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ABSTRACT: The chicken eggshell, a product of biomineralization, contains inorganic and organic substances whose content
changes during the incubation process. Bloch-decay (BD) 'H, *C, and cross-polarization (CP) "*C nuclear magnetic resonance
(NMR) spectra of chicken eggshells were acquired under magic-angle spinning (MAS). Variable contact time *C CP MAS NMR
experiments revealed the signals of carbonyl groups from organic and inorganic compounds. In the *C BD NMR spectra, a
single peak at 168.1 ppm was detected, whereas in the '"H BD spectra, the signals from water and the bicarbonate ion were
assigned. A simultaneous decrease of the water signal in the '"H MAS NMR spectra and an increase of the carbonate ion signal in
the *C CP MAS NMR spectra of eggshells collected during the incubation period indicate the substitution of calcium ions by
hydrogen ions in the calcium carbonate crystalline phase during the incubation of an egg.
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1. INTRODUCTION

The application of solid-state nuclear magnetic resonance
(NMR) is widely used in food"* and agricu.ltuml3 science. This
technique was shown also to be an excellent method for
analyzing insoluble or multicomponent biological systems, such
as plant cell walls,* mycelium,5 and hard tissues, such as bones
and cartilage.°™ An interesting object from that group of
materials is the chicken eggshell. Bone tissue is mainly
composed of phosphates, whereas the avian eggshell is mostly
made up of carbonates. The chicken eggshell is composed of
a foamy layer of cuticle, a calcite or calcium carbonate layer,
and two shell membranes.'® The avian eggshell is sometimes
referred to as a “natural composite bioceramic” containing
organic (3.5%) and inorganic (95%) phases. It is composed of
1.0% (w/w) matrix proteins in addition to calcium carbonate
(95%, w/w).11 The fatty acid content in the insoluble eggshell
layers (after decalcification) is in the range of 2—4%."

The eggshell is a product of the physiological process called
biomineralization, which takes place on the egg membrane in
an acellular medium. The uterine fluid contains inorganic
minerals and precursors of the organic matrix."* The structure of
the eggshell results from the deposition of calcium carbonate on
the membranes, concomitantly with an organic matrix.'* The
matrix proteins control the process of calcite crystal growth,"
thereby affecting the texture and biomechanical properties of the
eggshell.'® In the case of chicken eggshells, approximately 5 g of
CaCOQ; is deposited within 22 h in an acellular medium as the
egg passes through the oviduct. This makes avian eggshells one
of the fastest mineralized hard tissues in biological systems.'”

However, eggshells from the fertilized eggs change their com-
position during the process of egg incubation, which typically
lasts 21 days."® During the incubation period, chemical processes
occur and some elements are absorbed by the growing chicken
embryo."® Although these changes have not been fully recognized,
it is suggested that one of the products is calcium bicarbonate
[Ca(HCO3),],*° which is chemically unstable and does not exist
in solid state.
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According to previous reports,”> the chicken eggshell is a
good source of calcium (contains 95% CaCOj3) and strontium,
more easily dissolved with gastric juice because of its porous
structure. This is the reason why it can be used as a dietary
supplement in the prevention of osteoporosis. The diet fortified
with eggshell powder containing only 0.10% phosphorus would
help restore the proper dietary balance between calcium and
phosphorus.*

The changes in its composition and processes that take place
during the incubation were followed using solid-state NMR
spectroscopy. To the best of our knowledge, this is the first
application of a magic-angle spinning (MAS) NMR technique
to the study of the chicken eggshell.

The aim of this study was to analyze the chicken eggshell
during the process of incubation. Understanding this subject is
not only interesting from the scientific point of view but also
important because of the increasing role of the in ovo injections
in the poultry immunoprophylaxis, in which efficiency also
depends upon the strength and structure of the eggshell** and
possibilities of application of an eggshell as a dietary calcium
supplement.

2. MATERIALS AND METHODS

Samples of chicken (Gallus gallus domesticus) eggshells were collected
on the Ist, 14th, 18th, and 21st days of incubation at a farm localized
in Mazovian Province, Poland. The samples were washed with water;
the membranes were removed; and the eggshells were dried in air and
powdered.

