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The Argentine Black and White Tegu Salvator merianae is one of the largest South American lizards. The eggs of
this reptile, whitish in color and oval in shape, are soft and resistant but permeable to water, evidencing interesting
properties to be exploited in the field of biomaterial engineering. This is the first study focused on the organic matrix
of the Salvator merianae eggshell. The structural analysis, carried out by Raman microscopy and complemented with
transmission electron microscopy and with brightfield and polarized light optical microscopy, reveals an interesting
organization of fibrillar polymers. The spatial distribution of collagen and keratins correlates with the morphology of
this extraordinary complex system. © Anita Publications. All rights reserved.
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1 Introduction

The biodiversity of reptiles is associated with a remarkable heterogeneity of reproductive patterns
and adaptive strategies that allowed this group of animals to live and reproduce independently of the aquatic
environment [1,2]. The determining innovation that facilitated these amniotes to colonize diverse terrestrial
ecosystems was the cleidoic egg, considered one of the most outstanding evolutionary events in the history
of vertebrates [3.4].

The eggshell is a multifunctional physiological barrier that ensures embryonic development and
survival [5], regulates gas and water exchange between the egg and the nest [6], and provides a calcium
reservoir for the growing embryo [7]. It is an example of the perfect organic-inorganic combination that yields
materials with extraordinary attributes of flexibility and toughness. The organic components are essentially
protein- and sugar-based polymers [8,9], while among the biominerals are hydroxyapatite, calcium carbonate
in the form of calcite or aragonite, and silicon dioxide [10,11]. Structural proteins can be further divided into
those dominated by regions of rigid secondary structure (such as the triple helix in collagen and the a-helix
and B-sheet in keratin) and those containing mostly amorphous and random-coil domains (as in elastin,
resilin, and abductin) [12,13]. The physical-chemical and mechanical properties conferred by these organic
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components to the eggshell led collagen and keratin to emerge as new sustainable biomaterials because of
their easy availability, biodegradability, and inherent biocompatibility between cells and tissues [14,15].

Reptile eggshells are usually classified as "hard" or "soft" and/or "flexible" [16], although their
structural conformation and water requirements exhibit a varying spectrum [17]. In this regard, research
focuses especially on the general conformation of the shell and on the mechanisms that promote its
mineralization [18,19], while limited information on the structural characterization, compositional analysis,
and mechanical properties of the biomaterials in the eggshell of this group of vertebrates is available.

Tegu (Squamata: Teiidae) of the genus Salvator is one of the largest South American lizards and
is recognized in the international live animal trade and commercially exploited for the qualities of its skin
[20]. The Black and White Tegu, Salvator merianae, is the southernmost lizard of the genus and is distributed
over a large fraction of Argentina [20,21]. Its annual oviposition ranges from 20 to 50 eggs of whitish
color and oval shape, with a soft and resistant but permeable to water shell [22]. Recently, using optical
microscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and Raman spectroscopy
it was demonstrated that the eggshell of Salvator merianae has an organic and inorganic composition, notably
different from that described for reptile eggshells [23]. For the first time, mucopolysaccharides were identified
in the surface layer of a reptile egg, as well as hydroxyapatite in the deep section of the shell. The presence
of this biomineral is remarkable as it contradicts generalizations that assume calcium carbonate as the only
mineral source in the eggs of this group of vertebrates [16,24]. On the other hand, ultrastructural analysis
evidenced two morphologically different types of fibers. Indeed, 85% of the thickness of the shell consists of
a dense mesh of parallel fibers, distinguished by the presence of intrafibrillar alveoli. The remaining 15% of
the shell consists of two sheets of compact fibers exhibiting plywood stacking structure [23].

The morphological peculiarities of the Salvator merianae egg and its evident ability to adapt to the
development of the embryo, motivate to deepen the study of the molecular nature of the fibrillar components
of'its shell with a double purpose: (i) From developmental biology, understanding the structural and molecular
conformation of the shell of Argentine Black and White Tegu would provide new insights into reproductive
strategies in these sauropsids. Specifically, knowing the structural elements of the shell and their behavior
will make it possible to establish parameters for the development of artificial incubation technologies. The
artificial incubation of Salvator merianae eggs and the zootechnical management of animals born in captivity
are substantial for the sustainable use of this species with a more visible impact on its conservation [22].
(i) Due to the great interest that currently exists in the investigation of fibrillar biopolymers because of
their great functionality and their natural abundance, determining the biomaterials that make up the Salvator
merianae eggshell will allow to advance in the knowledge of these macromolecules in the field of biomaterial
engineering. In particular, fibrillar biopolymers have attracted interest for their behavior as elastomeric
materials or as hydrogel systems [25].

