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Eggshells are essential for the reproduction of birds since the optical properties of shells
may have an impact on biological functions such as heating and UV protection,
recognition by parents or camouflage. Whereas ultraviolet reflection by some bird
eggshells has been recently described, its physical origin remains poorly understood. In
this study, we identified a porous structure in eggshells. Using Mie scattering modelling,
we found it was most likely responsible for reflectance peaks (intensities of ca. 20—-50%)
observed in the near-UV range. These peaks were observed by spectrophotometric
measurements from eggshells of several breeds of hen, one breed of duck and one
breed of quail. This optical response was interpreted in terms of the distinct visual
perception of hens and humans: eggshells appearing achromatic for humans proved to
be chromatic for hens. Fluorescence emission from these eggs was also characterised
and attributed to the presence of protoporphyrin IX and biliverdin IXa in the shells.
Electron microscopy observations revealed the presence of pores within the so-called
calcified shell part (ie., at depths between ca. 20 um and ca. 240 um from the
eggshell's outer surface). Mercury intrusion porosimetry allowed us to quantify the pore
size distribution. Simulations of the UV response of this porous structure using Mie
scattering theory as well as an effective approach accounting for multiple scattering
indicate that these pores are responsible for the backscattering peaks observed in the
UV range, in the case of beige hen eggshells. Due to the similarities between the pore
size distributions observed for beige hen eggshells and other investigated poultry
eggshells, we expect Mie backscattering to be the origin of the UV response of the
eggshells of many other bird species.
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Introduction

Ultraviolet radiation refers to a range of the electromagnetic spectrum
between 10 nm and 400 nm, the longer wavelengths of which (close to the
visible range, ca. 320-400 nm) can be perceived by many living organisms®
such as insects and birds, but not mammals. As a consequence, many animals
have evolved signalling functions in the near-UV range. For instance, some
feathers,” hatchling skins® or butterfly wings*” are known to strongly reflect
UV, playing a role in mate choice or offspring care. Furthermore, exposure to
UV (and specifically to UVB, i.e., from 280 nm to 315 nm) has a detrimental
effect on the DNA of living organisms. Therefore, depending on their habitat,
it can be crucial for them to develop protection against this harmful radiation
in order to avoid, for example, premature ageing of integuments, sunburn and
cancer. The most common UV protection in animals is the use of pigments
such as melanin. Other ways to protect against UV, such as nanometre-scale
photonic structures, which also give rise to visual communication signals in
the UV range, have evolved in various species (i.e., birds,” butterflies,*”*
spiders,'® among many other examples'*~*¢). Such natural photonic structures
have diverse optical properties, including structural colours (i.e., colours due
to coherent scattering),'”*® fluid-induced colour changes'* or light polar-
isation effects.”*>® However, the interaction between natural photonic struc-
tures and UV radiation has been investigated so far only in a few examples
(e.g., the bird Ficedula hypoleuca,* the jumping spider Cosmophasis umbra-
tica," as well as the butterflies Eurema lisa, Chrysozephyrus sp. and Apatura
sp.*”7). Previously, it was shown that taking into account the UV range in the
analysis of eggshell coloration revealed aspects of cuckoo-host egg matching
that were unnoticeable using only human colour vision.*® Despite such
studies, the functional significance of strong UV scattering in the majority of
other known UV-active biological materials is not understood.?”~**

The physical properties of avian eggshells provide a wide range of biological
functions favourable for bird reproduction, such as protection of the developing
embryo from physical damage, controlled gas transfer, bacterial protection and
calcium supply.**** Avian eggshell is a structured and layered material;****>¢ the
external layer (up to 20 um deep) is the cuticle (which may contain pigments), the
second layer is the “calcified shell” (which is mainly composed of calcite
(CaC05)*), and the deepest layer is the outer membrane of the egg.

