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Arthropod Corneal Nanocoatings: b
Diversity, Mechanisms, and Functions
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and Vladimir L. Katanaev

Abstract Corneal surfaces of terrestrial insects and other arthropods are covered
with elaborate nanocoatings. Initially described as moth-eye nanostructures —
paraboloid nipple-like evaginations regularly assembled on the lenses of some
Lepidopterans — they were in recent years discovered to be omnipresent across
insect lineages. In addition to the nipple-type morphology, corneal nanocoatings
can be built as ridge-, maze-, or dimple-type nanopatterns, with various transitions
among these morphologies seen in different species or even within the same speci-
men. Varying in the height of dozens to hundreds nanometers, and in the diameter
being thinner than the wavelength of the visible light, these nanostructures provide
the antireflective function to the surfaces they coat. Additional functionalities, such
as water-repelling, antifouling, or antibacterial, could also be attributed to them.
Turing reaction-diffusion and the block copolymerization mechanisms of molecular
self-assembly have been proposed to guide the formation of corneal nanostructures
during insect eye development. Both mechanisms envision interactions of two types
of molecular agents with different diffusion and/or hydrophobicity properties as the
underlying principle of building of the nanostructures. Using model insect organ-
isms, the molecular identities of these agents can be revealed. These studies will
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elucidate the mechanism of formation and diversity of the corneal nanostructures in
arthropods. Further, they will lay the ground for bioengineering, in vivo and in vitro,
of novel nanocoatings with desired properties.

2.1 Introduction

In order to interact with the environment, animals use a variety of complex micro-
or nano-scale interfaces. Well-studied examples of such interfaces are footpads of
geckos covered by microscopic hairs providing adhesive force (Autumn et al. 2000)
or cicada wings covered with micro-protuberances, which bring about the water-
bane effect (Daly 1970; Watson et al. 2017). Arthropods possess such a general
multifunctional environment-interacting integument as the chitin-made shell or
cuticle, which can additionally contain proteins, lipids, waxes and cement and is
secreted through the apical membrane of the underlying cells (Daly 1970).

In addition to the protective function, the cuticle also procures the properties of
antireflection, color, mechano- and chemo-sensitivity, anti- or super adhesiveness,
and others. To achieve these functions, the cuticle is covered with functionally active
bristles, folds and protrusions of micro- and nano-size (Watson et al. 2017). A par-
ticular and very interesting case of arthropod functional coverings can be found on
the eye lenses, which are most extensively studied in compound eyes of insects. The
compound eye consists of tens to hundreds of individual facets or ommatidia, and
every ommatidium is formed by pigment, photoreceptor and cone cells, the latter
producing the crystalline cone covered by a corneal lens (Katanaev and Kryuchkov
2011). The lens material is secreted by the cone cells, and the surface of the corneae
in many insect lineages is covered by nanostructures. They were first discovered by
means of scanning electron microscopy (SEM) in 1962 (Bernhard and Miller 1962)
in compound eyes of some moths. These nanostructures were described as arrays of
nipples varying in height (generally not exceeding 150 nm) and width (of the range
of 100-300 nm). While the regularly packed nipple arrays were the main focus of
the earlier studies, less ordered protrusions were also seen (Bernhard et al. 1970;
Mishra and Meyer-Rochow 2006; Kryuchkov et al. 2011; Blagodatski et al. 2015).
The structural-functional relationships of the nipple arrays have been extensively
analyzed, and the main function attributed to them was the antireflection (Liu et al.
2010; Gorb and Speck 2017); their other possible roles relate to the anti-wetting and
anti-adhesion effects (Liu et al. 2010; Martins et al. 2013).

Initially, the studies of insect corneal nanostructures were mostly limited to
Lepidopterans. With the advance of SEM and atomic force microscopy (AFM),
insects of different groups were discovered to harbor other types of corneal nano-
coatings, such as parallel ridges (found also in spiders), twisted maze-like structures
varying in width and height, and the dimpled nano-pattern seen in various insect
orders and also in millipedes (Fig. 2.1) (Aghaeipour et al. 2014; Blagodatski et al.
2015; Watson et al. 2017). These diverse arthropod corneal nanostructures represent
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Fig. 2.1 The main types of arthropod corneal nanocoatings. ON — ordered nipples, typical for
moths and butterflies. Yellow-labelled nipples indicate coordination defects in the crystal lattice,
which form boundaries of highly-ordered domains. N — a non-ordered nipple array. M — a maze-
like structure. P — parallel strands. D — a dimpled pattern. C — a special mushroom-shaped hexago-
nal pattern found on the eyes of Collembola. Each square is 3 x 3 pm

a fascinating object for structural and functional research on organisms’ integu-
ments. They are easily accessible for microscopy analysis and can be artificially
modified in the genetic model insect Drosophila melanogaster (Kryuchkov et al.
2011).

Artificial biomimetic micro- and nano-structured surfaces represent a rapidly
developing domain of modern technology (Liu et al. 2010; Gorb and Speck 2017).
According to rough estimates, the profit in the global market of materials with nano-
structured surfaces will reach approximately 14.2 billion USD by 2022 (Wood
2017). Therefore, the necessity for cheap and simple methods for their production
increases yearly. Most methods for creation of nanostructures involve usage of
ultraclean rooms, high temperatures, X-ray treatment, and aggressive chemical
treatment (Martins et al. 2013; Aghaeipour et al. 2014; Schuster et al. 2015). At the
same time, the biological nanostructures of the insects’ eyes are formed under mild
conditions in the absence of exposure to corrosive chemical compounds.
Understanding of the exact features that set the functional properties of the nano-
structured eye surfaces of arthropods and of the mechanisms underlying their for-
mation will bring us closer to the possibility of low-cost engineering of artificial
nanostructured biomimetic surfaces with desired traits. One famous example is the
inspiration of antireflective nanocoatings of photoactive materials in high
performance solar cells from the nano-nipple moth-eye nanostructures (Brongersma
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et al. 2014). Another — the development of self-cleaning and anti-fouling surfaces
for medical applications following natural micro-structured designs (Bixler et al.
2014).

