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Diatoms are of interest to the materials research community
because of their ability to create highly complex and intricate
silica structures under physiological conditions: what these
single-cell organisms accomplish so elegantly in nature requires
extreme laboratory conditions to duplicate’*—this is true for
even the simplest of structures. Following the identification of
polycationic peptides from the diatom Cylindrotheca fusiformis,
simple silica nanospheres can now be synthesized in vitro from
silanes at nearly neutral pH and at ambient temperatures and
pressures™’. Here we describe a method for creating a hybrid
organic/inorganic ordered nanostructure of silica spheres through
the incorporation of a polycationic peptide (derived from the
C. fusiformis silaffin-1 protein) into a polymer hologram created
by two-photon-induced photopolymerization. When these pep-
tide nanopatterned holographic structures are exposed to a
silicic acid, an ordered array of silica nanospheres is deposited
onto the clear polymer substrate. These structures exhibit a
nearly fifty-fold increase in diffraction efficiency over a compar-
able polymer hologram without silica. This approach, combining
the ease of processability of an organic polymer with the
improved mechanical and optical properties of an inorganic
material, could be of practical use for the fabrication of photonic
devices.
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We have recently developed a holographic two-photon-induced
photopolymerization (H-TPIP) process’ and here we describe how
this technique can be used to prepare nanopatterned structures that
contain biological macromolecules. Unlike conventional holograms
formed through the use of ultraviolet lasers, holograms created
through the two-photon process use an ultrafast infrared laser.
Because infrared wavelengths typically do not alter the functionality
of biological compounds, monomer formulations containing pep-
tides can be polymerized without affecting the biological activity.
We incorporated a peptide that has recently been shown to be
responsible for biosilification into a formulation to be cured by a
holographic two-photon-induced photopolymerization with the
expectation that the peptide would be segregated into regions of
low crosslinking density. The approach of using ultraviolet lasers to
phase separate small liquid crystal molecules in a polymer-based
hologram has been used extensively® and we hypothesized that this
technique would also be applicable to the H-TPIP process. We
predicted that exposing the peptide-containing structure to a liquid
silane would cause silica to form in the holographic nanopattern
(see Fig. 1) and that this hybrid organic/inorganic device would
have a higher degree of order leading to a superior device compared
to randomly ordered monolayers of silica on indium-tin oxide
(ITO) coated glass’.

A short 19-amino-acid R5 peptide unit (SSKKSGSYSGSKGSKRR
IL) of the silaffin-1 precursor polypeptide from C. fusiformis is able
to catalyse the formation of silica nanospheres within minutes when
added to silicic acid at neutral pH and ambient temperature’. A
chemically synthesized R5 peptide that lacks a post-translational
modification of its lysine residues was used in the present work. The
post-translational modification of lysine residues is required for
silica formation under acidic pH conditions™. However, because
our research was conducted under slightly basic conditions, the
modification of the lysine residues was unnecessary. Consequently,
work began by incorporating this peptide (0.80mg in 16 pl of
water) into a monomer formulation. This formulation consisted of
160 pl SR-9035, 0.022 g SR-399 (SR-9035 is a trimethylolpropane
triacrylate and SR-399 is a dipentaerythritol pentaacrylate obtained
from Sartomer which were used without the removal of inhibitor),
0.006 g triethanol amine and 0.005 g isopropyl thioxanthone; the
entire mixture was heated for 15 min at 50 °C to aid in dissolution.
The triacrylate was chosen for its high water miscibility which is
due to its numerous ethylene glycol units, and the pentaacrylate
was used to create a highly crosslinked system. The triethanol
amine functions as a coinitiator and thioxanthone as the initiator.
Typically, in a two-photon-initiated polymerization, a fluorescent
chromophore is also required to absorb two photons of near-
infrared laser light. The excited chromophore transfers its energy
to the initiator which begins the polymerization process. However,
we have found that the thioxanthone used in this formulation does
not require highly coloured chromophores, and consequently,
extremely large curing depths and exceptionally clear and colourless
polymers are produced™".

A thin layer (175 wm) of the monomer/peptide formulation was
deposited onto a clean glass slide which was then placed in a
miniature atmospheric chamber fitted with glass windows and

Silica sphere

| Peptide/water
enriched domain
, Highly crosslinked
polymer

Figure 1 Cross-section of the hologram. The peptide-rich regions that are formed
during the holographic polymerization process are shown.
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Figure 2 Surface relief pattern of the cured polymer. Atomic force microscope images of the control polymer before silification (@) and the hybrid structure after silification (b).

flushed with nitrogen. The sample was cured in a two-beam
transmission holographic arrangement using a 790-nm titanium-
sapphire laser (90-fs pulse width with a repetition rate of 500 Hz) for
30s. The intensity distribution of the volume hologram drives the
local polymerization rate as a function of the local field intensity,
which results in alternating areas of high and low crosslink density.
Because certain areas of the sample cure more rapidly than others,
the smaller molecules (namely water and peptide) phase separate
from the areas of higher crosslink density and migrate into areas of
lower density. This phenomenon has been observed in similar
systems using liquid crystals as the small molecule®. An alternative
explanation of this phase separation could be that as the hydrophilic
monomer is converted into a more hydrophobic polymer, the
peptide is driven into the monomer-rich regions. As a result,
peptide-rich domains are created in the polymer sample with the
periodicity of the hologram. After the curing process, the sample
was briefly rinsed with water to remove any uncured monomer.
Atomic force microscopy (AFM) revealed that the hologram had a
periodicity of 1.33 wm (see Fig. 2a).