The various colourations of avian eggshells are usually reported to be due to
three pigments: protoporphyrin IX (generally present in brown, light-brown,
yellowish and reddish eggshells), biliverdin IXa (often associated with green,
olive green and violet blue colourations) and biliverdin-zinc chelate (this
pigment, however, is controversial and its detection may be due to the extraction
method used in the reporting studies®”), with occasional traces of mesobiliviolin,
coproporphyrin III and other types of porphyrin.**** Eggshell optical properties
are crucial as they influence factors such as heating, UV protection, camouflage,
recognition by parents and brood parasitism.'****** For instance, previous
studies reported the influence of eggshell visual appearance, including the UV
response and patterns, on mimicry and rejection mechanisms in the context of
brood parasitism.***7*¢
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Some preliminary observations of poultry species eggshells*~*° revealed strong

UV scattering, reaching up to 90% of the total reflectance at ca. 350 nm. This peak
was only detected after the light-absorbing cuticle was dissolved in an acidic
solution, namely ethylenediaminetetraacetic acid (EDTA). These studies also
suggest that disordered spherical pores are involved in this UV scattering.
However, the actual origin of the avian eggshell UV response has not yet been
elucidated.

In this article, we characterised the optical properties (including UV reflection
and fluorescence emission) of domestic hen (Gallus gallus domesticus), duck and
quail eggshells (Fig. 1). We analysed the optical response in terms of the visual
perception of humans and hens. We characterised the morphology of the porous
structures presumed to be responsible for the UV scattering. Based on analytical
predictions relying on Mie scattering theory and an effective approach accounting
for multiple scattering, we predicted the optical behaviour in the UV range and
compared it with experiments.

Materials and methods
Sample selection and preparation

We selected eggs from four breeds of hen (G. gallus domesticus) as well as one
breed of duck and one breed of quail that were sourced from retail shops in the
UK and Belgium (Fig. 1 and Table S1, ESIt). 21 samples were used for this study
(beige hen eggs n = 5; brown hen eggs n = 2; white hen eggs n = 6; turquoise
hen eggs n = 2; duck eggs n = 2; quail eggs n = 4). Eggshells were separated
from their content by piercing small holes at both poles of the shells with
a dissection needle. They were dissected and samples were taken from the
equatorial areas, allowing the fragments to be as flat as possible. They were
abundantly rinsed with water. Since quail eggshells display two distinct colour
areas, namely brighter and darker regions, we performed independent exper-
imental analyses of these areas.

Fig. 1 Various visual appearances of avian eggshells. In this study, beige (a), brown (b),
white (c) and turquoise (d) hen eggs, duck egg (e) and quail egg (f) were investigated.

This journal is © The Royal Society of Chemistry 2020 Faraday Discuss.
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Photography

Pictures were taken with a Pentax K10d digital reflex camera equipped with
a Pentax D-FA macro lens (100 mm f2.8) under lighting by a halogen lamp. The
white balance was adjusted with respect to a white diffusive surface.

Spectrophotometry

Total reflectance R(1), total transmittance 7(A) and total absorption A(A) spectra were
acquired with a PerkinElmer 750S UV/Vis/NIR spectrophotometer equipped with
a 150 mm diameter integrating sphere and a deuterium-tungsten light source.
Calibration was performed with a Labsphere SRS-99-020 white reference. Since the
spectral region of interest lay within the UV range, we had to take into account
possible fluorescence emission from the samples. Some eggshells were reported to
emit by fluorescence decay.**** If the samples were fluorescent, the detected inten-
sity would be artificially increased in the UV range since the incidence wavelength
was selected by a monochromator prior to the sample. Since the detector could not
distinguish between photons at incident wavelength and fluorescence emission
wavelength, the measured spectra could depart from the actual reflectance or
transmittance spectra. In order to detect such problems, we also measured the
specular reflection factors 7{A) = (i(A) — b())/(w(2) — b(4)) with an Avantes AvaSpec
2048 spectrophotometer, where i(1) and w(2) corresponded to the intensities re-
flected by the sample and by the Labsphere SRS-99-020 white reference, respectively,
and b(A) was a noise correction. The reflection factor (1) could be larger than 100% if
the sample scattered light more directionally than the white reference. Samples were
illuminated at normal incidence with an Ocean Optics DH-2000-BAL deuterium-
tungsten light source through a bifurcated optical fibre. The integration time was
selected by maximising the intensity of the signal in the limit of the detector satu-
ration. Since the wavelength selection was performed after reflection on the sample
in this case, photons emitted by fluorescence were detected at their emission
wavelength. Comparing spectra measured with both instruments allowed us to
qualitatively assess the influence of fluorescence emission on our measurements.

