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PROMISING NANOBIOTECHNOLOGY FOR POULTRY 
FARMING BASED ON SILVER NANOPARTICLES EMBEDDED 
IN POLYMER-INORGANIC HYBRID CARRIERS

A promising composite material is proposed to reduce the endogenous and exogenous contamination of chicken eggs with 
pathogenic microfl ora during their formation and storage. It is based on hybrid biocompatible and biodegradable silica/
polyacrylamide nanocarriers containing small silver nanoparticles (d

av
=2.4±1.0 nm) that are orally administered to laying 

hens with drinking water. Th e features of the formation of nanosilver in hybrid carriers by borohydride reduction of a silver 
salt at its various concentrations in an aqueous solution have been studied. An interesting eff ect of the sharp appearance of 
the second surface plasmon resonance band in the UV-Vis spectra of a silver salt/hybrid mixture at a high salt concentration 
was found. Th is was explained by sharp structural changes in the hybrid carriers caused by the simultaneous growth of many 
AgNPs in them. It was assumed that the intensive growth of many AgNPs in one hybrid particle was accompanied by 
detachment of the graft ed PAAm chains from the SiO2 surface due to the breaking of hydrogen bonds. Th e change in the state 
of the composite material under the infl uence of the pH of the solution, the concentration of nanoparticles, the presence of 
NaCl (as in a “physiological solution”), and visible light was studied by UV-Vis spectroscopy, potentiometric titration, and 
TEM. Nanosilver in carriers showed high stability with respect to most of these factors. Th e infl uence of the composite 
material on the clinical state of laying hens and important parameters of their eggs and blood was studied when it was 
administered orally with drinking water three times every 10 days at doses of 0.2 and 0.4 mg per chicken per day. A striking 
eff ect of selective endogenous accumulation of silver in eggshells has been revealed. Th is confi rmed the penetration of the 
nanosilver composite into the circulatory system of chickens by passing through the digestive tract, absorption through the 
intestinal epithelium and further transport into the tissues of the chickens, including the oviducts, where protein and eggshell 
are formed. Such penetration did not cause a toxic eff ect on the body of laying hens.

Keywords: nanosilver composite material, silica/polyacrylamide nanocarriers, structure and stability, laying hens, 
parameters of chicken eggs and blood.
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Introduction

Silver nanoparticles (AgNPs) have broad antimi-
crobial activity and adaptability to various biolog-
ical systems. Th erefore, they are extensively test-
ed in livestock [1–5], especially in poultry [3, 5, 
6–8], to replace antibiotics that have been used in 
this area as growth promoters and drugs, but have 
been banned in the European Union since 2006. 
Th is is due to the emergence of a special type of 
bacteria that are resistant to one or more antibiot-
ics. Th e spread of resistant pathogens causes huge 
economic losses in livestock and poultry produc-
tion [3]. In addition, resistant bacteria can remain 
in animal products and pose a risk to humans. Th e 
use of nanosilver preparations instead of or togeth-
er with antibiotics in this area allows solving the 
problem of bacterial resistance [3]. Today there are 
quite a lot of original research publications and re-
views devoted to diff erent aspects of application of 
AgNPs in poultry farming. However, they are not 
fully systematized. Th e focus of these studies is on 
the eff ect of AgNP administration on the develop-
ment of commercially important broiler chickens 
[6–19] and chick embryos [6, 20–25]. Th ere are 
also separate studies on laying hens [26, 27] and 
quails [28–31]. 

In groups of broiler chickens, the infl uence of 
AgNPs preparations on the bird growth perfor-
mance, blood parameters, intestinal microfl ora 
and immune status was investigated at the admini-
stration of metal nanoparticles into broiler diets, 
drinking water, or through a tube into the crop (per 
os) [9–26]. Many of these studies provide positive 
examples of AgNP action in terms of chick growth 
performance. So, in the study [9], nanosilver at 
various concentrations (300, 600 and 900 ppm) 
was administered into the feed of chicken during 
56 days, and it was found that the highest concen-
tration of nanoparticles signifi cantly increased the 
weight gain of chickens, while reducing the feed 
conversion ratio (FCR). In addition, diff erent dos-
es of silver nanoparticles did not signifi cantly aff ect 
the level of leukocytes and a number of enzymes in 
the blood, such as alkaline phosphatase, ALT and 
AST. Signifi cantly lower levels of AgNPs (2, 4, 6, 8 
and 10 ppm) were added between 7 and 35 days to 
the basal diet of broiler chickens in a study [10]. 
Th e positive eff ect of AgNP supplementation on 
body weight gain, FCR and European production 
effi  ciency index (EPEI) was fi xed in all treatments 

