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Abstract

Chicken egg is included among the main components of the human diet as an important
source of nutrients, such as proteins, lipids, vitamins, minerals and carotenoids. The
latter are terpenoid pigments present in egg yolks, providing their color and playing a
vital role because of their significant bioactivities. The carotenoid content of egg yolk
varies considerably since it is strongly influenced by the respective laying hens’ farming
and feeding procedures, and there is therefore a need to establish an efficient method for
their assessment. The absence of such a method prompted us to develop a novel proce-
dure consisting of the extraction, saponification and quantitative assessment of contained
carotenoids. For this purpose, the optimal conditions for the extraction of carotenoids from
egg yolks were defined, along with the optimal saponification conditions of carotenoids,
with respect to reaction duration and pH influence on the extract’s contents of lutein and
zeaxanthin. The carotenoid content of extracts was determined using a novel, developed
herein LC-MS/MS method that allows the accurate, fast and simultaneous quantitation of
the 11 most abundant carotenoids in egg yolks. The method accuracy and reliability were
validated for six different parameters determined for each analyte. The novel procedure

::J'rl]iedci!‘(tfgsr was applied for the assessment of the carotenoid content of ten egg yolks of diverse origin,
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crucial role in maintaining eye health for the protection of retina from damages caused
by blue light and oxidative stress [4]. These compounds are present in vegetables (e.g.,
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maize, papaya, etc.), leafy greens (kale, spinach, etc.) and fruits [5,6] or in animal origin
foods such as marine-sourced foods (salmon, trout, sardines, etc.) and chicken eggs [5].
The latter in particular constitute a well-established source of highly bioavailable lutein
and zeaxanthin [4,7], in concentrations comparable to those of leafy greens [5,8]. Their
bioavailability is linked with the simultaneous presence of large amounts of lipids and
phospholipids in egg yolks [7], which contribute towards the enhancement of carotenoids’
intestinal micellization, facilitating their efficient absorption [7,9]. Consequently, chicken
eggs comprise a widely available, popular food inherently included in human diets as a nu-
tritious component, serving as source of both macronutrients (proteins, fats, carbohydrates)
and micronutrients (vitamins, minerals, dietary cholesterol and carotenoid pigments) that
support muscle growth, brain health and overall well-being of mankind.

Chicken eggs consist of two parts: the white albumen and the egg yolk. The latter is
the yellow or orange spherical part of the egg, composed of lipids, proteins, carbohydrates,
vitamins and minerals and serves as the nourishing center for the developing embryo.
Additionally, egg yolks are rich in carotenoid pigments which define their color, the main
parameter of yolk quality that ranks third among egg quality parameters, after freshness
and eggshell quality [10].

Since the presence of carotenoids in egg yolks is crucial for the definition of their color
and quality, their incorporation in egg-laying hens’ rations has become the subject of numer-
ous research endeavors concerning the exploitation of numerous red, orange and yellow
pigments for the achievement of a brighter orange egg yolk color [11]. Additionally, the
incorporation of various carotenoids into chickens’ diets has also been studied extensively,
aiming to boost the quality of their eggs through the improvement of their yolk color and
upscaling their health beneficial effects. It must be noted, however, that the pigmenting
efficiency of carotenoids depends on several factors such as digestibility, metabolism, trans-
fer, color hue and deposition ability of carotenoids in the target tissues [10]. On the other
hand, the presence of highly bioavailable carotenoids in yolk highlights eggs as a valuable
source of bioactive pigments, classifying them among the basic human nutrients [12]. This
concept has already been applied to produce eggs enriched via feeding with nutrients such
as vitamin E, omega-3 fatty acids, selenium and bioactive carotenoids [13]. Finally, egg
yolk is considered to be a rich source of provitamin A, the precursor of retinol that plays a
vital role in eye function, immunity, brain function, tissue repair and protein digestion [14].

Currently, the following eight carotenoids have already been approved by the Euro-
pean Union (EU) as poultry feed additives: capsanthin, 3-cryptoxanthin, lutein, zeaxanthin
and canthaxanthin (consisting of 40 carbons); citranaxanthin (with 33 carbons); and -
apo-8-carotenal and (3-apo-8-carotenoic acid ethyl ester (containing 30 carbons). These
compounds are of natural origin, except the ethyl ester of 3-apo-8'-carotenoic acid and
canthaxanthin, widely known by the commercial names Carophyll Yellow and Carophyll
Red, which are of synthetic origin [10]. The utilization of synthetic carotenoids is regulated
by EU legislation that limits their presence to 80 mg/kg of feed, except for canthaxanthin,
which is limited to 8 mg/kg of feed [11].