Avian and human quantum catches

A quantum catch Q; is the relative amount of photons reflected by a surface and
absorbed by a specific photoreceptor cell of a given species.** It can be calcu-
lated by:

“h RO)S,()I(2)da
Qi = A T 3
[ S{)I(2)da

Al

where R(2) is the reflectance spectrum of the sample, S;(A) is the spectral sensi-
tivity of the photoreceptor cell,*** A; = 300 nm and A, = 700 nm are the spectral
range limits and I(A) was chosen to be the D45 illuminant defined by the CIE.
Quantum catches for each photoreceptor of the human eye, ie., the Short,
Medium and Long Wavelength Sensitive (SWS, MWS, LWS) photoreceptors,*
were compared to those of G. gallus domesticus, i.e., Very Short Wavelength
Sensitive (VSWS), SWS, MWS and LWS photoreceptors.>® In spite of the fact that
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the perception of colours cannot be directly interpreted from quantum catches
(since the brain transformation process of the optical signal into a perceived
image is not accounted for), some analysis related to colour detection can be
performed from these quantities.

Chemical treatment of the cuticle

The cuticles of some samples were thinned with 0.34 M (pH € [8.5, 9]) EDTA
solution. The outer sides of the shells were placed facing the liquid, floating on
the solution for various time durations (30 min, 60 min, 90 min and 120 min) so
that the inner sides did not react with the EDTA solution. Since the cuticle slowly
thinned upon contact with EDTA, an aqueous residue remained attached on the
surface of the shell. At the end of the treatment, each sample was gently removed
from the solution with soft paper and rinsed with distilled water.

Microspectrofluorometry and fluorescence quantum efficiency

Microspectrofluorometric measurements of eggshell surfaces were performed in
order to determine their fluorescence emission intensity It ., and to calculate the
fluorescence quantum efficiencies ¢r. We used an Olympus BX61 optical micro-
scope in fluorescence mode. In this specific configuration, UV light emitted by
a Lumen Dynamics X-Cite Series 120PC Q source and filtered by a 360-380 +
20 nm bandpass filter illuminated the sample. The backscattered and emitted
photons were guided through the microscope into an Ocean Optics QE65 Pro
spectrophotometer. The fluorescence quantum efficiency is the ratio of the
number of photons emitted by fluorescence and the number of photons absorbed
by the material:*

P —
YT 0/ - T
where the different terms are:

800
Ji= j Irem(A)d;
420

420
J() = J Isto(l)da;
300

with I o(4) the intensity that is backscattered by a Labsphere SRS-99-020 white
reference when illuminated by the UV source and measured without the bandpass
filter;

800
10 = ‘ Iso(/.{)d/\,

J760

420
IO = J IS,samplc(A)dA;
300

with I sampie(4) the intensity that is backscattered by the sample when illuminated
by the UV source and measured without the bandpass filter;
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800
1 :J Is sampie (A)dA.
760

The J, — J factor is the difference between the number of photons reflected by
the white reference and by the sample surface. This quantity must be integrated
within the wavelength range corresponding to fluorescence excitation. Since the
white reference has scattering properties that are different from those of the
eggshells, the I/I, factor is introduced. The related integrals are in the range where
the fluorescence emission is negligible compared to the reflection by the
white reference or the sample surface. This correction factor is assumed to
be independent of the wavelength. All the measured spectra, namely It e, Is o and
I5 sample, included noise corrections. Each spectrum was averaged on three
acquisitions of 15 ms duration.

Spectrofluorometry

Fluorophores were extracted from eggshell samples by placing them in 0.34 M
EDTA solutions for ca. 24 hours.>* Fluorescence emission and excitation spectra of
the extracts (100 pl) were measured using a PerkinElmer LS-45 spectrofluorom-
eter. The excitation spectra were acquired between 250 nm and 320 nm with an
emission wavelength ., corresponding to the maximum emission intensity. The
emission spectra were measured between 300 nm and 800 nm with an excitation
wavelength Ay corresponding to the maximum excitation intensity.

