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Abstract: Theoretical and applied aspects of the concept
of using biomimetic protective coatings GREEN ARTICLE
(ARTIficial cutiCLE) in the poultry industry, namely in the
production of table and hatching eggs, are developed.
The basic matrix component of the protective coatings
GREEN ARTICLE is chitosan, an environmentally friendly,
inexpensive, and harmless material. It is experimentally
proved that electrochemical and ultrasonic technologies
for modifying a solution of chitosan in peroxide com-
pounds (peracetic acid and hydrogen peroxide) with
nanoparticles of oxides like titanium, iron, zinc, and
metals, such as titanium, copper, and calcite, allow to
create protective coatings of double action in accordance
with the technologies: (a) extending the shelf life of table
eggs, food green article (FGA) and (b) preventing contam-
ination of hatching eggs with pathogenic microflora,
increasing the hatchability of eggs, and the quality of
chicken, hatching green article (HGA). In the technology
of storing table eggs, artificial cuticles based on chitosan
FGA are characterized by the following characteristics:
increased thickness of 6-10 um, low gas and moisture
permeability, and high biocidal activity against patho-
genic bacteria and viruses. It is shown that the use of
FGA technology in the production of table eggs can
extend the period of transportation and storage of products
by 33-35 days at a temperature of 24°C and maintained a
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grade A (Haugh unit = 71-60) through the entire 35 days
period. The technology HGA reduces the rate of contamina-
tion of hatching eggs with pathogenic microflora by 99.29—
99.7%, while increasing the egg hatching rate by 2.3-11.6%
compared to the control, depending on the cross of the
poultry and the storage conditions of the hatching eggs. It
is important that these technologies have a great prospect
for application in countries that develop green technolo-
gies for the production of poultry products.

Keywords: table and hatching eggs, chitosan, protective
coatings, technology, metal nanoparticles, biocidal activity

1 Introduction

Eggshell quality has always been one of the most impor-
tant parameters in the poultry industry (food and hatching
eggs), and this has become even more important due to
the automation of technological systems and the improve-
ment in the crosses of modern poultry [1-8]. An increase
in the quantitative indicators of egg production led to a
deterioration in the quality of the barrier properties of the
protective bionanocomposite calcite structure of the bird
eggshell, since the increase in egg production of poultry
is associated with the permeability of the calcite layer
relative to pathogenic microflora, gases, and water vapor
by a negative correlative relationship [9-12].

Negative trends in modern breeding poultry farming
require the use of bold new approaches to solve them.
Thus, it is proposed to use one of the promising areas of
protection of hatching and table eggs, which consists in
improving the existing and developing new technologies
in poultry farming according to the biomimetic (biomi-
metics, from bios - life, mimesis — similarity) principle,
the basis of which is to simulate the morphological and
biochemical parameters of protective bioceramic struc-
tures of eggs using natural green components in order
to achieve the maximum level of protection [13]. The main
difficulty in constructing artificial protective structures
similar in morphological and functional parameters to
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the natural cuticle, consisting of glycoproteins, is the
selection of organic matter preferably of natural origin,
which would easily form a thin-layer film on the surface
of the egg and combine the following characteristics:
elasticity, the ability to modulate the rate of gas diffusion
through it (controlled gas permeability depending on the
composition), environmental safety, and would have a
powerful biocidal activity against pathogenic bacteria
and viruses [14]. Such an organic substance is a well-
known substance — chitosan (poly-N-acetyl-p-glucosamine)
(CeH1,05N),,. Chitosan is a derivative of chitin, which is
extremely common in nature, non-toxic, environmentally
friendly, and cheap material extracted in large industrial
volumes from the covers of crustaceans and insects and
which has powerful biocidal properties against patho-
genic microflora (bacteria and viruses) [15-18]. The pro-
tective film of chitosan is formed on the outer surface of
the shell by evaporation of a solvent (aqueous solutions
of peroxide compounds and organic acids) and is a multi-
component coating for improved activation of restoration
and protection of barrier properties of bioceramic struc-
tures of the shell and shell membranes, which is char-
acterized by biocidal action as well as the ability to
improve the gas exchange of embryos during the incuba-
tion period and contribute to the increase in the embryo
metabolism processes and improve the quality of young
poultry. Scientists’ research has built a solid foundation
for the research of this topic and the development of a
modern, natural, and environmentally safe artificial pro-
tective cuticle [18-21].

Thus, the purpose of this work was to develop directions
for the physical-chemical modification of chitosan as the
main component of green technology for the protection of
hatching and table eggs of chickens artificial cuticle GREEN
ARTICLE (ARTIficial cutiCLE) [13], by controlled introduc-
tion of biologically active nanoparticles (titanium oxides,
zinc (Zn), and iron (Fe); metals like copper (Cu) and titanium
(Ti); and nanoscale calcite) [22-24] and electrochemical
[25-27] and ultrasonic [28-30] treatments into the matrix
substance. This will allow to use the same basic matrix
substance artificial cuticle chitosan in the technologies for
prolonging the storage of table eggs, food green article
(FGA) and preventing contamination with pathogenic
microflora of hatching eggs, hatching green article (HGA)
for opposite purposes: to reduce the gas permeability of
the shell and the level of surface contamination with
microflora for table eggs and, conversely, to increase this
indicator for hatching eggs with the simultaneous ability
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to maintain high biocidal activity during the specified per-
iods of time.