It must be noted, however, that the increasing demand of consumers for a reduction
in the amounts of synthetic carotenoids incorporated into poultry feeding has initiated a
campaign for their replacement with various carotenoids of natural origin, such as lutein
obtained from either alfalfa (Medicago sativa) and corn (Zea mays) or extracts of marigold
(Tagetes erecta) and red pepper (Capsicum annuumy) [10]. In this respect, several analytical
procedures have been developed to date to assess the dietary carotenoids content in egg
yolks or the verification of the applied farming method (e.g., organic, free-range, etc.) [12-14].
These methods are combined with various extraction methods, employing a broad range
of solvent polarities and alkaline conditions for the ester bond cleavage of carotenoids
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(saponification) [15-19]. The assessment of carotenoids content is implemented using the
Liquid Chromatography-tandem mass spectrometry (LC-MS/MS) technique [16,20,21]. A
common limitation of these methods is related to the chemical instability of carotenoids
under the alkaline conditions used for the saponification of carotenoids that hinders the
precise determination of the carotenoids profile. Thus, the driving force for this study was
the necessity to overcome this obstacle to achieve a more precise characterization of the
contained carotenoids. Consequently, the main objective of the present endeavor is the
development of an efficient workflow for the accurate quantification of the most abundant
carotenoids in egg yolks. For this purpose, a novel analytical procedure was developed,
and its efficacy was tested for the assessment of carotenoid content in ten different egg
yolks, produced by different methods of farming egg-laying hens.

2. Materials and Methods
2.1. Chemicals, Solvents, and Standards

Lutein (>95%), zeaxanthin (>98%) 3-carotene (>98%) and 3-cryptoxanthin (>97%)
standards were purchased from ExtraSynthese (Genay, France), canthaxanthin (>93%)
from Honeywell (Charlotte, NC, USA), astaxanthin (>95%), retinol (>95%), all-trans-
lycopene (>98%), trans-p-apo-8'-carotenal (>96%) and fucoxanthin (>95%) were provided
by Sigma-Aldrich (Burlington, MA, USA) and «-carotene (>95%) was obtained from
CaroteNature (Miinsingen, Switzerland). LC-MS-grade methanol was obtained from JT
Baker (Phillipsburg, NJ, USA) and ethanol from Fisher Chemicals (Hampton, NH, USA).
Analytical grade methanol, dichloromethane and diethyl ether solvents were purchased
from Fisher Chemical and petroleum ether (40-60 °C), chloroform and dimethyl sulfoxide
from Carlo Erba (Val-de-Reuil, France), Fisher Chemicals and Sigma-Aldrich, respectively.
Potassium hydroxide (KOH) was purchased from Honeywell and sodium chloride (NaCl)
were purchased from Chem-Lab (Zedelgem, Belgium).

2.2. Samples Preparation

A total of 60 chicken eggs was investigated herein, consisting of 12 organic, 18 barn and
30 free-range egg samples all obtained from commercial sources and producers in Greece.
Those labeled with SN 3, 4 and 7 to 10 were purchased from the local market, SN 5 and 6
were provided by the egg-laying unit of the Agricultural University of Athens (AUA) and
two egg samples (SN 1,2) were obtained from small, private producers. The farming and
feeding procedures of the commercially available eggs were obtained from their packaging
labels, while the respective information for the remaining eggs were provided by the
producers. Each analyzed sample consisted of six eggs from the same producer. Their
detailed sampling data are included in Table 1.

Table 1. Sampling details of chicken eggs.

SN Code Origin Farming Feed
1 HEFR1 H(tht;l:;ﬂd Free-range Maize and non-conventional feed
2 HEFR2 H ousehold. Free-range Maize and non-conventional feed

Vitina Arcadia

3 CEFR1 Commercial Free-range Conventional plant feed
4 CEFR2 Commercial Free-range/extra fresh Mainly conventional plant feed
5 AUAFR AUA Free-range Plant origin mixture
6 AUAB AUA Barn Plant origin mixture/

Citrus juicing byproducts
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Table 1. Cont.