Electron microscopy and energy-dispersive X-ray spectroscopy

Scanning electron microscopy observations of the surface and the cross-sections
of the samples were performed with a JEOL 7500 F in secondary electron detection
mode. The 15 kV accelerating voltage of the incident beam gave rise to a theo-
retical lateral resolution of 1 nm. A thin layer (ca. 10 nm) of gold was deposited on
the sample prior to any observation in order to avoid any charging effect. The
chemical composition of beige hen eggshells was characterised by Energy-
Dispersive X-ray spectroscopy (EDX) using this microscope. The analysis was
performed across the shell cross-section and within the calcified shell. The
analysis depth was assessed to z¢ = 2.93 um (carbon), zo = 4.18 pm (oxygen) and
2ca = 3.87 um (calcium), using Castaing formula.>

Porosimetry

Samples of beige hen eggshells (size of about 2 x 2 mm?*) were analysed using
a Micromeritics Autopore IV mercury intrusion porosimeter after treatment by
0.34 M EDTA solutions for ca. 24 hours. The outer membrane was removed
mechanically.

Results and discussions
Optical characterisation

The colours of bird eggshells depend on the species as well as the breed (Fig. 1
and Table S1, ESIf). This diversity of visual appearances is observed in the
measured total and specular reflectance spectra (Fig. 2). Despite the differences
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Fig.2 Total reflectance (blue solid lines) and specular reflection coefficient (black dashed
lines) spectra of beige (a), brown (b), white (c) and turquoise (d) hen eggshells, duck
eggshell (e) and quail eggshell (f) exhibiting either a peak at both ca. 252 nm and 314 nm.
The brighter and darker areas of quail eggshell were separately analysed. On average (n =
4), for beige hen eggshells, the first peak is observed at 250.8 &+ 0.5 nm with 25.3 4+ 4.1%
total reflectance and the second peak is observed at 312.7 & 2.7 nm with 32.3 + 6.9% total
reflectance. The standard error of the specular reflection coefficient was £0.5% with
a 0.63 nm spectral resolution.

among the species and breeds, a common feature appears for all eggshells in the
UV range around 300 nm. In the cases of the beige, brown and turquoise hen
eggshells, a 32.3 + 6.9% reflectance peak is observed at 312.7 £ 2.7 nm. This peak
spreads from 290 nm to 340 nm. In the cases of the white hen eggshells, the duck
eggshells and the quail eggshells, the spectra exhibit a small peak in this range. In
a previous study by Fecheyr-Lippens and coworkers,” similar behaviour was
observed with hen and brushturkey eggs only after treatment of the eggshells by
EDTA solution. In the eggshells selected for this study, similar UV responses were
observed without this treatment. In addition, the reflectance spectra of the beige,
white and turquoise hen eggshells, as well as the duck and quail eggshells, display
another peak at 250.8 £ 0.5 nm that spreads from 235 nm to 275 nm.

Avian and human visual perception

One consequence of such optical behaviours in the UV range lies in the chro-
maticity of the eggshells’ visual appearances, as revealed by the calculated
quantum catches (Fig. S1, ESIT). Humans perceive the white hen eggshells and
the duck eggshells as achromatic. However, the related visual appearances are
detected as chromatic by G. gallus domesticus. Furthermore, eggshells that are
chromatic for humans turn out to be also chromatic for hens. Finally, the
calculated quantum catches indicate that the amounts of light that are absorbed
by human and hen photoreceptors are similar. The colour of an eggshell that is
perceived as intense by humans is also intense for hens.

Fluorescence emission and quantum efficiency

The eggshells of some species, including domestic hens, some ducks and quails,
are known for being fluorescent.*®**® In our investigation, we observed fluores-
cence emission from our samples under exposure to UV light (Fig. S2, ESIT).

This journal is © The Royal Society of Chemistry 2020 Faraday Discuss.
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Microspectrofluorometry measurements on the eggshell surfaces revealed the
presence of an emission peak at ca. 475 nm for all the investigated eggshells
(Fig. 3), while a second peak is observed in all spectra at ca. 665 nm. This common
light emission behaviour indicates that the fluorophore compounds are similar
for all samples. In addition, it suggests that either one or two kinds of fluorophore
are embedded within the shells. If a single type of fluorophore exists in the shells,
this fluorescent behaviour could be explained by two decay pathways, the influ-
ence of some photonic structures® or re-emission. Protoporphyrin IX and bili-
verdin IXo are very likely involved in the detected fluorescence emission. Both
molecules, which are also usually responsible for eggshell pigmentary colours,
were detected in the eggshells of hen, duck and quail, including (surprisingly)
white eggs.**** Protoporphyrin IX is well known for its red fluorescence and has
been studied extensively for its biomedical relevance.’”*® It emits light between
600 nm and 725 nm by fluorescence decay under incident light in the range of
400-420 nm.”* To a much lesser extent, protoporphyrin IX is also reported to
fluoresce between 300 nm and 320 nm when excited at 280-295 nm.* Biliverdin
IXa is known to emit light between 400 nm and 550 nm under 375 nm wavelength
excitation.”