2 Materials and methods

2.1 Experimental site

The research was conducted at LLC Avis-Ukraine,
Kosovshchyna Village, Sumy district, Sumy region, and
Sumy National Agrarian University.

2.2 Experimental establishment

Samples of chicken eggs of two chicken crosses Hisex
White (11,220) and Hisex Brown (10,780) were stored for
10 days at a temperature of +15°C and humidity of 70%
and a temperature of +12°C and humidity of 80%, respec-
tively, for hatching according to the established method
(incubator Universal 55, Fauna, Modified, 55,000 eggs;
country of origin, former USSR). The incubator was cali-
brated using a standard thermometer and hygrometer
before incubation. The temperature and humidity were
monitored every 3 h during the whole incubation period.
The incubation was maintained at a temperature of 37.8 +
0.01°C and a rate humidity (RH) of around 60% until day
18. From day 19, eggs were transferred to hatching baskets,
and a temperature of 37.2 + 0.1°C and RH of 70% was set
for the hatcher. The age of the chicken was 45 weeks.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.

2.3 Methods of egg treatment and
composition of solutions for the
preparation of artificial cuticle

Eggs were sprayed with aqueous solutions for egg treat-
ment no earlier than 1h before incubation in the case of
pre-incubation treatment.

Composition of solutions were sprayed for the forma-
tion of artificial cuticles on the shell surface of food and
hatching eggs.
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2.3.1 HGA solution 1

For the formation of HGA based on the composite chitosan-
nanoparticles CaCO;—Cu?*, a solution containing a com-
position of chitosan (soluble in acid) (1% of chitosan
solution in 2% of peracetic acid [PAA], pH 3.0), Cu ions
of 80.3mg/g with sorption activity of 0.1-3.4, hydrogen
peroxide (H,0,) of 0.5-5.5 wt%, calcium carbonate (CaCOs)
nanoscale of 0.1-2.2 wt%, EDTA of 0.05-0.1 wt%, trace
elements (magnesium [Mg], cobalt [Co], Zn, and Cu) of
0.01-0.1 wt%, and water up to 100 wt% was prepared.
Nanoscale CaCO; was prepared using a method with modi-
fications. Option 1: CaCO; nanoparticles from CaCl, and
Na,COs precursors were synthesized by mechanical and
chemical treatments without subsequent thermal exposure
of the ground powder. The powder mixture was ground
once in a planetary ball mill with NaCl as the solvent initi-
ally, and with KCl the second time. The level of nanodis-
perse dispersion of CaCO; was reached after 10 min of con-
tinuous grinding in a planetary ball mill. The particle size
ranges from 60 to 100 nm [24]. Option 2: CaCO5; nanoparti-
cles from CaCl, and Na,CO; precursors were subjected to
ultrasound treatment in a solution containing chitosan and
other ingredients (22 kHz, 20 min). Just before spraying, the
solutions were subjected to electrochemical activation by
electrolytic treatment using Cu as the cathode and anode
(20 min, temperature 35-40°C).

2.3.2 HGA solution 2

For the formation of HGA based on the composite chitosan-
nanoparticles TiO, Fe,0s, a solution containing a composi-
tion of chitosan (soluble in acid) (1% of chitosan solution in
2% of PAA, pH 3.0), Cu ions of 80.3 mg/g with sorption
activity of 0.1-3.0, titanium dioxide (TiO,) in anatase
crystal form (particle diameter 0.2-2.0 pm) of 0.1-3.0 wt%,
yellow iron oxide pigment (iron oxide(u) [Fe,0s]) of 0.1-3.0
wt%, H,0, 0f 0.5-5.5 wt%, copper sulfate (CuSO,) of 1.0-2.5
wt%, EDTA of 0.1 wt%, trace elements (Mg, Co, and Zn) of
0.1 wt%, and remaining water was prepared.

2.3.3 HGA solution 3

For the formation of HGA based on the composite
chitosan-nanoparticles ZnO, a solution containing 3.0%
of chitosan solution in 3% of PAA (pH 3.6), zinc
oxide (ZnO) of 3.0 wt%, and H,0, of 5.5 wt% was
prepared.
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2.3.4 FGA solution 4

Chitosan was used to form the FGA in increased amounts
(5%) compared to the HGA. Chitosan was dissolved in
4-59% of PAA and this solution was subjected to electrolysis
for 30 min, at a temperature of 60—70°C (anode and cathode
made of Ti grade W 1-00 [W 1-0]), and constant current
(8-15mA at 60-100 V), before being used for the formation
of a protective coating on table eggs by spraying.

2.4 Weight loss

Weight loss (%) of the eggs during storage was calculated
by subtracting the final weight of the egg from the initial
weight and then dividing by the initial weight and multi-
plying by 100 as described by Caner and Cansiz [16]. Ten
eggs for each treatment type were taken at weekly inter-
vals for determination of weight loss. Each egg was
weighed using a sensitive laboratory electronic balance
Mettler-Toledo MS-TS.

