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ABSTRACT

Eggshell is essential for the reproduction of birds. The optical properties of their shells may have an impact on biological
functions such as heat and UV protection, recognition by the parents or camouflage. Whereas ultraviolet reflection by bird
eggshells has been superficially described in the scientific literature, the physical origin of this phenomenon remains poorly
understood. In this article, reflectance peaks in the near UV range were observed by spectrophotometric measurements of
hen eggshells. In addition, electron microscopy imaging revealed the presence of pores within the so-called “calcified
shell” part (i.e., between ca. 20 um and ca. 240 um deep from the outer surface). The average radii of these pores range
from 120 to 160 nm. Mercury intrusion porosimetry allowed to highlight a distribution of pore radii around 175 nm.
Numerical and analytical predictions using scattering theory indicate that these pores are responsible for the optical
response observed in the UV range.

Keywords: Eggshell, UV scattering, Ultraviolet radiation, Photonics, Natural photonic structures, Nanostructure, Avian
eggshell, Cuticle, Ultraviolet reflectance

1. INTRODUCTION

Many bird species are tetrachromatic?, possessing Short, Medium and Long Wavelength Sensitive (SWS, MWS, LWS)
cones whose spectral sensitivity is similar to human being. In addition, a fourth cone, namely the Very Short Wavelength
Sensitive (VSWS) cone extends their color vision to ultraviolet (UV) radiation. Therefore, some birds have evolved
intraspecific or interspecific communication functions in the UV range. For example, some feathers? or hatching skins® are
known to reflect strongly UV, which plays a role in mate choice or offspring care.

Avian eggshell is a structured material mainly composed of calcite crystallites*®. The outer protein layer is the cuticle
covering the so-called calcified shell, which comprises calcareous columns laying on the mammillary layer. The deepest
layer is the outer membrane of the egg. The physical properties of avian eggshells favor the embryonic development by
allowing, for example, protection from physical damages, controlled gas transfer, bacterial protection and calcium
supply*1%-12, Their optical properties are also related to biological functions such as heat protection, brood parasitism, and
recognition by the parents'**-2L, Previous studies reported the link between visual appearance of eggshells in the UV range,
and mimicry and rejection mechanisms in the context of brood parasitism*2%:2,

In a previous work??, we observed strong UV reflection from beige domestic hen (Gallus gallus domesticus) eggshells
(Fig. 1a), which appears to arise from light backscattering by air-filled spherical cavities located in the palisade layer of
the calcified shell. The total reflectance spectrum of beige hen eggshell (Fig. 1b) reveals two reflectance peaks at ca.
252 nm and 314 nm. Dissolving the cuticle?®?®, which may contain pigments responsible for the coloration of
eggshells®*>26-28 increases the reflectance peak intensities which reach 97% at ca. 252 nm and 85% at ca. 314 nm.
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In this article, we characterized the morphological properties of the porous structure of beige hen eggshells. This structure
appears to be responsible for the measured UV scattering. Moreover, based on morphological and spectral observations,
we performed preliminary calculations using Mie scattering theory and an effective multiple scattering model in order to
predict the optical response observed in the UV range.
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Figure 1. Visual appearance? of the beige hen (G. gallus domesticus) eggshell (a). The total reflectance and absorption spectra
(b) of beige hen eggshell?? treated with 0.34 M EDTA for 120 min. indicate that the cuticle absorbs incident UV light, whereas
the underlying calcified shell scatters UV light so that two reflectance peaks are observed at ca. 252 nm and 314 nm.

2. MATERIALS AND METHODS

2.1 Samples

Samples of beige hen eggs (N = 5) were bought from retail shops in the UK. 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. Shell fragments were abundantly rinsed with
water.

The cuticle of some eggshell samples was dissolved chemically with 0.34 M (pH between 8.5 and 9)
ethylenediaminetetraacetic acid (EDTA) solution?2%25, Samples were laid on the solution surface and were left floating
with the cuticle facing the solution. At the end of the treatment, the aqueous residue remaining on the side in contact with
EDTA was gently removed with soft paper and the samples were rinsed in distilled water.

2.2 Spectrophotometry

Total transmittance T(1), total reflectance R(1) (Fig. 1b) and absorption A(1) (Fig. 1b) spectra of samples treated with
EDTA for 120 min. were measured using a PerkinEImer 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. The samples approximately measuring 1.5 cm? were placed at the input and output sphere apertures
for transmittance and reflectance measurements, respectively, whereas they were suspended at the center of the integrating
sphere using an ad-hoc sample holder for absorption measurement.

2.3 Electron microscopy

Scanning electron microscopy (SEM) observations of the cross-section of beige hen eggshells were performed with a JEOL
7500F microscope used in secondary electron detection mode. Imaging was performed with a 15 kV acceleration voltage
corresponding to a theoretical 1-nm lateral resolution. Eggshell fragments measuring approximately 5 x 5 mm?2 were
positioned vertically on a 90°-angled SEM sample stub using conductive carbon adhesive tape. A thin layer (ca. 10 nm)
of gold was deposited on the samples to avoid any charging effect.