2.2 Functions of Corneal Nanostructures

2.2.1 Optical Properties of the Arthropod Eye Nanocoatings

Arthropod integuments in general and the corneal nanocoatings in particular con-
tain chitin, proteins, and lipids (Anderson and Gaimari 2003; Nickerl et al. 2014).
These materials are dielectric, meaning that they can be polarized by an applied
electric field, cannot conduct electricity, and (importantly for their optic properties)
have very low conductivity and polarization losses at optical frequencies — meaning
that they are, by default, transparent. Therefore, the following discussion will touch
upon the optical properties of dielectric nanostructured materials, while the conduc-
tive features of biomimetic nanocoatings will not be covered.

Historically, the first described property of the arthropod corneal nanocoating
was the anti-reflectivity (Bernhard et al. 1965; Miller 1979; Blagodatski et al. 2014)
increasing the quantity of light transmitted into the eyes and eradicating (to less than
1%) the amount of reflected light — the latter also contributing to the decreased vis-
ibility of nocturnal insects to predators (Miller 1979; Stavenga et al. 2006).

Due to a large difference between the refractive index of air and that of the lens
of the eye — 1 vs. 1.5-1.8 (Varela and Wiitanen 1970; Meyer-Rochow 1978; Toh and
Okamura 2007) — part of the incoming light does not reach the photoreceptor cells
and is instead reflected from the lens. The reflected part can be calculated according
to the Fresnel equation and equals 4-8% of the incident light. This problem can be
compensated at the level of the size of individual ommatidia or the compound eye
as a whole. The former solution relates to enlargement of the lens area or thickness.
The latter — to the overall increase in the eye size through multiplying the number of
ommatidia. Both solutions are limited by the maximal possible size of an omma-
tidium and of the insect itself.

As a direct approach to the problem, the amount of light transmitted into the eye
can be increased through minimizing the amount of the reflected light, by means of
the following alternative mechanisms. The first relies on a film positioned between
the lens and the air, with the refractive index intermediate of the two media. If the
film thickness is an odd multiple of A/4, where A is the light wavelength, then the
beam reflected from the second interface (film and lens), will be out of phase with
beam reflected from the first interface (air and film). These two beams will interfere
and cancel each other, thereby decreasing the energy of the reflected light (Fig. 2.2A).
Although used in many technological applications, this approach is limited to a
particular angle and wavelength of the incoming light (Raut et al. 2011), which
becomes problematic for eyes of the superposition type (Stavenga 2006) or with
small, strongly convex ommatidia (Meyer-Rochow and Stringer 1993). The second
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Fig. 2.2 Different designs of antireflective coatings. For a single-layer film (A), the two reflected
waves may interfere cancelling each other. This coating functions for selected wavelengths and
incident angles. An ideal antireflective coating (B) gradually approximates the refractive index of
the incoming medium to that of the receiving medium. If the surface is coated with structures with
dimensions smaller than the light wavelength (C), light interacts with the surface as if it has such
a gradient of refractive indices

approach is an approximation to the ideal Rayleigh’s film and relies on the fact that
the sum of reflections from two interfaces is less than reflection from one interface,
provided that the refractive index of the film is intermediate between those of the
surrounding media. With this approach, multiple film layers gradually decreasing
refractive indices from that of air to that of the lens should be coated (Fig. 2.2B)
(Raut et al. 2011).

The third alternative produces largely an angle-independent effect and relies on
the coating with structures, which cannot be resolved by the incident light, i.e.
whose diameter is smaller than the wavelength of incoming light for perpendicular
incidence and smaller than half-wavelength for oblique incidence. Under these con-
ditions, the effective refractive index at any given depth of the coating is the sum of
refractive indices of the coating materials multiplied by their proportions at that
depth. That is, if at a given depth of the coating, half of the cross-section is filled
with the lens material and the other half — with air (Fig. 2.2C), the effective refrac-
tive index at this level will be exactly between that of the air and that of the lens
material. Quanta of light go through such nanostructured coating like through the
medium with a smooth gradient of refractive index (Wilson and Hutley 1982;
Deinega et al. 2011; Raut et al. 2011) (Fig. 2.2C). The antireflective function
depends on the shape and location of nanostructures, and can be accurately deter-
mined by numerical solution of Maxwell’s equations. One of the commonly used
methods to obtain an approximate solution to these equations is FDTD (finite-
difference time domain) (Deinega et al. 2011). Simulations based on these
approximations correlate well with the experimental data (Daglar et al. 2013;
Aghaeipour et al. 2014; Yu et al. 2015; Xin et al. 2016).
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An increase in the diameter of nanostructures (Aghaeipour et al. 2014; Yu et al.
2015) or of the distance among them (Son et al. 2011) increases the wavelength of
light with the maximal reduction in reflectance. This feature provides a way to fine-
tune light transmission to the wavelengths needed for a particular insect’s life style.
Accordingly, different insects possess corneal nanostructures with different widths.
For example, maze-like structures on the surface of ladybirds’ eyes are 100—200 nm
broad (sometimes going down to 50 nm), while similar structures in a Staphylinidae
beetle have an atypical width of 400-500 nm (Blagodatski et al. 2015).

Another important dimensional characteristic of the nanostructures is their
height. Several theoretical and experimental studies on ordered structures have
demonstrated that the higher the structures are, the less light they reflect (Stavenga
et al. 2006; Deinega et al. 2011; Raut et al. 2011). Using the predatory Neuropteran
Libelloides macaronius with the eyes split into dorso-frontal and ventro-lateral
halves, we have directly shown that a mere increase in the nanostructures’ height
from 8 to 32 nm decreases by 20—40% (depending on the wavelength) the amount
of reflected light in the dorso-frontal half relative to the ventro-lateral one
(Kryuchkov et al. 2017b). The trade-off here is that higher nanostructures are more
susceptible to injury with subsequent loss of functionality. The evolutionary pres-
sure in this case provides conflicting demands: to maximize the efficiency of the
nanostructures on one hand, and to minimize the risk of losing them by harsh inter-
actions with the environment, on the other. This conflict is illustrated by the fact that
flying insects such as butterflies can afford higher nanopillars than the crawlers who
are confronted with a bigger risk of collision with the substrate and resulting dam-
age to the eye surfaces. The highest known protrusions are the highly-ordered nip-
ples from Euxanthe wakefieldii butterflies of the Nymphalidae family with a height
of 230 nm (Stavenga et al. 2006). At the same time, the minimum height of nano-
structures is around 10 nm (10 nm for Lepismatidae, 5—15 nm for Platycnemedidae,
8—15 nm for Scutelleridae) (Blagodatski et al. 2015).