2.5 Haugh unit (HU) and yolk index (YI)

HUs were calculated for 3 x 10 eggs for each treatment
using dial caliper (L 222 mm, 0.1 mm; BAH134160001,
Merck) based on the following equation [17]: HU = 100 x
log10 x (h — 1.7G%¥ + 7.6), where h is the thickness of
the albumen (mm) and G is the mass of the entire egg (g).
The parameter h was estimated by averaging three mea-
surements carried out at different points at a distance of
10 mm from the yolk using dial caliper. The eggs were
graded as follows: AA, if HU >72; A, if HU = 71-60; B, if
HU =59-31; and C, if HU <30 [17]. The YI was calculated as
yolk height divided by yolk width. Yolk height and width
were measured without removing the albumen. Five mea-
surements were taken for each of the 10 eggs per treatment
type at weeks 0, 1, 3, and 5 for determination of the HU
and YL

2.6 Total solids (dry matter) of albumen
and yolk

Total solids (dry matter) (% w/w) in 5 g of egg albumen
and yolk were determined using an Abbe refractometer
(2WA]J, China) at 20 + 1.5°C [17].
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2.7 Microbial contamination

The number of colony forming unit (CFU) was determined
using the formula: X, = ((X; x 100)/78.5) x 100, where X;
is the number of colonies that grew on the Petri dish and
78.5 is the area of the Petri dish.

2.8 Electron microscopy

The study was performed by scanning electron microscopy
(scanning electron microscopes and microanalyzer) using
electron microscopes REMMA-102 and REM-1061 (OJSC
“SELMI,” former Ukraine).

2.9 Statistical analysis

The data of hatching time indicators and hatching per-
formance were analyzed using the Origin 9.0 (SAS 9.2,
SAS Institute Inc., Cary, NC) in relation to chemical treat-
ments and strains of birds. t test was used and the sig-
nificance of difference was set at p < 0.05. Statistical sig-
nificance was defined from the mean values at p < 0.05
with a Tukey multiple comparison test.

3 Results

3.1 Artificial cuticle HGA solution 1 options 1
and 2 based on the composite chitosan-
nanoparticles CaCO5—Cu®*

The theoretical basis for the design of the composition for
the preparation of artificial cuticle was, first, the modern
direction in disinfectology, in particular, the combination
of different active substances in one preparation in order
to enhance the synergistic dependencies of useful prop-
erties (biocidal activity) and inhibition of undesirable
properties (corrosion activity) and, second, the prospect
of using a biomimetic approach in industrial biotechnol-
ogies. In our case, achieving an improvement in the
hatchability of chicken eggs exposed to elevated tem-
peratures during storage, which is an important risk
factor in poultry farming in countries suffering from
global warming, is provided by the introduction of a
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hydrophilic chitosan matrix together with nanoscale par-
ticles of CaCOj3 into the composition, which also have a
powerful adsorption effect against water vapor as well as
other organic and inorganic compounds [22,24,31,32].
The need for hydrophilic and water-retaining qualities
in the artificial cuticle formed during drying on the sur-
face of the hatching egg of poultry is due to the fact that
the natural cuticle is initially hydrated and structured in
such a way as to ensure trans-shell delivery of moisture
(while bacterial penetration is also possible). In the next
period, the natural cuticle becomes dry and prevents
further movement of moisture. The cuticle undergoes
even greater changes during the storage of hatching
eggs at elevated temperatures, that is, an increase in
the duration of storage of hatching eggs per day leads
to an increase in embryo mortality by about 1% and
requires an extension of the incubation duration by
40 min. In general, the quality of chicks after long-term
storage of eggs worsens. For long-term storage of hatch-
ing eggs of chickens for more than 7 days, the optimal
temperature is +12 to 13°C and the humidity index is
75-80%. In the first series of experiments, eggs of chickens
of two crosses Hisex White (1,440) and Hisex Brown (1,440)
were incubated. The eggs were stored for 10 days at a
temperature of +15°C and humidity of 70%, according
to the established method under the conditions of pre-
incubation treatment with solution 1 (options 1 and 2) for
the formation of a protective coating on hatching eggs
HGA, which in addition to chitosan in concentrations of
0.1-3.4 wt% (depending on the initial quality of eggs),
PAA, and water includes additional substances like H,0,,
CaCO; nanoscale, water softener, and trace elements (Mg,
Co, Zn, and Cu). The acidity index of the solution (pH)
does not exceed 3.0. Control is a variant of the experi-
ment, where the classic method of formaldehyde vapor
treatment was used.

Data presented in Tables 1 and 2 indicate that the egg
hatching rate of Hisex Brown cross chickens was 89.7 and
86.9% and that of Hisex White cross chickens was 94.5
and 95.6%, which is significantly higher than in the con-
trol groups where the classic formaldehyde steam treat-
ment was used and it was 81.2 and 75.3% for Hisex Brown
cross chickens and 87.1 and 85.8% for Hisex White cross
chickens.

The study of the biocidal activity of the composition
for the destruction of pathogenic microflora on the sur-
face of hatching eggs of chickens showed that the tech-
nology of artificial cuticle HGA based on the composite
chitosan-nanoparticles CaCO5;—Cu®" caused a decrease in
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Table 1: Effects of treatment of chicken eggs with HGA solution 1 option 1 based on the composite chitosan-nanoparticles CaCO;—Cu?" for
the formation of an artificial cuticle on the shell surface on the incubation results

Treatment method Eggs per tray Fertilization egg (%)

Early death (%) Late death (%) Hatchability of fertile egg (%)

Hisex Brown

Control 1,440 84.2

HGA solution 1, option 1 1,440 85.9
Hisex White

Control 1,400 87.3

HGA solution 1, option 1 1,440 89.0

12.8 8.1 81.2
6.0 3.9" 89.7"
7.6 4.2 87.1
2.3 1.7 94.5"

*p < 0.05; Early death, the death from EO to E10; Late death, the death from E11 to E21; Control-egg treated by fumigation with

formaldehyde.

