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1. Introduction

 Biomineralization is the process through which 

living organisms produce minerals such as calcium 

phosphate Ca3(PO4)2 and calcium carbonate CaCO3
1. In 

humans, osteoblasts produce Ca3(PO4)2 through 

biomineralization to form bones and teeth2, and birds 

create hard CaCO3 shells to protect the embryos inside 

their eggs3. In the avian uterus, calcium ions are trans-

ported to the mineralization front on the eggshell 

membrane as amorphous CaCO3, encapsulated in 

extracellular vesicles originating from uterine epithelial 

cells3. Mineralization progresses around the core of the 

keratin fiber membrane, eventually forming each layer 

of the eggshell, such as the mammillary layer, palisade 

layer, and cuticle layer4. Many bird eggshells contain 

pigments like melanin, porphyrin, and biliverdin5, 6, 

which are thought to serve as defense mechanisms and 

protective components against bacterial invasion7. 

Chicken eggshells also contain protoporphyrin IX 

(PPIX), which emits red fluorescence with peaks around 

635 and 678 nm when irradiated with near-ultraviolet 

light (UVA) at 365 nm8. The content of PPIX varies 

depending on the breed of chicken, with a decrease 

observed toward the inside of the eggshell. However, it 
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Summary　Low amounts of protoporphyrin IX (PPIX) are distributed both on the outside and 
inside of the chicken eggshell. However, when the inside of the eggshell was irradiated with near-
ultraviolet light, it emitted fluorescence at 400–500 nm, corresponding to a different wavelength 
compared to the conventional PPIX emission at 635 and 678 nm. In this study, I aimed at eluci-
dating the origin of this 400–500 nm fluorescent emission. The 400–500 nm broad peak was 
pronounced at the beginning of embryonic development and decreased as the mammillary knobs 
dissolved. Subsequent observations under a fluorescence microscope, following irradiation of the 
eggshell’s inner surface with excitation light of 340–390 nm, confirmed the emission of blue fluo-
rescence, and the fluorescence intensity decreased in line with the embryonic development. 
Furthermore, Raman spectroscopy and energy dispersive X-ray elemental analysis of the eggshell’s 
inner surface revealed that the mammillary knobs were composed of calcite crystals and contained 
trace amounts of magnesium ions. These results indicated that the mammillary knobs were 
composed of fluorescent magnesium calcite crystals.
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remains relatively consistent in the innermost part of 

every eggshell5, 8. The eggshell mammillary layer 

dissolves during embryonic development, and the solu-

bilized calcium ions are used as a material for embryonic 

bone formation9. To elucidate the relationship between 

eggshell dissolution and PPIX redox, scanning elec-

tron microscopic (SEM) observation and fluorescent 

spectral analysis of the dissolved inner surface of the 

eggshell were performed. However, I observed a 

high and broad peak between 400 and 500 nm, which 

was clearly different from the fluorescence spectrum 

of PPIX detected in previous studies8. This broad 

peak disappeared in parallel with the dissolution of 

the mammillary layer on the inner surface of the 

eggshell during embryonic development. These 

results indicated that the mammillary layer consisting 

of CaCO3 could potentially emit fluorescence. CaCO3 

has three crystalline phases (i.e., calcite, aragonite, 

and vaterite) with different morphological struc-

tures10. Both biotic and abiotic processes could lead 

to CaCO3 formation11, and calcite and aragonite 

including trace elements or organic matter fluoresce 

upon UV light illumination12. Biomineralized CaCO3 

has been observed in both prokaryotes and eukary-

otes, but no fluorescent CaCO3 crystals have been 

reported so far, except for those in thermophilic 

bacteria13. If the mammillary layer of a chicken 

eggshell contains fluorescent CaCO3 crystals, this 

would correspond to the first discovery in eukaryotes 

such as vertebrates. Therefore, I designed this study 

to elucidate the origin of the aforementioned broad 

fluorescence peak emitted by the inner surface of the 

chicken eggshell.

2. Materials and Methods

Materials
 To observe the structural changes of the inner 

surface of the eggshell of Boris brown hens (Gallus 

gallus domesticus) during embryonic development, 

fertilized eggs were incubated at a temperature of 

37.5°C and a humidity of 60%. I cracked the eggs at 

each developmental  stage and removed the 

membrane from the inner surface of the eggshells 

(Fig. 1). Next, the inner surface of the eggshell at 

each developmental stage was observed using an 

SEM and analyzed using a mini-spectroscope, fluo-

rescence microscope, and Raman microscope for the 

purposes listed in Table 1.