Solid-state MAS NMR spectra were recorded at 298 K on a Bruker
Avance DSX 400 WB spectrometer in the magnetic field of 9.4 T at
400.13 MHz ('H) and 100.62 MHz (**C). The samples were spun
at 10 kHz in a 4.0 mm zirconia rotor and at 35 kHz in a 2.5 mm
zirconia rotor for *C and 'H MAS NMR experiments, respectively.
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Standard '*C cross-polarization (CP) MAS spectra were obtained
using a '"H 90° pulse length of 2.0 us, with continuous wave (CW)
proton decoupling, a contact time of 2—20 ms, and a repetition time of
10.0 s. Chemical shifts were calibrated indirectly through the glycine
CO signal recorded at 176.0 ppm (**C spectra) and the adamantane
signal at 1.78 ppm ('H spectra), relative to tetramethylsilane (TMS).
The conventional '"H—'C CP pulse sequence with reversal of the spin
temperature in the rotating frame was applied with high-power proton
decoupling during signal acquisition. The variable-contact time CP
experiments were performed using contact times ranging from 0.05
to 20.0 ms. For the direct polarization [DP, Bloch decay (BD)]
experiments, the single pulse (a 90° pulse of 3.4 us) sequence with
high-power decoupling and a repetition time of 300 s was employed.
Deconvolution of the NMR spectra was performed with a
MestReNova program (MestreLab, Inc.). CP kinetics for selected
signals was analyzed using the non-classical (I-I*—S) model. 25,26

The CP kinetics describe the dependence of the intensity of the
signal in the spectra from the contact time [t (ms)]. With a short
contact time, the signal in the spectra increases because of the
polarization transfer from hydrogen atoms. With the elongation of
the contact time, the intensity of the signal is decreasing because of the
relaxation process. Within the non-classical I-I*—S model, CP
kinetics is described by the following equation:

I(t) = I, exp(—t/T},)[1 — 4 exp(—t/Ty)
— (1 = )exp(— 1.5t/ Ty)exp(—0.5t/T,”)]

Analysis of the CP kinetic parameters provides information about the
molecular environment. T is the time constant describing proton spin
diffusion from bulk protons to protons of the spin cluster, in which CP
begins. The parameter T}, is the relaxation time in the rotating frame
and describes the magnetization decay under the spin-lock condition.
Both of these parameters depend upon the number of hydrogen atoms
in a functional group and their mobility and decrease with lower
mobility or higher content of hydrogen in the spin cluster. Parameter
I, is an absolute amplitude of a signal, and T, is the time constant that
depends upon the dipolar interaction between the carbon atom and
neighboring hydrogen atoms. Parameter 4 describes how the energy is
shared between the spins in the spin cluster and is approximate to the
value 1/ s(n + 1), where n is the number of hydrogen atoms in the spin
cluster.

3. RESULTS AND DISCUSSION

A series of NMR spectra was recorded for powdered eggshell
samples collected before incubation as well as during the
incubation process. In the standard *C CP MAS NMR spectra
of the eggshell, numerous signals can be observed in the region
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Figure 1. Comparison of the *C CP MAS NMR spectra of chicken
eggshell before incubation (red) and after incubation (blue). Spectra
were acquired with the contact time of 10 ms and 2000 scans
(expanded carbonyl region).

of 10—60 ppm, which were assigned to organic compounds,
mainly proteins and lipids (Figure.1). Two signals were observed
in the carbonyl region, at 168.1 and 172.3 ppm. In the spectra
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Figure 2. 3C CP MAS NMR spectra of chicken eggshell (before
incubation) recorded with different contact times (0.5—-20 ms) and
2000 scans.

168.10

240 200 160 120 80 50 20
(ppm)

Figure 3. ®C BD MAS NMR spectrum of chicken eggshell (before
incubation).
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Figure 4. Superimposed *C CP MAS NMR spectra of chicken
eggshells collected during the incubation process (expanded carbonyl
carbon region).
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Table 1. Parameters of the "H—"*C CP Kinetics for Carbonyl Groups of Chicken Eggshell, Calculated Using the Non-classical

Kinetic Model

before incubation

eggshell sample

after incubation

before incubation after incubation

chemical shift 168.1 ppm 168.1 ppm 172.3 ppm 172.3 ppm
non-classical (I-T*-S) T, 0.014 0.014 0.014 0.014
Ty, 436.1 163.6 9.16 8.59
I, 134 102 332 263
Ty 15.49 3.52 1.12 1.33
A 0.89 091 0.9 0.9
Signal signal
Intensm,r_ Intgensity
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Figure S. Fitting of the I-I¥*—S non-classical CP kinetic model to the experimental data. Panels A and B present the kinetics of the carbonyl groups
signal at 172.3 ppm (A) before and (B) after incubation. Panels C and D present the kinetics of the carbonate ions signal at 168.1 ppm (C) before

and (D) after incubation.