Table 2: Effects of treatment of chicken eggs with HGA solution 1 option 2 based on the composite chitosan-nanoparticles CaCO;—Cu?* for
the formation of an artificial cuticle on the shell surface on the incubation results

Treatment method Eggs per tray Fertilization egg (%)

Early death (%) Late death (%) Hatchability of fertile egg (%)

Hisex Brown

Control 1,440 85.3

HGA solution 1, option 2 1,440 86.6
Hisex White

Control 1,440 89.0

HGA solution 1, option 2 1,440 87.6

13.7 7.4 75.3
7.9" 3.4 86.9"
8.5 4.5 85.8
2.4 1.5 95.6"

*p < 0.05; Early death, the death from EO to E10; Late death, the
formaldehyde.

the amount of pathogenic microflora on the surface of
eggs of Hisex Brown cross chickens during incubation
by 99.10-99.78% and Hisex White cross chickens by
99.61-99.78% compared to that of the control (Table 3).

Table 3: The level of microbial contamination in hatching eggs of Hisex
Brown and Hisex White chickens under the conditions of using artificial
cuticle HGA solution 1 during incubation (mPa, CFU), X + Sy, n = 10

Treatment method

Control HGA solution 1, option 2

Hisex Brown
Before treatment
After treatment

463.09 + 12.512

2h 3.14 + 0.011 1.02 + 0.010"
5 days 17.88 + 1,123 1.18 + 0.013"
11 days 36.04 + 4.208 2.03 + 0.047"
19 days 47.04 + 4.450  4.36 + 0.061

Hisex White
Before treatment
After treatment

282.18 + 22.615

2h 2.37£0.055 111+ 0.033"
5 days 1238 +1.131  1.85 + 0.016
11 days 5146 +2.216  2.78 + 0.112"
19 days 132.10 £5.132  6.25 % 0.013"

*p < 0.05.

death from E11 to E21; Control — egg treated by fumigation with

3.2 Atrtificial cuticle HGA solution 2 based on
the composite chitosan-nanoparticles
Ti02 Fe203

In these series of experiments, a variant of the artificial
cuticle HGA solution 2 based on the composite chitosan-
nanoparticles TiO, Fe,0; was used. The basis for the
development was that it was environmentally safe and
nontoxic and at the same time the biocidal substance
TiO, in nano- and ultrafine forms has the following proper-
ties: organic pollutants and pathogenic microflora are
destroyed by a photocatalytic mechanism on the surface
of TiO, particles with a size of 50-500 nm under the influ-
ence of visible light. At the same time, there are data
about the high prospects of the compositions for the
destruction of organic pollutants, including pathogenic
microflora, based on a variant of the effective oxidation
process (advanced oxidation processes), based on a com-
bination of H,0, and tri- or divalent Fe ions Fe(u) and
Fe(n). Such processes are caused, in particular, by the
well-known Fenton reaction between organic peroxide
compounds (PAA and H,0,) and transition metal ions,
in particular Fe and Cu, which leads to the formation of
highly reactive ions: OH, O3, and O, molecules that can
destroy pathogenic microorganisms by oxidation [33,34].
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Table 4: Effects of treatment of chicken eggs with HGA solution 2 based on the composite chitosan-nanoparticles TiO, Fe,03 for the
formation of an artificial cuticle on the shell surface on the incubation results

Treatment method  Eggs per tray Fertilization egg (%)

Early death (%)

Late death (%) Hatchability of fertile egg (%)

Hisex Brown

Control 1,440 84.2 5.2

HGA solution 2 1,440 83.9 4.3
Hisex White

Control 1,440 87.7 3.4

HGA solution 2 1,440 87.2 3.3

3.5 89.9
2.2 92.3
3.7 92.1
1.6 94.4

*p < 0.05; Early death, the death from EO to E10; Late death, the death from E11 to E21; Control — egg treated by fumigation with

formaldehyde.

In view of the above, we have created a composition
to protect hatching eggs of chickens from pathogenic
microflora based on acid-soluble chitosan as well as
PAA, H,0,, TiO, in nano-and ultrafine states and ana-
tase crystal form, yellow Fe,O; pigment, CuSO,, water
softener, trace elements (Mg, Co, and Zn) and water.
The results of tests of the effect of this variant of arti-
ficial cuticle on the results of egg hatching are pre-
sented in Tables 4 and 5.

Table 5: The level of microbial contamination in hatching eggs of
chickens under the conditions of using the technology of artificial
cuticle HGA solution 2 during incubation (mPa, CFU), X + Sg, n = 10

Processing method

Control HGA solution 2
Hisex Brown
Before treatment 257.19 + 7.65
After treatment
2h 2.16 + 0.02" 0.04 + 0.02"
5 days 6.07 + 1.06" 1.02 + 0.01
11 days 13.25 + 1.12" 2.15 + 0.02"
19 days 27.44 + 3.08" 4.15 + 0.05
Hisex White
Before treatment 269.23 + 10.24
After treatment
2h 2.51+0.01 0.07 £ 0.01
5 days 10.63 + 0.05" 0.15 + 0.01"
11 days 27.62 + 3.18" 2.91+0.11
19 days 32.24 +3.19" 5.42 + 0.01"
*p < 0.05.