In the present work, we analyzed by Raman microscopy the molecular fingerprint of the fibrillar
polymers of the eggshell of the Argentine Black and White Tegu. Raman spectroscopy has proven to be a
powerful analytical technique in the study of biological materials, providing robust correlations between
spectral information and the biochemical and structural nature of the biomaterials that comprise them. In
addition, we complement the spectroscopic study with transmission electron microscopy and with brightfield
and polarized light optical microscopy to determine the fibrillar morphology and its spatial distribution.

2 Materials and Methods

2.1 Biological material

To exclude possible modifications in the structure and chemical composition of the shells associated
with incubation or embryonic development, recently oviposited eggs (up to 12 h after laying) in a perfect
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state of preservation were used. Eggs (n =12) were taken from six nests built by Salvator merianae females
(with at least two previous clutches). The mean weight of the females was 4 kg, and average snout-vent
length >35 cm. The animals were housed at the Experimental Lizard Hatchery of the Facultad de Agronomia
y Zootecnia of the Universidad Nacional de Tucuman, located at Finca "El Manantial" (26°51°S, 65°17'W),
province of Tucuman, Argentina. Animal handling and care protocols were carried out by the "Guide for the
care and use of laboratory animals" [26]. All experiments have been examined and approved by the Ethics
Committee of Consejo de Investigaciones de Universidad Nacional de Tucuman (CIUNT).

2.2 Transmission Electron Microscopy (TEM)

Small pieces of eggshells (n = 6) were fixed in Karnovsky's fixative [27] at half concentration for 24
h at 4-5 °C, post-fixed with 2% Osmium tetroxide (Ted Pella, California, U.S.A), dehydrated in increasing
concentrations of acetone and embedded in Spurr resin (Ted Pella, California, U.S.A). Ultrasections were
counterstained with 2% Uranyl acetate (Ted Pella, California, U.S.A) and observed with Zeiss Libra 120
transmission electron microscope (Carl Zeiss, Oberkochen, Germany) controlled with WinTEM user interface
and system software (Carl Zeiss).

2.3 Light microscopy

For histological studies, 6 whole eggs were fixed in a 4% phosphate-buffered formaldehyde solution
at pH 6.8 [28] for 12 h at 4°C. Small pieces of shell from each egg (n = 12) were dehydrated in ethyl alcohol,
diaphanized in xylene, embedded in paraffin-celloidin and serially sectioned at 8 um. For the determination
of collagen fibers the sections were stained for 30 min with Sirius red (0.1% of Sirius red F3B; Sigma-
Aldrich Co., St Louis, MO, United State in saturated aqueous picric acid), as described by Junqueira et
al [29] for collagen bundle staining. In addition, the spatial distribution between keratin and collagen was
analyzed by Heidenhain's Azan staining [30]. Sections stained with Sirius red and Heidenhain's Azan were
analyzed with an Olympus BX51 brightfield and polarized light microscope (Olympus Corporation, Tokyo,
Japan) equipped with an Olympus Q Color 5 digital camera controlled with Pro Express 6.0 software (Media
Cybernetics, Rockville, Illinois, USA).

2.4 Raman microscopy

Square fractions (3mmx3mm approx.) of the Salvator merianae eggshell were mounted on a
gold-coated slide suitable for Raman microscopy. Raman measurements, between 3500 and 50 cm™!, were
performed with a DXR confocal Raman Microscope (Thermo Fisher Scientific, U.S.A.) equipped with a
motorized stage with 3 um of spatial resolution (x, y axes) and 2 pm of confocal depth resolution. A diode-
pump solid-state laser of 780 nm (5 cm™! spectral resolution) was focused on the sample with a 20x objective.
For data collection, excitation at 24 mW of power and a confocal aperture of 50 um slit were used. The
spectroscopy examination of the cross-section of each eggshell piece was carried out at 7 different depth
levels, approximately 25-40 micrometers apart. The spectra were collected from three different sampling
points, located at each depth level, obtaining a total of 21 spectra from each sample. Each sampling point
yielded one individual spectrum, which was acquired by accumulating 60 expositions with an exposure time
of 3 seconds each. Three samples of eggshells were used, belonging to three different specimens.