The shape of corneal nanostructures is another characteristic important for their
function. It can be convex or concave, cylindrical or conical, and each may have its
own advantages depending on other conditions (height, density, and ordering).
Theoretical considerations indicate that the refractive index gradient is the smoothest
for linear cones, although these calculations are valid only for the structures taller than
250 nm (Ji et al. 2012; Han and Zhao 2014; Siddique et al. 2015). Cone-shaped nano-
structures have been found as the most effective anti-reflectors also in the case of the
low angle of the incident light (Stavenga et al. 2006; Ji et al. 2012; Leem et al. 2012).

Insects’ corneal protrusions do not exceed 250 nm due to mechanical instability
of higher structures. As opposed to the cone shapes, nanostructures of the convex
form were shown to be effective at the height < 100 nm for the visible and UV light
(Stavenga et al. 2006; Ji et al. 2012; Leem et al. 2012; Daglar et al. 2013). Among
different possible convex structures, bullet-like bi-paraboloid shapes have been
described to grant maximal antireflection efficiency at the wavelengths of 300—
800 nm (Leem et al. 2012). According to the existing data, most insects indeed pos-
sess nanostructures of the convex shape, with a slight bullet-shape outline (Stavenga
et al. 20006).
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Fig. 2.3 Fourier analysis of different corneal nanostructures in relation to their possible proper-
ties. D: dimpled pattern from Blattidea, DtM: dimple-to-maze transition from Hemiptera, M:
maze-type from Coleoptera, N: nipple-like structures from Psocoptera, ON: highly ordered nipples
from Lepidoptera, MtP: maze to parallel strands transition from Diptera, P: parallel strands from a
true spider. The prefix “f” denotes 2D Fourier transform of the corresponding structure. In the
order from bottom to top, physical stability decreases, while selectivity for the light wavelengths
increases. Non-ordered structures can localize the beam of light. Parallel strands can polarize the
incident light and transfer it in the unidimensional manner with a minimal loss of energy

Another characteristic affecting the anti-reflectivity of nanostructured surfaces is
the degree of order in the packing of the nanostructures, which is linked to the uni-
formity of their shape and dimensions, as well as with the packing density. A com-
mon way to analyze the degree of order and the packing density is FFT (fast Fourier
transform, referred to as ‘Fourier transform’ throughout the text) (Wiersma 2013).
Existence, position, and sharpness of reflexes in Fourier transforms speak about the
degree of crystallinity in the packing. For example, clear reflexes in the corners of
the hexagon show that the structures are hexagonally packed, representing high
order (ON and fON structures of Fig. 2.3). In contrast, fusing of reflexes into con-
centric circles indicates lack of order in the packing yet uniformity of the dimen-
sions of the densely packed individual nanostructures (N and fN structures of
Fig. 2.3) (Kryuchkov et al. 2011; Wiersma 2013). The level of disorder is reflected
in the Fourier transforms by the form and size of the area with prominent peaks
(Martins et al. 2013). Correspondingly, fusion of protrusions into mazes (M, fM on
Fig. 2.3) and the further merge of maze-like forms into dimpled patterns (DtM and
D, fDtM and fD on Fig. 2.3) are reflected in the Fourier transforms by merging of
the concentric circles into a solid disk with subsequent reduction of its size. It is thus
evident that the packing order in insect nanocoatings decreases in the direction from
highly ordered nipple arrays to the non-ordered ones, then to maze-like structures
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and further to dimpled patterns (Martins et al. 2013; van Lare and Polman 2015)
(Fig. 2.3).

Regarding the highly ordered vs. disordered nipple arrays, numerous studies have
shown that higher degrees of order increase the amount of reflected light in compari-
son to non-ordered protrusions, but enhance the wavelength’s selectivity (Fig. 2.3)
of the allowed transmitted light. In contrast, disordered nanostructures allow the
transmission of light of a broader wavelength range, leading to a bigger quantity of
the total transmitted light (Du et al. 2011; Oskooi et al. 2012; Zhou et al. 2015).

Further, higher order increases the haze intensity, whereas disordered or quasi-
random structures result in reduced light scattering (Zhou et al. 2015). Another
potential problem associated with the highly ordered arrays of nanostructures is the
strong intensity of the —1 diffraction order appearing at high angles of incidence. In
other words, the highly ordered arrays, while providing a general anti-reflectivity,
suffer from the intense glare emanating from the surface if viewed at a particular
high angle — which would be problematic in terms of the attempts of the insect to
camouflage itself from prey or predators. In contrast, if the surface is covered by
2D—crystalline patches of different orientations, the glare is dramatically reduced
(Stavroulakis et al. 2013). It is thus not surprising that in the insect corneal nano-
coatings built by highly ordered nipple arrays, the high degree of order exists within
clusters separated by more disordered borders (Fig. 2.1 ON). In addition to the
potential need for such organization for the antiglare function, this effect is also an
unavoidable consequence of the curvature of the lens, as in any convex polyhedron
decorated with hexagons, there have to be pentagons as defects, like in a soccer ball
(Sergeev et al. 2015; Lee et al. 2016).

The maze-type nanocoating produce the blurred circle-like form of the peaks of
reflexes in the Fourier transform (Fig. 2.3) This type is intermediate between fully
disordered and (quasi-)ordered structures and has been called a quasi-random type
of organization; it may be effective as a broad-band antireflective surface (Martins
et al. 2013).

The most disorganized (but still not fully random) yet mechanically stable struc-
tures are the dimpled patterns or nano-holes (Fig. 2.3). The dimple parameters
(diameter and depth) influence the light transmission (Son et al. 2011), but other
factors are also important. Indeed, corneae of the domesticated silkmoth reflect up
to 40% more light than the corneae of its wild ancestor Bombyx mandarina, yet the
average dimensions of nanostructures in these species remain approximately the
same. It is the type of nanostructures which changes from fully random sponge-like
coating in Bombyx mori to the quasi-random nano-holes of Bombyx mandarina
(Kryuchkov et al. 2017a), agreeing with some experimental findings in artificial
surfaces (Son et al. 2011; Lin et al. 2013; Pratesi et al. 2013).