SN Code Origin Farming Feed
7 CEB1 Commercial Barn Mainly maize
8 CEB2 Commercial Barn Conventional plant feed
9 CEO1 Commercial Organic Organic Greek herbs (oregano, lemon
balm, savory, thyme)
10 CEO2 Commercial Organic Organic feed

Each sample, consisting of six eggs, was prepared as follows: after cracking the shell
of each egg, its yolk was manually separated and the content was obtained by rupturing
the membrane. The egg yolks were pooled together, homogenized with the aid of a spatula
and freeze-dried to afford the respective egg yolk sample as a solid, which was stored at
—20 °C until analysis.

2.3. Egg Yolk Extraction Procedure

An amount of 1.5 g from each dried egg yolk (DEY) was poured into a solution consist-
ing of 15 mL of petroleum ether/methanol/ethyl acetate (1:1:1) and stirred for 15 min. The
resulting mixture was centrifugated (centrifuge 5430, Eppendorf SE, Hamburg, Germany)
at 7800 rpm for 10 min, the supernatant was separated by decantation and evaporated
to dryness under reduced pressure, keeping temperature below 25 °C [Rotavapor R-210
apparatus, equipped with vacuum pump V-700, Vacuum controller V-850 (all from Biichi,
Flawil, St Gallen, Switzerland) and a Julabo F12 (Seelbach, Germany) cooling unit]. The
resulting solid residue was divided into three parts, which were processed as follows:
the first was used for the direct determination of the contained carotenoids, applying the
developed herein analytical method and utilizing the LC-MS/MS technique, the second
was saponified before analysis and the third was used for the determination of the total
carotenoid content (TCC).

All LC-MS/MS determinations of the presence of carotenoids in egg yolks were
performed by dissolving the respective amount of dried yolk extract in 1 mL of a chlo-
roform/methanol /hexane (10:10:1) mixture, membrane-filtration (0.45 um, PTFE) and
immediate introduction of the resulting mixture into the analytical instrument.

2.4. Saponification Procedure

The dried egg yolk extract was poured in 2 mL of a petroleum ether/diethyl ether (7:3)
mixture and an equal volume of 10% (w/v) KOH solution in methanol was added. After
stirring for 2 h at room temperature, the mixture was transferred into a centrifuge tube
containing 6 mL of 5% (w/v) NH4Cl solution and centrifuged for 10 min. The aqueous-
alcoholic phase was separated by decantation and backwashed twice with 2 x 2 mL
of a petroleum ether/diethyl ether (7:3) mixture. The combined organic layers were
washed with a saturated brine solution (3 x 10 mL) and centrifuged. The supernatant
was transferred to another centrifugation tube and 1 mL of ethanol was added to yield a
white solid precipitate. The mixture was centrifuged and the supernatant was separated
and evaporated to dryness under vacuum, keeping the temperature below 25 °C. The
residue was redissolved in 1 mL mixture of chloroform/methanol/hexane (10:10:1), filtered
(0.45 pm, PTFE) and subjected to LC-MS/MS analysis.

To avoid the degradation of carotenoids, all steps were carried out under the absence
of sunlight and direct light sources. All carotenoids’ samples were maintained at —20 °C
under a nitrogen atmosphere.
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2.5. Determination of Total Carotenoid Content (TCC)

A third of the dried egg yolk extract, originating from 0.5 g dried egg yolk, was
dissolved in 2 mL of dichloromethane and its total carotenoid content was determined
spectrophotometrically by measuring the absorbance at a wavelength of 450 nm on a
Human model X-MA 1000 spectrophotometer (Human Corporation, Seoul, Rep. Korea).
The outcome was quantified against a calibration curve (y = 0.2696x + 0.0052, R? = 0.9999)
obtained by measuring the absorbance of 3-carotene in dichloromethane for concentrations
0f 0.5, 1.0,2.0, 2.5 and 3.0 pg/mL. The results are expressed as pg of 3-carotene equivalents
(B-CE) per g DEY. All measurements were performed in triplicate, and the respective results
were recorded as the mean =+ standard deviation of the three replicates.

