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Whiteness arises from the random scattering of inci-
dent light from disordered structures.l) Opaque white
materials have to contain a sufficiently large num-
ber of scatterers and therefore usually require thicker,
material-rich nanostructures than structural color aris-
ing from the coherent interference of light.?3] In na-
ture, bright white appearance arises from the dense
arrays of pterin pigments in pierid butterflies,* gua-
nine crystals in spiders,/®’ or leucophore cells in the
flexible skin of cuttlefish.l®) A striking example of such
whiteness is found in the chitinous networks of white
beetles, e.g. Lepidiota stigma and Cyphochilus sp.l"]
Previous research investigating these beetle structures
has shown that the chitinous network is one of the most
strongly scattering materials in nature and therefore
the question arises whether this structure is evolution-
ary optimized for strong scattering whilst minimizing
the amount of employed material, thus reducing the
weight of the organism. The brilliant white reflection
from Cyphochilus beetles is assumed to be important
for camouflage among white fungi and in a shady en-
vironment.

In contrast to periodic photonic materials, for which
the optical response is straightforward to calculate, the
reflection of light from such disordered network mor-
phologies requires a detailed knowledge of local ge-
ometry.[2’3’9’10] For these complex cases, the validity
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of the diffusion approximation is limited, since sin-
gle scattering elements are difficult to be identified.!”!
To fully understand the correlation between the struc-
ture and (optical) properties of complex materials, the
detailed real-space structure in combination with a
suitable model unravels this relationship. In optics,
these include finite-element modeling (FEM) or finite-
difference time-domain (FDTD) techniques, which can
be employed for materials with arbitrary structures.[!!]

Distortion-free three-dimensional imaging of biolog-
ical tissue with sub-micrometer resolution in a large
volume is cumbersome and often relies on destructive
techniques, i.e. FIB-SEM serial tomography or elec-
tron tomography.[”12 Multi-keV ptychographic X-ray
computed tomography (PXCT)[™3 overcomes this lim-
itation, achieving below 15nm resolution in radiation-
hard materials at room temperature.' In radiation-
sensitive materials, however, the PXCT resolution used
to be much worse (> 100 nm), limited by either ra-
diation damage at room temperature or by drifts of
the setup at cryogenic temperatures.[lf”w} Here, we
use “OMNY” (“¢OMography Nano crYo”, see SI), an
instrument that allows cryo-PXCT of biological mate-
rials, overcoming these imaging limitation. Cryogenic
conditions preserve the structure of the sample during
the measurement time, and interferometric positioning
control eliminates thermal drifts.'” We use OMNY
to image single wing scales of the brilliant white bee-
tle Cyphochilus sp. These measurements provide a full
structural characterization of the network morphology
within the scales, clearly demonstrating the power of
cryo-PXCT to extract quantitative structural informa-
tion from biological tissues in a non-invasive, damage-
resistant fashion.

Cyphochilus beetles (Coleoptera:  Scarabaeidae:
Melolonthinae) occur widely across Southeast Asia.
The entire exoskeleton of the beetle (Figure 1a) is
patterned with single wing scales covering the else vel-
vet black exocuticle, which can be clearly seen by opti-
cal microscopy (Figure 1b). Each scale spans approx-
imately 200 pm in length and 60pm in width. These
scales strongly scatter incident light and the reflectance
is more or less constant across the visible wavelength
range (Figure S3 and()).

