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NEXAFS imaging to characterize the physio-
chemical composition of cuticle from African
Flower Scarab Eudicella gralli

Joe E. Baio!, Cherno Jaye?, Erin Sullivan3, Mette H. Rasmussen®, Daniel A. Fischer?, Stanislav Gorb® &
Tobias Weidner® **

The outermost surface of insect cuticle is a high-performance interface that provides wear
protection, hydration, camouflage and sensing. The complex and inhomogeneous structure of
insect cuticle imposes stringent requirements on approaches to elucidate its molecular
structure and surface chemistry. Therefore, a molecular understanding and possible mimicry
of the surface of insect cuticle has been a challenge. Conventional optical and electron
microscopies as well as biochemical techniques provide information about morphology and
chemistry but lack surface specificity. We here show that a near edge X-ray absorption fine
structure microscope at the National Synchrotron Light Source can probe the surface
chemistry of the curved and inhomogeneous cuticle of the African flower scarab. The analysis
shows the distribution of organic and inorganic surface species while also hinting at the
presence of aragonite at the dorsal protrusion region of the Eudicella gralli head, in line with its
biological function.
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of three main layers: epicuticle (the outermost layer),

exocuticle and endocuticle (the innermost layer)!:2. The
epicuticle acts as a barrier against desiccation and in general acts
as a protective layer for the underlying cuticle. The outermost
surface of the epicuticle is coated by the cement layer, which is
comprised of waxes, lipids and shellac-like cement. However,
details of the cement layer, its architecture, chemical composition
and spatial organization are unknown. Since the cement layer is
in direct contact with the environment, it is extremely important
for arthropod survival. Many surface-related effects, such as
wettability, water permeability, dirt repellence, frictional resis-
tance and antibacterial properties all depend on the chemistry
and ultra-structure of the outermost layer. Understanding the
epicuticle surface structure and properties is, therefore, important
for both our understanding of arthropod biology and for bio-
mimetic designs. Biomimetic routes might be fruitful for new
strategies in material sciences for the development of new anti-
adhesive systems, wear-resistant materials, or surfaces with
mechano-sensing abilities and specific optical properties.

Studies of the insect cuticle typically follow two orthogonal
approaches. The biochemical approach describes the chemistry of
the cuticle. This approach typically provides little information
about spatial organization of this material and is not surface-
specific. Organismal biology, on the other hand, uses microscopy
imaging techniques, such as fluorescence light microscopy?,
confocal laser scanning microscopy* and electron microscopy>°
in combination with mechanical and physical studies’-!!, to
capture information about the cuticle structure, its chemical
composition at the microscale, and its properties in detail
However, since these methods are missing the chemical sensitivity
and sub-nanoscale resolution, the use of other methods will be
required.

While Morpho butterflies have long been the focus of the
biomimetics of photonic structures, equally interesting and
important optical structures have been observed in a diverse
variety of beetle species, for example with complex photonic
crystals analogous to the fiber-optic technology used to deliver
fast data transfer!>13, It has been shown that the iridescence in
the African flower beetle Eudicella gralli (E. gralli, Scarabaeidae,
Cetonini) cuticle, shown in Fig. 1, is caused by the layered
structures of chitin fibers and protein matrix with different
refractive indices and angle-dependent reflection of different
wavelengths of light. However, the photonic structures can be
covered and protected by the epicuticular cement and wax
layers!41>, which represent a crucial component of the optically

The arthropod cuticle is a multilayered structure consisting

active material, and the information about epicuticular coverage
of the beetle exoskeleton remains largely unknown.

As laid out above, effective epicuticle imaging techniques must
combine chemical specificity with surface sensitivity. Electron
spectro-microscopic methods, such as X-ray photoemission
electron microscopy (XPEEM)!6, scanning photoemission
microscopy (SPEM) and scanning transmission X-ray micro-
scopy (STXM) hold great promise in this regard. They combine
imaging capabilities with sub-micrometer to nanometer lateral
resolution and high surface sensitivity with the chemical sensi-
tivity of near edge X-ray absorption fine structure (NEXAFS)
spectral”. By probing the resonant photoexcitation of atomic core
level electrons into unoccupied molecular orbitals, NEXAFS
spectroscopy can detect the chemistry of species at the outermost
1-10nm of material and provide detailed information about
the elemental composition, chemical bonds and molecular
orientation.