2.6. LC-MS/MS Determinations
2.6.1. Preparation of Standard Stock Solutions

Stock solutions were prepared for all analytes in concentrations ranging from 500
to 1200 ug/mL. For this purpose, the appropriate amounts of zeaxanthin, lutein, (3-
cryptoxanthin, a-carotene and (-carotene standards were dissolved in chloroform, the
astaxanthin and canthaxanthin standards were dissolved in dichloromethane and the fu-
coxanthin was dissolved in dimethyl sulfoxide. All stock solutions were maintained in the
freezer at —20 °C, were diluted in methanol immediately prior to their use and provided
the standard solutions utilized for the construction of the respective calibration curves.

2.6.2. Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

The determination of carotenoids was performed using an Accela Ultra High-
Performance Liquid Chromatography system, coupled with a TSQ Quantum Access triple
quadrupole mass spectrometer (Thermo Fischer Scientific, Waltham, MA, USA). The separa-
tion of carotenoids was carried out on a C30 column with an internal diameter 3 mm, length
150 mm and particle size 2.7 um (HALO C30, Advanced Materials Technology, Wilmington,
NC, USA). The gradient conditions for mobile phases A (methanol) and B (ethanol) were set
as follows: 0.0-20.0 min, from 0% to 40% B; 20.0-22.0 min, 40% B; 22.0-25.0 min from 40% to
60% B; 25.0-26.0 min, 60% B; and 26.1-28.0 min 0% B for re-equilibration of the column. The
flow rate during all determinations was set at 0.5 mL/min. The injection volume of each
sample was 10 pL, while the tray and column temperatures were, respectively, adjusted to
10 and 12 °C.

For the MS/MS determination, the Atmospheric Pressure Chemical Ionization (APCI)
technique was used in the selected reaction monitoring (SRM) mode.

The molecular ion transition and the collision energies of analytes were determined
by direct infusion in full scan at a mass range from 100 to 1400 m/z. The nitrogen gas
was generated from a nitrogen generator (Peak Scientific Instruments Ltd., Inchinnan,
Scotland, UK) and utilized as sheath and auxiliary gas with initial pressures set at 30 and
5 Arb, respectively. The discharge current was set at 4.0 nA, the capillary and the vaporizer
temperature were regulated at 270 °C and 450 °C, respectively, and the collision pressure
of Argon gas was adjusted at 0.2 Pa.

The following signals of the selected ion transitions of the deprotonated molecules
of m/z were used: Fucoxanthin (658.821 > 598.080 (21 eV)/657.970 (18 eV)) and lutein
(568.682 > 535.810 (29 €V)/550.654 (21 eV)). The following signals of the selected ion tran-
sitions of the protonated molecules of m/z were used: Astaxanthin (597.199 > 125.263
(31 eV)/153.070 (23 eV)), zeaxanthin (569.219 > 95.568 (33 eV)/123.255 (34 eV)), canthaxan-
thin (564.547 > 157.233 (25 eV)/174.005 (27 eV)), all-trans-B-cryptoxanthin (553.218 > 95.594
(48 eV)/138.223 (26 eV)), a-carotene (537.265 > 122.898 (30 eV)/413.359 (17 eV)), B-
carotene (537.246 > 118.844 (30 eV)/177.270 (19 eV), all-trans-Lycopene (537.213 > 157.113
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(26 €V)/282.014 (22 eV)), retinol (286.230 > 160.915 (20 eV) /161.938 (21 eV)) and trans-3-apo-
8'-carotenal (417.001 > 104.866 (31 eV)/119.079 (32 eV)). Quantification was performed using
resveratrol as the internal standard, monitored at m/z 228.109 > 143.897 (32 eV)/185.924
(21 eV) in negative polarity and RT 2.28 min.

2.7. Statistical Analysis

The LCquan 2.7.0.20 software (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was
used for the determination of analytes concentrations. The total carotenoid content and the
respective standard deviations were calculated using the statistical functions of Microsoft
Office 365. Finally, the one-way analysis of variance (ANOVA) was used to test if there
were significant differences between the mean values of different samples.

All experiments were performed in triplicate and the respective results have been
presented as mean value £ standard deviation. For all calculations the Durbin—-Watson
statistical tests were performed for the residuals and the respective ANOVA table indicated
that the p-value was always less than 0.05.