compared to control. But the best FCR and EPEI 
values (1.5 and 374, respectively) were achieved by 
using 4 ppm AgNPs. Serum analyzes showed sig-
nifi cant reductions in lipid, cholesterol, and AST 
levels in most silver treatments compared to con-
trols. Total serum antioxidant capacity increased 
signifi cantly at all levels of dietary AgNPs, while 
the highest value was recorded at 4 ppm. Diff er-
ent doses of AgNP also reduced the number of 
harmful bacteria E. coli compared with the control 
and did not aff ect the microfl ora represented by 
lactobacilli. In another study [11], broiler chick-
ens were fed for 12 days a basal diet supplemented 
with 50 ppm AgNPs or, for comparison, 100 ppm 
silver nitrate. Unlike AgNO

3
, AgNP supplementa-

tion resulted in a signifi cant improvement in chick 
growth performance such as weight gain, feed in-
take, FCR, breast and thigh muscle mass. Th e ob-
served improvement in growth rates may be due 
to the bactericidal eff ect of AgNP on harmful in-
testinal bacteria. Another possible mechanism for 
the growth-stimulating eff ect of AgNP, according 
to the authors, was the stimulation of digestive 
enzymatic activity. Th is hypothesis was supported 
by the improved digestibility of ash and silver and 
the increased concentration of this metal in the 
muscles of broilers. A detailed analysis of blood 
parameters and gene expression associated with 
the growth of broiler chickens allowed the authors 
to substantiate the conclusion about the normal 
integrity of chicken cells without the consequenc-
es of oxidative stress. It should also be noted the 
study [12], where the basic diet of broiler chickens 
was supplemented daily for 42 days with 1% zeo-
lite coated with 0.5% AgNPs. In this case, the FCR 
parameter turned out to be signifi cantly higher in 
the chicken group, which received zeolite/AgNPs 
additive, than in the control group. However, there 
was no signifi cant diff erence between these groups 
in the response of the microbial population of the 
gastrointestinal tract. Th is result was obtained by 
counting the number of lactic acid and anaerobic 
bacteria in the ileum and caecum of broilers on the 
21st and 42nd day of the experiment.

At the same time, many other similar studies 
have shown the practical absence of any eff ect of 
AgNP on chicken growth performance. One of 
these is the study [13], where the daily water in-
take of chickens was supplemented 5, 15 and 25 
ppm AgNPs for 42 days. Th e eff ect of AgNP here 
was expressed only in a dose-dependent change 
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in the indicators of oxidative stress activity and a 
signifi cant decrease in the weight of the bursa of 
Fabricius (one of the lymphoid organs of chickens 
associated with the immune system). Similarly, in 
a study [14], drinking water with a concentration 
of 15 ppm (mg/l) AgNPs, which was consumed 
for two weeks (from 7 to 35 days of age) by broiler 
chickens infected with Eimeria tenella oocysts, did 
not signifi cantly aff ect to their body weight gain. 
Th e silver preparation was successfully compet-
ed in this work with a registered Baycox® coccid-
iostat. In particular, both the groups of chickens 
treated with silver nanoparticles and the groups 
of chickens treated with coccidiostat had 50% 
fewer oocysts in fecal samples compared to the 
control group. Th e absence of any improvement 
in the productivity of chickens (live weight, feed 
intake, FCR and feed effi  ciency) in the experimen-
tal group compared to the control group within 
42 days was also established in [15]. In this study, 
the basal diet included 20, 40, and 60 ppm AgNPs. 
Such relatively high doses of metal nanoparticles 
led mainly to negative consequences. Th us, the 
addition of AgNP had a negative dose-dependent 
stimulating eff ect on blood parameters, such as the 
content of total protein, albumin, gamma globulin, 
triglycerides, cholesterol, ALT, AST, and alkaline 
phosphatase. Th e activity of oxidative enzymes 
(glutathione peroxidase, superoxide dismutase 
and catalase) and malondialdehyde, the last prod-
uct of lipid breakdown caused by oxidative stress, 
signifi cantly increased in all experimental groups 
compared with the control group. In addition, the 
relative weight of immune organs, especially the 
bursa of Fabricius, decreased. Th us, in this study, 
AgNPs acted as factors causing oxidative stress 
and weakening the immune system. Some other 
publications [16–18] describe a similar picture. 

A negative eff ect of AgNP administration on 
chick performance was detected in one study [19]. 
In this case, the nanosilver preparation at a con-
centration of 50 ppm was added for two weeks 
(from 15 to 30 days of age) to the drinking water 
of broiler chickens infected with Campylobacter 
jejuni (C. jejuni). Th e addition of AgNPs led to a 
decrease in the overall weight gain of chickens and 
the weight of individual organs. In fact, the nano-
silver preparation showed a clear toxic eff ect.

