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Photonic structures in biology
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Millions of years before we began to manipulate the flow of light using synthetic structures, biological
systems were using nanometre-scale architectures to produce striking optical effects. An astonishing variety
of natural photonic structures exists: a species of Brittlestar uses photonic elements composed of calcite to
collect light, Morpho butterflies use multiple layers of cuticle and air to produce their striking blue colour and
some insects use arrays of elements, known as nipple arrays, to reduce reflectivity in their compound eyes.
Natural photonic structures are providing inspiration for technological applications.

he natural world has exploited photonic

structures since the Cambrian explosion: the

sudden and enormous diversification of life

that accompanied the start of the Cambrian

period over 500 million years ago. Evidence
from this era suggests that the co-development of predator
and prey colouration, in step with their visual systems,
resulted in the evolution of various life forms. Light can be
a significant selection pressure for the evolution of certain
animal groups, leading to the astonishing diversity of
natural photonic structures present in the world today.
Such structures might provide the inspiration for future
technological applications.

Photonic structures in aquatic systems

Decades before the synthesis of fabricated photonic struc-
tures, studies were revealing the complex and elegant way in
which it was accomplished naturally. Aquatic systems were
the subject of many of the earliest studies. Crystal multilayer
structures of guanine were identified as the key component
of coloured and broad-band silver reflections in many fish
and also found to be a high-reflectance element in many
bioluminescent organs and a sub-retinal component that
assists with specialized marine vision'. Recent interest in
aquatic systems has revealed photonic structures of
astonishing complexity. For example, arm ossicles from
light-sensitive species of brittlestar, Ophiocoma wendtii,
have regular arrays of inorganic microstructures (Fig. 1a)
with a characteristic double-lens design? (Fig. 1b). These
microlenses are photonic elements, each composed of sin-
gleanisotropic calcite crystals that focus light towards nerve
bundles of photoreceptors 4-7 wm below them inside the
arm ossicle tissue. The design of the surface of each lensand
the orientation of constituent calcite minimizes spherical
aberration and birefringence that might otherwise degrade
the optical function. Such microlensarraysassistin creating
levels of light and shadow sensitivity that may serve to warn
of the presence of predators.

Equally fascinating are the nanostructures found in the
hair-like setae of many species of polychaete worm (Fig. 2a).
In these creatures, a two-dimensional (2D) hexagonal lat-
tice of voids within the cross-section of each seta (Fig. 2b) cre-
ates a natural pseudo-photonic crystal fibre along its full
length®*. The high spatial periodicity of this lattice (Fig. 2c, d)
generates a partial photonic bandgap (PBG) by which
colour isstrongly Bragg-scattered in certain directions. Asa
consequence of this, strong iridescence is observed laterally.
The biological significance of the colour, and therefore of
the intricate structure, is understood to be visibility; this
contrasts with the principal design purpose of recently
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Figure 1 Peripheral layer
of ophiocomid brittlestars.
a, Scanning electron
micrographs (SEM) of the
peripheral layer of a
dorsal arm plate from the
brittlestar Ophiocoma
wendlii showing the
microlens array. b, SEM
of an individual lens in O.
wendlii. The functional
region of this lens (L)
closely matches the
profile of a lens that is
compensated for
spherical aberration
(represented by the red
lines). The light paths are
shown in blue (images
reproduced with permission
from J. Aizenberg). Bars,
10 pm.

developed synthetic photonic crystal fibres, which is to
guide light longitudinally®. The absence of centrally located
defects within the natural photonic fibres examined so far,
prevents light-guiding in these setae.

Photonic structures in insects and birds
Iridescence is much more commonly encountered in ter-
restrial systems than in aquatic systems. The photonics
associated with brightly coloured birdsand insects hasbeen
extensively studied for over a century but only recently have
significant advances been made. Discoveries of partial PBG
structures in Coleoptera and Lepidoptera highlight the
breadth of nature’s innovative use of light. Although certain
systems, among them species of Coleoptera® and
Hymenoptera’, display subtle colouration as a result of dif-
fraction from surface periodicities, the majority of strong
photonic effects arise in species that have evolved structures
that have layers of alternately high and low refractive index.
This leads to optical interference: an effect that pervades
much of modern optics and the physics of which is well
understood®,

In iridescent blue Morpho rhetenor butterflies (Fig. 3a),
ultralong-range visibility of up to half a mile is attributed
to photonic structures formed by discrete multilayers of
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Figure 2 Iridescent setae from polychaete worms. a, Scanning electron micrograph
(SEM) and b—d, transmission electron micrograph (TEM) images of transverse sections
through a single iridescent seta. Bars, a, 2 wm; b, 5 pm; ¢, 1 wm; d, 120 nm.