Upon increasing in the ordering of maze-type structures, another type of highly
packed structures emerges: parallel rows (Fig. 2.1 P, MtP and P on Fig. 2.3). The
parallel strands, unlike nipples, can maintain their crystallinity throughout the entire
surface of the lens and thus achieve a higher degree of order. These structures may
mediate some unique optical functions. Subwavelength rows are anisotropic forma-
tions, which could produce different phase shifts for the transverse electric and
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transverse magnetic polarized incident light, allowing functioning of these forma-
tions as polarizers (Fig. 2.3). A similar function was previously attributed to parallel
strands, formed by filaments covering bracts of edelweiss flowers (Vigneron et al.
2005). Such all-dielectric nanostructures would function in the way different from
the metal polarizers and described by the elementary diffraction potential theory and
approximations of the effective-medium theory (Lin et al. 2014; Yoon et al. 2015).

Corneal parallel strands can be organized in two different ways (Blagodatski
et al. 2015). The first patterns the entire corneal surface by parallel rows and can be
found in some spiders and may function as a polarizer of the incident light. The
second employs radiation of the strands from the center of an ommatidium to its
periphery; the center in this case is often covered by nipple-like nanostructures
(Meyer-Rochow and Stringer 1993; Blagodatski et al. 2015). This way of patterning
can be found in many Dipterans (Blagodatski et al. 2015), including an extinct doli-
chopodid fly from Eocene amber (Tanaka et al. 2009). Such organization may also
result in light polarization. It could also be beneficial to boost the antireflection
functionality for insects with small ommatidia with the resulting strongly convex
surface, such as those of Leucoptera coffeela (Meyer-Rochow and Stringer 1993).
In such ommatidial shapes, the vertical incident beam is perpendicular to the sur-
face only in the center of the lens — which is covered with nano-nipples. Towards the
edges of the lens, nippled structures will reduce their functionality, as they light
beam entering a nipple will transverse it and enter the air-filled concentric inter-
nipple space, before entering another nipple and finally the lens. Substitution of the
nipples with radial parallel ridges with similar widths and heights brings back the
functionality.

2.2.2 Anti-Wetting, Self-Cleaning and Antimicrobial
Properties of Arthropod Corneal Nanocoatings

Another important feature of the nanocoatings is that they may change the wettabil-
ity of the material of which they are built. There are no less than six different theo-
retical models describing interactions among rough materials, gases, and liquids;
the two extremes among these models are the Wenzel and the Cassie-Baxter mod-
els. The Wenzel model presumes complete wetting of the entire surface of the mate-
rial, whereas the Cassie-Baxter model suggests that gas is trapped in all the cavities
formed by the roughness of the solid material. Experimental data show that the real
solid-liquid-gas interactions represent different intermediates between these two
models and depend on the morphology of the structures (Sun et al. 2005).

There are two well-known natural examples of the interactions of structured sur-
faces and liquids. These are the “Petal effect” and the “Lotus effect”. The red rose
petals are coated by micropapillae harboring nanoprotrusions. However, between the
papillae the surface is smooth, which increases the adhesion of the liquid. This struc-
turing leads to a decrease in the spreading of the droplet over the surface (a super-
hydrophobic surface with contact angle >150°), but at the same time it keeps the
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drop from rolling-off. The lotus leaf coating layer has a rough surface and a low
contact angle hysteresis, which means the water droplet is not able to wet the micro-
structure as in the Cassie-Baxter model and the liquid can roll-off easily (a super-
repelling surface with the contact angle >150° and roll-off angle <10°). This effect
allows not only avoiding retention of liquids on the surface, but also makes it easy to
clean the surface with water (Sun et al. 2005, 2012; Feng et al. 2008; Liu and Kim
2014).

In the work on mutant Drosophila, it has been proposed that the change in adhe-
sion force and hence the surface energy depends on the chemical nature of the nano-
coating (Lavanya Devi et al. 2016). However, as the exact composition of corneal
nanostructures remains unknown, we will focus only on the adhesion properties
resulting from the morphology of the eye surface.

Super-hydrophobicity of an insect’s eye has been directly proven in experiments
with eyes of mosquitoes, monitoring failure of nucleation of tiny fog drops on their
surface (Gao et al. 2007). In our previous work, we have illustrated that the maze-
type nanocoating of the corneal lens of Gyrinidae whirligig beetles does not provide
any additional hydrophobicity in comparison with a smooth surface. Analysis of the
contact angles of the droplets of water placed on these surfaces produced almost
identical results, less than 90° (Blagodatski et al. 2014) (Fig. 2.4). In (Peisker and
Gorb 2010) it was shown that hydrophobic properties of corneal nanostructures
could be calculated by using the JKR (Johnson-Kendall-Roberts) model, and these
data fit very well with experimental results demonstrating that hydrophobicity is
positively correlated with the height and density of the convex-formed protrusions
(Sun et al. 2012) (Fig. 2.4).

Cuticle of small Collembola hexapods, including their corneae, is covered with
unique mushroom-shaped nanostructures (Figs. 2.1C and 2.4) (Nickerl et al. 2014).
Curiously, size of these nanostructures varies widely on the body surface, but is
minimal on the eye surfaces, likely accommodating the antireflective function as the

Fig. 2.4 Anti-wetting Gyrinus

properties of different

types of insect corneal

nanocoatings. First ﬁ
column — 3D images of
corneal nanostructures
(each square is 2 x 2 pm).
Second column —
schematic interactions of

1 pm cross-sections of the
nanocoatings with water
(blue). Air bubbles (white)
are trapped in the ‘pockets’
of the nanostructures of
Clossiana and Collembola,
mediating the effect of
super-hydrophobicity

Clossiana
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other types of corneal nanocoatings described above. However, the main function of
these Collembola nanostructures is hydrophobicity: trapping air bubbles in the
‘pockets’ at their basis, they prevent effective liquid-surface interactions (Helbig
etal. 2011; Hensel et al. 2016) (Fig. 2.4). In fact, these structures are not only super-
hydrophobic, but display omniphobicity, as the body of Collembola cannot become
wet neither in water nor in oil or alcohol (Helbig et al. 2011; Hensel et al. 2016).
Curiously, these mushroom shaped structures are remarkably similar to synthetic
structures fabricated in SiO, by Liu and Kim (2014) that super-repel all liquids,
including perfluorohexane, which has never been observed to form the spherical
drop, and a fortiori to roll off from any surface.

