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The high-energy imaging beamline MOGNO was recently designed, installed
and commissioned at the Sirius fourth-generation synchrotron radiation source
at the LNLS in Brazil. MOGNO, a micro- and nano-imaging beamline, has as
primary source a 3.2 T superbend permanent magnet dipole with a critical
energy of 19.15 keV and operates in a cone-beam geometry. The present paper
addresses the commissioning experiments in propagation-based phase-contrast
imaging and microtomography, revealing high-precision details of a wide range
of non-stained biological samples with minimal preparation. We illustrate the
potential of non-destructive fast high-resolution microtomographic imaging,
particularly for fine anatomical studies of Brazilian biological specimens.
Three-dimensional investigations reveal the internal morphology of the head of
a dengue fever vector mosquito (Aedes aegypti) and of the whole embryo of
a reptile (Brasiliscincus agilis) and of an amphibian (FEleutherodactylus
cochranae), as well as the features inherent in an archaeological artefact
(Galeocerdo cuvier tooth) and a fish fossil bone (Elopomorpha incertae sedis).

1. Introduction

X-ray synchrotron imaging techniques have been applied to
address research problems in different fields, including
biomedicine, engineering, materials science, environmental
science, geology, archaeology, palaeontology, zoology, food
and agriculture (Abrami et al., 2005; Tafforeau et al., 2006;
Beckmann et al., 2007; Betz et al., 2007; Zehbe et al., 2010;
Fusseis et al., 2014; Broeckhoven & du Plessis, 2018; Rawson et
al., 2020; Indore et al., 2022). High-resolution imaging of soft
tissues in the sub-micrometre range has undergone improve-
ments, largely due to exploiting the high brilliance, high grade
of coherence, high photon flux and small angular beam
divergence of synchrotron sources and advanced detector
technologies. Biomedical imaging of soft tissue is aided
particularly by the faster acquisition time at these sources,
which is proportional to the brightness, and the consequent
improved spatial resolution, with minimal sample preparation

® required to produce 3D images with higher signal-to-noise
OPEN a ACCESS ratio (Suortti & Thomlinson, 2003; Bilderback et al., 2005;
Published under a CC BY 4.0 licence Baruchel et al., 2006; Sena et al., 2022; Albers et al., 2024).
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Virtual histology using 3D synchrotron-based micro-
tomography (SR-microCT) has emerged as a nondestructive
imaging tool that is revolutionizing a wide range of biological
research. It provides a resolution comparable to that of
traditional optical microscopy, while offering 3D data that can
be virtually sectioned at any thickness and orientation, deli-
vering significantly more information than conventional irre-
versible thin sections (Saccomano et al., 2018; Albers et al.,
2018; Sena et al., 2022; Mizutani & Suzuki, 2012). Over the
past 30 or so years, synchrotron X-ray phase-contrast imaging
(SR-PCI) has been shown to be ideal for visualizing weakly
absorbing tissues, based on the intrinsic phase shift which
X-rays undergo as they traverse the imaged object (Gureyev et
al., 2014; Croton et al., 2018; Fidalgo et al., 2020; Norvik et al.,
2020; Donato & Bonazza, 2024). The simplest X-ray phase-
contrast method, known as propagation-based imaging (PBI),
makes use of the Fresnel diffraction of X-rays to yield
enhanced visibility of the edges and boundaries within a
sample. In PBI mode, the wavefront propagates in an appro-
priate drift-free space from the source to the sample. The
wavefront disturbed by the sample then leads to edge
enhancement effects, and phase shifting properties of the
probed sample can be visualized in the imaging detector on a
microscopic level (Snigirev et al., 1995; Cloetens et al., 1996;
Momose, 2017; Endrizzi, 2018; Tao et al., 2021). Several
reviews have highlighted the unique capabilities of SR-PCI as
a valuable tool for a wide range of applications related to life
sciences and biomedical research on soft and mineralized
tissues (Westneat et al., 2008; Zhou & Brahme, 2008; Bravin et
al., 2013; Wilkins et al., 2014; Quenot et al., 2022; Claro et al.,
2023).