Reference spectra of collagen (I/II), elastin/collagen III and B-keratin were acquired from tendon,
aorta, and claw samples, respectively, taken from different specimens of Salvator merianae, which had already
been euthanized in the framework of other studies. For euthanasia, the animals were first anesthetized with
diazepam (2.5 mg/kg) and intramuscular ketamine (25 mg/kg) and then supplied with intracardiac injections
of sodium pentobarbital (100 mg/kg) [31]. The a-keratin reference spectrum was acquired from a human nail
sample. The water reference spectrum was obtained from a 20 pL drop of tri-distilled water. All reference
spectra were recorded following similar conditions as for eggshell spectra in terms of excitation energy and
spectral accumulation. Spectroscopic experiments were carried out at room temperature.
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2.5 Data analysis

Spectral data were processed with the OMNIC 8 Software suite (Thermo Scientific, U.S.A). All the
spectra (n = 63) were individually baseline corrected using a linear algorithm and then smoothed with 13 data
point with the Savitzky-Golay algorithm [32]. Subsequently, to minimize slight spectral differences that may
arise between the three sampling points at a given depth in an eggshell sample, a single average-spectrum was
obtained for each depth (n = 7 per eggshell sample). The spectral analyzes were carried out on the average-
spectra, going from #1 at the outer surface to the #7 at the inner one in a given eggshell sample.

The OMNIC Specta software (Thermo Scientific, U.S.A) is a task-based tool for processing,
searching, and interpreting Raman spectra. The multi-component search tool of this software was used to
look for the mathematical combinations involving the reference spectra that best describe the spectra taken
from the eggshell at different depths. The library with the reference spectra, constructed specifically for this
purpose (see above), also included the spectrum of L-cystine (crystalline, 98%) extracted from a commercial
spectra library (Thermo Scientific) and the spectrum of the zona pellucida (ZP) of bovine oocytes that was
used as reference of glycoproteins [33]. Since the algorithm allows the maximum number of components to
be 4, the results were used as illustrative with respect to the principal components that contribute to a specific
spectrum.

3 Result and Discussion

Micrographs of radial sections of Salvator merianae eggshell are presented in Fig 1. Ultrastructural
analysis revealed the fine structure of the fibers and matrix. The outer surface consists mainly of an amorphous
material exhibiting zones with varying degrees of electrodensity, Fig 1(a). The intermediate region of the
shell is composed of fibers characterized by the presence of alveoli inside, Fig 1(b). The interfibrillar matrix
exhibits a granular appearance, as can be seen in Fig | (c), and contains clusters of dispersed osmophilic
fibrils, which are shown in Fig 1(d). In the deep zone of the shell, the compact fibers are characterized by their
orthogonal organization. A high electrodensity sheath between the fibers is noticeable, Fig 1(e).

Picrosirius Red staining (also called PSR or "Sirius red" staining) is a selective staining suitable
for studying and quantifying the collagen lattice in the extracellular matrix [34], with the same specificity
properties as with the immunohistochemical technique [35]. Heidenhain's Azan staining was used for
the selective demonstration of cells and components of the extracellular matrix [30]. Images of Salvator
merianae shell sections stained with Sirius red and Heidenhain's Azan are presented in Fig 2. Radial shell
sections stained with Sirius Red exhibited mainly long wavelength polarization colors: yellow-orange to red
results suggest a dominance of type I and II collagen fibers [36]; type III collagen exhibited a faint greenish
birefringence [37] adjacent to the section near the plaques and fissures of the shell surface, Fig 2 (a). Shell
sections stained with Heidenhain's Azan exhibited an intense red color, characteristic of keratins. Although,
this coloration is present throughout the entire thickness of the shell, it manifested a tintorial dominance in the
middle and upper zones. In addition, this trichrome staining also revealed blue-colored collagen fibers mixed
with keratin fibers, Fig 2 (b).