In continuation of this topic, it could be argued that adhesiveness to nanostruc-
tured surfaces is reduced not only for liquids but also for biological objects like
bacteria. Indeed, such surfaces play a strong antibacterial and antifungal role, and
allow microbes neither to attach to nor to grow on them (Helbig et al. 2011). Such
observations have been made e.g. with the cicada wing nanocoatings and with arti-
ficial materials bioinspired by the cicada wings (Green et al. 2012). Moreover, when
exposed to water vapor, cicada wing surfaces can display self-cleaning from con-
taminating particles through the self-propelled jumping mechanism of the liquid
condensate (Wisdom et al. 2013). The same effect can be expected (but has not yet
been experimentally observed) for the very similar eye nanocoatings, such as the
butterflies” highly-ordered corneal protrusions (e.g. Clossiana genus, Fig. 2.4).

The antibacterial function can be fulfilled not only due to the anti-adhesive prop-
erties, but also through the small curvature radius of the nanostructures’ peaks. This
feature causes stretching of the bacterial cell wall on the nanostructures and results
in mechanical laceration of bacteria and cell death (Ivanova et al. 2012; Pogodin
et al. 2013; Xue et al. 2015).

In addition to the effects of the lotus leaf and rose petal, there also exists the so-
called rice leaf effect (also known as the butterfly wing effect). Both surfaces are
special by the anisotropy of the coating structures, i.e. the presence of parallel for-
mation differently affecting the tendency of fluids to flow in transverse vs. longitu-
dinal directions (Sun et al. 2005; Hancock et al. 2012; Bixler and Bhushan 2014).
The resembling corneal nanocoatings, such as the radiating ridges in some Dipterans
(Fig. 2.1 P and P on Fig. 2.3), could also be expected to direct the removal of con-
taminants towards the edges of the ommatidium.

2.3 Hypotheses of Formation of Corneal Nanostructures

2.3.1 Physical, Chemical and Biological Mechanisms
of Formation of Corneal Nanostructures

Initially, as the corneal nanostructures had been known only in the form of ordered
Lepidopteran nipple arrays, with other types understudied or regarded as insignifi-
cant irregularities (Bernhard et al. 1970), it was postulated that the nipple-like
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protrusions are formed in the developing eye by secretion from the regularly spaced
microvilli of the cone cells (Gemne 1966, 1971; Bernhard et al. 1970; Frohlich
2001). Later studies revealing existence of alternative nanostructural patterns have
set this hypothesis under question. Indeed, the microvillied cell surface somewhat
resembles the nippled corneal pattern but, given the current diversity of the arthro-
pod eye nanostructures and a variety of transitions among them, sometimes even
within the same lens (Blagodatski et al. 2015), this hypothesis is not satisfactory any
more. Instead, several other concepts, partly complementing each other, have been
proposed, suggesting that specific mechanisms of patterning at the nanoscale are
involved. These mechanisms assume formation of nanopatterns through a series of
physical and chemical interactions and are discussed in the following subsections.

2.3.1.1 The Reaction-Diffusion Model

It has been noticed that the diversity of corneal nanostructures in arthropods is
remarkably similar to the set of the patterns described by Alan Turing in his famous
reaction-diffusion system (Turing 1952; Blagodatski et al. 2015). This system of
differential equations shows how two reacting morphogens — a slowly diffusing
activator and a fast diffusing inhibitor — can provide a broad variety of biological,
chemical, and physical patterns, previously demonstrated to work at the macro- and
micro-scale (Sick et al. 2006; Nakamasu et al. 2009; Raspopovic et al. 2014). The
arthropod corneal nanopatterns are different from these prior examples in the sense
that they represent not just one of the many possible forms described by the reaction-
diffusion model, but a complete set of all possible variants including the intermedi-
ate forms. Such complete coverage of the modelled patterns with those found in
nature provides a strong argument in favor of the hypothesis that the corneal
nanopatterns are indeed a product of the Turing reaction-diffusion mechanism. The
reaction-diffusion model allows producing patterns only in a certain range of param-
eters (activation, inhibition and diffusion constants); outside of the permitted param-
eter space, no stable patterns can appear. Mathematical Turing modeling of corneal
nanopattern formation has shown that the nanoscale patterns are expected to form
under conditions where diffusion properties are reduced (in comparison to the lig-
uid phase), corresponding to the reaction-diffusion system acting in colloidal or
liquid crystal-type environment, similar to that of the developing eye lens.
Importantly, a set of patterns has been modeled with dimensions identical to those
of the experimentally described insect corneal nanocoatings, and all the modeling
parameters thereof were found inhabiting the parameter space predefined for the
Turing patterns, thus also speaking in favor of the hypothesis (Blagodatski et al.
2015). Remarkably, while different combinations of the reaction-diffusion parame-
ters can produce different nanopatterns in the model, simulations reveal that three of
the four main corneal pattern types found in arthropods belong to defined regions
within the parameter space and transform one to another in the following way:
dimples < mazes < nipples. The dimpled pattern appears to be the most primitive
in this system, since it requires minimal values of the diffusion parameters. It might
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have emerged first during arthropod evolution when these parameters just exceeded
the threshold values, allowing the generation of the Turing-type structures (Miura
and Maini 2004; Kondo and Miura 2010; Blagodatski et al. 2015). The primordial-
ity of the dimpled pattern is also indirectly suggested by the fact that it is typical for
centipedes (Blagodatski et al. 2015), which are presumably the closest taxon to the
ancestral primitive arthropods (Chipman et al. 2014). The structures with the high-
est degree of order, such as the hexagonally packed nipple arrays or parallel strands,
evolve in this model from their predecessors (irregular nipples and maze-like struc-
tures, respectively, Fig. 2.3) when the diffusion coefficient of the activator reaches
its maximally allowed levels within the parameter space. On the other hand, the
maximal possible values of the inhibitor diffusion coefficient bring the system to
increase in the width of the nanostructures (nipples or ridges, respectively)
(Blagodatski et al. 2015).