3. Results and Discussion
3.1. Extraction and Saponification Procedures

The appropriate solvent selection comprises a crucial step for the extraction proce-
dure, since the optimal recovery of contained substances depends greatly on the solvent’s
properties. An additional limitation for the extraction of carotenoids from egg yolks re-
lates to their high protein and lipid content, parameters affecting the solvent’s efficiency.
Thus, an efficient extraction procedure must simultaneously achieve both the recovery of
lipid-soluble compounds with a nonpolar solvent and the denaturation of proteins that
require the presence of an alcohol. To date, many published methods for the extraction of
carotenoids from egg yolks utilize an organic solvent capable of dissolving the contained
free carotenoids. In particular, among the diverse methods reported in the literature, the
most efficient extraction procedure for the unprocessed egg yolks refers to their dissolu-
tion into water and subsequent extraction with a mixture of hexane/isopropanol (3:2) for
15 min [18]. For the dried egg yolks, the best results were obtained using as an extraction
solvent either a mixture of methanol/methyl-tert-butyl ether/diethyl ether (1:1:1) or a
mixture of petroleum ether/ethyl acetate/methanol (1:1:1) [16]. The latter has proved to be
more efficient providing that carotenoid recovery values exceeded 99% [16].

On the other hand, to achieve an accurate and simultaneous quantitation of all
carotenoids contained in various samples, it is necessary to include an additional step
concerning the performance of the saponification reaction. For this purpose, a solution
of potassium hydroxide (KOH) in methanol at concentrations ranging from 2.5 to 10%, is
the most commonly used saponifying agent [22] to cleave the ester bonds of conjugated
carotenoids or contained triglycerides. Although the inclusion of this step contributes
greatly to the accuracy of carotenoid content determination, the strong alkaline environ-
ment promotes the isomerization and/or the partial degradation of carotenoids [11,23],
since according to literature data, saponification degrades and/or modifies the structure of
many plant origin carotenoids [24]. Especially in egg yolks, the application of the saponifi-
cation reaction is more complicated, since the contained proteins and lipids precipitate in
an alkaline environment.

To overcome this problem, we have investigated herein and evaluated a variety of
saponification procedures with respect to the reaction duration and alkalinity. For this
purpose, the saponification efficacy was evaluated through the determination of obtained
lutein and zeaxanthin concentrations, the two most important carotenoids contained in
egg yolks. In particular, our study started by applying a procedure previously published
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by our team [25] utilizing a solution of 10% w/v potassium hydroxide in methanol and
stirring overnight at room temperature and in darkness. The observed low concentrations
for both lutein and zeaxanthin (Figure 1) prompted us to investigate in detail the reaction
parameters, aiming to optimize the saponification outcome. First, we investigated the
reaction duration and revealed that 2 h stirring provides the best results, with respect to
the concentration of target compounds. Then, considering that a less alkaline environment
is also capable of cleaving the ester bond of lutein [22], we prompted to study the gradual
decrease of the reaction pH. For this purpose, we either reduced the concentration of
potassium hydroxide to 5% w/v or utilized less alkaline environments, such as 10% w/v
solutions of sodium acetate or sodium bicarbonate. The respective results are presented
in Figure 1, and indicate that although the utilization of sodium acetate provides the best
results with respect to the concentration of lutein, the respective amount of zeaxanthin
notably decreased. Thus, the best conditions for saponification, in order to provide the
highest concentration of both carotenoids, are the utilization of a 10% w/v potassium
hydroxide solution in methanol and 2 h stirring.

o -
A
A
a— ’
KOH 10% KOH 10% KOH 5%  CH;COONa 10% Na,CO;10%
overnight 2h 2h 2h 2h

Zeaxanthin Lutein

Figure 1. The concentrations of lutein and zeaxanthin measured after the implementation of the
following five saponification procedures: 10% KOH, overnight; 10% KOH, 2 h; 5% KOH, 2 h; 10%
CH3COONa, 2 h; 10% NayCOs3, 2 h.