3.3 Atrtificial cuticle HGA solution 3
based on the composite
chitosan-nanoparticles ZnO

The results of incubation and dynamics of contamination
with pathogenic microflora during the incubation of chicken
eggs treated before incubation with the composition of
artificial cuticle HGA based on the composite chitosan-
nanoparticles ZnO (solution 3) are shown in Tables 6
and 7.

The results of incubation for 21 days showed that egg
hatching between the control and experimental groups
differed by 4.7% (Table 6). In the control group, this indi-
cator was 85.0%, while in the experiment it was 89.7%.
Also, the composite chitosan-nanoparticles ZnO had a
positive effect on reducing the contamination of patho-
genic microflora on the surface of chicken egg shells to
0.3-0.71% of the initial number of bacterial colonies in
19 days (Table 7).

The effectiveness of the action of artificial cuticle in
relation to hatching eggs of chickens depends on the
initial state of eggs, that is, high-quality eggs of poultry
of high-performance crosses, meeting the standards and
requirements of pre-incubation storage, first of all, the
period and temperature of storage, do not need to
increase the rate of hatchability of eggs. At the same
time, eggs obtained from poultry of medium and low-
performance crosses, with an extended shelf life in con-
ditions of elevated temperatures with the use of

Table 6: Effects of treatment of chicken eggs with HGA solution 3 based on the composite chitosan-nanoparticles ZnO for the formation of
an artificial cuticle on the shell surface on the incubation results

Treatment method

Eggs per tray

Fertilization egg (%)

Early death (%)

Late death (%) Hatchability of fertile egg (%)

Hisex Brown
Control
HGA solution 3

770
770

91.8
90.6

9.9
7.1

4.0
2.4

85.0
89.7"

*p < 0.05; Early death, the death from EO to E10; Late death, the death from E11 to E21; Control — egg treated by fumigation with

formaldehyde.
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Table 7: Level of microbial contamination in hatching eggs of Hisex
Brown chickens under the conditions of using artificial cuticle HGA
solution 3 during incubation (mPa, CFU), X + Sk

Experiment Processing method

Control HGA solution 3

Before treatment 350.41 + 8.011

After treatment

2h 2.70 + 0.002 1.08 + 0.002"

5 days 6.88 + 1.016 1.31 + 0.002"

11 days 10.059 + 1.002 1.75 + 0.003"

19 days 12.45 + 2.009 2.21+ 0.007"
*p < 0.05.

technology of artificial cuticle show a significant increase
in the rate of hatchability.

3.4 Artificial cuticle FGA

In order to protect table eggs and extend their shelf life
and protect against pathogenic microflora of bacterial
and viral origin throughout the entire shelf life, a compo-
sition has been developed for processing eggs by applying
a biocidal protective film that is environmentally safe and
non-toxic on the surface of the shell, which includes
chitosan in combination with PAA and H,0,, subjected
to electroactivation in an aqueous solution using Ti
electrodes.

Eggs coated with chitosan solution to form the FGA
eggs of chicken Hisex Brown retained a value of HU of
65.83 after 35 days of storage, compared with 58.12 for the
control eggs. Eggs coated with chitosan solution to form
the FGA eggs of chicken Hisex White retained a value of
HU of 60.02 after 35 days of storage, compared with 51.27
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for the control eggs (Table 8). This indicated that the
coatings of FGA helped seal pores on the eggshell and
slow down the escape of carbon dioxide and water during
long term storage, maintaining albumen quality. While
chicken eggs of the two chicken crosses Hisex White and
Hisex Brown coated with FGA and stored at 24°C main-
tained a grade A (HU = 71-60) through the entire 35-days
period, the uncoated eggs dropped from grade A to B
after 21 days of storage.

The yolk index is a measure of egg freshness and
is based on the ratio of yolk height to yolk width [17].
During storage at room temperature, the YI value decreased
as a result of a progressive weakening of the vitelline
membranes and liquefaction of the yolk caused mainly
by diffusion of water from the albumen to yolk part. After
35 days of storage, the YI of the uncoated eggs decreased
from 0.49 to 0.33, while eggs coated with FGA displayed
YI values of 0.40 and 0.39 in Hisex Brown cross chickens
and Hisex White cross chickens, respectively (Table 9).

FGA coatings effectively reduced the mass transfer
rate (water and CO, loss) from the albumen through the
eggshell during long term storage. Consequently, this
process inhibits albumen liquefaction and water uptake
by the yolk and minimizes a reduction in yolk quality.

The total solid (dry matter) concentration of albumen
has also been used as an indicator of egg freshness which
is related to thinning or liquefaction of albumen. This
liquefaction could occur due to protease enzymes, depo-
lymerisation by hydroxyl ions at increasing pH values,
and the interaction of ovomucin-lysozyme complex. Water
contained in the albumen permeates the yolk and some
nutrients contained in the yolk can permeate the albumen.
These osmotic tracks and changes in albumen and yolk
concentrations can be measured by the refractometric
method. During storage, the dry matter accumulation
(DMA) increases due to mixing of the yolk into the

Table 8: Effects of coating FGA solution 4 on Haugh unit (HU) and egg grade during 35 days of storage at 24°C, n = 10

Haugh unit (Egg grade)?

Coating 0 days 7 days

21 days 35 days

Hisex Brown
Control
FGA solution 4
Hisex White
Control
FGA solution 4

83.03(AA) = 1.012
83.72(AA) + 0.831"

83.53(AA) + 1.322
84.07(AA) + 0.948"

73.72(AA) = 0.121
79.49(AA) + 0.191"

71.39(A) + 1.053
76.84(AA) + 1.294

63.17(A) + 0.723
69.99(A) + 1.312"

58.12(B) + 0.558
65.83(A) + 1.449"

59.14(B) + 0.714
65.09(A) + 1.612"

51.27(B) + 0.452
60.02(A) + 1.271"

*p < 0.05.