2.3.1.2 Formation of Order in the Nipple Arrays

Among the variety of corneal nanostructures, the “classical” hexagonally packed
nipple arrays have received the most interest so far. They have been analyzed from
various points of view, including regarding them as crystal lattices and studying
them by AFM, SEM and mathematical modeling. These nanopatterns have also been
the focus of analysis addressing the origin of order in nanostructures. Thus, nippled
nanocoatings of representatives of six different insect orders (Diptera, Lepidoptera,
Psocoptera, Hemiptera, Trichoptera and Thysanura) were studied with a special
algorithm, permitting simultaneous assessment of geometric characteristics of the
nanostructures (such as height, width, inter-nipple distance) in relation to the regu-
larity of the nipple packing (Sergeev et al. 2015). The regularity was determined by
mutual orientation of the neighboring nipples and, by analogy with condensed mat-
ter science, nipples that did not possess exactly six neighbors were characterized as
defects, which are made either by vacancies in the densely packed arrays or/and by
non-equal sizes and shapes of nipples. Defects of the nipple “crystal lattice” were
predominantly detected between hexagonally-packed ordered domains, which var-
ied in diameter from 2 to 12 pm in different insects (Sergeev et al. 2015). These
defects effectively form the domain boundaries (Fig. 2.1 ON). Degree of order in the
nipple arrays was characterized by the hexagonal packing coefficient (HPC) — the
relative number of grains with a coordination number (the number of nearest neigh-
bors) equal to 6: the greater the HPC, the higher is the packing order. The HPC val-
ues revealed a positive correlation with the nipple packing density and the nipple
height, negative correlation with the nipple diameter and the inter-nipple distance,
and no correlation of HPC with the lens size or the nipple volume. This led to con-
clude that patterning mechanisms such as described by Turing probably coexist with
the packing density forcing appearance of order in the biological nanostructures.
Dense packing leads to formation of more ordered arrays of taller and thinner nip-
ples with smaller inter-nipple distances. External patterning mechanisms may be at
play to provide the initial positioning of the nanostructures and/or to elicit the
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interactions among the building blocks, thus opening a possibility for the dense
packing to serve as the driving force responsible for the order formation. Analysis of
the degree of order and of the order generation mechanisms in other types of nanopat-
terns such as mazes or parallel ridges is subject of further investigation.

As an extension and complementation to the reaction-diffusion mechanism, a
nucleation and growth mechanism similar to that acting during formation of crystals
has been proposed (Lee et al. 2016). Similarly to the previous study (Sergeev et al.
2015), corneal nipple arrays of the butterfly Nymphalis antiopa were regarded as a
crystal lattice and analyzed by SEM at the nanoscale to study the crystal and defect
structures, and at the mesoscale to estimate the crystal domain sizes as well as the
orientations between the domains over the entire ommatidium. The results obtained
were in general consistent with the previous study. At the nanoscale, vacancies and
fusion defects were found at a low frequency. The 5-7 coordination defect predomi-
nated and was found almost exclusively at boundaries between adjacent domains
with the perfect hexagonal structure, in a manner similar to grain boundaries in 2D
hexagonal structures (Lee and Erb 2013, 2015). At the mesoscale, rows of 5-7 coor-
dination defects were found to form an interconnected network of domain boundar-
ies, subdividing the entire ommatidium into numerous domains (about 120 per
facet), each containing nipples in the perfect hexagonal arrangement (Lee et al.
2016). Very little order was found at the ommatidial boundaries and triple junctions;
no indications of crystals or crystal orientations extending from one ommatidium to
aneighboring one were seen. Generation of multiple domains within a single omma-
tidium can be explained by the Turing model, when a cascade of independent pattern
formations is initiated by local fluctuations of the activator/inhibitor concentrations,
each formation responsible for a discrete domain. Mathematical simulations of the
nipple “nucleations”, which could potentially be triggered in numerous locations,
filling the lens surface with multiple sets of ordered hexagonal arrays, have been
performed. It was found that the Turing modeling allows covering areas large enough
to fill the entire ommatidium, without requiring existence of pre-patterning cone cell
microvilli (Lee et al. 2016). However, microvilli might still contribute to the pattern
formation e.g. as initiators of nipple “nucleation” or by providing means to control
the activator/inhibitor concentrations during eye development.

2.3.1.3 The Block Copolymer Model of Nanostructure Formation

Being an impressive explanation of the general principle of nanopattern formation,
the reaction-diffusion model currently lacks the specifics on the exact chemical iden-
tities of the molecules interacting during developing of the nanostructures. A potent
example of in vitro self-assembly of nanoscale patterns resembling that of arthropod
corneae (Figs. 2.1 and 2.5), which may give a clue to a possible chemical nature of
their mechanism of formation, is provided by the block copolymer (BCP) systems.
Block copolymers are made of blocks of different polymerized monomers (styrene
and methylmethacrylate being classical examples). Due to different hydrophilicity/
hydrophobicity of the blocks, block copolymers are capable of microphase
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Fig. 2.5 The reaction-diffusion mechanisms (above left) driven by short-ranged and long-ranged
interactions of a slowly diffusing activator and a fast diffusing inhibitor, as well as block copoly-
merization (above right) driven by physico-chemical interactions and concentration ratios of two
polymerizing monomers with different physical properties, give rise to similar patterns defined as
spheres, cylinders and gyroids (above right) in case of block copolymerization or as mazes, dim-
ples, nipples, or ridges in case of arthropod corneal nanostructures (below)