The Raman spectra of the recently oviposited eggshell of Salvator merianae were acquired from
seven sampling points located at different depths from the outer surface until the inner surface. A detailed
comparison was made between all the spectra to look for differences reflecting the distribution of bio-
components along the eggshell cross-section; a single spectral profile, representative of the global composition
of the system, was obtained by averaging the seven spectra. Figure 3 compares the representative-spectrum
of the eggshell, with reference spectra for collagen (types I, II), keratin with a high proportion of -sheet/
random coil conformations, and a-helix-rich keratin. The spectra of L-cystine to mimic the contributions
from the presumed amorphous matrix rich in disulfide bonds and of liquid water are also shown in Fig 3.
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Fig 1. Transmission electron microscopy (TEM) photographs of Argentine Black and White Tegu (Salvator
merianae) eggshells: (a) Radial section showing the amorphous conformation of the shell surface. Note the
amorphous nature of the matrix along with moderate to intense electrodensity zones. Scale bar 1pum. (b)
Alveolar fibers of the middle and upper zone of the shell. Arrows point to wide interfibrillar spaces. Scale
bar 5um. (c) Detail of the alveolar fibers of the deep zone of the shell. The asterisks indicate the granular
interfibrillar material. Scale bar 1 pm. (d) Detail of the microfibrils between the alveolar fibers. Scale bar
200 nm. (e) Radial section showing compact fibers arranged in a double layer, sectioned longitudinally and
transversely. Scale bar 1um. In all images outside of the eggshell is up.

Based on the morphological/structural information derived from transmission electron microscopy
and the stain assays, as well as from related literature, the Raman spectral analysis was carried out on the
premise that the main bio-components of Salvator merianae eggshell are collagen and keratin, both embedded
in an amorphous sulfur matrix-forming cystine-like disulfide bonds. Sexton ef al [38] studied the amino
acids eggshell, with reference spectra for collagen (types I, II), keratin with a high proportion of the -sheet/
random composition in eggshells of several squamate reptiles and found that flexible eggshells contain
significantly high levels of proline; proline, together with hydroxyproline and glycine constitute the collagen,
the biopolymer that confers flexibility to the soft eggs [39]. In addition, it was demonstrated that theflexible
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eggshell of Taiwan cobra snake (Naja atra) is composed of a wavy and random arrangement of keratin
fibers as well as collagen layers, being keratin the main protein constituent of that system. Moreover, it was
reported that the a-helix, B-sheet, and B-turn fractions of keratin extracted from snake eggshell were 64.2%,
13.8%, and 22.0%, respectively according to the ATR-FTIR deconvolved amide I (AmI) band [39]. On the
other hand, previous studies on the Salvator merianae eggshell by energy-dispersive X-ray spectroscopy
evidenced high sulfur content well distributed throughout the cross section of the shell [23]. Those results
provide the basis for assuming the existence of a sulfur matrix in this system; it can be related to a previous
study that reported the identification of a new protein rich in cysteine, found in the membranes of the eggshells
of birds and some lizards [40]. By reductive alkylation of avian eggshell membranes followed by proteolytic
digestion, the cysteine-rich protein was characterized as possessing a modular sequence architecture that
is formed from multiple disulfide-containing units in a C-X4-C-X5-C-X8-C-X6-C-X4-C-X5-C-X8-C-X11
amino acids repetitive pattern, where X represents any amino acid, except cysteine [40]. Raman spectral
signals from other macromolecules like elastin and glycosaminoglycans are also expected to be observed.
Studies of the three-dimensional organization of fibrils in tissues have shown that these are embedded in a
viscous proteoglycan matrix [41], which is considered to play an important role in the mechanical strength of
the fibers [42].

Fig 2. Light microscopy micrographs of Salvator merianae eggshells. (a) Polarized light micrograph

of a cross-section eggshell stained with Sirius red. Scale bar 40 um. (b) Light micrograph of a cross-

section eggshell stained with Heidenhain's Azan. Note the intense red coloration of the keratin fibers.

Scale bar 37 pm. In both images outside of eggshell is up.