Fourth-generation synchrotron sources, such as Sirius, the
new 3.0 GeV Brazilian Synchrotron Light Source (Liu et al.,
2014; Westfahl er al, 2018; Craievich, 2020; Shin, 2021),
provide a fascinating new window of opportunity for bioi-
maging techniques. Here, we present the first scientific
commissioning results from experiments focusing on the
anatomy of small animals, zooarchaeology and palaeontology
carried out on MOGNO, the nano- and microtomography
beamline at Sirius (Archilha er al, 2022). The aim of this
article is to highlight scientific applications of micro-
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tomography to reveal high-precision details in the internal
morphology of an insect head (Aedes aegypti mosquito) and
the whole embryo of a reptile (Brasiliscincus agilis) and of an
amphibian (Eleutherodactylus cochranae), as well as the
features inherent in an archaeological artefact (Galeocerdo
cuvier tooth) and the fossilized bone of a fish (Elopomorpha
incertae sedis). We illustrate the potential of non-destructive
fast  high-resolution  phase-contrast microtomographic
imaging, particularly for fine anatomical studies of Brazilian
bio-based specimens.

2. Scientific commissioning experiments: samples
and setup

2.1. MOGNO beamline nanostation

The MOGNO beamline is a high-energy micro- and nano-
tomography experimental station of Sirius at the Brazilian
Synchrotron Light Laboratory (LNLS), a fourth-generation
storage ring currently operating at 3 GeV electron energy
and 200 mA current. The MOGNO beamline uses a 3.2 T
permanent bending magnet as a source. The optical system is
optimized for high flux at high photon energy, with a narrow
bandwidth (AE/E ~ 0.13 to 0.01, depending on the energy),
while operating in a cone-beam geometry. After the front end,
the first optical element is a Pt-coated horizontally focusing
elliptical mirror that collects the radiation from the bending
magnet source, collimates the beam and creates a secondary
source to the subsequent optical system. The second optical
system consists of a Kirkpatrick-Baez (KB) mirror system
coated with two multilayers, which selects the working ener-
gies and focuses the beam to a nanometric spot designed to
reach about 120 nm x 120 nm; one of its main advantages is
that the X-ray source does not limit the image resolution
within the operational range of the beamline. MOGNO is one
of the few full-field X-ray tomography beamlines worldwide
that operates with focusing optics (KB mirrors). The first
stripe provides two different energies, 22 keV and 39 keV (first
and second harmonics), and the second stripe provides only
67 keV, which significantly reduces the radiation dose —
particularly important for biological samples (Moraes et al.,
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Figure 1
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Schematic diagram and positioning of the sample for exposure on the MOGNO beamline. The KB system consists of two multilayer mirrors that focus
the X-ray beam in both directions. Note that there is an overlap between the two experimental stations, which covers FoVs between 3.0 and 18.4 mm.
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Table 1

Experimental parameters.

Number of

Sample Scan range (°) projections zy (m) 2, (m) FoV (mm) O (Lm) F'°
Aedes aegypti mosquito 180 1024 0.90 1.70 2.56 12 4.7
0.30 2.30 0.85 0.42+ 12
0.20 2.40 0.57 0.28+ 0.74
Eleutherodactylus cochranae embryo 360 2048 1.83 0.77 5.20 2.5 21
Brasiliscincus agilis embryo 180 1024 2.13 0.47 6.06 3.0 40
Galeocerdo cuvier tooth 360 2048 213 0.47 6.06 3.0 40
Fossilized fin ray 360 2048 1.10 1.50 3.13 1.5 6.5

F Images obtained in zoom mode.

2023; Hamann et al., 2025). In addition, the long source-to-
detector distance allows for a wide range of Fresnel numbers,
from fractions up to hundreds, enabling experiments in both
absorption and Fresnel imaging regimes. A detailed descrip-
tion of the instrumentation and geometric parameters can be
found in Archilha et al. (2022).

The MOGNO beamline has two end-stations. Imaging
experiments can be carried out using either the micro-
tomography station or the nanostation. MOGNO is a beam-
line where a cone-beam geometry is implemented, making it
possible to perform experiments with pixel sizes from 200 nm
with a beam size at the sample of 250 pm in the nanostation.
Herein we report on the main features of the nanotomography
station. This station holds a ~7 m granite rail, the sample stage
and the detector gantry that only serves the nanostation. The
sample stage is based on a set of wedge-shaped granite tables,
designed to have three degrees of freedom (X, Y and Z), and
all the movements are based on air bearings (Archilha et al.,
2022).