NEXAFS has been developed to provide a detailed analysis of
biological surfaces and has been used to track the binding,
orientation and structure of proteins!®1? and DNAZ0 when
attached to surfaces, but also biominerals?!, hard and soft bio-
logical tissue?>23, as well as the surface chemistry of snake
scales?* and frog tongue mucus?®>. STXM and XPEEM both can
record NEXAFS spectra with high spatial resolution up to several
tens of nanometers and have been used to study protein assembly
at biomaterial surfaces and the mineralization of biological
tissue?6:27,

For the analysis of insect epicuticle, the main limitation of
STXM is that it is in principle a bulk sensitive transmission
method. STXM has been used to probe biomolecules on surfaces.
However, in these experiments, the surface sensitivity comes from
the extremely thin, X-ray transparent substrates used and from
the fact that adsorbate molecules and substrate chemistry are
designed to allow their spectroscopic identification. For studies of
real insect cuticle, it would be challenging to produce thin,
homogeneous samples and the identification of bulk and surface
species would be more difficult compared with artificial model
system. Unlike STXM, XPEEM does not require X-ray trans-
parent samples. However, XPEEM’s narrow focal depth makes it
sensitive to sample curvature and roughness and therefore not
ideally suited to interrogate strongly structured samples. Both
XPEEM and STXM have high spatial resolution, but are limited
to sample surface areas of a few square millimeters.

SPEM can, in principle, analyze large sample areas and can
provide surface photoelectron spectra and images of the intensity
distribution of surface species?8. For SPEM, the X-rays are

Fig. 1 The African Flower Scarab (Eudicella gralli). a Photograph of a female Flower Scarab. The iridescent coloration is caused by optically active layers
within the cuticle. Spectroscopic investigation of the surface chemistry of the scarab cuticle is challenging, because of the curvature and multilayered
complexity of the material. b Details of the front part of E. gralli and the dorsal head protrusion used to dig through soil
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focused onto the surface and the emitted photoelectrons are
directed into an energy-dispersive hemispherical analyzer. The
spatial information is provided by scanning the sample across the
region of interest. The shallow field of depth and the electron
lensing make it difficult to image rough and 3D structures.
Additionally, insulating biological samples can cause significant
spectral distortions due to charging effects, while the high X-ray
doses, required for SPEM, can cause severe radiation damage in
soft-matter samples.

The challenges posed by imaging insect cuticle are met in by a
recently developed NEXAFS microscope (Synchrotron Radiation
Instrumentation Inc.) based on magnetic projection electron
imaging (see Fig. 2). Guiding photoelectrons to the detector using
a magnetic field has several advantages over more conventional
electric lensing for the observation of complex, rough and insu-
lating animal tissue. The NEXAFS microscope has no lenses in
the electron optical path and the electrons are confined to the
magnetic field lines, which are designed to be homogenous over
macroscopic sample areas, and are directly imaged onto a large
area channel-plate with nearly no distortion over several cen-
timeters. The large depth field allows curved samples to be easily
imaged. The lateral resolution of 5 um is significantly lower than
that of XPEEM or STXM. The large field of view, however, allows
an overview of large areas of insect surfaces and the analysis of
large samples up to 2 cm? in a single image?%-30,

Here, we report a case study of the epicuticular surface of the
African flower beetle E. gralli, a brightly colored scarab, with an
iridescent rainbow-colored exoskeleton that scatters ambient light
and gives a greenish multicolored tint (Fig. 1). The analysis shows
the distribution of organic and inorganic surface species. Inter-
estingly, the data hint at the presence of aragonite at the dorsal
protrusion region of the E. gralli head, in line with its biological
function as a ‘shovel-like’ device, which the beetle uses to dig
through plant tissue and soil.