?Egg grades: AA, HU >72; A, HU = 71-60; B, HU = 59-31; C, HU <30. Control — untreated eggs.
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Table 9: Effects of coating FGA solution 4 on yolk index during 35 days of storage at 24°C, n = 10
Yolk index

Coating 0 days 7 days 21 days 35 days
Hisex Brown

Control 0.48 + 0.05 0.42 + 0.01 0.36 + 0.04 0.33 + 0.04

FGA solution 4 0.49 + 0.02" 0.46 + 0.03" 0.43 + 0.01" 0.40 + 0.06"
Hisex White

Control 0.47 + 0.04 0.41 + 0.03 0.37 + 0.03 0.33 £ 0.05

FGA solution 4 0.47 £ 0.03 0.45 + 0.05" 0.42 + 0.03" 0.39 + 0.04
*p < 0.05. Control — untreated eggs.
Table 10: Effects of different coatings on total solids (dry matter) of albumen during 5 weeks of storage at 24°C, n = 10

Albumen total solids (Dry matter) (% w/w)

Coating 0 days 7 days 14 days 21 days 28 days 35 days
Hisex Brown

Control 11.44 + 0.04 12.70 + 0.12 15.20 + 0.17 17.34 £ 0.1 18.27 + 0.15 18.98 + 0.18

FGA solution 4 11.46 + 0.05 11.81 + 0.09 12.16 + 0.11" 12.71 £ 0.0 13.40 + 0.17 14.95 + 0.13"
Hisex White

Control 11.42 + 0.03 12.63 + 0.11 14.95 + 0.13 17.14 + 0.21 18.07 + 0.21 18.80 + 0.1

FGA solution 4 11.43 + 0.03 11.71 + 0.15 12.06 + 0.11" 12.51 + 0.08" 13.24 + 0.19" 14.58 + 0.01"

*p < 0.05. Control — untreated eggs.

albumen. Albumen DMA values of uncoated eggs were
higher than those of coated eggs (Table 10). The increase
in DMA during storage has been attributed to the lique-
faction of the yolk and subsequent mixing into the
albumen. Liquefaction is a result of an enhanced interac-
tion between lysozyme and ovomucin as the pH increases
during storage. The chemical cleavage effect of pH on the
O-glycoside link between trisaccharides and B-ovomucin
has been considered to be responsible for the collapse of
the albumen structure. In general, liquefaction would

result in an increase in fluidity of egg albumen and is
associated with a deterioration in egg quality. Thick
albumen is a gel and thin albumen is a fluid. During
storage, the gelatinous structure of thick albumen changes
its physical and chemical characteristics and gradually
breaks down into a clear liquid, losing its consistency.
The DMA of the control (uncoated) egg albumen of eggs
of chickens Hisex Brown and Hisex White ranged from
11.44 initially to 18.95 and from 11.44 initially to 18.80,
respectively (Table 10). For the coated eggs, albumen

Table 11: Level of microbial contamination in control and table eggs treated with FGA solution 4 during storage, n = 4

Method of table eggs Sampling Number of E. coli Staphylococci Salmonels Spore-forming
treatment period samples, pcs bacteria
Control After 14 days 20 In 3 samples — - -

After 19 days 20 In 4 samples — - -

After 28 days 20 In 8 samples - — —

After 33 days 20 In 13 samples  In the 1st sample — In 2 samples
FGA solution 4 After 14 days 20 — - — —

After 19 days 20 - - — -

After 28 days 20 In the 1st — — —

sample
After 33 days 20 In 2 samples — - In the 1st sample
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Figure 1: The scheme of the molecular structure and 3D spatial arrangement of chitosan molecules in the artificial cuticle film: (a) native
(untreated) chitosan; (b) chitosan subjected to ultrasound irradiation; (c) electrolytic treatment of chitosan in the presence of Cu?* metal
nanoparticles, oxides (Fe,05 and TiO;), and peroxide compounds (peroxide acid and PAA).

DMA values reached 14.95 and 14.58 for eggs of chickens
Hisex Brown and Hisex White, respectively.

As can be seen from Table 11, artificial cuticle based
on chitosan FGA allows to prevent contamination of the
surface of table eggs with pathogenic microflora during
their storage at elevated temperature and moisture levels.

Figure 1 shows a scheme of the molecular structure
of native chitosan and the image when subjected to
ultrasonic and electrochemical (electrolysis) treatments.
During both types of treatment, the length of the polymer
chains is significantly reduced, which, in turn, has a

s
7

WD=12.2mm 20.00kV__ x1.00k
Figure 2: Electron microscopic image of the protective artificial

cuticle FGA.

direct effect on the gas permeability of films obtained
from acidic aqueous solutions applied by spraying on
the shell surface. Thus, native chitosan is suitable for
processing table eggs, since the films formed from it
have a large thickness, low gas permeability, and provide
a high level of resistance to pathogenic microflora (bac-
teria and viruses) (Figures 2, 4, and 5).