This light emission by fluorescence decay has an influence on the total
reflectance spectra measured with the PerkinElmer 750S UV/Vis/NIR spectro-
photometer (Fig. 2) since the wavelength selection is performed in the incident
light beam path. This influence had to be assessed since a strong fluorescence
emission could be the origin of the peaks observed in the total reflectance spectra
in the previous section. These spectra were compared (Fig. 2) with specular
reflection factor spectra measured with an Avantes AvaSpec 2048 - for which the
wavelength selection is performed in the detection beam path. Both kinds of
spectra display similar behaviours. This allowed us to exclude the hypothesis
according to which the peaks observed in the UV range are due to fluorescence
emission.

Furthermore, the quantum efficiencies related to the selected eggshells
(Fig. S3, ESIT) were assessed to be rather low for all the samples. The eggshells
with the lightest colours - namely, white and turquoise hen eggshells, duck
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Fig. 3 Microspectrofluorometry measurements revealed fluorescence emission peaks at
ca. 475 nm and 665 nm in all the investigated samples, namely beige (a), brown (b), white
(c) and turquoise (d) hen eggshells, duck eggshell (e) and quail eggshell (f). The standard
error of fluorescence emission intensity was +0.1%.
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eggshells and the bright area of quail eggshells - exhibit higher quantum effi-
ciencies ranging from ca. 14% to ca. 26%. Darker shells, i.e., the beige and brown
hen eggshells, as well as the dark area of quail eggshells, display efficiencies lower
than ca. 10%, most likely due to stronger light absorption in the eggshell
materials.

Fluorescence excitation and emission spectra were measured for extracts from
the investigated eggshells (Fig. 4). The excitation spectra of all extracts display
a peak at ca. 280 nm. Due to the measurement set-up, we could not measure
excitation spectra above 320 nm. Moreover, two peaks centred at ca. 345 nm and ca.
660 nm are observed in the emission spectra of all extracts. The former emission
peak occurs at a wavelength shorter than that measured for the eggshells by
microspectrofluorometry (i.e., 475 nm). This difference in fluorescence emission
peak wavelength could be explained by the difference in excitation light, by
a change in the fluorophore chemical properties induced upon contact with EDTA,
or by the influence of the photonic structure on emission properties.*® The wave-
length position of the second peak (at ca. 660 nm), however, is very close to that of
the peak (at ca. 665 nm) in the microspectrofluorometry measurements. Fluores-
cence emission can be influenced when fluorophores are embedded in photonic
structures.>**® In our case, the second fluorescence emission peak cannot be due to
such light emission control as no photonic structure is present in the extracts.
These excitation and emission properties also suggest the presence of either (1)
only one kind of fluorophore within the eggshells, or (2) two different types of
fluorophore with similar excitation properties in the investigated eggshells, so that
the excitation of one type of fluorophore corresponds to the emission of the
other.®” The first scenario corresponds to a case where the measured fluorescence
would only be due to protoporphyrin IX.>-* The second one is likelier and relates
to the presence of both protoporphyrin IX and biliverdin IXo.’*%