recorded with the contact time increasing from 0.5 to S ms,
the dominating signal was at 172.3 ppm. However, with the
extension of the contact time, a considerable rise of the intensity
of the carbonyl signal at 168.1 ppm was observed (Figure 2).
One of those signals supposedly came from the calcite carbonate
group, and the other came from carbonyl groups of proteins.
To differentiate those signals, the direct polarization (BD)
BC spectra were recorded, which showed only one signal at
168.1 ppm (Figure 3). This signal was assigned to the inorganic
carbonate ion from CaCOj; because the chicken eggshell is
mainly (95%) composed of calcite. Moreover, the observed
chemical shift for the inorganic carbonate ion is very similar to

literature values reported for the calcite polymorph of CaCO;.*”
Another characteristic feature is an extremely long T time.
The experiments with repetition time showed that the intensity
increased until the time reached as long as 250 s. Therefore,
a repetition time of 300 s was necessary to avoid the saturation
effect. The signal at 172.3 ppm was assigned to the carbonyls of
the peptide bonds.

For the eggshell samples from the 1st, 14th, 18th, and 21st
days of incubation, the *C CP MAS spectra were recorded
with the 10 ms contact time, 10 s repetition time, and 2000
scans. In those spectra, both carbonyl signals could be observed.
The increase of the intensity of the signal from the carbonate
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Figure 6. "H BD NMR spectrum of chicken eggshell after incubation.
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ion (168.1 ppm) occurs during the incubation process, and no
major changes for signals from organic compounds were
observed (Figures 1 and 4).

In the *C CP NMR spectra of pure calcium carbonate in
the form of calcite recorded by Feng et al,*’ the authors did
not observe any signal from the carbonate ion. The signals
observed in the *C MAS NMR spectra of chicken eggshell
suggest that not only the calcite form of calcium carbonate is
present in the studied material but also hydrogen atoms
from other compounds in the chicken eggshell can serve as
donors of magnetization for the carbon nuclei in the carbonate
ions.

As two signals in the carbonyl region of CP MAS spectra
were partially overlapped, a deconvolution of the spectra had to
be performed. This allowed for the separation of the signal
arising from the inorganic carbonate ion and one from the
organic carbonyl group. The calculation of the respective signal
areas showed that, during the process of incubation, the
intensity ratio of the inorganic carbonate/organic carbonyl
increased about 2 times. This might be the result of an increase
in the amount of carbonate ions in the eggshell. However, it
seems very unlikely because of the very high (95%) con-
centration of calcium carbonate before incubation. Another
possibility is that those signals undergo distinctly different CP.
Therefore, the CP kinetics should be studied in detail.

The *C CP MAS spectra with different contact times were
recorded for the samples from the 1st and 21st days of incuba-
tion to estimate the CP kinetics for both carbonyl signals. The
'"H — *C CP kinetics was fitted to the non-classical I-I*—$
model. The CP kinetics parameters are collected in Table 1,
and the experimental data fitting are shown in Figure 5. Panels
A and B of Figure 5 present the kinetics of the carbonyl groups
signal at 172.3 ppm (A) before and (B) after incubation. Panels
C and D of Figure S present the kinetics of the carbonate ions
signal at 168.1 ppm (C) before and (D) after incubation.

There is no significant difference in the kinetic parameters for
the organic carbonyl groups before and after incubation,

12257

suggesting that the protein fraction does not undergo any
changes during the incubation process.

Significantly shorter T}, relaxation times (ca. 9 ms) were
obtained for the organic carbonyl group (panels A and B of
Figure S) than for the carbonate ions (160—890 ms; panels C
and D of Figure 5), probably because of the larger number of
hydrogen atoms located near the protein carbonyl groups.

Inspection of the carbonate ion CP kinetics, measured for the
samples after incubation, indicates that the values of TIJ, and Ty
decreased, suggesting the increase of the amount of hydrogen
atoms in the inorganic matrix.

The A parameter depends upon the heteronuclear dipolar
couplings, and any weakening of the 'H—"C dipolar couplings,
caused by either molecular dynamics or a decreased number of
hydrogens in the vicinity of a given carbon, should increase the
A parameter.

Looking at the chemical composition of the eggshell, one can
find two possible donors of magnetization for the carbonate ions:
water molecules and hydrogen ions. To confirm this assump-
tion and to find the sources of magnetization, the '"H MAS NMR
spectra were recorded. In the '"H MAS NMR spectrum, a strong
signal of water appears at 4.8 ppm (Figure 6). The intensity of
this signal decreases rapidly in the spectra recorded during the
period of incubation; the largest difference occurs between the
Ist and 14th days (Figure 7). This may result from the
evaporation of weakly bound water molecules incorporated into
the eggshell during its formation in the uterine fluid. However,
the decrease of the water concentration in the chicken eggshell
does not explain the increase of the carbonate ion signal in the
3C CP MAS spectra. If the water molecules were really donors
of magnetization for the inorganic carbonate group, the intensity
of the carbonate signal should be the highest in the spectra of the
eggshell from the Ist day of incubation. However, our results
were completely opposite; the highest intensity of the carbonate
signal was after incubation when the amount of water in the
eggshell was the lowest, which neglects the assumption of water
molecules being the donors of magnetization for carbonate groups.
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Figure 7. Superimposed '"H BD NMR spectra of chicken eggshells
collected during the incubation period.