On the other hand, the artificial cuticle based on
chitosan, designed for hatching eggs, formed from a
low-molecular polymer has a sufficient level of gas

WD=11.3mm

Figure 3: Electron microscopic image of the protective artificial
cuticle HGA based on the composite chitosan-nanoparticles
CaC05-Cu?™.
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Figure 4: Electron microscopic image of the native cuticle of a chicken egg (a); protective artificial cuticle HGA based on the composite
chitosan-nanoparticles TiO, Fe,03, HGA solution 2 (b); cuticle treated with formaldehyde (c); protective artificial cuticle HGA based on the

composite chitosan-nanoparticles ZnO, HGA solution 3 (d).

Eggshell

Eggshell Eggshell

Eggshell natural cuticle  [777]  surface biofim  [JJJlj Artificial cuticle <HUTCHING GREEN ARTICLE» (¢) ~  Nanoparticles

and «FOOD GREEN ARTICLE» (d)

Figure 5: Schematic diagram of the artificial cuticle coating formed on the surface of the table and hatching eggs. (a) and (b) eggshell
natural cuticle; (c) HGA; (d) FGA. The chitosan film (blue) of HGA has local thinnings and is much thinner (due to ultrasonic and electrolytic
treatment), so it is more gas permeable than the chitosan film of FGA. Lower gas permeability is required to extend the shelf life of eggs.

permeability to provide comfortable conditions for the
development of the embryo and at the same time a high
level of resistance to pathogenic microflora, due to both
the spatial effects (in the case of nanoscale CaCOs)

(Figure 3) and activation of catalytic processes of inten-
sive oxidation of organic substances and pathogenic
organisms, provided by nanoparticles of metal oxides
(TiO,, Fe,03) (Figure 4b), and ZnO (Figures 4d and 5).
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4 Discussion

Modern poultry farming is the most precocious and eco-
nomical industrial field with a quick payback. According
to Global Industry Analysts Inc., by 2015, the global egg
market reached 1,154 billion dollars. With the growth of
middle-class population and their growing purchasing
power, egg consumption per capita is steadily increasing
in major Asian countries such as China and India, pro-
viding every reason to expand the production of food and
hatching eggs of poultry, primarily chickens. A simple
increase in the number of eggs is no longer enough today.
It is necessary to ensure high-quality and green environ-
mental standards for both the products themselves and
egg production technologies [2-7]. In this aspect, the
strengthening of all parts of the natural protection of
poultry eggs (technologies for keeping and feeding poultry,
breeding work, methods of processing products, and
their transportation), which has lost its relevance, has
become even more important. In particular, one of the
key issues is to strengthen the barrier qualities of the
shell as a complex and perfect system for protecting
the internal contents of the egg [1,3,7,10,20,21]. The
main purpose is to resist mechanical influences on
the egg, to preserve its integrity. The shell, in addition,
successfully counteracts microbial attacks, slows down
the dehydration of the egg, and its pores make the egg
an open biological system [3]. The strength of the shell
is the most important indicator of its quality. Poor
quality of the shell, and even more so notches and
micro-cracks, devalue the egg. Egg fighting in poultry
farming leads to significant economic losses. Eggs with
damaged shells can neither be stored nor incubated,
and their selling price, as unsorted, is reduced by
1.5-3 times. The main reason for a high egg fighting
are either poor feeding of laying hens, more often vio-
lations of mineral and vitamin nutrition, or technical
errors in the line of egg movement from a laying hen to
sale. Many works have been devoted to the problems of
improving the calcite layer of the shell, but it has
recently been carefully rethought the role and place
of the cuticle of the bird egg as the first line of defense
[9-11]. The cuticle is an ultrashell film covering the
surface of the shell, and is thin and transparent con-
sisting of mainly glycoproteins, polysaccharides, hydro-
xyapatite crystals, and lipids. The film has a stable
structure and dissolves only in hot water (above 40°C).
Its thickness on chicken eggs is 0.005-0.01 mm. The
cuticle is permeable to gases and impervious to micro-
organisms [35-42]. Peebles et al. found that when the
cuticle is removed from the eggshell, late embryonic
mortality of embryos increases [43]. Obviously, this
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removal increases egg mass loss and promotes the
penetration of microorganisms into the egg. Previous
studies have linked the degree of cuticle coverage to
the ease of microbial penetration into egg contents and
highlighted its importance in the food safety chain
[44]. The cuticle plays an important role in preventing
microbial penetration through the eggshell and making
the product safer for consumers. In a newly laid egg,
the cuticle becomes fuller and hardens after exposure
to the external environment [45]. The cuticle has been
shown to be most effective in preventing egg spoilage
in the first week after egg laying [46]. Electron micro-
scopy revealed the presence of inner and outer layers
of the cuticle [47]. The inner layer (bubble layer) con-
sists of bubbles, each consisting of a core and mantle.
The outer cuticle (non-vesicular cuticle) is much more
compact and uniform and does not contain any matrix
vesicles [48]. In addition to physical barrier properties,
recent studies have identified many proteins in the
cuticle, some of which are known to be antimicrobial
agents [49,50], therefore, this confirms the evidence
that the cuticle provides a chemical and mechanical
barrier against the penetration of microbes. Moreover,
even the spatial 3D structure of the cuticle of eggs of
some bird species determines the biocidal properties.
Thus, the cuticle, which is a thin layer of spherical
micro-formations, can provide both an effective barrier
against microbial infection and modulate UV reflec-
tivity. The wide variation in the composition and struc-
ture of the cuticle of eggs of different species, the dif-
ferent values of wettability indicators, and the ability to
regulate the gas exchange that is inherent in them,
emphasize the need for a thorough study of: (1) how
the physico-chemical parameters of the cuticle change
during the incubation period and (2) the contribution
of the eggshell cuticle to ensure optimal conditions for
embryo development. Summing up the above, we can
conclude that there are promising developments in the
field of strengthening the barrier functions of the shell
through modification of cuticle layers in order to enhance
their ability to both mechanically delay pathogenic
microflora and destroy bacteria and viruses due to che-
mical processes, in particular chemical oxidation of
biomolecules and membranes of the latter [51]. This
technology is called artificial cuticle and consists in
constructing a layer of film on the surface of the egg,
similar in functional properties to the natural cuticle.
As a matrix, the main substance was chitosan as one of
the most promising substances that can be used in
compositions applied as working solutions to hard sur-
faces of both food and hatching eggs. Chitosan is the
only positively charged polymer (polycation) of natural
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origin, which is obtained in large quantities with a
high degree of chemical purity, and, importantly, its
cost, especially in the form of a technical crude sub-
stance, is quite moderate. The global amount of chitin
is estimated at 10 gigatonnes, which, given its constant
biosynthesis, makes it an inexhaustible source for the
production of chitosan. In the last two decades, there
has been a significant increase in interest in the bio-
cidal properties of chitosan, which along with its non-
toxicity, biocompatibility, hypoallergenic, and biode-
gradability allow it to be used in food and green tech-
nologies. However, the biocidal properties of chitosan
strongly depend on its molecular weight and chemical
structure. This is due to the fact that chitosan, which is
a copolymer of glucosamine and acetyl glucosamine, is
a heterogeneous group of substances that differ in
molecular weight, the degree of deacetylation, the loca-
tion of residual acetylated links along the polymer
chain, viscosity, and pK, values. Due to the wide var-
iation in the molecular mass parameters of polymer
samples, chitosan is characterized by significant varia-
tions in the manifestation of biocidal properties. The
biocidal activity of chitosan depends: (a) on the degree
of deacetylation, i.e., on the proportion of amino sac-
charide residues with a free amino group. An increase
in the degree of deacetylation of chitosan leads to an
increase in the antibacterial properties of polyamino
saccharide; (b) on the degree of protonation of free
amino groups of the polymer, since it is positively
charged amino groups that largely determine the affi-
nity of chitosan to microbial cells. With an increase in
the degree of protonation of chitosan amino groups,
the antibacterial properties of the polymer increase.
The degree of protonation of the polymer depends on the
acidity of the medium — the more acidic the medium, the
more positively charged the chitosan polymer is. So, with
the increasing acidity of the medium, the biocidal
properties of chitosan increase, and with alkalization,
they decrease. The biocidal activity also depends on the
molecular weight (degree of polymerization) of chitosan
[52-54]. Usually, with an increase in the molecular weight
of chitosan, its antibacterial properties are enhanced. This
is due toits increasing ability to interact with microbial cells
with increasing molecular weight. However, there is evi-
dence that indicates an increase in the antibacterial proper-
ties of chitosan with a decrease in its molecular weight,
which is associated with better solubility of lower molecular
forms of the polymer. It is possible to change both the mole-
cular weight and thickness as well as the degrees of gas
conductivity and biocidal activity of chitosan artificial cuticle
by using electrochemical and ultrasonic technologies and
doping films with nanoparticles of metal oxides or CaCOs.
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5 Conclusion