Closer inspection of the white scales using scanning
electron microscopy (SEM) reveals that the scale inte-
rior comprises a network of interconnected, chitinous
fibres surrounded by air.[7 91819 Earlier interpreta-



Figure 1: The brilliant white beetle Cyphochilus sp. (a) Macrophotograph. (b) Light micrograph of the scale arrangement on the beetle's
elytra. (c) Scanning electron micrograph of the sample pillar on a nanotomography pin-holder obtained from a beetle scale by focused
ion-beam milling. (d) Sketch of the X-ray nanotomography setup. The sample is scanned and rotated through the beam (indicated by
arrows) while recording the diffraction pattern (see Sl for more details). (e) High-resolution tomographic slice (see movies S2, S3) and
(f) 3D reconstruction of a 7 x 7 x 7 pm3 inset of the volume obtained by cryo-PXCT of the inner structure of a beetle wing scale.

tions of the optical response of the scales!”? was ham-
pered by the lack of artifact-free, three-dimensional
visualisation of the complex chitinous cuticle struc-
ture, and claims concerning the evolutionary optimized
white color of the beetle were therefore anecdotal.

To gain insight into the optical function of the
scales, we investigated the wing scales using PXCT. A
first attempt was aimed at reconstructing the network
morphology inside the beetle scale using conventional
room-temperature PXCT, [ achieving a 3D resolution
of 70 nm. Significant sample deformation was observed
by visually comparing projections recorded at the be-
ginning and end of the PXCT measurement at the same
projection angle.

To overcome this critical issue, the nanotomogra-
phy measurements were repeated, using another beetle
scale, at 92 K. Cryogenic conditions dramatically re-
duced structural deformation caused by the measure-
ment (see SI), enabling an isotropic 3D resolution of
28nm over a sample volume of ~ 350 pm3, which
hinges on the minimization of in-situ sample deforma-
tion, a typical problem for organic materials. While
still somewhat worse than that of other techniques, e.g.
serial transverse sectioning and imaging using trans-
mission electron microscopy or X-ray crystallography,
cryo-PXCT is non-invasive and does not rely on com-
plicated embedding and /or staining protocols.

The spectral properties of the beetles are particu-
larly interesting as they provide a very eflicient inco-
herent broad-band reflector with a comparable white-
ness of common white paper but with a thickness of
only about 1/10 of a typical paper sheet.[” % To un-
derstand the key parameters governing this unusually
strong scattering strength, the rendered 3D network of
Figure 1f can be directly used to perform FDTD sim-
ulations of the structure’s optical response to incident
white light. The strength of this approach lies i.e. in
the ability to digitally modify the network morphology
displayed in Figure 1f to test the changes in optical

reflectivity.

The FDTD modeling results, Figure 2a, show that
the reflectance strongly depends on the orientation of
the network volume. The reflectance is significantly
higher for the typical orientation of the scale (in-plane)
and reaches a peak reflectance of =~ 0.65, while orienta-
tions perpendicular (out-of-plane) to the scale normal
are significantly less reflective, with reflectances of ~
0.5. This confirms previous results by Cortese et al.,®!
which showed that the time-of-flight of a laser pulse
through the structure is strongly anisotropic.

To further elucidate the nature of the optical
anisotropy and its possible function, the network struc-
ture was digitally stretched and compressed. Figure
2b shows that compression along the z-axis lowers the
in-plane reflectance. Stretching of the structure, i.e.
making it more isotropic, results only in a slightly
increased reflectance (0.69 wvs. 0.65). This indicates
that the scales’ structural anisotropy reduces the thick-
ness needed to produce strong scattering resulting in
the observed brilliant whiteness. The scale thickness
is functionally important for flying insects, as larger
structures embedded on the wing require more mate-
rial along the elytra.

By affinely expanding or contracting the network
morphology, it is possible to test whether the scale
structure has an optimized volume distribution of scat-
terers that maximize broadband reflectivity (Figure
2¢). Uniform compression along all spatial directions
results in a severe reduction of the reflectivity, which
eventually (below 20% of the original size) disappears
all together, i.e. the material becomes transparent.
This result is unsurprising since for a distribution of
scattering centers that is comparable to the incident
wavelength, propagating light “averages” over its dis-
crete structure, entering the “optical crowding” or
“effective medium” regime.?") Uniform expansion of
the network morphology changes the broad-band re-
flectance very little. This result again indicates that
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Figure 2: Spectrally resolved finite-difference time-domain (FDTD)
simulations of light reflection (right column) from the network mor-
phologies shown in the left column. (a) Comparison of in-plane and
out-of-plane optical directions of the cryo-PXCT-determined mor-
phology (Figure 1f). Reflectance as a function of (b) unidirectional
stretching/compression of the structure along the z-axis; (c) affine
scaling of the network; (d) filling fraction of the network struts; (e)
refractive index of the material comprising the network. The dotted
lines correspond to the cryo-PXCT determined structure of Figure
1f for the (common) in-plane orientation.