Results
NEXAFS images of the surface of the African flower beetle. A
NEXAFS microscope was used to probe the surface chemistry of
the highly structured, curved and inhomogeneous cuticle of the
African flower scarab. The microscopic view of the head of a
female E. gralli in Fig. 3a shows that the shovel-like protrusion of
the head, eyes as well as little dot-like depressions spread over the
head harboring mechano-sensory devices. A coloration gradient
is going from the thorax toward the mouth, likely caused by
different architectures of the cuticle. Panel b shows a NEXAFS
carbon K-edge image of an entire scarab head. The image was
recorded using a retardation voltage of 50 V, leading to a probing
depth of ~5nm3!. The image is representative of the Auger
electron spectrum across the entire carbon region from 270 to
370 eV after pre- and post-edge normalization to an edge jump of
unity. The NEXAFS signal is rather homogeneous across the head
with somewhat lower signal near the thorax and for the two
indentations near the dorsal head protrusion. The lower signals
are likely explained by shadowing effects. Interestingly, the cur-
vature of the head does not significantly affect the signal intensity.
Each pixel within the image contains a full NEXAFS spectrum
and spectra can be extracted from the images to highlight var-
iations in surface chemistry. Figure 3c shows carbon spectra
across the white line indicated in the NEXAFS image. The spectra
contain a weak pre-edge feature near 285 eV related to aromatic
species as well as resonances related to C-H, C=0 and C-C
bonds near 286 eV, 288 eV and above 290 eV.

This analysis provides information about variations in surface
chemistry across the very surface of the biological sample. Images
based on specific regions of the spectrum can highlight the
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-

Fig. 2 Schematic of the NEXAFS microscope. The system uses magnetic
projection electron imaging with a nearly 100% collection efficiency and a
large depth of field, which allows the analysis of corrugated samples and
sample rotation. Auger electrons are forced to follow the magnetic field
lines on helical orbits and analyzed by a grid energy analyzer and detected
by phosphor screen and a CCD camera

distribution of spectral features, i.e. chemical bonds, across the
tissue sample surface. Figure 4 displays images based on three
different characteristic regions near the carbon K-edge as
highlighted in panel a. It is important to note that the spectral
data are normalized to the pre-and post-edge and representative
of the number of carbon bonds relative to the total amount of
carbon!”. Panel b shows an image representative of aromatic
carbon double bonds, such as aromatic rings and in-chain species
near 285 eV32. In the biological material, these are, e.g., found in
proteins and unsaturated lipids'®. The signal observed across the
beetle head is relatively weak and evenly distributed except for
strong signal near the rim of the dorsal protrusion. This indicates
a variation of the surface chemistry near the edge of the head.

For an internal reference, the sample also contained a spotted
bovine serum albumin (BSA) and a chitin (see areas marked in
Fig. 4 and extracted spectra in the supporting information
document, Supplementary Figs. 1 and 2). The NEXAFS images
show a strong signal related to the protein sample (region 1) but
the chitin emission was similar to the sample holder background,
which is visible next to the beetle head. The similarity to the
spotted protein sample indicates the strong signal is likely related
to aromatic protein side chains, very similar to the edge region of
the scarab head!633.

Panel ¢ displays variations across the sample related to C-H
bonds, which are abundant in waxes and other lipids!”. Here, the
punctae display a somewhat reduced C-H content. Since the C-C
and C=C signal does not vary across the head area, the signal
variation across the punctae cannot be explained by curvature or
edge effects. Obviously, the cement layer surface within the
punctae is markedly different from the surrounding epicuticular
surface, likely with lower hydrocarbon content.