3.2. Total Carotenoid Content (TCC)

Since the total carotenoid content (TCC) values of egg yolks depend greatly on feed
content used for the rearing of the respective egg-laying hens and the applied farming
procedure, we have determined herein the fluctuation of their TCC values with respect
to these two parameters (Figure 2). Thus, we determined the highest TCC value for egg
yolks produced by household farming (47.79 % 0.01 to 68.97 £ 0.00 ug 3-CE/g DEY), a
result consistent with a previous report of Bovskov4 et al., which measured the TCC of
household egg yolk as 72.5 pg/g yolk [26]. Free-range farming eggs (AUAFR) from
hens reared with rations similar to household hens also exhibited a high TCC value
(33.77 £ 0.01 ug B-CE/g DEY). On the contrary, the TCC values determined for yolks ob-
tained from commercial eggs showed a variability, with values ranging from 18.82 & 0.00
to 28.06 & 0.01 nug p-CE/g DEY. This variation can be rationalized considering that the
respective egg-laying hens have been reared with rations containing diverse plant ingredi-
ents. Among the organic samples, the highest TCC value was determined for the CEO2
organic farming eggs, while the corresponding CEO1 eggs from hens reared with herbs
with low carotenoid contents (e.g., oregano, lemon balm, savory and thyme) displayed
the lowest TCC value. Finally, the remaining samples displayed TCC values ranging from
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16.97 & 0.00 to 19.38 + 0.01 pug p-CE/g DEY (Figure 2). The observed differences between
groups were statistically significant (p < 0.0001).

HEFR1

HEFR2

CEFR1

CEFR2

AUAFR

AUAB

CEB1

CEB2

CEO1

CEO2

19.08+0.01

18.19+0.01

21.343+0.001

19.38+0.01

16.966+0.001

18.820+0.001

33.77+0.01

28.06+0.01

47.7940.01

(P<0.0001)

TCC (ug B-CE/g DEY)

68.969
+0.001

skskoskok

Figure 2. Total carotenoid content (TCC) of the yolk egg samples (mean =+ standard deviation)

expressed as pug of 3-Carotene Equivalents (3-CE)/g dried egg yolk (DEY); **** represents significant

differences for different groups (p < 0.0001).

3.3. Quantitation of Individual Carotenoids Presence with LC-MS/MS Analysis

All chromatographic separations were performed using a RP-C30 column. The re-

tention times for all analytes, along with the validation parameters values ensuring the

accreditation of the newly developed analytical method, such as linearity, limit of detection

(LOD), limit of quantification (LOQ) and repeatability, are presented in Table 2.

Table 2. Validation parameters for each analyte: Retention time (min); Equation; Coefficient of
determination (R?); Limit of detection (LOD); Limit of quantification (LOQ); RSD% for intra-day
and inter-day.

RSD %

. R.T. . LOD LOQ Intra- Inter-
Carotenoids (min) Equation R? (ng/mL) (ng/mL) Day Day
Lutein 5.8 Y = 0.00428952 + 0.477007X 0.9992 120 363 4.5 7.8
Zeaxanthin 6.1 Y = —0.0596938 + 12.0456X 0.9991 78 237 6.4 7.8
Retinol 3.0 Y =0.1627 + 1.1415X 0.9970 118 359 5.3 7.0
trans-p-apo-8'-carotenal 8.2 Y = 0.883364 + 154.429X 0.9997 38 116 1.3 29
Canthaxanthin 7.8 Y =1.18485 + 143.141X 0.9996 51 155 1.4 59
Fucoxanthin 3.3 Y = —0.107623 + 1.25619X 0.9999 61 184 5.2 11.1
Astaxanthin 49 Y = —0.0437 + 0.9239X 0.9979 33 101 5.7 11.3
all-trans-B-Cryptoxanthin 12.8 Y = —0.0028213 + 0.18691X 0.9985 171 519 3.0 7.8
a-Carotene 20.8 Y =0.139739 + 6.42437X 0.9992 59 179 1.9 8.2
[3-Carotene 22.0 Y = —0.0183502 + 35.5774X 0.9992 58 177 2.0 8.7
all-trans-Lycopene 7.5 Y =0.0684773 + 0.297702X 0.9995 60 181 7.8 114

Determination of Linearity, LOD, LOQ and RSD
For the development of a reliable LC-MS/MS method, a reference solution of