Bands from the complex protein domain are easily detected in the eggshell, representative-spectrum
is shown in Fig 3: 1) the amide I (Aml) and amide III (AmIII) modes, appearing in the intervals between
1700-1620 cm™" and 1280-1210 cm™', respectively; ii) several vibrations of aromatic amino acids; iii)
the CH,/CH; bending mode of the peptide backbone, located at 1448 cm™' [43]. One of the interesting
characteristics of the eggshell spectrum is the strong band at 499 cm™!, which is associated with disulfide
bonds, characteristic of certain fibrillar proteins [40,43-45]. Most of the bands observed in the Salvator
merianae eggshell representative-spectrum, together with their tentative assignments are presented in Table 1.

Due to the fibrillar nature of collagen, as well as the abundance of collagen-specific amino acids like
hydroxyproline, the Raman spectrum of this macromolecule is unique and can easily be discriminated from
most other proteins [46]. Thus, in the spectrum of the Salvator merianae tendon (Fig 3), the wavenumbers
of the AmI band (1665 cm™") and the AmIII component at 1266 cm™ are consistent with the high proportion
of a-helix conformations that characterizes the structure of collagen (typesl/ II) [46,47]; the less abundant
B-sheet/random conformations of collagen are associated to the shoulders around 1678 and 1637 cm™'(Am
I) and to the strong band 1245 cm™! (AmIII) [48,49]. Other typical collagen features are observed at 1097
cm!, assigned to the NCH deformation of proline [50], at 932 and 917 cm™!, corresponding to the C-C
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stretching mode of the backbone formed by the known Gly-X-Y sequences and to the proline ring vibration,
respectively [49], and 873 cm™, a signal that arises from the hydroxyproline ring vibration [49]. All these
collagen bands are clearly manifested in the representative spectrum of the eggshell, as is highlighted in Fig
3. Similarly, there are also several bands in the spectrum of the eggshell that can be confidently associated
with the vibrations of the keratin molecules. It is even possible to discriminate between specific bands of
keratin rich in a-helix conformations from those with predominant B-sheet or disordered structures. Thus,
although the component of AmI at 1665 cm™ and that of AmIII at 1245 cm™! can be ambiguously assigned
to B-keratin vibrations, the features located at 1611, 1554, 1201, 1186, 1002, 760, and 642 cm™!, all of them
attributable to vibrations of aromatic amino acids [44,51] (see Table 1), show very good correlation both
in position and in relative intensities with the spectral profile of the reference B-keratin. In turn, the more
ordered structure of a-keratin chains is manifested in an AmI component located at 1651 cm ™! in the spectra
of the eggshell, in very good agreement with the reference spectrum and with literature data [48,51,52]; other
features are observed at 1315 cm™! (Ca-H bending mode) and 934 cm™! (skeletal C-C stretch ahelix). The
strong and asymmetric band at 500 cm™" in the spectra of the eggshell is assigned to the stretching mode of
various disulfide bonds. The typical location in keratin (whether o or B) is at ~ 510 cm™' and corresponds
to the most stable gauche-gauche-gauche (ggg) conformation around the S-S bond [44,52]; in the spectra
of the eggshell, this contribution is observed as a shoulder at ~ 509 cm!. Other less stable arrangements
around the SS link, defined as trans-gauche-trans (tgt) (540 cm™') and gauche-gauche-trans (ggt) (525 cm™")
could be integrating the wide shoulder of the main band, while the maximum at 499 cm™! is interpreted to be
originated in disordered conformations similar to those observed for cystine dimer [52].

8. merianae
Eggshell

Raman Intensity

I-Cystine
L e e P e s e e AL . S

M et

1800 1600 1400 1200 1000 800 600
wavenumber (cm™1)

Fig 3. Comparison between the representative-spectrum of the Salvator merianae eggshell and the
spectra of collagen (types I/II, from Salvator merianae tendon), B-keratin (from Salvator merianae
claw), a-keratin (from a human nail), L-cysteine (solid) and liquid water, taken as references to
identify their contribution to the average spectrum.
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Table 1. Wavenumbers (cm™), relative intensities, and tentative assignment of most of the bands observed in the 1800—
450 cm™! region of the representative-spectrum of the Salvator merianae eggshell.