The divergent X-ray beam generated by nanoscale focusing
allows selectable magnification, resolution and field of view by
changing the source-to-sample distance z;. The sample can
move along the Z axis from the KB system’s focus up to the
detector. For zoom tomography measurements, we simply
adjust the effective pixel size by reducing the source-to-sample
distance, positioning the sample along the Z axis to achieve
the desired zoom level (Archilha et al., 2024). In the Experi-
mental results section we provide a detailed analysis of the
morphology of an Aedes aegypti mosquito head, highlighting
the effectiveness of zoom tomography. The experimental
setup is sketched in Fig. 1.

During the present experiment, the focus size was
approximately 250 nm X 250 nm, the chosen energy was
quasi-monochromatic radiation of 22 keV (AE/E =~ 0.129)
and the exposure time was 1.5s per projection. We used a
PCO edge 4.2 sCMOS (scientific complementary metal-
oxide-semiconductor) camera, 2048 x 2048 pixels, with a
physical pixel size of 6.5 pm x 6.5 um. The detector is coupled
with an optical magnification system (Optique Peter, Lentilly,
France) which consists of a scintillating screen (100 um LuAG:
Ce, Crytur) and 2x or 5x magnifying objective lenses.

This study involved careful optimization of experimental
parameters related to the effective pixel size and field of view
for various biological samples. All samples were scanned using
the detector positioned at 2.6 m (z; + z,) from the source with

a 2x objective lens (pixel size p = 3.61 um x 3.61 pm, corre-
sponding to a field of view FoV = 7.40 mm x 7.40 mm). The
possibility of varying z; allows the FoV, and hence the pixel
size, to be adjusted in a flexible manner. The FoV was calcu-
lated by FoV = effective pixel size (o) X number of detector
pixels. The geometric magnification m = (z; + z,)/z; resulted in
an effective propagation distance z.¢ = zo/m and an effective
pixel size oo = p/m (Bartels et al., 2013; Fuhse et al., 20006).
The number of projections was chosen based on the diameter
of the volume to be covered by the scan. Phase contrast
images were obtained at 1024 and 2048 projections distributed
over 180° and 360°, respectively.

The propagation can be fully described by a single para-
meter, the Fresnel number F = az/kzz, with wavelength A,
sample-to-detector distance z, and a typical feature size a. For
F ~ 1, diffraction effects are significant and images are in the
direct-contrast regime, showing pronounced edge enhance-
ment, which can be described e.g. by the transport of intensity
equation (TIE) (Paganin et al, 2002). Here, we defined a
typical feature size of ten pixels (¢ = 100.¢) and the corre-
sponding discrete Fresnel number F'° in the case of effective
variables in the cone-beam geometry F'° = 100(0eg)*/AZest
(Krenkel et al., 2015, 2016; Topperwien et al., 2018; Brombal,
2020); Levine ef al., 2021). Therefore, at F'° ~ 10 the object is
well recognized. One often speaks of direct contrast images
acquired in the near-field propagation regime, which corre-
sponds to large Fresnel numbers F'° > 10. On the other hand,
Fresnel numbers F'° ~1 and F'° < 0.1 correspond to the near
and far holographic regimes, respectively.

Acquisition parameters such as scan range, number of
projections, source-to-detector and sample-to-detector
distances, the corresponding FoV, effective pixel sizes and
discrete Fresnel numbers calculated for each sample are listed
in Table 1.

In a cone-beam system like MOGNO’s, the resulting
geometric resolution og is a function of the source size o, the
pixel size of the detector op and the local magnification m,
which in turn depends on the source-to-sample (z;) and
sample-to-detector (z,) distances (Table 1), according to the
following relation (Bartels et al., 2013; Krenkel et al., 2015),

o]
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Figure 2

(a) View of the experimental setup of the MOGNO nanostation, showing the robotic arm and rotational stage. (b) Sample tray. (c) Sample holder
showing, as an example, a mosquito sample properly adjusted at the bottom of the pipette tip.

During the experiments, the beamline source size was
approximately 250 nm x 250 nm; therefore, in most cases, the
geometric resolution was not limited by the source size.