2.4 Mercury intrusion porosimetry

Porosimetry measurements were performed on eggshells by mercury intrusion using a Micromeritics Autopore 1V
intrusion porosimeter to assess their pores size distribution. For this purpose, we used sufficiently large (2 x 2 mmg?) shell
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fragments to fill the sample cup of the penetrometer. The fragments were pre-treated with EDTA for ca. 24 h in order to
maximize access to the pores by mercury. The outer membrane was removed mechanically.

2.5 Prediction of UV scattering by pores based on Mie scattering theory

Mie scattering theory provides exact expressions of electric and magnetic fields scattered inside and outside of a single
homogeneous spherical volume of radius a and refractive index n,(A) within a surrounding medium of refractive index
n,(1)%. We could use Mie theory to describe the scattering of UV light by a single air cavity in calcite. However, the
porous structure observed in the calcified shell can be modelled as a collection of spherical scatterers randomly distributed
in a calcite matrix. An accurate description of light propagation in such a random medium requires to account for each
scattering center and interference effects resulting from successive scattering events. As a preliminary approach, we
considered a first Born approximation, where scattering events occur independently®. In this framework, the scattering
mean free path [, of this effective model of the structure is a function of the wavelength given by

1

pOsca(d; a=a)

L a) = 1)
where p is the volumetric density of the spheres in the medium and o, is the Mie scattering cross-section of a single
sphere of radius a.

Total reflectance T, of the scattering medium is related, in the first approximation of the multiple scattering theory, to the
scattering mean free path [, as®':

(D) +ze(A)
t+22.(1)

Tt (1) = 2

where t is the thickness of the scattering medium and z, = 2[,(1)a(4)/3 is the extrapolation length. The coefficient « is
a correction factor accounting for multiple internal reflections. Equations 1 and 2 allow us to compare the scattering mean
free path calculated from the effective model theory and the one extracted from the total transmittance measurement,
respectively. However, total transmittance measurements are performed on eggshell samples, thickness d (ca. 400 um) of
which is greater than the thickness t of the scattering layers (ca. 220 um) located in the palisade layer. In order to use a
transmittance spectrum close to the real transmittance of the scattering medium only, we applied a Beer-Lambert correction
to Ty, that eliminates absorption in non-scattering layers, based on the assumption that the extinction coefficient k., is
constant along the whole eggshell cross-section:

TS (A) = Ty () eldO%exe@), ‘)
The extinction coefficient x.,, was derived from absorption measurement according to:

—In(10)1 1-A(Q)
et () = ~200810(1AD) (4)

We also calculated the backscattering efficiency @, (function of a and 1) of a single sphere, defined as the ratio between
the backscattering cross-section o}, derived from Mie theory?® and the area of the equatorial section of the sphere.:

QA a,m) = LG (5)

na?

with m = m(1) = n,/n,. In the framework of the selected effective model, we assessed the backscattering efficiency of
the whole scattering medium as the average of each single spherical scatterer efficiency weighted by a given radius
distribution y(a) of the spheres. This quantity, called weighted average of backscattering efficiencies, is a function of the
wavelength and is defined as:

J2? Qbaamyy (@da

5 =T e

(6)
Similar quantity could be calculated based on the scattering efficiency?? Qs., = 0s../ma?, but we focused here on
backscattering only in order to compare and discuss the spectral contributions of S, (1) to experimental peaks of the total
reflectance spectra in the UV range.
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3. RESULTS AND DISCUSSIONS

3.1 Morphological characterization of the porous structure

SEM observations of eggshell cross-sections (Fig. 2a-c) allow to identify pores as circular pits assumed to correspond to
spherical void cavities. Pores are only observed in the palisade layer over a thickness of ca. 220 um, from ca. 20 um below
the outer surface (Fig. 2a). Software-assisted image analysis using the Analyze Particles subroutine of ImageJ® lead to a
pore surface density of 1.22 um and an average radius of 145 + 54 nm.

3 AN 7 o 3 S

Figure 2. SEM observations (a-c) of the beige hen eggshell cross-section revealing the presence of pores in the calcified shell.
Global view of the cross section (a); Magnification on the palisade layer, revealing the pores (darker spots) (b); more detailed
overview of the pores (c). The red area (a) approximately indicates the position of the porous region. Comparative picture (d)
between beige hen eggshell sample treated for 120 min with 0.34 M EDTA solution (right) and untreated (left). This process
slowly thins down the cuticle that is known to contain pigments'®2223.25_ One can observe a loss in pigmentation.

P e,

Adsorption isotherm of analyzed samples was obtained by mercury intrusion porosimetry. The curve (Fig. 3a) corresponds
to a Type IV isotherm, with a central plateau usually associated with porosity®3. The pore diameter distribution (Fig. 3b)
was fitted with a Gaussian function (Fig. 3c) to the peak observed in the pore size range relevant for our analysis. The
resulting Gaussian function had an average radius of 204 £ 4 nm. A second peak is observed for larger sizes with a diameter
of ca. 2 um. These sizes are likely due to interstices between calcareous columns in the palisade layer or to the sample
surface roughness.
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Figure 3. Mercury intrusion as a function of the applied external pressure (a) corresponding to a type 1V isotherm in the IUPAC
classification3. Mercury intrusion porosimetry allows to assess the pore diameter distribution (b) which is fitted by a Gaussian
function (c) in the region of interest. The full width at half maximum (FWHM) is 236.6 nm. The standard error of differential
intrusion measurements was + 1%.