Wavenlirlrlbera Assignment References
(cm™)
1664 sh Amide I (collagen; B-keratin) [48,53]
1653 s Amide T (a-keratin) [48]
1612 m Tyr (keratin) [44,52]
1554 m Trp (keratin) [44,52]
1448 Vs CH;/CH, def. (collagen; keratin) [33,53]
1330 S CH, scissoring def. (Keratin) [33,46,53]
1315 sh Co-H def. (a-keratin) [44,46]
1266 S Amide IIT a-helix (collagen) [48,49]
1245 S Amide IIT B-sheet/random coil (collagen; B-keratin ) [44,48,49,52]
1201 m Tyr; Phe (B-keratin) [44]
1186 sh Tyr (keratin) [44,52]
1097 m NCH def. Pro; C-O stretch. carbohydrate (collagen) [34,50]
1042 m S-O stretch. sulfonate; C-O stretch. carbohydrate (B-keratin; collagen) [44]
1002 m Phe (collagen; keratin) [49,33]
958 m —PO, 7 stretch. (Hydroxyapatite) [23]
924 s C-C stretch. Pro/Hypro ring; (;—iesr:zt;)h. a-helix; C-COO™ (collagen; [44,46,49,50]
875 m C-C stretch. Pro/Hypro ring (collagen) [49]
847 w C-C stretch. Pro/Hypro ring; Tyr (collagen; keratin) [44,46,49,52]
760 m COO" def; Trp (collagen; B-keratin ) [50,52]
728 m C-S stretch. (collagen) [45.49]
662 w C-S stretch. cys (keratin) [44]
640 w C-S stretch. ; Tyr (keratin) [44,52]
584 w C-S stretch. (keratin) [45.52]
530 sh S-S stretch. (tgt) (collagen) [49]
509 sh S-S stretch. (ggg) (keratin) [44,52]
499 ] S-S stretch. cys (keratin; cystine-rich unordered matrix) [45,52]

[a] vs: very strong; s: strong; m: medium; w: weak; sh: shoulder. [b] Phe.: phenylalanine; Tyr.: tyrosine; Trp.: tryptophan;
cys.: cystine; stretch.: stretching; def.: deformation.

The CH,/CH; bending band (1448 cm™') is known to be insensitive to protein secondary structure
and only to depend on the total concentrations of methyl and methylene groups [53]. Then, its intensity is
used to evaluate the variability of the main bands throughout the eggshell radial section. In Fig 4, the seven
spectra (#1 to #7) acquired from a single eggshell are shown as overlapped. The radial view of the eggshell
with the positions of the sampling points located at depths of ~10, 35, 60, 85, 115, 145, and 185 pum is
included. As can be seen, the most noticeable difference between the spectra is the progressive decrease of
the AmlI band going from sampling point #1 to #5. The intensity ratio I;453 / I;445 in spectra #2, #3, #4, and #5
are estimated to be 11%, 27%, 36%, and 42%, respectively, lower than in spectrum #1; in spectra #6 and #7
the intensity ratio remains constant and the same as in #5. Similar behavior is observed for the bands at 1613
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cm!' (Tyr). The same trend, though to a lesser extent, is shown by the signals at 1002, 924, 875, 761, and
499 cm!, while the remaining protein bands present negligible intensity changes (Fig 4). Relevant intensity
variations are graphically represented in Fig 5. Particularly striking is the fact that the bands corresponding
to the AmIIl mode do not show significant differences either in relative intensities or in shifts when the
different spectra are compared, (Fig 5(b)). This leads us to think that the pronounced intensity change of the
spectral profile in the 1700-1600 cm ™! interval is due, in part, to the contribution of the OH bending mode of
liquid water. It has been demonstrated that liquid water is an active component to be taken into account when
characterizing skin constituents by applying a biophysical model; water played an important role in fitting the
broad Raman band at 1645 cm™' [48,54].

S. merianae Eggshell

CH,/CH, def.
I

Raman Intensity

1800 1600 1400 1200 1000 800 600
wavenumber (cm™)

Fig 4. Raman average-spectra acquired at different depths in the radial section of the eggshell of the Argentine
Black and White Tegu. The spectral region comprised between 1800 and 450 cm™ is shown. The spectra are
normalized with the CH,/CH; bending mode at 1448 cm™. The main bands associated with characteristic protein
vibrations together with the peak assigned to the PO,>~ symmetrical stretch of hydroxyapatite (HA) are identified.
Bands associated with aromatic amino acid vibrations are denoted with *. Inset: Microphotography of a radial
section of the eggshell indicating the seven sampling points that originate the spectra #1 to #7. Outside of eggshell
is up.