cuticle and air®* (Fig. 3b, ¢). Photonic structures of reduced dimen-
sions, presentin certain Colias butterflies, effect intense UV visibility™.
In other species of butterfly, orientational adjustments to the align-
ment of such discrete multilayers produce strong angle-dependent
iridescence that provides high-contrast colour flicker with minimal
wing movement? or strong iridescence at grazing incidence when
viewed posteriorly®,

The discrete layering in the examples above contrasts with the
more continuous layering, which appearsto have developed primarily
to induce cryptic colouration, in other butterfly species. In certain
architectures, this may not only bring about colour stimulus
synthesis* but also strong linearly polarized reflection of a specific
colour, an effect that contributes to intraspecific communication®,
Several species accomplish this using a multilayered structure
embedded in 2D arrays of deep concavities (Fig. 4a, b); this design
enables the reflection of yellow light at normal incidence from the
base of each concavity and blue light through a double reflection
from opposite and perpendicularly inclined sides of each concavity
(Fig. 4c) to produce a blue annulus with a yellow centre' (Fig. 4d).
The juxtaposition of these two colours synthesizes the green coloura-
tion perceived by the human eye—and possibly by the predator’s.

Certain Coleoptera, however, exhibit continuously layered exo-
cuticle that strongly reflects circularly polarized light through an
analogue of optically active cholesteric liquid crystalline structures.
The helical arrangement of chitin microfibrils that make up such
exocuticle, and which are systematically rotated by a small amount
across successive planes, createsa periodicity that produces circularly
polarized coloured reflection®. In other words, the polarized reflec-
tionis not derived from optical rotation at a molecular level from the
L-amino acids of the cuticle protein and the D-amino sugars of the
chitin; instead it arises at the supermolecular level and is similar to
that exhibited by a cholesteric liquid crystal from the rotation of the
local average alignment direction of the liquid crystal molecules (the
director). Although similar helical structures are found in many
other iridescent species, they are rarely responsible for similarly
strong colouration and anomalous polarization properties®.

Structurally coloured avian feather barbs and integument,
although they exhibit less structural diversity than scales of Lepi-
doptera, are no less remarkable. Recent analyses suggest that such
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Figure 3 Iridescence in the butterfly Morpho rhetenor. a, Real colour image of the blue
iridescence from a M. rhetenorwing. b, Transmission electron micrograph (TEM) images
showing wing-scale cross-sections of M. rhetenor. ¢, TEM images of a wing-scale
cross-section of the related species M. didius reveal its discretely configured multilayers.
The high occupancy and high layer number of M. rhetenorin b creates an intense
reflectivity that contrasts with the more diffusely coloured appearance of M. didlius, in
which an overlying second layer of scales effects strong diffraction‘. Bars, a, 1 cm; b,
1.8 um;c, 1.3 um.

colour as is seen in many Avian orders, is the product of coherent,
rather than incoherent, scatter from the spatial variation in refractive
index of medullary keratin in feather barbs or of collagen fibresin the
dermis®,

Photonics in flora

Advanced photonic development is not limited to fauna. Certain
anomalous species of flora also show partial PBGs that underpin an
oftenvividstructural colour® (Fig. 5a). Invariably this is mediated by
variations in 1D multilayering (although more complex structural
designs are also thought to exist), producing iridescence in vascular
plant leaves, fruits and marine algae*. Periodicity is generally formed
by laminations of hydrated cellulose, which are usually located close

T O IOICE

;-'l-‘[ﬂ,‘{;}‘;'- -
N=)®l (s =
NN NE R

o (9)0)(0) @ =2

Figure 4 Iridiscence in Papilo palinurus. a, SEM of an iridescent scale showing its array
of concavities, each with a section that exhibits the curved multilayering shown by
transmission electron micrography in b. This structure produces two simultaneous
structural colours ¢, yellow and blue . d, The blue annulus is created by a double
reflection from opposite and perpendicular concavity sides. d also schematically
illustrates the way in which incident linearly polarized blue light has its e-vector (dotted
lines) rotated by this double reflection. Bars, a, 15 wm; b, 1 um; ¢, 6 wm.
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to epidermal cell walls or within elongated chloroplasts, but it can
also be the result of a helical arrangement of cellulose fibrils (Fig. 5b).
Iridescence in leaves is thought to produce particular intensity ratios
of incident radiation bands that can penetrate to phytochrome cen-
tres and thus affect the development of the plant, although the pho-
tonic effect may have other functions. Structural colour in fruit skin
reduces post-maturation discolouration and ultimately improves
dispersal®. Interestingly too, convexly curved epidermal cells on the
surface of several particular species of plant appear to act as
microlenses®, resulting in increased photosynthetic flux density on
specially oriented chloroplasts at specific depths within the plants’
leaves.