The silane precursor (1 M tetrahydroxysilane) was synthesized by
dissolving tetramethyl orthosilicate (TMOS) in 1 mM HCI. This
product was then added to a sodium phosphate—citrate buffer (pH
8) to produce a final concentration of 113 mM. We note that this
dilute solution remains stable for over two hours, after which it
slowly converts into a clear amorphous gel. Freshly prepared
hydrolysed silane was slowly applied to the hologram and allowed
to react with the R5 peptide embedded in the hologram for 10 min
before being rinsed with water to remove any unreacted silane. A
control hologram lacking the R5 peptide was also treated with the
tetrahydroxysilane solution but did not exhibit any nanosphere
formation (see Fig. 3a). However, when a sample that included the
peptide and was treated with the silane was analysed by scanning
electron microscope, it was revealed that silica spheres formed a
regular two-dimensional array with the periodicity of the hologram
(see Fig. 3b). A study of the size distribution of the silica spheres
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reveals that the average nanosphere diameter is 452 nm (*81 nm).
The silica content of the spheres was confirmed using electron
dispersive spectroscopy (EDS). Additionally, analysis using the
AFM indicated that the hologram had a periodicity of 1.60 pm
with the silica spheres embedded in the troughs of the surface relief
pattern (see Fig. 2b). The difference in the spacing between the
holograms treated with and without the tetrahydroxysilane solution
can be explained by the fact that the control grating shrinks as it
dries out owing to water evaporation, whereas the shrinkage in the
hybrid hologram is inhibited owing to the added mechanical
strength of the silica spheres, preventing the ridges of the hologram
from moving closer together. Consequently, the untreated grating
exhibited nearly 17% more shrinkage than the treated grating. Also,
the silica spheres are the most prominent feature of the hologram
and the troughs in the structure are actually the peaks of the
polymer.

Finally, to test the improvement that this technique can impart to
an optical device, the first-order diffraction efficiency of the treated
hologram was compared to that of the untreated sample. These
measurements were performed by transmitting a helium-neon laser
through each sample and measuring the diffraction pattern in the
far field. A measurement of the incident and transmitted power in
the first-order diffraction spot showed a substantial increase in the
diffraction efficiency of the grating with silica versus the grating
without, as would be expected from the difference in index and
shrinkage. The untreated grating exhibited a diffraction efficiency of
approximately 0.02%, while the grating with the silica spheres
showed an efficiency of approximately 0.95%. This large increase

Table 1 Properties of holograms with and without silica nanospheres

Hologram with silica Hologram without silica

Grating spacing
Diffraction efficiency

1.60 um
0.95%

1.33 um
0.019%
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Figure 3 Two-dimensional array of ordered silica nanospheres formed within the
hologram. Scanning electron microscope images of the control hologram after being
treated with the liquid silane (a) and the biosilica nanostructure created by reacting the
silane with a peptide-embedded hologram (b).

can be attributed to the fact that the spheres form an almost
continuous line of silica along the valleys of the hologram, achieving
a high fill factor. These data are summarized in Table 1.

We have thus shown that the incorporation of the peptide
responsible for biosilification into a microfabricated structure
using H-TPIP can result in an unusual composite organic/inorganic
device that has significantly improved optical performance and
superior mechanical properties compared to those of a correspond-
ing polymeric device without silica. Although we have used a
polymer/silica hybrid structure, this technique is universally
applicable for any catalyst or binding agent that can be incorporated
into a polymer. For example, as different catalysts are identified,
a wide variety of unique hybrid structures are now possible with
differing shapes and mechanical properties. Additionally, anti-
bodies can be incorporated into the hologram and potentially
used to optically identify specific antigens. Consequently, this
technique allows a simple yet general and easily modifiable
method for nanopatterning. (I
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The last interglacial period (127—-110 kyr ago) has been considered
to be an analogue to the present interglacial period, the Holocene,
which may help us to understand present climate evolution. But
whereas Holocene climate has been essentially stable in Europe,
variability in climate during the last interglacial period has
remained unresolved, because climate reconstructions from ice
cores"’, continental records® and marine sediment cores™® give
conflicting results for this period’. Here we present a high-
resolution multi-proxy lacustrine record of climate change
during the last interglacial period, based on oxygen isotopes in
diatom silica, diatom assemblages and pollen—climate transfer
functions from the Ribains maar in France. Contrary to a previous
study®, our data do not show a cold event interrupting the warm
interglacial climate. Instead, we find an early temperature maxi-
mum with a transition to a colder climate about halfway through
the sequence. The end of the interglacial period is clearly marked
by an abrupt change in all proxy records. Our study confirms that
in southwestern Europe the last interglacial period was a time of
climatic stability and is therefore still likely to represent a useful
analogue for the present climate.

In France, the sites La Grande Pile, Les Echets, Lac du Bouchet
and Ribains contain continuous sedimentary records from the
present to at least the penultimate glacial period (the Saalian
glacial). At each site, the last interglacial (the Eemian) can be
unequivocally identified*”'°. At Ribains maar, the age and duration
of the Eemian (local name: Ribains interglacial) has been estimated
on the basis of correlation with the marine isotope stages (MISs) in
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