To shed light on the question what is the origin of the signal
variations in the carbon region, we also recorded nitrogen K-edge
images, which can differentiate between fatty acids, chitin and
proteinaceous components!®33, The nitrogen NEXAFS images
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Fig. 3 Imaging of an E. gralli head at the carbon K-edge. a Photograph of the head of flower scarab. b NEXAFS image of scarab head. The image is
representative of the electron yield across the carbon region 270-370 eV. Each pixel contains a full NEXAFS spectrum. ¢ NEXAFS spectra extracted from

the image along the line indicated in the image

shown in Fig. 5a clearly demonstrate strong signal near the dorsal
head protrusion. As expected, the reference protein and chitin
spots also show significant nitrogen signal. The spectra extracted
from the protrusion region (see rectangular region of interest
Fig. 3) show intense amide m* resonances, a signature typical for
proteins and chitin (Fig. 5d)!81°.

Surprisingly, the same region shows appreciable amounts of
calcium, as can be seen in the calcium L-edge image in Fig. 5b and
the spectra extracted from the protrusion region (Fig. 5d). Here
the rim of the mouthpart (Fig. 5e) shows a clear line of calcium-
rich tissue. In combination with the strong nitrogen signal and
the aromatic carbon bonds also found near the rim, this indicates
that the dorsal protrusion region may be lined with a
biomineralized edge of calcium-containing cuticle.

Insect cuticle is also exposed to severe mechanical strain and
abrasion. E. gralli uses the dorsal protrusion of the head to dig
through soil and wood and the question arises how the cuticle is
strengthened in these areas. While extended reinforcement by
biominerals have only rarely been observed in beetle tissue,
microscopic areas of mineralized tissue, which can reinforce the
epicuticle against mechanical strain would be extremely difficult
to detect with most conventional techniques. Therefore, to
estimate the extend of biomineralization and the thickness of
the layer, we performed an elemental analysis using energy-
dispersive X-ray (EDX) spectroscopy. EDX is a standard in the
chemical analysis of various biological surfaces. Additionally,
the combination of EDX and NEXAFS can provide some

qualitative information about concentration and the depth at
which the elements are deposited in the specimen: NEXAFS
probes the outermost surface while EDX is a bulk sensitive
method. Figure 6 (right panel) shows a scanning electron
microscopy (SEM) image of the dorsal protrusion along with
the location where EDX spectra were taken. The spectra, shown
in Fig. 6 (left panel), show all the elements expected for insect
cuticle, including some metals. Calcium is detected only in trace
amounts near 0.04 + 0.02 (standard deviation) atom percent. This
leaves two scenarios: calcium could be dispersed throughout the
entire probing depth of EDX of around 1um or it could be
concentrated at the cuticular surface. Since the NEXAFS signal
observed for calcium is very strong, the latter scenario is more
likely here. When renormalizing the calcium content to a thin
interfacial biomineral layer with a 10% calcium concentration, the
thickness of that layer can be estimated to be ~10 nm.

To identify the type of biomineral, we considered three
calcium-based minerals typically found in biology: calcium
carbonate, -phosphate and -oxalate. Rajendran et al. have
published reference calcium NEXAFS spectra for different
minerals3®>. The study shows that calcium L-edge spectra for
these biominerals are very similar and not ideal to identify the
type of mineral®®>. Oxygen K-edge spectra are more sensitive to
the type of calcium-based mineral®®. The pre-edge normalized
oxygen image in Fig. 5c displays the distribution of oxygen on
the beetle head. A spectrum extracted from the protrusion
region (panel d) exhibits a significant pre-edge feature related to a
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Fig. 4 NEXAFS images of the scarab head at different resonance energies. a NEXAFS carbon spectra averaged across the entire sample. Energy regions for
the extracted images related to specific regions are indicated. b NEXAFS image related to photoemission near 285 eV. This spectral range corresponds to
aromatic C = C bonds. ¢ Image related to the C-H region near 286-290 eV. d Image representative for C-C bonds in the region from 290 to 297 eV. While
the C-C bonds are evenly distributed across the scarab head, C-H and aromatic species shows spatial variation. All spectra and images are pre- and post-
edge normalized and therefore representative of the number of the respective bonds with respect to the total amount of carbon. Areas marked in black or
white indicate the position of albumin (top) and chitin (bottom) reference materials. All images and spectra are pre- and post-edge normalized

C=0 m* resonance (peak 1) near 539.9eV along with o*
resonances near 537.2eV and 538.7eV (peaks 2 and 3,
respectively).