Photonic crystal structures

Natural systems also exist that employ remarkable 3D photonic
crystals of cuticle (Fig. 6a, b) to produce partial PBGs, with the effect
that bright colour is reflected over a broad angle*. From the perspec-
tive of modern photonic technology, this indicates an evolutionary
step further along the photonic road, since, in principle, 3D periodic-
ity potentially manipulates the flow of light in all directions. The
physical structure of such photonic crystals, although varying some-
what between species of examined Lepidoptera, appears consistently
to be approximately tetrahedral®?, Interestingly, bandgap calcula-
tionsindicate thata perfect tetrahedral configuration offers the high-
est reflectivity over the broadest angle for a given refractive index
contrast between component media*. The physical design of this
photonic structure has converged towards one of the most optically
efficient configurations. Additionally, the selective advantage of
using this microstructure rather than asurface grating oramultilayer
system, excluding physiological considerations, is that it can be
incorporated into multiple neighbouring domains (Fig. 6c), each
orientated slightly differently, to produce a macroscopic colour that
iscompletely independent of the viewing angle®.

Incontrastto such scattering from ahoneycombed lattice of voids
described above, other Lepidopteran systems employ randomly ori-
entatedsolid ellipsoids to produce amultiwavelength scatter that cre-
ates the appearance of being white. More eyecatching, however, are
the colour centres that arise via Bragg diffraction from 3D lattices of
closely packed with solid spheres with high refractive indices. These

Figure 5 Structural colour in flora. &, Blue iridescence is prevalent in the fern-like tropical
understory plants of the genus Selaginella. b, TEM section of a juvenile leaf from the plant
Diplazium tomentosum. (Both images reproduced with permission from D. Lee.)
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Figure 6 The green colour of Parides sesostrisis created by a photonic crystal. a, b,
SEMs of the exposed photonic crystal after the superficial ridging has been removed.
¢, a TEM showing a 50 nm section through the scale shown in a; the ridging is intact
whereas the neighbouring but differently oriented domains of identical 3D structure
are distinguished by contrasting 2D patterns (here, the darkly contrasted material is
cuticle). Bars, a, 1.2 um; b, 750 um; ¢, 2.5 pm.

lattices have recently been discovered in the iridescent cuticle of cer-
tain beetle species (A. R. Parker, V. L. Welch & D. Driver, personal
communication), but the effect is far better understood in the inani-
mate structures associated with gem opals. In these, strong coloured
regions are created by aggregates of 150-350 nm diameter amor-
phous silica spheres arranged hexagonally in layers that are usually
stacked randomly. Some opal specimens exhibit parallel domains of
ordered packing that are commonly face-centered cubic but which
occasionally are hexagonally close-packed®. This ordered structure
isunderstood to be the result of precipitative settling of silica gel solu-
tion: the opal’s colouring is purely artefactual.

Anti-reflection structures

Although the character of most natural partial PBG systemsis associ-
ated with bright colour or broad angle reflectivity, a specific form of
nanostructure minimizes reflectivity atasurface over broad angles or
frequency ranges. The structure gradually matches the optical
impedance of one medium with that of its neighbour across the inter-
face. Thisisinvariably achieved by incorporation of arrays of tapered
elements, described as nipple arrays, across the boundary. Consider-
able research into such nipple arrays, which are commonly found on
arthropodal ommatidial surfaces (Fig. 7a), suggests a distinct visual
selection advantage associated with their use in compound eyes®: the
reduced reflectivity from the ommatidial surface enhances the photon
collection efficiency of the visual system. The evolutionary develop-
ment of these anti-reflective nanostructures must have occurred very
early—they have been found on the ommatidial surfaces of amber-
trapped diptera from the Eocene period”. Further evidence that
these photonic structures enhance transmission through interfaces
comes from their presence on the dorsal and ventral surfaces of trans-
parent diurnal moth wings® (Fig. 7b). Additionally, they are seen to
remove the Brewster-mediated disparity in reflection of different
polarizations from the wing (P.V.and J.R.S., unpublished data), arel-
evant feature within a forum where visual polarization sensitivity is
ubiquitous™?.