Ways of physical-chemical modification of chitosan, as
the main component of green technology of artificial
cuticle GREEN ARTICLE for the protection of hatching
and table eggs of chickens [13], by the controlled intro-
duction of biologically active nanoparticles (titanium
oxides, Zn, and Fe; metals like Cu and Ti; and calcite)
into the matrix substance by electrochemical and ultra-
sonic treatments were developed. This made it possible to
use the same basic matrix substance chitosan artificial
cuticle in the technologies of storage of table eggs using
FGA and prevention of contamination with pathogenic
microflora of hatching eggs using HGA for opposite
purposes: to reduce the gas permeability of the shell
for table eggs and, conversely, to increase this indicator
for incubation eggs with the simultaneous ability to
maintain high biocidal activity during the specified per-
iods of time.

For the first time, it was experimentally proved that
the use of the artificial cuticle nanocomposition in poultry
provides an increase in the hatchability of Hisex Brown
chicken eggs in option 1 by 8.5% and in option 2 by 11.6%
compared to formaldehyde and the hatchability of Hisex
White cross chickens increased in option 1 by 7.4% and
in option 2 by 9.8% compared to formaldehyde, thereby
increasing embryonic viability and reducing the amount
of pathogenic microflora on the surface of eggs during incu-
bation by 99.29-99.7% compared to the untreated control.
The effectiveness of the action of artificial cuticle in relation
to hatching eggs of chickens depends on the initial state of
eggs, thatis, high-quality eggs of birds of high-performance
crosses, meeting the standards and requirements of pre-
incubation storage, first of all, the period and temperature
of storage, do not need to increase the rate of hatchability of
eggs. At the same time, eggs obtained from poultry of
medium and low-performance crosses with an extended
shelf life in conditions of elevated temperatures using the
artificial cuticle technology show a significant increase in
the rate of hatchability.

Abbreviations

CFU colony forming unit
DMA  dry matter accumulation
FGA food green article

HGA  hatching green article
HU Haugh unit

PAA peracetic acid

RH rate humidity

YI yolk index
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