Another possibility is that the hydrogen ions that are formed
during the process of incubation as a result of the physiological
process of chicken embryo development can be incorporated
into the carbonate group. It is worth mentioning here that no
signal appears around 14 ppm, characteristic for the hydrogen
ions present in acid salts, such as KHCO; and NaHCOj, which,
in opposition to Ca(HCOj),, are stable in solid state. Instead,
the signal at 7.2 ppm can be found, which has the similar
chemical shift to the signal of calcium bicarbonate in the spectra
recorded by Nebel et al.*® For this reason, we have assumed
that the increase of the intensity of the carbonate signal was the
result of substitution of the Ca’* ion by the H' ion during the
egg incubation, according to the reaction 2H" + 2CaCO; —
Ca(HCO,), + Ca*". This confirms the statement first expressed
in 1974" of possible calcium liberation in the eggshell during the
process of incubation. As a result, the calcium ion is liberated.
NMR data, such as CP parameters, confirm the hypothesis of the
acid—base mechanism. The Ca** ions needed by the growing
chicken embryo are gained from calcium carbonate, CaCO;.

B AUTHOR INFORMATION

Corresponding Author
*Telephone/Fax: +48-22-5720950. E-mail: dpisklak@wum.edu.pl.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Bertocchi, F.; Paci, M. Application of high-resolution solid-state
NMR spectroscopy in food science. J. Agric. Food Chem. 2008, S6,
9317-9327.

(2) Mihhalevski, A.; Heinmaa, L; Traksmaa, R.; Pehk, T.; Mere, A.;
Paalme, T. Structural changes of starch during baking and staling of rye
bread. J. Agric. Food Chem. 2012, 60, 8492—8500.

(3) Gao, A. H,; Bule, M. V,; Laskar, D. D.; Chen, S. Structural and
thermal characterization of wheat straw pretreated with aqueous
ammonia soaking. J. Agric. Food Chem. 2012, 60, 8632—8639.

(4) Foston, M.; Katahira, R;; Gjersing, E.; Davis, M. F.; Ragauskas, A.
J. Solid-state selective *C excitation and spin diffusion NMR to
resolve spatial dimensions in plant cell walls. J. Agric. Food Chem. 2012,
60, 1419—1427.

(S) Peter-Valence, F.; Llarena-Hernandez, C.; Largeteau, M.; Savoie,
J. M,; Ruaudel, F.; Ziarelli F.; Ferré, E; Farnet, A. M. Chemical

characterization of the biomass of an edible medicinal mushroom,
Agaricus subrufescens, via solid-state 3 C NMR. J. Agric. Food Chem.
2011, 59, 8939—8943.

(6) Huster, D.; Naji, L.; Schiller, J.; Arnold, K. Molecular dynamics of
the biopolymers in articular cartilage studied by magic angle spinning
NMR. Appl. Magn. Reson. 2004, 27, 471—487.

(7) Keshari, K. R;; Zektzer, A. S.; Swanson, M. G.; Majumdar, S.;
Lotz, J. C.; Kurhanewicz, J. Characterization of intervertebral disc
degeneration by high-resolution magic angle spinning (HR-MAS)
spectroscopy. Magn. Reson. Med. 2008, 53, 519—527.

(8) Gelman, N,; Code, R. F. Concentration dependence of “F
nuclear magnetic resonance decay shapes and second moments in
bone mineral. Solid State Nucl. Magn. Reson. 1999, 14, 191-201.

(9) Kaflak, A,; Kolodziejski, W. Phosphorus-31 spin-lattice NMR
relaxation in bone apatite and its mineral standards. Solid State Nucl.
Magn. Reson. 2007, 31, 174—183.

(10) Dennis, J. E.; Xiao, S. Q.; Agarwal, M,; Fink, D. J.; Heuer, A. H;
Caplan, A. I. Microstructure of matrix and mineral components of
eggshells from white Leghorn chickens (Gallus gallus). J. Morphol.
1996, 228, 287—306.