Light absorption by the cuticle

A previous study”” showed that a single backscattering peak appears in the UV
range for selected egg species after treatment by EDTA solutions. Such
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Fig.4 The fluorescence excitation spectra measured from extracts of beige (a), brown (b),
white (c) and turquoise (d) hen eggshells and duck eggshell (e) all exhibit a peak at ca.
280 nm. The corresponding emission spectra peak at ca. 345 nm and 660 nm, most likely
due to the presence of protoporphyrin IX and biliverdin IXe.. The standard error of the
measured intensity was £0.2% with 1 nm spectral resolution.
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a treatment was described to thin the absorbing cuticle (which corresponds to
a 20 um-thick superficial layer). We measured the total reflectance and absorption
spectra of beige hen eggshells (Fig. 5 and S4, ESIt) for different EDTA treatment
durations (30 min, 60 min, 90 min and 120 min). This allowed us to assess
whether the local minimum between the reflectance peaks measured at ca.
252 nm and ca. 314 nm is due to a light absorption band that would split a single
backscattering peak at ca. 280 nm into the two peaks. SEM observations of the
treated samples indicated that 60 min and 120 min treatment durations corre-
spond to the dissolution of ca. 28 pm and ca. 41 um, respectively (Fig. S5, ESIT).
This implies that after 60 min, the 20 pm-thick absorbing cuticle is expected to be
dissolved. The intensities of the reflectance peaks at ca. 252 nm and ca. 314 nm, as
well as the intensity of the local minimum between them, increase with the
duration of the chemical treatment. After 60 min, the peak at ca. 252 nm (R =
97%) becomes more intense than that at ca. 314 nm (R = 85%). We therefore
conclude that the cuticle absorbs the incident UV light in a broadband manner,
whereas the underlying calcified shell reflects it with a high scattering efficiency at
two different wavelengths (i.e., ca. 252 nm and ca. 314 nm).

Pores in the calcified shells

The calcified shells of avian eggs are known to be porous.””?° In the cases of the
beige, white and turquoise hen eggshells, SEM observations revealed the presence
of pores over a thickness of ca. 220 pm, from ca. 20 pm below the outer surface of
the shell (Fig. 6). Using image analysis software (Image] and the Analyze Particles
subroutine®), the pore surface density was assessed to be oggp = 1.22 um 2 in the
case of the beige hen eggshells. In addition, the mean radius was found to be
Tsgm = 0.145 + 0.054 um, 0.121 4+ 0.038 um and 0.156 + 0.046 pm for the beige,
white and turquoise hen eggshells, respectively.

The pore size distribution was measured by mercury intrusion porosimetry
in the case of beige hen eggshells (Fig. S6 and S7, ESI{). A fit using a Gaussian
function led to a mean radius Fy, = 204 £ 4 nm. This analysis revealed the
presence of larger pores with a diameter of ca. 2 pm. They are most likely due
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Fig. 5 The reflectance and absorption spectra measured for beige hen eggshell treated
with 0.34 M EDTA for O min (control sample) (a), 30 min (b), 60 min (c), 90 min (d) and
120 min (e) indicate that the cuticle absorbs incident UV light, whereas the underlying
calcified shell scatters UV light so that two peaks are observed at ca. 252 nm and 314 nm.
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Outer surface

Fig. 6 SEM observations of the cross-section of beige (1), white (2) and turquoise (3) hen
eggshells highlight the presence of pores in the calcified shells. Overview of the cross-
section of eggshells (a); magnification of the calcified shell, revealing the pores (b); detailed
overview of pores (c). The porous region of the eggshell spans a depth of ca. 20 um to ca.
220 um (al, blue area) in the calcified shell.

to bigger channels in the calcified shell or to the surface roughness of the
sample.

Chemical composition

Eggshells are usually thought to be mainly composed of amorphous calcite.** EDX
analyses were performed on the cross-section of (a) the whole eggshell and (b)
only the calcified shell, in the case of beige hen eggs (Table S2 and Fig. S9, ESIf).
The EDX measurements indicate only small differences in concentrations of
oxygen, calcium and carbon. The calcified shell is seemingly composed of pure
calcite (O: 58.90%; Ca: 20.34%; C: 20.20%; other: 0.57%; Table S2, ESIT). Calcite
is, however, not the only component of the rest of the eggshell, as the ratio of the
number of carbon atoms and calcium atoms is ca. 1.5. This could be due to the
presence of pigments, such as protoporphyrin IX (C3,H;3,N,0,) or biliverdin IXa
(C33H34N406).**° Traces of other elements such as potassium, sodium, chlorine
and magnesium were also detected, mainly in the analysis of the whole cross-
section. They are probably due to biomolecules involved in the biological mech-
anisms of the morphogenesis of the cuticle or the external membrane, or they
could be sample contaminants. No trace of zinc was detected in our analysis,
excluding the presence of a zinc complex such as biliverdin-zinc chelate, which is
a putative pigment occurring in eggshells.?”** The concentration profiles (Fig. S9,
ESIT) indicate an increase in the carbon concentration and a decrease in the
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calcium concentration at the interface between the calcified shell and the outer
membrane. All profiles increase at a depth of ca. 65 pm from the outer surface and
vary as a function of depth. These variations are likely due to surface roughness
leading to shadowing effects and affecting the measurements.