The beamline is equipped with an automatic sample
exchange system, which was used to position and align the
samples in front of the beam. This enables fast sample
exchange through an easy-to-use graphical user interface. The
robot installed is a Mitsubishi RV-2F-D1 (controller CR-
750D) [Fig. 2(a)]. The imaging group designed a sample tray
with 22 positions [Fig. 2(b)] and a new sample holder system
[Fig. 2(c)] for the beamline. The sample holder has a conical
base, which facilitates handling and fitting it on the rotational
stage by the robot. Two magnets are responsible for applying a
small force, helping to correct the fit and keep it in contact
with the base. The robot was programmed to place and
remove the sample holder from the rotational stage, where the
sample holder is placed for the measurement (Costa et al.,
2017).

Soft-tissue samples (mosquito and embryos) were trans-
ferred to polypropylene pipette tips filled with 100% propan-
2-ol (absolute alcohol) placed on the top of the sample holder
[Fig. 2(c)]. The mounting pipette tips were sealed with
parafilm to avoid evaporation during the scan. Both of the
valuable and irreplaceable archaeological and paleontological
specimens were scanned in empty pipette tips.

Raw data images were corrected for dark current, flat fields
and ring artefacts. Subsequently, a single-distance phase-
retrieval algorithm, based on the homogeneous TIE (Paganin
et al., 2002), was applied. The slices were then reconstructed
with an open-source software tool (Brun et al., 2017) used to
perform phase retrieval (Paganin’s algorithm) and recon-
structions via a GPU-based filter back projection (FBP) with
Shepp-Logan filtering. Therefore, in this study, the ‘standard’
reconstruction workflow was used, i.e. flat fielding, Paganin’s
phase retrieval and FBP. Avizo Fire 8 was utilized for the
image processing of the datasets, segmentation and morpho-
logical analysis of the 3D volumes.

Hereinafter, the terms PCI and SR-microCT are used as
synonyms throughout the manuscript to refer to propagation-
based phase-contrast imaging.

2.2. Sample descriptions
2.2.1. Aedes aegypti mosquito

Morphological investigations of disease-transmitting insects
still play a key role in the intersections between biology and
medicine. Whether in elucidating drug action mechanisms
(Erler et al., 2024) or analysing the transmission of human
pathologies (PriiBing et al, 2013; Sena et al., 2015), these
insects constitute an important subject of study. In this work,
we focus on Aedes aegypti, a mosquito of significant sanitary
importance due to its role in transmitting diseases such as
dengue, chikungunya, yellow fever and Zika (Souza-Neto et
al.,2019). Despite its notoriety, detailed morphological studies
of A. aegypti remain limited to predominantly destructive
techniques, such as histological sections, or staining methods
that require a chemical agent to image the specimen (Clark et
al., 2005; Lima et al., 2023). Visualizing the specimens at the
level of the whole organism allows morphological studies to be
conducted with the aim of achieving effective vector control,
as well as analysing potential morphological alterations caused
by insecticidal agents (Soonwera et al., 2022; Serdeiro et
al., 2023).

The adult A. aegypti strain Rockefeller used in this study
was obtained through collaboration with the Insect Physiology
Laboratory at the Universidade Federal Fluminense (Rio de
Janeiro, Brazil). Eggs from a previous breeding were placed in
approximately 40 ml of rearing water to hatch. The hatched
larvae, after being counted, were maintained in a plastic dish
containing dechlorinated water and fed 1 mg of powdered fish
food flakes (Tetramin Tropical Flakes) in a 1:1:1 ratio. After
collection, A. aegypti was fixed in Bouin’s solution for four
hours and stored in 70% ethanol.

J. Synchrotron Rad. (2026). 33, 170-180
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2.2.2. Embryos of Eleutherodactylus cochranae and
Brasiliscincus agilis

In addition to the more usual interest in studying embryos,
such as organogenesis and tissue remodelling (and their
application), the interest in this type of sample encompasses
other subjects, such as physiology, ecology and evolutionary
developmental biology (Evo-Devo). To show the utility of SR-
microCT in the study of the anatomy of small animals, being
able to observe internal organs nondestructively, we have
taken two examples of embryos that ‘contradict’ the wide-
spread developmental logic of amphibians and reptiles. The
first one is an embryo of the direct-developing frog
Eleutherodactylus cochranae, a species without the free larval
stage (tadpole) characteristic of most known toads and frogs
(Callery et al., 2001). The second one is an embryo of the
viviparous skink Brasiliscincus agilis, a lizard species that
retains the eggs and developing embryos within the female
body until development is complete, rather than laying a hard-
shell egg (Rocha & Vrcibradic, 1999).