(11) Daengprok, W.; Garnjanagoonchorn, W.; Naivikul, O;
Pornsinpatip, P.; Issigonis, K; Mine, Y. Chicken eggshell matrix
proteins enhance calcium transport in the human intestinal epithelial
cells, Caco-2. J. Agric. Food Chem. 2003, 51, 6056—6061.

(12) Miksik, I; Charvatova, J; Eckhardt, A; Deyl, Z. Insoluble
eggshell matrix proteins: Their peptide mapping and partial character-
ization by capillary electrophoresis and high-performance liquid
chromatography. Electrophoresis 2003, 24, 843—852.

(13) Gautron, J.; Hincke, M. T.; Mann, K.; Panheleux, M.; Bain, M.;
McKee, M. D.; Solomon, S. E.; Nys, Y. Ovocalyxin-32, a novel chicken
eggshell matrix protein. Isolation, amino acid sequencing, cloning, and
immunocytochemical localization. J. Biol. Chem. 2001, 276, 39243—
39252.

(14) Dominguez-Vera, J. M.; Gautron, J.; Garcia-Ruiz, J. M.; Nys, Y.
The effect of avian uterine fluid on the growth behavior of calcite
crystals. Poult. Sci. 2000, 6, 901—907.

(15) Nys, Y.; Gautron, J.; McKee, M. D.; Garcia-Ruiz, J. M.; Hincke,
M. T. Biochemical and functional characterization of eggshell matrix
proteins in hens. World’s Poult. Sci. ]. 2001, 57, 401—413.

(16) Panheleux, M.; Bain, M.; Fernandez, M. S.; Morales, 1; Gautron,
J.; Arias, J. L; Solomon, S. E; Hincke, M.; Nys, Y. Organic matrix
composition and ultrastructure of eggshell: A comparative study. Br.
Poult. Sci. 1999, 40, 240—252.

(17) Arias, J. L; Fink, D. J.; Xiao, S. Q; Heuer, A. H; Caplan, A. L.
Biomineralization and eggshells: Cell-mediated acellular compartments
of mineralized extracellular matrix. Int. Rev. Cytol. 1993, 145, 217—250.

(18) Grandin, T.; Johnson, C. Animals in Translation; Harvest Books:
New York, 2005; p 69.

(19) Coleman, J.; Terepka, A. Fine structural changes associated with
the onset of calcium, sodium and water transport by the chick
chorioallantoic membrane. J. Membr. Biol. 1972, 7, 111—-127.

(20) Jane, R.; Simkiss, K. Respiratory acidosis and eggshell resorption
by the chick embryo. Exp. Biol. 1974, 61, 197—302.

(21) Neuman, W.; Morrow, P.; Toribara, T.; Casarett, L.; Mulryan,
B.; Hodge, H. Evidence for complex ion formation in the calcium-
bicarbonate system. J. Biol. Chem. 1956, 219, 551—557.

(22) Schaafsma, A.; Pakan, L; Hofstede, G.; Muskiet, F.; Van Der
Veer, E.; De Vries, P. Mineral, amino acid and hormonal composition
of chicken eggshell powder and the evaluation of its use in human
nutrition. Poult. Sci. 2000, 79, 1833—1838.

(23) Mine, Y. Egg Bioscience and Biotechnology; John Wiley and Sons,
Inc.: Hoboken, NJ, 2008; p 129.

(24) Borzemska, W. B.; Szeleszczuk, P. The in-ovo vaccination—A
new technique for poultry immunization. Med. Weter. 1999, 55, 15—
18.

(25) Kolodziejski, W.; Klinowski, J. Kinetics of cross-polarization in
solid-state NMR: A guide for chemists. J. Chem. Rev. 2002, 102, 613—
628.

dx.doi.org/10.1021/jf304230g | J. Agric. Food Chem. 2012, 60, 12254—12259



Journal of Agricultural and Food Chemistry

(26) NMR Spectroscopy in Pharmaceutical Analysis; Holzgrabe, U.,
Wawer, L, Diehl, B., Eds.; Elsevier: Amsterdam, The Netherlands,
2008.

(27) Feng, J; Lee, Y. J.; Reeder, R. J;; Phi, B. L. Observation of
bicarbonate in calcite by NMR spectroscopy. Am. Mineral. 2006, 91,
957—-960.

(28) Nebel, H.; Neumann, M.; Mayer, C.; Epple, M. On the structure
of amorphous calcium carbonate—A detailed study by solid-state
NMR spectroscopy. Inorg. Chem. 2008, 47, 7874—7879.

12259 dx.doi.org/10.1021/jf304230g | J. Agric. Food Chem. 2012, 60, 12254—12259