3.2 Scattering properties

The scattering mean free path extracted from measurement of the total transmittance (Fig. 4a) and the one calculated from
Mie scattering cross-section of a single scatterer (Fig. 4b) exhibit relatively comparable (<1 um) values in the UV range.
This demonstrate the reliability of an effective model in this range.
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Figure 4. Total transmittance spectra (a) before (black solid line) and after Beer-Lambert absorption correction (blue solid
line). Comparison (b) between the scattering mean free path [,(1) calculated from Mie scattering cross-section of a single
scatterer with a = 145 nm (green solid line) and a = 205 nm (green dashed line) and the mean free path calculated from
transmittance measurements (blue line).
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The backscattering efficiency Q, (4, a, m) was calculated for two different refractive indices n,, the first corresponding to
the average between the ordinary and extraordinary indices of crystalline calcite3* n;(1) = ficyite (1) £ [nyeite (D) +
néete (4)]/2 and the second being chosen constant n, (1) = 1.63. Since spheres are composed of air, the refractive index
of the pores was n, (1) = 1. The calculated backscattering efficiency displays multiple resonance modes (Fig. 5a,b) whose
wavelength and radius dependence appears at first glance as barely affected by the refractive index. The resulting weighted
averages of backscattering efficiencies exhibit local maxima close to the total reflectance peak wavelengths (Fig. 5c,d).
Since the dispersion relations of calcite tends to decrease the refractive indices with the wavelength following a monotonic
function, the first local maximum of S, calculated with 71, (A) (Fig. 5¢) has a higher intensity than the one with the
constant refractive index (Fig. 5d) but does not stand out as much from the spectrum. Although the reflectance R and S,
cannot be directly compared, we can compare the ratio between the peak intensities (at Ap;= 248 nm and Ap,=311 nm) for
both curves, assuming a linear scaling between both quantities: 1z = R(1p1)/R(Ap;) = 1.10; 151, = Sp(Ap1, Mcalcite)/
Sp(Apz, ateire) = 1.10 and 15, = Sp(Apg, ny = 1.63) /S, (Ap,, ny = 1.63) = 1.03. All three ratios are close but rg,
perfectly matches r, which is expected since the averaged refracting index is much more realistic than the constant one.
This result shows that the refractive index of the surrounding media (namely, calcite) is a sensitive parameter. The
agreement between 1 and rg, indicates that the observed response in the UV range is due to multiple backscattering.

Furthermore, we calculated the spatial distribution of electric field intensity around a sphere (a = 205 nm) based on Mie
theory for 1 = 206 nm (i.e., around a backscattering resonance mode, Fig. 6a) and 345 nm (namely, outside any
backscattering resonance mode, Fig. 6b) using the dispersive refractive index 7., (4). The field intensity corresponding
to a wavelength around resonance (Fig. 6a) shows a pattern mainly concentrated in the incident direction, i.e. typical of
backscattering, whereas it is much more scattered around the sphere for a wavelength outside any resonance mode. The
field intensity is overall lower in the shadow of the sphere in the case A = 206 nm.
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Figure 5. The Mie backscattering efficiency maps (a,b) exhibit several resonance modes depending on the wavelength and the
sphere radius . The efficiency is globally slightly weaker for the constant refractive index case (b). The weighted average of
backscattering efficiencies (c,d blue solid lines) and measured reflectance spectrum (c,d green dashed lines) show similar
wavelength dependencies which are less marked in the dispersive refractive index case (c).
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Figure 6. Spatial distribution of scattered electric field intensity inside and outside the sphere (a = 205 nm) for A = 206 nm (a)
and 345 nm (b). Calculations were performed using 22 harmonic terms. Incident light comes from the left. The blue circle
corresponds to the equatorial section of the sphere.

4. CONCLUSIONS

The strong UV reflection observed in beige hen (G. gallus domesticus) eggshells treated with EDTA solutions originates
from the scattering porous structure embedded within the calcified shell. In addition, the eggshell cuticle partly absorbs
UV radiation. Such optical properties may have an impact on biological functions related to UV signaling and perception
in this wavelength range. SEM observations of the cross-section of the shell revealed spherical cavities in the calcified
shell. Their size distribution was quantified by mercury intrusion porosimetry. Predictions of the optical properties of this
porous structure in hen eggshells were performed by considering an effective model where multiple scattering events by
each spherical cavity are assumed independent. The comparison between the measured total reflectance of the eggshell
and predictions of the Mie backscattering efficiency weighted by a Gaussian function accounting for the size distribution
measured by mercury intrusion porosimetry indicates that the pores observed in the palisade layer of the calcified shell are
produce multiple Mie scattering events.
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