It is important to appreciate that even though
aggregation of silica spheres is a regularly observed aspect of
diatom silica polymerization,7,8 directional growth to form
elongated silica strands is required to form larger three-
dimensional structures.9,10 Directional growth occurs in a
microtubule-dependent manner, which has been proposed to
localize actively polymerizing silica centers at the edge of the
silica deposition vesicle (SDV) where polymerization oc-
curs.11,12 We propose that a similar, albeit less complex,
mechanical situation may have been created in vitro, resulting in
the observed morphology.

Next, we applied shear to a constant, linear, microvolume of
the R5/TMOS reaction mixture by cycling the reaction mixture
back and forth inside a Tygon® tube (1.6 mm inner diameter),
similar to a ‘slug flow’. Elongated fibers were formed as a result
of the applied shear (Fig. 1D and E). Several levels of linear
organization characterize this structure. Rough agglomerates of
silica spheres appear to constitute the primary structural
organization (Fig. 1F). The microfibrils (100–300 nm in
diameter) make up the larger, fibrillar morphology observed at
lower magnification. Electron dispersive spectroscopy (EDS)
analysis of all of the above morphologies produced high silicon
and oxygen content and limited carbon content as would be
expected from silica. No microfibrils were observed when a
control reaction (lacking R5 peptide or using a non-specific
peptide) was subjected to shear as described above. In addition,
we and others have observed that the R5 as well as other silica-
condensing peptides are tightly associated with the silica
structure (see ESI†).5

† Electronic supplementary information (ESI) available: incorporation of
silica-condensing peptide into the silica structure. See http://www.rsc.org/
suppdata/cc/b2/b210635c/

Fig. 1 Scanning electron micrographs of biosilica structures obtained using
the R5 peptide. (A) Spherical silica structures obtained under static reaction
conditions. (B) and (C): Arch-shaped morphologies were obtained by
bubbling nitrogen gas through the reaction mixture. (D) and (E): Fibrillar
morphologies were obtained by applying a mechanical shear to the reaction
mixture. (F) Rough agglomerates of silica spheres (arrow). Scale bar 1
mm.
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We have shown several silica nano-morphologies catalyzed
by the R5 peptide of C. fusiformis under varied reaction
conditions. These structures range from common spheres to
highly organized and complex fibrillar morphologies, which
display remarkable organization at the nanometer size-scale.
Through careful manipulation of the environment and the use of
mechanical force, we were able to direct the formation of silica
in such a way as to produce a desired morphology. The results
presented here show that by simply moving the silification site
in a directed manner during the course of polymerization results
in an altered morophology. Silica spheres are the lowest free
energy structures formed in a static environment, but elongated
strands occur when the polymerization front is in motion. In
nature, marine diatoms and sponges are able to direct synthesis
of complex structures within their cell walls via complex
molecular methods that control the transport and deposition of
silica.3–5,12,13 The means employed herein also appear to direct
the transport and deposition of silica as it is formed from the
silane precursor by the R5 peptide. Application of a linear shear
force and the presence of an interfacial reaction surface both
affect the deposition of silica, producing separate and distinct
morphologies that are unlike the spheres observed under normal
reaction conditions. The localized transport phenomenon occur-
ring at the interface between the tube walls and the surrounding
fluid may be partly responsible for the formation of these
elongated fibrillar morphologies. We are currently investigating
the mechanism involved in generating these novel morpholo-
gies and developing new methods to control the deposition of
silica for various applications.

This work was funded by the Air Force Office of Scientific
Research.
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