When comparing with published spectra for calcium phos-
phates, such as hydroxyapatite and tricalcium phosphate, these
materials can be ruled out since the spectra lack a 534eV pre-edge
feature related to a C=O bond*. Calcium oxalates and
-carbonates both show pronounced pre-edge C=0 =*
resonances>>37, Comparison with published spectra for metal
coordinated oxalic acid shows that, while oxalate also has a strong
pre-edge C=0 n*, the energy positions of the o* resonances
(peaks 2 and 3) are visible at 543 eV and 546 eV—at significantly
higher photon energies compared with the spectra observed in
our study®’.

Calcium carbonates generally match the observed spectra
better. As shown in a detailed study of calcium carbonates by
DeVol et al, the energy positions of the ¢* resonances vary
significantly for the different phases of calcium carbonate3°.
While the energy position of peak 2 matches for all phases except
the hydrated amorphous phase, a feature near 538.7eV is
observed for aragonite, but is missing for vaterite, calcite, and
amorphous phases of calcium carbonate3®. A higher energy
resonance near 545 eV observed by DeVol et al. is strongly angle
dependent and less pronounced, but visible in the cuticle

spectra3®. Ostensibly, the protrusion area near the edge of the
head is lined with a nanometer-thin layer of aragonite.

While calcium carbonate mineralization among beetle is very
rare, it has been observed for Coleoptera®*. Colonial hard coral
polyps also deposit calcium carbonate as the aragonite poly-
morph, stabilized into a continuous calcareous skeleton3. Some
fossil evidences and molecular biology data suggest that aragonite
shell is more ancient than calcite shell for the Bivalvia®®.
Bryozoan skeletons are mineralogically variable, and can be
entirely calcitic, entirely aragonitic or bimineralic%4!, Ediacaran
Cloudina and Namacalathus, which are among the earliest shell-
forming organisms, originally produced aragonitic skeletons,
which later underwent diagenetic conversion to calcite*2. Crystals
of aragonite have been also revealed within Codiacean algae*3,
which means that the origin of aragonite biomineralization
should be at the level of branching between animals and plants.

Among arthropods, cuticle calcification is found in crustaceans
and millipedes, and in a very small number of insects, such as
calcified puparium of Musca autumnalis'. Calcified cuticles
provide extra hardness, and in Crustacea, calcification provides
mechanical stability enabling them to resist strong hydrostatic
pressures underwater. Mineralization is presumably so rarely
observed in adult stages of insects, because it would make them
too heavy for flying. The minerals involved in the cuticle
calcification are calcite, vaterite** and hydroxyapatite*>. The
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Fig. 5 Spectral analysis of the dorsal protrusion region. a NEXAFS image related to the nitrogen K-edge region at 395-420 eV. This spectral range
corresponds to nitrogen bonds at the surface. b Image related to the calcium L-edge (345-350 eV). The presence of both nitrogen and calcium may be
interpreted as biomineralized tissue near the scarab dorsal protrusion of the head. € Oxygen NEXAFS image in the 530-550 eV region. d Spectra extracted
from the dorsal protrusion of the head. Areas marked in black or white indicate the position of albumin (top) and chitin (bottom) reference materials. All
images and spectra are pre-edge normalized. e Photograph highlighting the surface chemistries found on the head of E. gralli

Fig. 6 SEM image and spatial distribution of Ca along lateral head margin. a EDX analysis of the spatial distribution of Ca. b Typical EDX spectrum showing

the presence of Ca (0.02-0.04 atomic %)

mineral content may be rather high (up to 55% in some
millipedes)#®. In crustacean, calcification occurs in the inner
epicuticle, the exocuticle and the endocuticle, but not in the so-
called helicoidal membranous layer between the rest of the
endocuticle and the epidermis!. In our study, we clearly
demonstrate the presence of calcium in the beetle epicuticle,
but not in the deeper layers of cuticle. This very targeted way of
calcification may provide an additional hardness and wear

resistance to the cuticle without adding much extra weight to
the exoskeleton of the flying insect. Our finding of aragonite in
insects further supports rather general occurrence of this calcium
carbonate form among living organisms.