separation — a process similar to phase separation of oil and water. Because the
blocks are covalently bound to each other, they cannot demix macroscopically as
two liquids would, separating in microscale and forming nanometer-sized structures
instead (Hamley 1998; Hamley et al. 2004). Self-assembly in BCP systems is driven
via a thermodynamic process where chemical dis-affinity between the blocks sepa-
rating them is balanced by a restorative force derived from the chemical bonds
between the blocks (Farrell et al. 2009). Block copolymerization can serve as a tool
to engineer nanostructured thin films, where patterns similar to nipples, dimples,
ridges and mazes can be found, albeit markedly smaller in dimensions than those
found on arthropod eyes: their usual thickness is about 5-50 nm (Wu et al. 2005).
Interestingly, artificial design of nanopatterns from block copolymers often requires
a careful chemical and topographical pre-patterning of the surface upon which they
are formed (Farrell et al. 2009). In the case of chemical pre-patterning, the substrate
surface is treated with a compound that selectively chemically interacts with one
block of the copolymer, so that the micro-phase separated structure tends to align to
the pre-pattern (Chen and Chakrabarti 1998). Surface topography plays a role in
formation of the nanostructures along with chemical properties of the substrate. The
graphoepitaxy (topographical alignment), first described in Fasolka et al. (1997), is
an example of topographical pre-patterning, where a single relatively large substrate
feature such as a channel can be used to direct the BCP nanopattern with precise
alignment into almost single crystal-like periodicity within such a channel (Farrell
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et al. 2009). Graphoepitaxical photolitography-based pre-patterning has been used
to influence the form of nanopatterns created by block copolymerisation, resulting in
formation of parallel nano-strands on a pre-patterned surface by a polystyrene-
block-polymethylmethacrylate copolymer, which otherwise formed maze-like struc-
tures on untreated or undertreated surfaces (Kim et al. 2003). In another example,
pre-patterned grooves were used to create cylinder arrays resembling those of regu-
lar nipples using the same copolymer (Xiao et al. 2005). Thus, not only the chemical
nature of molecules forming the nanopatterns, but also physical or chemical pre-
treatment of the environment where they are formed affects the nanostructural fea-
tures. This can bring to a reconsideration of the potential role of the cone cell
microvilli in development of the corneal nanostructures. Indeed, the microvilli might
not be directly used for secretion of nipple arrays or other nanostructures but may
instead serve, either through forming the basement for the nanostructures or through
production of some metabolites, as a chemical or topographical pre-patterning tool
for the nanopatterns. Another hint can be that the form of the ommatidia itself serves
as a kind of a template directing the nanostructural development. The two mecha-
nisms — the Turing reaction-diffusion system and the BCP system — can generate
very similar patterns (Fig. 2.5) and involve interactions of at least two chemical enti-
ties with different properties. Identification of these entities and recapitulation of the
patterns through their admixtures in controlled experiments are required in order to
identify the exact mechanism behind the corneal nanostructures.

2.3.1.4 The Genetics of the Nanostructure Formation

In this regard, molecules regulating genesis of the biological nanostructures are of a
special interest and remain largely unrevealed. A study on Drosophila melanogaster
corneal nipples has been performed, not only describing their physical parameters
and regularity, but also addressing the question of signaling pathways potentially
involved in the development of the nipple arrays (Kryuchkov et al. 2011). Being a
thoroughly studied model animal, Drosophila allows numerous genetic manipula-
tions with subsequent investigation of the resultant mutant phenotypes (Katanaev
and Kryuchkov 2011). We tested the potential role of one of the most important
developmental signaling pathways, namely the Wg-Frizzled pathway, in formation
of the corneal nanostructures. One of the very first mutants discovered by the
‘father’ of Drosophila genetics Thomas Morgan had been named Glazed due to the
glossy eye appearance and was decades later revealed to be caused by overexpres-
sion of the Wg morphogen, overactivating the Wg-Frizzled signaling pathway
(Bhanot et al. 1996). AFM analysis of the nipple arrays of a Wg-overexpressing
Drosophila line with the glazed eye phenotype demonstrated a drastic loss of nip-
ples, while the remaining degenerated nanostructures were randomly spaced in
ommatidia with large gap areas (Kryuchkov et al. 2011). Thus, the glossy appear-
ance of Drosophila eyes correlates with the loss of corneal nanostructures. These
findings further suggest that development of the corneal nanostructures is influ-
enced (directly or indirectly) by the Wg signaling.
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Another application of Drosophila as a model organism to study formation of the
nanostructures involved an RNAI screen, where a series of genes responsible for
cuticle formation and cell polarity were systematically knocked down by RNAi
expression or analyzed using the existing mutant collections, in a search for genes
affecting the phenotype of corneal nanostructures (Minami et al. 2016). Interestingly,
some of the identified glossy eye mutants demonstrate a nipple-to-maze transition
(g/ mutant) and even a maze-like phenotype (spa mutant), while other mutations
have shown a complete vanishing and degradation of nipples (mutants /z and Glazed,
again). RNAI silencing of some genes also led to partial nipple-to-maze merging
(Cpr49Ah, Act5C) and partial nipple enlargement (Cpr23B, SyxIA, Sec61/3). This
study is a proof-of-concept of the possibility to alter the nanostructure type in a
model animal using genetic manipulations. However, it would be premature to sus-
pect that the genes identified are the ones directly responsible for e.g. the nipple-
maze transition, as these mutant flies demonstrated not merely alterations at the
level of the nanostructures but also a drastic disorder at the macro- and micro-levels
(“rough eye” phenotypes, merging and degradation of ommatidia, eye size decrease,
etc.). Thus, the observed nanostructural defects are likely due to indirect effects
caused by general disturbances of the eye development which occur frequently dur-
ing genetic studies on Drosophila eye (Katanaev and Kryuchkov 2011).

2.3.2 Ontogenesis of the Corneal Nanostructures

Most EM and AFM studies of corneal nanostructures have been performed on cor-
neal samples of adult insects or other arthropods. Presently, surprisingly little is
known about larval or pupal formation of the eye nanostructures, although their
generation takes place at these earlier development stages.

Early data on pupal development of corneal nanostructures were produced from
EM-derived pictures of 1960s—1970s, when the theory of nanostructure formation
via microvilli secretion dominated (Gemne 1966, 1971). Extensive EM analysis of
the nipple development over an 8-day pupation period of the moth Manduca sexta
concluded that the nipple arrays are an integral part of the lens surface (Gemne
1971). According to this study, nipple formation begins about 5 days after pupation
with the development of initial patches on the epicorneal lamina on top of underlying
microvilli. This is followed by formation of the nipple anlage, first as low cupoles,
then as higher cupoles after 6.5-7 days. After 7.5-8 days, the high cupoles become
filled with the corneal substance through the microvilli and consolidate, forming the
final nipple structure. The arrangement of microvilli tips in the cone cells was
believed to be organized in the hexagonal packing manner, explaining the observed
arrangement of the nipples in hexagonal domains. Defects in the nipple arrangement
showing deviation from the perfect hexagonal packing were explained by the convex
shape of the lens. Currently, we know that these defects are distributed in a specific
manner, lying predominantly on the nipple domain boundaries, as discussed above
(Sergeev et al. 2015; Lee et al. 2016). Interestingly, the detailed EM study revealed
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that corneal nipples emerge in the very beginning of the lens formation, and the chi-
tinous layer seems to be secreted later, underlying the nanostructures. Thus the chitin
itself is unlikely to take part in the assembly of the nanocoatings but merely serves as
one of the building materials for the lens itself (Gemne 1971).