SEM observation and energy dispersive X-ray 

elemental analysis of the mammillary knobs 

 The inner surface of the eggshell at each devel-

opmental stage was observed using a tabletop SEM 

(TM4000Plus, Hitachi, Tokyo, Japan). Concurrently, 

an elementary analysis of the eggshell’s inner surface 

was performed using electron probe X-ray micro-

analysis (EDX).

Fluorescence spectrum analysis of eggshells during 
near-ultraviolet light (UVA) irradiation

Fig. 1.  Basic structure of the chicken egg and microscopic 

image of the eggshell (longitudinal section).

 a: eggshell; b: eggshell membrane; c: air cell; d: 

allantois; e: embryo; f: amnion; g: serosa; h: yolk 

sac; i: urine sac. The arrows in the photo indicate 

mammillary knobs inside the eggshell.

Table 1   Analytical procedure: devices and experimental 

purposes.

Device Experimental purpose

SEM
Observation of eggshell dissolution 
(Fig. 2)

Mini-spectrometer
Analysis of fluorescence spectrum 
changes associated with eggshell 
dissolution (Fig. 3)

Fluorescent 
microscope

Observation of fluorescence properties 
of CaCO3 crystal (Fig. 4)

Raman 
microscope

Calcite identification (Fig. 5A)

SEM-EDX
Elemental analysis of the calcite crystals 
(Fig. 5B)
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 The inner surface of the eggshell at each develop-

mental stage was exposed to UVA at 365 nm using a 

UVGL-58 handheld UV lamp (Upland, CA, USA) in a 

dark room. Subsequently, fluorescence spectral analysis 

was conducted in the range of 400–750 nm using a 

Hamamatsu Photonics mini-spectrometer C11009MA 

(Hamamatsu, Shizuoka, Japan). The fluorescence spec-

trum intensity from the eggshell was measured as a 

relative reflectance ratio (A/D count ratio).

Fluorescence microscopic observation of the inner 
surface of eggshells 
 The inner surface of the eggshell at each develop-

mental stage was observed using a fluorescence 

microscope BX53 (Olympus, Tokyo, Japan) after 

removing the eggshell membrane. For fluorescence 

microscopy, the excitation light intensity was kept the 

same and the following filter blocks were used: 

U-FUW: exciter, 340–390 nm; dichroic mirror, 410 

nm; emitter, 420 nm: U-FBNA: exciter, 470–495 nm; 

dichroic mirror, 505 nm; emitter, 510 nm: U-FGW: 

exciter, 530–550 nm; dichroic mirror, 570 nm; and 

emitter, 575 nm.

Micro-Raman spectroscopy of the inner surface of 
the eggshell

 Micro-Raman spectroscopy of the inside of the 

eggshell at each embryonic developmental stage on 

days 1 and 20 was performed using a Renishaw 

inViaTM Raman microscope (532 nm emission line 

of the Ar laser). 

3. Results

Observation of the dissolution of eggshell mammil-
lary knobs during chicken embryonic development 
using scanning electron microscopy
 After removing the eggshell membrane, the inner 

surface of the eggshell was examined at each stage of 

embryonic development on the 1st, 11th, 16th, and 20th 

days (Fig. 1). The results showed that on the first day, 

the eggshell inner surface was intact. However, by the 

11th day, the tips of the knobs had melted and become 

flat. By the 16th day, further melting had occurred, 

forming a hollow, and by the 20th day, the size of the 

hollow further expanded. These results confirmed that 

mammillary knobs on the inner surface of the eggshell 

dissolve during embryonic development.

Fluorescent spectrum analysis and fluorescent micro-
scopic observation of the inner surface of chicken 
eggshells during embryonic development

Fig. 2.  Dissolution of the eggshell’s mammillary knobs during chicken embry-

onic development. 

 The days after the start of embryonic development are indicated in the 

upper left corner of the photographs.
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 As shown in Fig. 2, the mammillary knobs 

dissolve during embryonic development. Therefore, I 

exposed the inner surface of chicken eggshells to 

UVA (365 nm) at each embryonic developmental 

stage and analyzed their emitted fluorescent spectra. 