The spectral contribution from liquid water, mainly to the spectra of the outer layers of the eggshell
is supported by the micrograph acquired by transmission electron microscopy from the alveolar fibers of
the interzone, where large inter-fibrillar spaces are observed (see Fig 1(b)). It can be hypothesized that such
inter-fibrillar spaces are related to the water interchange between embryo and nest and could provide thermal
protection against abrupt temperature changes during incubation [55,56]. The sharp peak observed at 958
cm™', assigned to the symmetric PO, stretch of hydroxyapatite, also shows drastic intensity variation among
the different sampling points; its maximum spectral contribution is observed in spectrum #5 and decreases
going to #6 and #7 (Fig 4). This behavior is in good correlation with the location of the calcium/ phosphorous
deposits, previously determined by energy-dispersive X-ray spectroscopy [23].

The apparent constant decrease observed in the intensities of some specific bands attributed to the
main bio-components while others are almost invariant, does not allow conclusions to be drawn from the
direct spectral comparison regarding their distribution at different levels of eggshell depths (Fig 4).
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Fig 5. Intensity ratio variation of specific bands as a function of the seven sampling points in the eggshell cross
section (see inset of Fig 4). (a) Intensity ratios of the 1652, 1612, 923, and 509 cm™' bands with respect to the band

at 1448 cm™'. (b) Intensity ratios of 1265 and 1245 cm™' bands with respect to the band at 1448 cm™'.
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Fig 6. Estimated relative biomolecular composition (%) at each of the seven sampling points of the eggshell

cross section.

A multiple component analysis was performed for each of the seven spectra of the eggshell. This
analysis consists of the search for the best combination of (four) bio-components that generate a composite
spectrum that matches a problem spectrum, using a specific tool for this purpose provided by the OMNIC
Specta software. Apart from the reference spectra presented in Fig 3, those corresponding to a sample rich
in elastin (taken from a Salvator merianae aorta sample) and to one of unidentified glycoproteins (extracted
from the zona pellucida of gametes mammalian) [33] were also taken into account for the multi-component
analysis. Figure 6 depicts the estimated relative contributions from different bio-components to the best four-
component composite found for each spectrum of the eggshell. The results obtained by this approach indicate
that the dominant component at all levels of the eggshell is keratin. Collagen I/, also present in all spectra,
is predicted to a much lesser extent in terms of abundance. Interestingly, the estimated composite spectra for
the outermost layers of the eggshell show a high structural complexity since, apart from keratin in different
conformations, a relatively high proportion of elastin/collagen III is included. In the innermost layers, the
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contributions of a-keratin and elastin are neglected, so that the organic composition in this region of the shell
is predicted almost exclusively composed of B-keratin; a slight contribution from the glycoprotein spectrum,
which is interpreted as a manifestation of the carbohydrate component, was also detected by this spectral
analysis method. These assessments, although approximate, show a good concordance with the eggshell
morphology, determined by transmission electron microscopy.

The interaction between collagen and keratin has been shown to have a high potential in the creation
of composites with biomedical applications; for instance, polymeric membranes have been developed using
both biomaterials as support for epithelial cells culture [57]. In concordance, the evidence of the ubiquity of
both collagen and keratin (Fig 2) and of their dominant contributions to the spectral profile at each sampling
point presented here (Fig 6) allow us to glimpse the inherent capacity of the eggshell of this reptile in the field
of biomaterials.

4 Conclusions

This is the first study to characterize the organic components that make up the eggshell of Salvator
merianae. The structural analysis performed by different microscopy techniques reveals an interesting
fibrillar organization, consisting mainly of collagen of different types and keratins with the two major folds
well defined. A gradual change in the relative content between these components is observed at different
depth levels of the eggshell cross-section by Raman microscopy.

The results presented here open new questions related to the extraordinary sulfur concentration
detected throughout the thickness of the eggshell while laying the foundation for further studies aimed at
elucidating the mechanisms that regulate the physicochemical properties of the eggshell as the embryo
develops.

In-depth knowledge of the characteristics and functioning of the major organic components in this
complex system opens expectations related to the development of new materials.
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