100 ug/mL containing all investigated carotenoids was prepared and diluted at concen-

trations ranging from 50 to 1500 ng/mL to provide the solutions of analytes used for
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the construction of calibration curves. The method linearity was tested by injecting the
respective solution in triplicate at each concentration level. For each standard, a calibration
curve was constructed, and the respective coefficient of determination (R?) was calculated.
The data obtained, included in Table 2, indicate the good linearity achieved for all analytes,
since all calculated R? values ranged between 0.9970 and 0.9999. The limits of detection and
quantification were determined according to method described by Myrtsi et al. [27]. The
respective results verified the good sensitivity of the method, since all LOD values ranged
from 33 to 171 ng/mL, while the respective LOQ values ranged from 116 to 519 ng/mL
(Table 2). The analytical method repeatability was tested by injecting three replicate sam-
ples of 500 ng/mL concentration for each standard during either the same day (intra-day
repeatability or run-to-run precision), or over a three-day course (inter-day repeatability or
day-to-day precision). The intra- and inter-day repeatability was expressed as the Relative
Standard Deviation (RSD), which ranged from 1.3 to 7.8% for run-to-run precision and
from 2.9 to 11.4% for day-to-day precision. Day-to-day precision values did not exceed
20%, revealing very good repeatability for almost all cases.

3.4. Quantitation of Carotenoids Presence

The identification and quantitation of carotenoids contained in the studied egg yolks
were performed against the previously used calibration curves of standard compounds
using the previously escribed LC-MS/MS analytical procedure. The results are presented
in Figure 3, while the precise concentrations (mean + Standard Deviation) of contained
carotenoids, expressed as ng/g DEY and p-values, are provided in Tables S1 and S2 in the
Supplementary Materials.
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Figure 3. Quantitation of carotenoid compound contents in the egg yolk samples before (b) and after
(a) saponification in nug/g Dry Egg Yolk. p-values are less than 0.05.

The most frequently detected carotenoids in egg yolks are the molecules of lutein and
zeaxanthin because of their high content in corn, the most common ingredient of egg-laying
hens’ diets. Consequently, the definition of corn hybrid incorporated into hens’ feeding ra-
tions constitutes one of the main factors influencing the presence and content of carotenoids
in egg yolks [28]. Thus, the literature abounds with reports concerning the comparative
profiling of carotenoid content in yolks from eggs originating from different rearing systems.
The respective results indicate that the lutein levels are significantly higher compared to
those of zeaxanthin, since the lutein presence in yolks of eggs produced by diverse nutrition
and farming practices ranges from 7 to 20 pug/g of yolk, while the respective levels of zeax-
anthin are considerably lower, ranging between 0.2 and 13 ug/g of yolk [17]. Our measure-
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ments were consistent with these findings, since the determined lutein content values in the
studied egg samples before saponification ranged from 12.21 4 0.87 to 136.33 + 4.13 ug/g
of DEY (p < 0.05) and after saponification from 5.82 £ 0.20 to 122.22 4 9.98 ug/g of DEY
(p < 0.05). On the other hand, zeaxanthin was detected only in trace amounts. The observed
decrease in lutein concentration after saponification is attributed to the chemical instability
and degradation of free lutein under alkaline conditions [29]. It should also be noted that
the highest amounts of lutein were found in yolks obtained from household eggs HEFR1
and HEFR?2: 49.12 £ 3.21 and 136.33 £ 4.13 pug/g of DEY (p < 0.05) before saponification,
and 61.31 + 7.12 and 122.22 + 9.98 ng/g of DEY (p < 0.01) after saponification.

With respect to the ability of several carotenoids, such as x-carotene, [3-carotene and
-cryptoxanthin, to act as precursors of retinol (Vitamin A), the molecule of (3-carotene is
the most efficient since displays the ability to bio-convert to retinal, which is further reduced
to retinol [30]. Thus, these carotenoids are readily converted to retinol within egg-laying
hens, thereby increasing the amount of retinol to almost 10 mg of retinol/g of chicken egg
yolk [15]. Previous studies have shown that (3-carotene is usually detected in egg yolks
only in trace amounts, because of its ability to act as a pro-vitamin A molecule that reduces
its deposition in yolk [31]. Herein, we have also detected small amounts of (3-carotene
ranging from 0.12 + 0.07 to 0.27 £ 0.09 pg/g of DEY (p < 0.05), only in commercial samples
of organic and barn farming eggs. Concomitantly, the detected amounts of x-carotene were
considerably higher, ranging from 2.1 + 0.3 to 11 £ 1 ng/g of DEY (p < 0.05), presumably
due to the considerably lower ability of x-carotene of bio-conversion to provitamin A [15].
Finally, the molecule of 3-cryptoxanthin, another provitamin A-producing compound, was
detected only after saponification in free-range farming egg yolks (CEFR1: 2.30 £ 0.19 ug/g
DEY, CEFR2: 2.25 £ 0.68 ug/g DEY, p < 0.001). The highest 3-cryptoxanthin concentration
(13.92 + 1.12 ng/g DEY, p < 0.0001) was observed in yolks obtained from barn farming
eggs. The detection of cryptoxanthin in eggs from the AUAB barn farming reflects the
hens’ diet, which includes juicing residues [32]. On the contrary, although previous studies
have reported the presence of 3-cryptoxanthin in organic farming eggs [12], this was not
reveled herein.