On the 1st day, I observed a broad peak at 400–500 

nm (black arrows in Fig. 3), along with peaks at 635 

and 678 nm. The peaks at 635 and 678 nm are 

thought to be caused by protoporphyrin IX (PPIX)5, 8. 

The peak at 400–500 nm was higher on the 11th day 

than on the 1st day and rapidly decreased on the 16th 

and 20th days. For comparison, when the fluores-

cence spectrum of the outer surface of the eggshell 

was analyzed, no peak was observed at 400–500 nm, 

and only peaks at 635 nm and 678 nm were observed 

(Fig. 3). Next, I observed the fluorescence derived 

from the inner surface of the eggshell at each embry-

onic developmental stage on days 1, 11, 16, and 20 

using a fluorescence microscope. I confirmed blue 

fluorescence under 340–390-nm excitation (U-FUW 

filter condition), corresponding to 400–500 nm, with 

reducing intensity in accordance with embryonic 

development (Fig. 4A). These results were similar to 

those of fluorescence spectral analysis upon 365 nm 

UVA irradiation (Fig. 3). Furthermore, I detected 

green and red fluorescence when exposing the 

samples to excitation light of 470–495 nm (U-FBNA 

filter) and 530–550 nm (U-FGW filter), respectively. 

These fluorescence intensities also decreased by day 

20 (Fig. 4B).

Micro-Raman spectroscopy and electron probe X-ray 
microanalysis of the inner surface of the eggshell
 My fluorescent spectral analysis and fluorescent 

microscopic observations revealed that mammillary 

knobs emit unique fluorescence when exposed to a 

specific excitation light (Fig. 3). These results 

suggested that the mammillary knobs are composed 

of fluorescent CaCO3 crystals; therefore, I performed 

Raman spectroscopy and energy dispersive X-ray 

(EDX) elemental analysis on the inner surface of the 

eggshell on the 1st and 20th days of chicken embry-

onic development. The Raman spectroscopic analysis 

confirmed Raman shifts on the inner surface of the 

eggshell at 1,086, 712, 281, and 156 cm−1 (Fig. 5A) 

on both the 1st and 20th days. These shifts closely 

matched the Raman shift data of calcite at 1,085, 712, 

280, and 153 cm−1 reported by Donnelly et al. 

(2017)15. Furthermore, the EDX elemental analysis of 

the inner surface of the eggshell revealed the detec-

tion of CaCO3 constituent elements: Ca, C, and O. 

Small amounts of Mg and Na were also detected on 

the inner surface of the eggshell on the 1st day. 

However ,  these t race e lements  had almost 

Fig. 3.  Fluorescence spectral changes derived from the inner surface of the 

eggshell during embryonic development.

 These data were obtained under 365-nm excitation light using a mini-

spectrometer. The white arrows indicate PPIX peaks. 
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disappeared or decreased by the 20th day (Fig. 5B). 

These data showed that the mammillary knobs are 

composed of the fluorescent magnesium calcite 

crystals. 

4. Discussion

 The dissolution of the inner surface of eggshells 

during embryonic development, serving as material 

for bone formation, is a well-known phenomenon8, 9. 

Scanning electron microscopy revealed the gradual 

scraping of mammillary knobs from the 1st to the 

11th days, with further melting and the appearance of 

hollows on the 16th day. By the 20th day, the hollow 

had widened, resembling a large crater (Fig. 2). The 

near-UV light irradiation of the inner surface of the 

eggshell at different embryonic developmental stages 

revealed PPIX peaks at 635 and 678 nm, along with 

400–500 nm broad peak, with the latter markedly 

decreasing during embryonic development (Fig. 3). 

My fluorescent microscopic observation of the inner 

surface of the eggshell upon irradiation with 340–390 

nm excitation light revealed blue fluorescence with 

decreasing intensity during embryonic development 

(Fig. 4A). These changes in the fluorescence micro-

scopic data were consistent with the changes in the 

fluorescent spectral data (Fig. 3). Based on these 

results, fluorescence emission was thought to origi-

nate from the mammillary knobs on the inner surface 

of the eggshell. Moreover, irradiation at 470–495 nm 

and 530–550 nm on the first day of embryonic devel-

opment resulted in green and red fluorescent emission 

with reducing intensities by day 20 (Fig. 4B). The 

fluorescence properties of the inner surface of the 

eggshell, which emit blue, green, and red fluores-

cence when excited at specific and different 

Fig. 4.  Fluorescent intensity changes derived from the inner surface of the 

eggshell during embryonic development using a fluorescent 

microscope.