Both specimens are part of the Herpetological Collection of
Universidade Federal Rural do Rio de Janeiro (Rio de
Janeiro, Brazil) and were previously stored in formalin 10%.
Before the analysis, the specimens were washed in distilled
water and then submerged in progressive 10 min alcohol
baths, until the absolute, following Fidalgo et al. (2020). These
baths are designed to ensure removal of water from the
formaldehyde storage and slowly replacing it with alcohol.
This prevents the formation of micro-bubbles when water is
present in the specimen.

2.2.3. Archaeological and palaeontological specimens

SR-microCT can retrieve noteworthy information from
archaeological and palaecontological specimens at high spatial
resolution without damaging them (Davesne et al., 2020;
Cupello et al., 2022; Pansani et al., 2023). Its non-destructive
nature is especially important when dealing with exceptionally
rare and valuable materials, such as those examined in the
present study.

During the commissioning of the MOGNO beamline, we
tested archaeological artefacts from the Camboinhas
Sambaqui (Rio de Janeiro, Brazil) to analyse the internal
microstructure of a shark tooth modified into an artefact,
without damaging this very rare archaeological piece. The
Galeocerdo cuvier tooth was collected during excavations at
the Camboinhas Sambaqui in the years 2022 and 2023. It was
assigned to the Museu de Arqueologia de Itaipu (Rio de
Janeiro, Brazil) for safekeeping, under the reference number
CAM-0199. The specimen was imaged while supported in a
plastic pipette.

The palaecontological specimen scanned is a fossil fish of
Elopomorpha incertae sedis, from the Romualdo Member
Fossil Lagerstétte of the Santana Formation, Araripe Basin,
Lower Cretaceous of Northeastern Brazil (approximately 110
million years old). The specimen is permanently housed at the
Universidade do Estado do Rio de Janeiro (Rio de Janeiro,
Brazil) under collection ID UERJ-PMB 168. The volume

of osteocyte lacunae, measured using SR-microCT, has
previously been successfully used to estimate genome sizes in
extinct species (Davesne et al., 2020, Davesne et al., 2021). In
this study, we scanned a fossilized fin ray, supported in a plastic
pipette, to test the feasibility of measuring osteocyte lacunae
volume in this fossil specimen.

3. Experimental results and discussion
3.1. Investigation of insect head morphology

A precise and accurate description of the external and
internal structures of insects is fundamental for an expanded
understanding of their morphology. This knowledge is essen-
tial for comprehending insect physiology and behaviour, with
applications in the conservation of ecologically critical species
(New, 2009) and the population control of pathogenic species
(Finkler, 2012). The primary technique for obtaining this
detailed information has been animal dissection combined
with optical microscopy (Porto et al., 2016). Nevertheless, this
method is destructive, preventing the study of structures in
their original spatial arrangement and often leading to
distortions during the process (Alba-Alejandre et al., 2019).

Arthropods, being small animals, present challenges in
accessing their micrometric structures. Conventional microCT
has been used as a non-destructive alternative for morpho-
logical studies in various insect species (Alba-Tercedor ef al.,
2021; Ferreira et al., 2024). However, microCT performed in
synchrotron laboratories represents considerable advance-
ment, thanks to its intrinsic characteristics of high brilliance
and spatial and temporal coherence.

SR-microCT has been successfully applied to study the eyes
of various butterfly species (Paukner er al, 2024) and
Coleoptera species (Giglio et al., 2022), the internal organs of
beetles (Vommaro et al., 2022), the internal structures of the
bedbug’s head (Sena et al., 2015), the venation of cricket
fossils (Ferreira et al, 2024) and others. In our study, SR-
microCT enabled in situ visualization of several biologically
relevant subregions of A. aegypti through the 3D rendering of
the mosquito. Fig. 3(a) allows us to highlight the application of
SR-microCT for external morphological study, wherein we can
identify legs, wings, palps and antennae, and the spatial
distribution of the eyes.

