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4. Self-assembly of helicoidal structures

The assembly of helicoidal structures in nature in vivo is a largely unexplored research topic that deserves further
attention. In animals, developmental studies of how photonic structures are assembled are rare, since they are difficult
to perform. To date, developmental studies of this type have mainly been performed with butterflies [55,56] but not
with animals having helicoidal structures.

In plants, pioneering studies by Neville showed that helicoids in the cell wall are the result of the interplay between
molecular self-assembly and mechanical reorientation provoked by growth forces [52-54]. In particular, the handed-
ness of the helicoid is determined by the chirality of its components. However recent studies correlate the organisation
of cellulose in the cell wall with the reorientation of the microtubules during cell growth [57-59].

Further studies on these systems for different developmental stages would provide understanding of the formation
of helicoid structures in nature, and possibly provide important routes for bio-inspired applications.

5. Biological implications
5.1. Polarisation as a visual cue

Polarisation of light can be part of high level visual perception because it carries much potentially useful infor-
mation. Polarisation vision can be used for most tasks equally to or together with colour vision, including object
recognition, contrast enhancement, camouflage breaking and signal detection and discrimination [19,60,61]. Light
polarisation might also serve as a ‘secret’ communication channel to specific polarisation-sensitive targets, such as
potential mates.

The human is ‘polarisation-blind’, i.e. cannot detect polarisation cues. However, polarisation information can be
perceived by humans by artificially creating polarisation contrast as is routinely found in the linear polarisation filters
of sunglasses to block unwanted reflections from surfaces. Circularly polarised light can be conveniently detected
by humans with 3D cinema goggles, e.g. RealD 3D glasses (RealD Inc, Beverly Hills, CA, USA), which selectively
transmit light of different handedness to each eye of the observer.

In general, polarisation sensitivity is the result of a preferred alignment of the visual pigment-containing microvilli
in the eyes [62]. Light with a polarisation parallel to these microvilli is preferentially absorbed and can be detected.
Many animals, e.g. cephalopods, crustaceans, and insects, are capable of perceiving polarised light [42,60,62—-65] and
use it for means of navigation and orientation. For example, honeybees use celestial polarisation to move between the
hive and foraging locations [66] and beetles might use linear polarisation as a recognition signal [1,61].

There are two possible ways to obtain a circularly polarised light detector: 1) to linearly polarise the incident
circularly polarised light with a quarter-wave plate, as employed in stomatopod eyes [42], or ii) to helicoidally stack
the microvilli. Whether circularly polarised light can be generally detected and is thus employed as a biologically
relevant signal is relatively unknown. The best example of a circular polarisation detecting organism is the stomatopod
crustacean Odontodactylus cultrifer [42]. This animal uses the first design principle, i.e. a quarter-wave plate in front
of parallel aligned, orthogonal arranged microvilli, to detect circularly polarised light.

For insects, the case is less clear, mainly due to contradicting reports on whether or not scarab beetles can detect
the circularly polarised signals from the helicoidal structures at all [29,67]. Therefore, whether beetles employ the
circular polarisation of light in a biologically meaningful way, e.g. as a secret communication channel, remains to be
elaborated.

5.2. Convergent evolution of photonic structures across different taxa

In 1993, Neville argued that fibrous (helicoidal) composites may have evolved convergently in members of multiple
kingdoms of life. This hypothesis can be supported by the detailed studies on the ultrastructure of different taxa
summarised above, which all display helicoidal structures that are assembled from various biopolymers.

The observation that both sea and land animals are now known to detect circularly polarised light suggests than this
type of light has played a role in the evolution of animal signalling, in this case in the evolution of covert communi-
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Fig. 5. Convergent evolution of helicoidal structures in nature. Chitin nanocrystals in insects and cellulose nanocrystals in plants display the same
morphology with similar optical properties, which is largely the result of directed self-assembly in growing cells (see also ref. [21]).

cation signals that might be visible to conspecifics but invisible to potential vertebrate predators with eye geometries
that prevent circular light detection unless using aids.

Taken together, this multiple occurrence strongly suggests that extracellular biological helicoids form by directed
self-assembly of the crystalline biopolymers. Kutschera in 2008 argued that this spontaneous generation of complex
design ‘without an intelligent designer’ evolved independently in the protective ‘skin’ of plants and animals (see Fig. 5
and ref. [21]). Indeed it is intriguing to further investigate whether the pathway forming these very identical helicoidal
structures in plants and animals similar and whether it is related to the close chemical composition of the biopolymers
employed, chitin in animals and cellulose in plants.

6. Conclusions and Outlook - towards advanced, versatile, self-assembled, chiral photonic materials

Helicoidal structures in nature can be found in all taxa of life and seem to have convergently evolved. All helicoidal
structures in nature feature strong optical signatures with unique polarisation-dependent patterns, strong hues and a
strong angle-dependency of the reflected colours.

The complexity of the patterns found in nature may in part be determined genetically [68], the final development
and control however is related to the conditions during the formation of the pattern. The physical and chemical aspects
of morphogenesis can be unravelled by studying the patterns in nature and analysing their analogues in equilibrium
and non-equilibrium patterns formed in condensed matter.
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