the structure is optimized for achieving maximal white-
ness for a minimal scale thickness.

The weight of the scale is also affected by the poros-
ity of the network morphology and therefore the strut
thickness. The reconstructed morphology of Figure 1f
has a solid content (filling fraction) of 45 + 6%. Fig-
ure 2d explores the optical response of the network
morphology upon digitally enlarging and reducing the
strut diameter, which alters the filling fraction. Opti-
mal broad-band reflection was found for a rather broad
filling-fraction range, from ~ 40—70%. The filling frac-
tion of the beetle scales of =~ 45% lies at the lower end
of this range, again indicating an optimization that
maximizes scattering power for a minimum of material

use.

Fundamentally, the scattering power in single and
multiple scattering systems depends strongly on the re-
fractive index. While biological organisms have limited
access to high refractive index materials, it is interest-
ing to explore the variation of the network reflectivity
for different, synthetically-available refractive indices
In Figure 2e, the refractive index was varied from n =
1.1 to 2.8, where the void-space of the network was
modeled as air with n,;, = 1. While, unsurprisingly,
higher refractive indices result in a stronger average
reflectance, up to 84% for n = 2.8 (i.e. close to that
of rutile titanium dioxide, a synthetic dielectric mate-
rial commonly employed in photonic applicationsm]),
the broad-band reflectivity rapidly decays for n < 1.6.
Given the fact that the refractive index of chitin, vary-
ing from 1.6 to 1.55 (blue to red wavelengths, respec-
tively), is among the highest found for purely organic
biological materials, 2324 this simulation illustrates yet
another aspect of optical optimization of the network
morphology.

The careful balance of structural parameters de-
scribed above begets the question whether the random
network morphology exhibits hidden correlations that
optimize the scattering of incident light. This question
is motivated by the consideration that the optimization
of the scattering strength requires an average distance
between scatterers just above the wavelength of visible
light (to avoid optical crowding) and the absence of pe-
riodic order (to avoid a photonic band-gap,[?>26). An
established example of such hidden correlations is “hy-
peruniformity”, which refers to the anomalous suppres-
sion of density fluctuations at large length scales.[272]
Hyperuniform systems include all perfect spatially pe-
riodic patterns, and special disordered systems. To
date, disordered hyperuniformity has been discovered
in only a small number of biological and physical sys-
tems,?® including the arrangement of color sensing
photoreceptors in avian retinae®® and designed two-
dimensional photonic materials.?"]

The high resolution cryo-PXCT data of Figure 1f en-
ables a direct structural analysis and to test the data
for hidden correlations. Using a medial axis analy-
sis, Bl the distribution of lengths and width of the in-
dividual struts forming the network structure was ana-
lyzed (Figure 3a-c). Both parameters show very broad
distributions of 1105 £ 360 nm (mean =+ full-width-at-
half-maximum) and 115 4+ 80 nm, respectively, which
is typical for random network structures.