Neurobiological studies have facilitated the exploration and
understanding of cognitive functions across diverse insect
species. While brain isolation protocols involving dissection
exist (Toh et al., 2021; Wu & Luo, 2006), this procedure
requires high precision due to the extremely small size of the
organ. Higher resolution datasets recorded in zoom mode with
effective pixel sizes o = 420 nm and o = 280 nm corre-
spond to Fresnel numbers F'° ~ 1.2 and F'° ~ 0.74, respec-
tively. Due to the smaller Fresnel number F'° (Table 1), phase-
contrast effects can be observed especially for fine structures
in the zoom setting. We successfully visualized the detailed
substructures of the A. aegypti brain [Fig. 3(b)-i], clearly
identifying the nodulus, ellipsoid body, fan-shaped body
and mushroom bodies. Beyond the intricate details of the
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Figure 3

SR-microCT images of A. aegypti using different acquisition setups.
(a) A 3D rendering of the specimen fully scanned with o = 1250 nm.
(b) The head (green square) acquired with o = 420 nm, highlighting the
following internal structures: (i) brain and (ii) compound eye (scale bar
50 pm). (¢) A 3D rendering and cross section of an antenna (blue square)
with o.¢ = 280 nm during image acquisition.

A. aegypti brain, Fig. 3(b)-ii offers visualization of the
mosquito’s compound eyes, revealing ommatidium structures,
the curvature of the cornea, the crystalline cone and axons.
These fundamental features align with the early morpholo-
gical description of the adult A. aegypti eye documented by
Brammer (1970), which also detailed the basic arrangement of
these optical elements.

In mosquitoes, the olfactory system comprises the mush-
room body, antennae and maxillary palps (two of the three
sensory appendages/organs) (Konopka et al., 2021; Bohbot et
al., 2013). Fig. 3(c) demonstrates that SR-microCT enables a
dual approach to studying the antenna: visualizing its external
structure and conducting histological evaluation. This detailed
understanding of the olfactory system in disease-vectoring
mosquitoes can significantly contribute to the development of
effective disease control strategies, as this system governs their
host-seeking behaviour (Vinauger et al., 2014).

Although SR-microCT is a well established technique in
insect studies, no previous research was found applying this
method specifically to A. aegypti; existing studies have relied
solely on conventional microCT (Lima et al., 2023). The
findings presented here therefore demonstrate the novelty and
potential of this approach, showcasing the high-resolution
imaging and fine morphological detail that can be achieved
without the need for chemical staining. These results establish
a valuable foundation for future investigations into this
pathogenically significant species.

3.2. Herpetological specimens

The introduction of microCT techniques to fields of verte-
brate zoology, in particular herpetology (the study of amphi-
bians and reptiles), was groundbreaking. It allowed new
studies of old problems and even new opportunities for
research in morphology, ecology and evolutionary biology
(Metscher, 2009; Faulwetter et al., 2013; Broeckhoven & du
Plessis, 2018). The different tissues and organs may yield a
wide variety of information on different aspects of these
animals’ morphology, and in this sense and less explored are
ultrastructural and developmental analyses. Ultrastructural
analysis is concerned with the subunits of the tissues, their fine
structure, differences between regions of morphology and
their relationship with each other, whereas developmental
analysis is interested in changes in morphology during devel-
opment.

Among the most commonly studied morphological systems,
those associated with the skeleton are essential in vertebrate
comparative research, such as developmental biology,
morphology, palacontology and systematics. Studies of living
organisms classically involve techniques based on dry
specimen preparation or chemical baths, through clearing and
staining methods [e.g. Dingerkus & Uhler (1977)]. These
techniques render bones red or purple and cartilage blue.
However, during the process of preparation all the other
systems are lost. Because of their structure, bones have been
the most studied system in herpetological specimens using
conventional microCT (Broeckhoven & du Plessis, 2018). In
most of these studies, skeletons are described and compared
between species [e.g. Batista et al. (2025)]. Although SR-
microCT has been used in descriptive research involving
herpetofauna [e.g. Boistel et al. (2013) and Haas et al. (2014)],
developmental studies aiming to follow the ontogeny of
different systems throughout the developmental stages were
carried out only recently (Fidalgo et al., 2018, 2020).