The surface-related effects of the calcified layer remain unclear
and certainly deserve separate studies. It is hard to predict how
this layer may influence wettability, water permeability, dirt
repellence or antibacterial properties. However, we can
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hypothesize that since hardness/stiffness of the calcified super-
ficial layer is high, it might increase wear resistance (frictional
resistance) of the surface. The presence of aragonite hardened
tissue in E. gralli would be well in line with the biological function
of the dorsal protrusion as a ‘shovel-like” device, which females of
E. gralli uses to dig through wood.

NEXAFS microscopy as an analytical tool in organismal biol-
ogy. NEXAFS microscopy will be helpful in understanding the
role of the molecular structure of the outermost surface of insect
cuticle. For example, understanding the mechanisms used to
control wetting, bacterial adhesion, material hardening and
optical patterning could improve our understanding of insect
biology and aid attempts in material science to mimic desirable
properties of insect tissue. In addition, the comparison with EDX
data highlights the sensitivity of NEXAFS imaging for thin
interfacial layers that are impossible to track with more bulk
sensitive methods. The ability to image the outermost nanometers
of macroscopic areas of real-life tissue samples will be a break-
through in organismal biology in general and open up approaches
to bring molecular surface science into the field.

Methods

NEXAFS microscopy. NEXAFS spectra were collected at the National Synchrotron
Light Source (NSLS) beamline U7A at Brookhaven National Laboratory using a
parallel processing imaging system#’. A soft x-ray beam, with energy scanned
around the carbon K-edge (270-340 eV; resolution ~0.1 eV; flux ~5 x 1010 pho-
tons/s), was rastered across an 18 x 13 mm? area on the sample. This NEXAFS
microscope is an instrument known as the Large Area Rapid Imaging Analytical
Tool (LARIAT), manufactured by Synchrotron Radiation Instrumentation Inc. The
LARIAT was used to measure Auger electrons in Partial Electron Yield (PEY). Step
size for the carbon K-edge scans was 0.1 eV with a 2-s dwell time. The time
required for the entire scan is <24 min. The emitted photoelectrons were guided to
an electron yield detector by a full field imaging parallel magnetic field. The
detection scheme provides an almost 100% detection efficiency, a large depth of
detectable field and a reduced sample charging by the use of the returning rejected
electrons back to the sample. This produced a series of two dimensional NEXAFS
images with a 50-um spatial resolution®”. To eliminate the effect of incident beam
intensity fluctuations and absorption features in the beamline optics, the PEY
signals were normalized by the photo yield of a clean gold mesh located upstream
along the path of the incident X-ray beam. The experiments have been repeated
with a second individual and different acquisition angles. All images were pre- and
post-edge normalized to an edge jump of unity. The calcium L-edge images were
prepared by plotting the area of the Ca L,-edge emission. Beetle samples were
provided by the Woodland Park Zoo in Seattle, WA, and all ethical regulations
were complied with.

EDX spectroscopy. The beetle head cuticle was investigated by SEM on a Zeiss
Gemini Ultra 55 Plus. Elementary analysis was carried out with the EDX Oxford x-
act 10 mm? Silicon Drift Detector accessory of the SEM instrument and AZtecOne
software. The dray cuticle samples were uncoated. Following parameters were
applied: measurement time 113.7 s, accelerating voltage 20.00 kV, magnification x
300-350, working distance 6.4 mm.

Data availability
All NEXAFS imaging data are available from the authors upon request and on figshare
under https:/figshare.com/s/26e6744a7b883dacdc3f
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