Regarding the detected amounts of retinol (Vitamin A), its direct determination in the
investigated egg yolks revealed a concentration ranging from 1.51 & 0.37 t0 40.33 &= 2.21 mg
of retinol/g of DEY (p < 0.001). These amounts increased considerably with the performance
of the saponification step (from 11.73 £ 0.91 to 138 & 19 g of retinol/g DEY, p < 0.001). This
significant increase in retinol content is attributed to the initiated cleavage of retinyl ester
bonds, which provided retinol in alkaline environments.

The all trans-lycopene is another natural pigment belonging to the carotenoid family
and widely used as colorant of egg yolks. Since lycopene extraction without the preceding
saponification step is applicable only for low lipid content samples (<1%), for egg yolks
consisting of lipids at approximately 15%, the inclusion of a saponification step is necessary
for the removal of the contained lipids and other interfering compounds [33]. Conse-
quently, lycopene was detected only in samples obtained after performing the saponifica-
tion step, revealing the presence of large amounts of lycopene ranging from 45.93 £ 5.67 to
112.01 £ 1.32 pug /g of DEY (p < 0.01) in yolk samples from barn-raised eggs (CEB1, CEB2).
The remaining samples were found to contain only limited amounts of lycopene ranging
from 1.11 £ 0.20 to 12.81 £ 4.83 pug /g of DEY (p < 0.01).

Finally, the method developed herein also includes the assessment of several nat-
ural carotenoids, such as astaxanthin and fucoxanthin, which were not detected in the
investigated egg yolks herein.

With respect to the exploitation of the presence of synthetic carotenoids, their incor-
poration as supplements in the diets of hens is prohibited according to EU regulation.
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Consequently, the detection and quantification of synthetic carotenoids, such as canthaxan-
thin and B-apo-8'-carotenal, in egg yolks may serve as a marker to distinguish between
organic and conventional eggs [12]. In this context, the presence of canthaxanthin was
revealed only in egg yolks produced by free-range and barn farming systems, while in
the respective organic egg samples this molecule was not detected. It must also be noted
that since the molecule of canthaxanthin is incorporated in hens’ diets it must be measured
without performing the saponification reaction, since this molecule is readily degraded in
the alkaline environment of the saponification reaction. On the other hand, the presence
of the apocarotenoid compound B-apo-8'-carotenal, used as an additive in poultry feed,
was revealed only in commercial egg samples and usually in coexistence with various
amounts of canthaxanthin (e.g., CEFR2, CEB2) indicating their probable co-administration
in hens’ diets.

4. Conclusions

A novel procedure for the extraction and quantitation of the presence of the 11 most
abundant natural and synthetic carotenoids in chicken egg yolks was developed and ap-
plied herein. For this purpose, the optimum conditions for the extraction of carotenoids
from egg yolks were defined, and subsequently their saponification reaction was exploited
with respect to the extract’s contents of lutein and zeaxanthin, the two most abundant
carotenoids in eggs. Finally, a novel LC-MS/MS method was developed for the determina-
tion of carotenoids content in egg yolks and its accuracy and reliability were validated for
six different parameters for each analyte. The procedure developed herein was successfully
applied on ten chicken egg samples of diverse origin, revealing the molecules of lutein and
retinol to be the most abundant and highlighting the functional role of egg yolk. On the
other hand, lesser amounts of the remaining natural and synthetic carotenoids were found,
while no traces of fucoxanthin or astaxanthin were detected.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/separations12110317/s1, Table S1: Carotenoids content in the egg yolk
samples before saponification. Results are expressed as ng/g Dry Egg Yolk.; Table S2: Carotenoids
content in the egg yolk samples after saponification. Results are expressed as pug/g Dry Egg Yolk.
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