To investigate whether this seemingly random mor-
phology has hidden structural correlations, e.g. hyper-
uniformity, the spectral density X% in the various planes
of the Fourier space of the network structure was cal-
culated. The scaled spectral density profile along the
two main directions (out-of- and in-plane of the beetle
scale) are shown in Figure 3d,e. The density profile
is strongly dependent on the direction of investigation
indicating a strong structural anisotropy of the net-
work (c.f. Figure 1b). While the spectral densities
in the two out-of-plane directions, z-z and y-z, show
strong directional dependence (Figure 3d), the spec-
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Figure 3: Structural analysis of the reconstructed photonic structure. (a) Sketch of the medial axis representation of the network. (b,c)
Size statistics of the strut length (b) and width (c), respectively. (d,e) Scaled spectral density X} of the network along two characteristic
planes in the Fourier space parallel (d) and perpendicular (e) to the structure normal. (f) Scaled local volume fraction as a function of
the window radius R. In this representation a linear decay for R — 0 is indicative of a random distribution.

tral density in the in-plane direction, z-y, is largely
isotropic (Figure 3e). Along the out-of-plane direction
the structure seems to be ”layer-like” with a pseudo-
layer distance of ~ 270 nm. The anisotropy of the
nanostructure can be further quantified by the quan-
tity € = s gy — L where (0,0, k. — 0), and
X(ky — 0,k, — 0,0) are extrapolated values of the
spectral density in the z direction and z-y plane as k
approaches 0 and x(ky,ky, k.) = x(k). For isotropic
structures, & should be 0 and increase for increasing
structural anisotropy. In the case of the investigated
structure, £ is in the order of 10, indicating a strong
structural anisotropy. Figures 3d,e moreover illustrate
that the network morphology is not strictly hyperuni-
form, since Y3 does not vanish as the wavenumber k
approaches 0 from any direction. This fact is further
corroborated by investigating the local variation of the
volume fraction of scatterers as a function of a spheri-
cal probe of radius R. Figure 3f shows that the scaled
local volume fraction variance R302%(R) varies linearly
with R and plateaus for large R. Hyperuniformity re-
quires a faster decay for R — 0.(2332] The results of
Figure 3 therefore clearly demonstrate the absence of
hyperuniformity and the two size distributions of Fig-
ure 3b,c are close to Gaussian. In addition, we have
employed a variety of other structural descriptors to
spatially characterize the beetle ultrastructure, as de-
tailed in the Supporting Information.

In summary, we have employed a new experimen-
tal technique, cryo-PXCT, to study the nanostructured
photonic system of the Cyphochilus beetle. The com-
bination of cryo-PXCT structural reconstruction with
sub-30 nm resolution with FDTD modeling allowed to
demonstrate that the 3D network morphology of the
beetle is carefully optimized by evolution. This is
achieved by the judicious simultaneous selection of 4
parameters, the selection of (1) the correct network

density, (2) the optimal fill fraction, (3) one of the
biologically highest refractive indices for transparent
materials, and (4) a beneficial structural anisotropy.
Changing any of these parameters may improve one of
the decisive properties (e.g. reflectivity), but always at
the expense of the other (e.g. used material per unit
area). In particular, the digital variation of these 4
network parameters in Figure 2 does confirm the opti-
mized nature of the photonic network morphology, that
maximizes the white broad-band reflectivity while min-
imizing the materials use (and hence weight) per unit
area.

Metabolically the production of the wing scale mate-
rial is considerable, given its relatively large thickness
of > 7 nm. Each beetle wing scale, similar to the wing
scales of butterflies, develops from a single differentiat-
ing cell,®3] most likely through pre-stretching of inter-
nal F-actin filaments and subsequent external deposi-
tion of chitinous cuticle. Three-dimensional structures
in arthropods are often highly ordered (see e.g.[26’34’35])
and the precise mechanism driving structure forma-
tion is still an open debate. While some work exists
on periodic morphologies in butterfly wing scales,[33:35]
structure formation of disordered networks in develop-
ing wing scale cells is up to now uninvestigated.

While the optimization of materials use is evidently
essential for flying insects, it presents a bio-inspired
design strategy for the manufacture of white reflectors,
particularly in applications in which the use of low re-
fractive index organic materials is desirable, e.g. the
food industry. Additionally, the use of higher refrac-
tive index materials allows to even further improve the
scattering strength of similar network materials while
minimizing materials use and weight of the coating.
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