As well as enhancing transparency in certain insects, hano-
structures may be associated with the colour black on certain
lepidopteran wing scales. Although the dark melanin-based pig-
mentation in such scales is the absorbing medium, optical scattering
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Figure 7 Anti-reflective nipple arrays. a, The anti-reflective nipple arrays on
ommatidial surfaces of a lepidopteran eye appear identical to those found (b) on the
transparent wings of certain hawkmoths. This image shows a transparent wing
section with a nipple array on both surfaces. The inset image shows the magnified
profile of a single nipple. Bars, a, 1 wm; b, 1 wm; inset, 100 nm.

from specific tapered nanostructures on and within each scale sig-
nificantly increases incident light absorption by the pigment and
subsequently enhances the visual appearance of the blackness (P.V.,
J.R.S.and C.R. Lawrence, unpublished data).

Future considerations

Numerousstudies, many of them very recent, have sought to discover
and characterize the photonics associated with natural specimens.
Many of the revealed designs have existed naturally for millennia, but
were, until recently, considered to be the product of contemporary
technological innovation. Despite considerable advances in our
understanding, significant weaknesses persist. Not enough is known
about the material used in these natural systems, particularly with
reference to their real and imaginary refractive index component dis-
persion properties across relevant frequency ranges. Additionally,
the sheer physical complexity of many natural systems often renders
anaccurate representation of their structure extremely difficult. Rig-
orous application of electromagnetic grating theory®, which
increasingly uses modelling in finite element form, is beginning to
address some of this complexity.

Natural systems offer technologically unrealized photonic struc-
tures and design protocols. Although they have evolved for specific
biological purposes and comprise physiologically constrained con-
stituent materials, they provide inspiration for technological appli-
cations that require UV, visible, IR or microwave frequency bands.
Adaptive replication of certain natural structures, usingcommercially
available materials with better suited optical properties, is already
yielding marketable benefit. The range of these replicated structures,
and potential future applications, varies, from those associated with
advanced optical properties of paints, fabrics and displays to anti-
reflection of UV and visible light in electro-optical components and
of microwaves from large surfaces, to the intrinsic photonic lasing
and light-guiding components associated with optical processing.
Present manufacturing techniques such as thin layer vacuum depo-
sition, template embossing and various forms of lithography are
limited and often prohibitively expensive. Itis for this reason that the
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biological processes of manufacture are of great interest. Invariably,
these structures are self-assembled in a range of environments—in
pupae, eggs or during early growth—through design templates that
are often influenced by environmental factors® but are ultimately
controlled at the genetic level. Although many natural photonic
structures may not be technologically appropriate for direct use,
genetic manipulation may one day yield directly exploitable photonic
components. |
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234 resolutlon The crystal belongs to space group P2,, with cell dimensions of
a=573A,b=664A, c=90.0Aand B =103.1°. For the B4 core crystal, a 3. 0A
resolution data set was collected. The crystal also belongs to space group P2,, but is non-
1som0rphous with that of 5 core, with cell dimensions of a = 60.3 A, b = 83.2 A,
c=723Aand B = 94.9°. The data set for the 85 core—AID crystal was collected to 2. 6A
resolution. It belongs to space group C2, with cell dimensions of a = 252.3 A, b = 69.0 A,
¢=60.7 A and 8 = 96.7°. There are two molecules in the asymmetric unit for all three
crystals, giving a V., (Matthew’s coefficient) of 2.0 A’Da ',23A°Da 'and2.9A°Da"},
respectively. All diffraction data were collected at the X4A beamline of the Brookhaven
National Laboratory. The diffraction images were processed and scaled with the HKL
package®. The data processing statistics are summarized in Supplementary Table 1.

Structure determination and refinement

The locations of Se atoms in the 85 core crystal were determined with the program
SOLVE?, Reflection phases to 2.3 A resolution were calculated and improved with the
same program, which also automatically located 50% of the residues in the molecule. The
full atomic model was built into the electron density with the program O*. Structure
refinement was carried out with the program CNS*. The structures of the 33 core—AID
complex and 8, core were determined by the molecular replacement method with the
program COMO? using the 85 core structure as the model, and were refined as described
above. The statistics on structural refinement are summarized in Supplementary Table 1.
The current models fit the electron density map well and all main-chain dihedral angles are
located in favourable regions on the Ramachandran plot (Supplementary Fig. 2).

Oocyte expression and electrophysiology

All constructs for oocyte expression were subcloned into variants of pPGEMHE. cRNAs
were synthesized in intro and injected in various combinations into Xenopus oocytes,
which were obtained and maintained as described”’. Two-electrode voltage-clamp
recordings were performed as described”. Data are presented as mean = s.d. (number of
observations).
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In this Insight Review Article, a reference to earlier work was
inadvertently deleted on proof. The omitted citation is Parker,
A. R. Proc. R. Soc. B 265, 967-972 (1998). 0
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