The main challenge for the microvilli model is that it lacks explanation for for-
mation of the patterns other than the nipple arrays. In the 1970s, the non-nippled
nanostructures were regarded rather as degenerate or underdeveloped structures,
whose appearance was linked with defects in the microvilli-lamina evagination
bridges on the epicorneal lamina (Bernhard et al. 1970; Gemne 1971). Even if we
apply the microvilli theory exclusively to the nipple arrays, it is still hard to explain
by its means the formation of boundaries of hexagonally-packed ordered domains
with very specific configurations — formed by rows of coordination defects as
described in (Sergeev et al. 2015; Lee et al. 2016). The model requires that the ini-
tial arrangement of microvilli serves as an exact template for the specific nipple
arrangements before the nipples are actually formed. However, this is not the case,
since the one-to-one correspondence between the positions of microvilli and the
initial patch locations or the final nipple positions is not apparent from the presented
electron micrographs (Gemne 1971).

A detailed SEM study was performed on the pupal eye of a developing Drosophila
(Frohlich 2001), with a description of corneal nipple formation in parallel with
secretion of the lens cuticle at later stages of pupation (42—46 h). Interestingly, the
author found that the nipple arrays arise almost immediately after the cuticle begins
to appear. These observations matched well with the earlier studies (Gemne 1971),
suggesting that formation of the nanostructures takes place during the pupal phase
as an early and fast event preceding formation of major parts of the lens. It can be
hypothesized that self-organization of the nanostructures takes place while secre-
tions of the cone cells form the eye cuticle. As a result, near-complete nanocoatings
already exist upon the lens while it is still growing (Fig. 2.6).

Summarizing the data known up to date, we can conclude that formation of the
corneal nanostructures in arthropods is a complex process, which is under regula-
tion by a series of factors. While the Turing reaction-diffusion patterning and the
block copolymerisation are the two main candidates to be the underlying mechanism,
we still do not possess exact information on the identity of the compounds taking
part in the generation of the nanostructures, nor on the chemical nature of their
interactions. On the other hand, these processes can be influenced by auxiliary
mechanisms, such as dense packing bringing more order into the structures, chemi-
cal pre-patterning or topographical pre-patterning (graphoepitaxy). If it comes to
the pre-patterning mechanisms, the role of the cone cell microvilli can be reconsid-
ered, not as being an exact template upon which the nipple arrays are built, but
rather as a more sophisticated tool affecting the patterning mechanisms either by
chemical secretion of morphogenetically active compounds or by forming the
underlying surface structure. Certain compounds secreted by the microvilli may
play a role of initiating factors for nucleation of the Turing-like processes. The
mesoscale structural parameters such as the lens size and shape are likely to further
influence formation of the nanostructures as well. It is known that biological pat-
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Fig. 2.6 Schematic representation of ontogenesis of the corneal nanostructures using formation of
nipple arrays on the surface of a single ommatidium as an example. 1 — Secretion of the corneal
material by the cone cells (Cc) with nucleation of initial patches (P) on tips of microvilli (Mv).
2 — Self-assembly of the corneal nanostructures, in this case early nipples (eNp) upon the secreting
corneal material, with tips of microvilli (Mv) still attached to the inner surface of the cornea. 3 —
After nanostructures are formed as mature nipples (mNp), cone cells continue to secrete the bulk
lens lamina material (light blue, Lm) containing chitin and other biopolymers forming the entire
lens. 4 — The lens is completely formed; lamina (light blue and green) separates the outer layer with
the nanostructures from microvilli of the cone cells

terns are generated by Turing mechanism at the macro- and mesoscale (Nakamasu
et al. 2009) and that artificial block copolymerization yields nanostructures with
proportions an order of magnitude smaller (usually 5-10 nm in width and height)
than the corneal nanocoatings of the arthropods. Thus, the arthropod corneal
nanocoatings, in the matter of their size, are positioned between the traditional
“zones of responsibility” of the block copolymerization and reaction-diffusion
mechanisms. Although the exact chemical nature of the compounds responsible for
the processes of nanopattern organization is unknown, it may be assumed that one
of them could be hydrophobic — probably a wax or a lipid, while the other is of
hydrophilic nature (a protein or a glycoprotein). Such a system would remind the
block copolymerization outline, but also be similar to the Turing mechanism in that
the hydrophobic wax or lipid would block the action of the hydrophilic protein.
Investigation of the composition of the nanocoatings and of the biochemical interac-
tions governing their formation thus remains a task of high priority in this scientific
field. Actually, these questions expand the discipline of insect corneal nanostruc-
tures and touch upon the general mechanisms of biological pattern formation on the



48 M. Kryuchkov et al.

100 nm scale. Thus, the corneal nanocoatings emerge as a remarkable model to
tackle issues of general importance for biology and physics.

Finally, identification of the molecular mechanisms governing formation of the
corneal nanopatterns may have technological importance. Unraveling of these
mechanisms will make it possible to (bio)engineer biological or biomimetic
nanostructured surfaces with desired features and parameters. Their applications for
the optical, anti-wetting and self-cleaning functions discussed in this chapter may
be complemented with other uses, such as the selective molecular separations,
selective adsorption, or the high activity catalysis attributed to the pattern with
regular sized pores resembling the dimpled pattern of the arthropod corneae (Farrell
et al. 2009). Through the genetic tools provided by the model insect Drosophila
melanogaster suitable for the study of biological nanostructures (Kryuchkov et al.
2011; Minami et al. 2016), this fruit fly can serve as a powerful instrument to further
investigate the exact mechanisms of the bionanopattern formation processes, to
identify the molecular interactions taking part in the generation of corneal
nanocoatings, and to produce artificially designed nanopatterns with novel physical
properties by means of bioengineering and synthetic biology.
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