 A: 340–390 nm excitation light; B: left, 470–495 nm excitation light; 

right, 530–550 nm excitation light.
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wavelengths, were remarkably similar to those of 

calcite crystals produced by the thermophilic bacte-

rium Geobacillus thermoglucosidasius13. When 

comparing the Raman spectroscopy data on the inner 

surface of the eggshell (Fig. 5A) with the calcite data 

reported by Donnelly et al.14, the shift peaks almost 

matched. According to Donnelly et al.14, vaterite 

differs from calcite in that the peak at 1086 was a 

double peak. Furthermore, according to Kupka et 

al.15, aragonite differs from calcite in that the peak 

near 712 was a double peak. By comparing the 

Raman shift peaks of calcite with aragonite and 

vaterite as described above, I confirmed that the 

mammillary knob was composed of calcite crystals 

rather than vaterite or aragonite. EDX elemental 

analysis during SEM observation revealed trace 

Fig. 5.  Raman spectroscopic analysis and electron probe X-ray microanalysis 

(EDX) of the inside of a chicken eggshell.

 A: Raman spectroscopic analysis; B: EDX. In these images, Raman 

spectroscopic and EDX data on the 1st and the 20th days during 

embryonic development were compared. Inserted photos in Fig. A 

indicate SEM images of the eggshell mammillary knobs on the 1st 

and the 20th days.
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amounts of magnesium and sodium ions in these 

calcite crystals, decreasing toward the end of embry-

onic development (Fig. 5B). Based on these fluorescence-

related results as well as the Raman and EDX data 

(Figs. 4 and 5), I confirmed that the mammillary 

knobs were composed of fluorescent magnesium 

calcite crystals. 

 Recently, several studies have been conducted 

using abiotic reactions to assess how magnesium 

affects mineralization. Magnesium significantly influ-

ences CaCO3 precipitation, with sufficiently high 

magnesium concentrations producing aragonite precipi-

tation and low Mg:Ca ratios incorporating magnesium 

into the crystal lattice to form calcite16,17. In addition, 

amorphous CaCO3 reportedly forms mesocrystals from 

calcite nanocubes while incorporating magnesium ions 18. 

Mammillary knobs are also shaped like nanoparticle 

lumps, and small amounts of magnesium are thought to 

be incorporated into the crystal lattice during mammillary 

knob formation, resulting in lattice defects and misalign-

ments that emit fluorescence19.

 Various results have already been obtained 

concerning the changes in CaCO3 and Ca3(PO4)2 

crystal properties upon incorporation of trace elements 

such as magnesium. For example, CaCO3 calcite 

crystals exhibit higher solubility when incorporating 

magnesium compared to pure calcite16. In addition, 

Ca3(PO4)2-based hydroxyapatite becomes more 

soluble in acids with an increase in the amount of 

magnesium ions incorporated into the crystal20. 

Mammillary structures exist not only in chickens but 

also in various other birds, including ostriches21, 

quails22, and passerine birds23. In bird eggs, the easily 

soluble magnesium calcite on the inside of the 

eggshell could facilitate supplying the embryo with 

calcium, a building material for bones9,21, and magne-

sium, which controls cellular functions and enzymatic 

activities24, during embryonic development. Chicken 

eggshells contain various substances, such as CaCO3, 

PPIX, and magnesium, as well as inositol phosphate21 

and various matrix proteins3. Future research efforts 

could unravel their new role and significance in 

embryonic development.

Conclusion

 The mammillary knobs of the inner surface of 

chicken eggshells are composed of fluorescent calcite 

crystals, which contain trace amounts of magnesium 

ions. These magnesium calcite crystals emit a blue 

fluorescence with a peak around 400–500 nm when 

exposed to 365 nm excitation light. When the same 

crystals are irradiated with 470–495 nm excitation 

light, they emit green fluorescence, and when exposed 

to 530–550 nm excitation light, they emit red fluores-

cence. These fluorescent characteristics bear a 

resemblance to those of calcite crystals formed by the 

thermophilic bacterium, G. thermoglucosidasius.
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