Prediction of the UV response using Mie scattering theory

The porous structure observed in the investigated eggshells can be modelled by
randomly distributed air spheres embedded in a calcite matrix. Such an optical
model would be required to account for coherent effects resulting from each
scatterer. As a preliminary approach, we considered an effective first Born
approximation model of the structure where the multiple scattering properties
are calculated by averages of single sphere scattering efficiencies obtained from
Mie theory.** In this framework, the multiple scattering properties are charac-
terised by the scattering mean free path [, given by

1
L(2) = )

where p is the density of the scatterers and ¢(2) is the Mie scattering cross-section
of a single scatterer. Mie theory predicts the scattering efficiencies of a single
homogeneous sphere of radius a and refractive index 7,(A) surrounded by
a medium with refractive index n,(24).*® Since the calcified shells are composed of
amorphous calcite, we assumed n;(d) = [MCacie(A) + Nealcite(4)]/2, where
Neatcite(A) and ngaicice(A) are the ordinary and extraordinary refractive indices of
crystalline calcite,* respectively, and n, = n,;; = 1. We calculated the mean free
path /; using the equation above, assuming a sphere radius of @ = 7sgy = 145 nm
and a sphere density of p = 1.33 x 10'° m~?, corresponding to the measurements
by mercury intrusion porosimetry.

The relationship between the scattering mean free path /(1) and the total
transmittance Ti,(2A) of light through the scattering medium can be expressed, in
the first approximation, as:*

L) + 2
Tt () = 2

where ¢ is the thickness of the scattering medium and the extrapolation length is
2¢(A) = 21(A)a(2)/3 with a correction factor «(2) for internal reflections. Using this
equation allows us to assess the mean free path /(1) in calcified shells based on
measurements of the total transmittance spectra Tio(A) of beige hen eggshell
(Fig. 5). For this purpose, we used the samples that were treated in EDTA
solution for 120 min (Fig. 5e). Assuming a thickness of the calcified shell equal to
t =220 pm and a thickness of the eggshell equal to d = 400 um (Fig. 6), we added
a Beer-Lambert correction to the measured total transmittance Tio(A) corre-
sponding to the extinction in the non-scattering layers:

C d—1)Kexi(2
fot (A) = Ttot(x)e( Dren )>

where kex(A) is the extinction coefficient calculated from absorption measure-
ments (Fig. 5e¢). From the comparison between the scattering mean free path
calculated from the Mie scattering cross-section of a single scatterer and the
scattering mean free path assessed by the measured total transmittance (Fig. S10,
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ESIT), we are confident of the reliability of an effective model accounting for the
optical properties of light scatterers in the range of interest.

Scattering efficiencies

In the framework of an effective model of the porous structure observed in the
calcified shells, predictions of the optical response can be performed in the first
Born approximation from Mie theory. The scattering efficiency Qs..(4,a,n) (with
n = n,/n,) of a single spherical scatter,* which we calculated as a function of the
sphere radius and the wavelength, displays two resonance modes (Fig. 7a). In
order to take into account the size distribution of the pores, we calculated the
weighted average of the scattering efficiency Ssc.(4) (Fig. 7c¢):

_ J Osea(A,a,n)y(a)da
SSca(A) = J",Y(a)da :

where vy(a) is a Gaussian distribution function that fits to the experimental pore
radius distribution measured for beige hen eggshells (Fig. Séb, ESIf). The
resulting weighted average spectrum exhibits no specific scattering peaks around
252 nm or 314 nm (Fig. 7c). However, the backscattering efficiency Qp(4,a,n)*
displays multiple resonance modes (Fig. 7b) and the resulting weighted average
spectrum of the backscattering efficiency Sy,(4) exhibits a peak and a local
maximum close to the wavelengths of the reflectance peak maxima observed in
the measured total reflectance spectra (Fig. 7d). This result indicates that
a Gaussian distribution of air spheres embedded in an amorphous calcite matrix
can backscatter UV light with a high efficiency at wavelengths close to the total
reflectance peaks measured for beige hen eggshells. Our analysis showed that the