In direct-developing frog species, as well as in reptiles,
osteogenesis has its onset while still inside the egg (Vera
Candioti et al., 2020; Ollonen et al., 2018), with each bone (or
pair) and species showing its own ossification time and
sequence. As with conventional microCT, mineralized struc-
tures like bones are easier to observe, therefore we had similar
results measuring the state of ossification in both specimens.
We were able to identify different bones in early stages of
development of the cranial, axial and appendicular elements
[Figs. 5(d) and 6(c)], and we were also able to identify early
stages of ossification (Figs. 5 and 6).

In conventional microCT, it is possible to study soft tissue
with the use of staining that increases the contrast in such
tissues (Metscher, 2009; Gignac & Kley, 2014). These techni-
ques permit the visualization of components from different
systems, such as muscular, nervous and some visceral.
However, the use of staining to study rare specimens is not
usually allowed by the collection’s curators, because these
techniques may, in the long run, damage the specimens
(Broeckhoven & du Plessis, 2018). The MOGNO beamline
allowed us to discriminate between soft-tissue organs, as well
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Figure 4

(Centre) Volume rendering of Eleutherodactylus cochranae embryo.
Around the central image are 2D slices of observed tissues: (a) brain,
(b) eye, (c) digestive tract and yolk, and (d) leg bones (femur, tibia and
fibula) and muscles (scale bar 500 pum).

Figure 5

(Centre) Volume rendering of Brasiliscincus agilis embryo. Around the
central image are 2D slices of observed tissues: (a) brain, (b) eye, (¢) leg
bones (femur, tibia and fibula), and (d) heart (scale bar 500 pm).

as their sub-units (Figs. 4 and 5), without staining. For both
samples (E. cochranae and B. agilis), in addition to the
developing bones, we were able to observe in detail the eye
morphology and the central nervous system (CNS) (Figs. 4 and
5). In addition, the brain and the whole CNS were easily
observed [Figs. 4(a) and 5(a)], allowing us even to identify
specific nerves such as the optic nerve [Fig. 4(a)]. On the eyes,
we observed key structures, such as the lens, cornea, retina and
their layers [Figs. 4(b) and 5(b)]. Other specific organs and
tissues were visualized in only one of the specimens. For
instance, in B. agilis it was possible to identify the heart and
its cavities filled with blood [Fig. 5(d)], whereas in E.
cochranae it was possible to identify structures associated
with the developing digestive tract, filled by the yolk at
this stage [Fig. 5(c)].

Although the use of conventional microCT in herpeto-
logical research has increased in the last 20 years with a variety
of applications (Broeckhoven & du Plessis, 2018), the number
of studies applying SR-microCT to study embryos and larvae
and their development and organogenesis are still scarce. The
development of protocols and methodologies to measure this
type of specimen may open doors to the use of other model
animals among members of herpetofauna in different types of
study and help to reveal more about the biology of these
organisms, with applications from morphology and physiology
to ecology and evolutionary biology (Burggren & Warburton,
2007).

3.3. Zooarchaeological artefact

Despite being well documented from an archaeological
perspective, many questions remain unanswered regarding the
zooarchaeological records of Itaipu and Camboinhas, Niterdi,
Brazil [e.g. Kneip (1979) and Kneip ef al. (1981)]. Archae-
ological materials often include hard tissues with complex
structures down to the subcellular level. In such cases,
conventional microCT imaging provides little to no contrast
due to insufficient X-ray absorption. Phase-contrast micro-
tomography, achievable only at synchrotron facilities, is
therefore essential for accessing the internal anatomy and
histology of these rare materials on the (sub-)microscale
without causing damage.

The objective of this measurement on the MOGNO
beamline was to investigate the natural internal composition
of shark teeth to assess whether their anatomy may have
facilitated later modifications. The shark tooth analysed in this
study (specimen CAM-0199) features a central perforation
characteristic of human alteration [Fig. 6(a)]. High-quality
images obtained through SR-microCT revealed the hollow
internal structure, which probably made drilling easier
[Figs. 6(c) and 6(e)], as well as cracks consistent with this
modification process [Fig. 6(b)].