efficiency
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Fig. 7 The scattering (a) and backscattering (b) efficiency maps of air spheres embedded
in amorphous calcite exhibit several Mie resonance modes that depend on the incident
light wavelength and the sphere radius. The sphere radius range is centred on the mean
pore radius of the distribution measured by porosimetry. The weighted averages of
scattering (c) and backscattering (d) efficiencies allow us to account phenomenologically
for multiple scattering. Vertical blue lines represent the wavelengths of reflectance peaks
measured on beige hen eggshells (i.e., 252 nm and 314 nm).
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Table 1 The comparison between the ratios rg, r, and rsc, indicates that the response
measured in the UV range corresponds to backscattering. Apy and Ap, are (1) for rg, the
wavelengths of the total reflectance peaks in the spectrum of the beige hen eggshell
treated by EDTA solution for 120 min (i.e., Apy = 248 nm and App = 311 nm); or (2) for ry, and
Isca the wavelengths of the peak and the local maximum of the weighted average of (back)
scattering efficiencies (i.e., Apy = 245 nm and 2p, = 303 nm)

Ap1 Ap2 Ratios
R(%) 97.1% 88.4% rr = 1.10
Sp(A) 1.38 x 107 1.25 x 10°* r = 1.10
Ssea(A) 3.62 x 1074 3.47 x 1074 Tsea = 1.04

pore size distribution is the most sensitive parameter in the model. Since similar
pore size distributions were observed in the other investigated eggshells (Fig. 6),
we can anticipate similar results for the other cases. As we observed similar
optical behaviours in the UV range for the other eggshells (Fig. 2), we expect Mie
backscattering to be also the origin of the UV response of the eggshells of other
poultry (and more generally bird) species.

Moreover, we can reasonably assume a linear scaling between the weighted
average of the backscattering efficiency (predicted) and the total reflectance
(measured). If R(A) and S(1) values cannot be directly compared, the following
ratios can be compared thanks to linear scaling: rg = R(Ap1)/R(p,) (Where R(2) is
the measured total reflectance of the beige hen eggshell treated by EDTA solution
for 120 min (Fig. 5e), and Ap; and Ap, are the wavelengths of the optical response
peaks); 7, = Sp(Ap1)/Sp(Ap2); and T'sca = Sscal(Ap1)/Ssca(Ap2). All three ratios are within
the range 1.04-1.10 (Table 1); 1, is closer to rg than rg.,, which is expected due to
the definitions of these physical quantities, in terms of light propagation direc-
tions. The agreement between r, and ry is excellent and is a further indication
that the observed response in the UV range is due to backscattering.

Conclusions

Two reflectance peaks were observed in the near-UV range by spectrophotometric
measurements of eggshells of different breeds of hen, one breed of duck and one
breed of quail without any preliminary dissolution of their cuticles. This strong
UV reflection could have an influence on biological functions such as UV
protection, camouflage or recognition by parents, since the UV response of the
investigated eggshells were shown to be most likely detected by hen eyes.
Eggshells perceived as achromatic by humans proved to be chromatic for hens.
Progressively thinning the cuticle of beige hen eggshells allowed us to show that
the so-called calcified shell is an efficient UV scattering structure, whereas the
cuticle partly absorbs UV radiation. These eggs also exhibit fluorescence emission
under UV incident light, most likely due to the presence of protoporphyrin IX and
biliverdin IXa in the shell. SEM observations of cross-sections of the investigated
eggshells revealed a microporous structure embedded in the calcified shell. The
size distribution of these pores was quantified by mercury intrusion porosimetry.
Finally, predictions of the optical properties of the porous structure of beige hen
eggshells were performed using an effective first Born approximation modelling
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approach. Multiple scattering was approximated by averaging the Mie backscat-
tering response of single air spheres in amorphous calcite over the scatterer size
distribution using a Gaussian weight function. The good match between these
predictions and the measurements strongly indicates that the pores observed in
avian eggshells are the origin of the optical response measured in the UV range.
Due to the similarities between the pore size distributions observed for beige hen
eggshells and the other investigated eggshells, we expect Mie backscattering to be
the origin of the UV response of the eggshells of other bird species.
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