The results, based on 3D SR-microCT images, offer a
detailed view of the features associated with human-made
perforations, highlighting modified internal structures, addi-
tional incisions, anthropogenic marks and surface scars [for
further examples of this potentiality, see Pansani ez al. (2023)].
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Figure 6

Anthropogenically modified shark tooth CAM-0199 from Camboinhas
Sambaqui, Niter6i, Rio de Janeiro. (a) Three-dimensional reconstruction
of the tooth, revealing the central perforation. (b) Close-up of the 3D
reconstruction in panel (a), highlighting cracks inherent to the perfora-
tion. (¢) Coronal section showing the junction between the central
perforation and the natural hollow internal structure of the tooth.
(d) Three-dimensional reconstruction displaying the hollow internal
structure. (¢) Coronal section of the tooth displaying the hollow internal
structure. [Scale bars: (@), (¢), (d) and (e) 1 mm, and (b) 0.25 mm.]

3.4. Osteocyte volume in a palaeontological specimen

Whole-genome duplication (WGD) has frequently been
suggested as a key driver behind the remarkable evolutionary
diversification of the teleosts (ray-finned bony fishes)
(Davesne et al, 2021). Nevertheless, the lack of genetic
information from fossil species has made it difficult to deter-
mine the exact timing of the WGD event within teleost
evolution (Davesne et al., 2021). Osteocyte volume in fossil
bones is potentially relevant to estimate large-scale changes in
genome size in vertebrate evolutionary history (Davesne et al.,
2020). The volume variation of osteocytes (the main cellular
component of the mineralized matrix in vertebrate bones) has
been shown to correlate with genome size in tetrapods and,
more recently, in ray-finned fish species (Hall, 2015; Davesne
et al., 2020, 2021).

Traditional methods, such as ground and thin sections, are
the most commonly used techniques for estimating osteocyte
morphology [e.g. Francillon-Vieillot et al. (1990), Sire &
Meunier (1994) and Cupello er al. (2017)]. However, while
these methods preserve some information on osteocyte shape
and volume, many lacunae are partially sectioned, which limits
both the characterization and quantification of their 3D
structure (D’Emic & Benson, 2013; Marotti, 1981; Stein &
Prondvai, 2014; Davesne et al., 2020).

Synchrotron-based virtual histology is the only non-
destructive and effective method for examining bone micro-

Figure 7

Osteocytes in a fragment of the fossilized fin ray UERJ-PMB 168.
(a) Transverse section of the fin ray. (b) Close-up of the transverse section
in panel (a), highlighting the osteocytes. (¢, d) Three-dimensional
reconstructions of the fin ray. (e) Longitudinal section of the fin ray.
(f) Close-up of the longitudinal section in panel (e), highlighting the
osteocytes. Orange arrows point to the osteocytes. [Scale bars: (a), (c), (d)
and (e) 200 pm, and (b) and (f) 50 pm.]

structure in both fossils and extant vertebrates (Sanchez et al.,
2012). Thanks to the propagation phase-contrast micro-
tomography of the MOGNO beamline, the measurement of a
fragment of a fossilized fin ray from Elopomorpha incertae
sedis (sample UERJ-PMB 168) clearly revealed osteocyte
lacunae [Figs. 7(a), 7(b), 7(e) and 7(f)] that can be measured
and compared with extant taxa.

4. Conclusion

This paper presents the promising initial commissioning
output from the MOGNO X-ray micro- and nanotomography
beamline at the Sirius storage ring, a fourth-generation
synchrotron source built at the LNLS, Brazil. We have
described the capabilities of the beamline for imaging milli-
metre-sized biological samples, highlighting the performance
and potential of the nanostation to produce high-resolution
3D images.

Case studies of the overall morphology of small vertebrate
and invertebrate animals, including delicate and unique
specimens from museum collections, are presented. These
results demonstrate the ability to perform virtual dissections
of samples in any desired plane without compromising their
integrity.
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These successful scientific outcomes are regarded as a
significant advancement towards the potential of the MOGNO
beamline being made available to users, which is expected to
increase the use of SR-microCT for many applications in
biological and biomedical fields.
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