Th e next large series of studies focused to the 
eff ect of colloidal AgNPs on chick embryos using 
in ovo injection of nanoparticles into fertilized 

eggs [20–24] and taking into account the impor-
tant role of embryonic life in ensuring good health 
of hatched chicks. In the post-incubation period, 
chicks make an important transition from egg nu-
trition to exogenous feed, and some of them (~2–5 
%) do not survive this critical period due to limi-
ted body reserves. Th e aim of the fi rst mentioned 
study was to determine the eff ect of AgNPs on the 
developmental status of chicken embryos, espe-
cially on the bursa of Fabricius [20]. Th e eggs were 
injected 3 times with 0.2 cm3 of AgNP dispersion 
at a concentration of 10 ppm on days 5, 11, and 17 
of incubation. Th ese doses did not aff ect the de-
velopment of the embryo (according to the stand-
ard of Hamilton and Hamburger), but reduced 
the number and size of lymphatic follicles in the 
bursa of Fabricius. In another study [21], fertilized 
eggs were injected with 0.3 cm3 of a 50 ppm AgNP 
dispersion on day 5 to evaluate their pro- or an-
ti-infl ammatory properties by examining NF-κB 
mRNA expression in embryonic liver. Nanosilver 
did not aff ect the survival of embryos. Th ey were 
correctly developed, without any anomalies. Th e 
results also showed no eff ect of AgNPs on NF-κB 
mRNA expression, indicating that they acted as 
an anti-infl ammatory factor. Th e eff ect of AgNPs 
on metabolic rate (O

2
 consumption, CO

2
 and heat 

production) and development of embryos (relative 
chick weight and muscle mass) from broilers and 
laying hens was investigated in the following study 
[22]. For this, eggs were injected with 0.3 cm3 of 
50 ppm AgNP dispersion on the 1st day of incu-
bation. Nanoparticles did not suppress the growth 
and development of embryos of both species. Th e 
metabolic rate of the injected laying embryos was 
found to be signifi cantly higher than that of the 
control group, indicating that AgNPs may be a 
potential metabolic modifi er for these embryos. 
Studies [23] and [24] show the positive role of Ag-
NPs in the delivery of benefi cial nutrients, such 
as glutamine and amino acids, to chick embryo 
muscle cells and their subsequent development. In 
both cases, on the 1st day of incubation, 0.3 cm3 
of pure AgNP dispersion at a concentration of 50 
ppm was injected into the eggs together with glu-
tamine [23] or an amino acid (cysteine or threo-
nine) [24]. It has been shown that pure AgNPs and 
their complexes with glutamine and amino acids 
do not adversely aff ect the development of the em-
bryo. At the same time, the complex of glutamine 
with Ag NPs promoted muscle growth [30], and 
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the complexes of nanoparticles with amino acids 
acted as potential agents for enhancing innate and 
adaptive immunity in chickens [24]. 

In addition, it is necessary to note the study 
[25], in which the authors conducted the long se-
ries of studies on the eff ect of nanosilver on the de-
velopment of broilers, starting with the injection 
of AgNP into embryos and their subsequent ad-
ministration into the drinking water of broilers in 
the postnatal period. On the 1st day of incubation, 
two groups of fertilized eggs from broilers were 
injected with 0.3 cm3 of an aqueous dispersion of 
AgNP with a concentration of 10 and 20 ppm. On 
the 7th day aft er hatching, they were given drink-
ing water with a nanoparticle concentration of 10 
and 20 ppm for 4 weeks. Th is treatment of broiler 
chickens, starting from their embryos, proved to 
be very strong, as feed intake and body weight de-
creased by about 5.0 g per day and 41.0 g, respec-
tively. Bacterial populations in the ileum were not 
aff ected, but the number of lactose-negative en-
terobacteria and lactic acid bacteria decreased in 
the caecum. Th e intake of nanosilver increased the 
concentration of acetic acid in the caecum and did 
not aff ect the concentration of immunoglobulins 
(IgG and IgM) in plasma.

Much less attention has been paid to the eff ect of 
AgNPs on laying hens and their egg quality. One of 
such experiments is presented in [26]. Th e authors 
characterized the quality of eggs of laying hens un-
der the infl uence of AgNPs included in the nano-
composite together with Cu, Fe, and Mn dioxide 
nanoparticles of diff erent sizes in an aliquot ratio. 
Two groups of laying hens received nanocompos-
ite supplements daily for 30 days at doses of 0.3 and 
4.0 ppm (mg∙kg-1 of body weight). Another group 
was treated with a mixture of salts of the corre-
sponding metals at a dose of 0.3 ppm for compar-
ison. Aft er the cessation of supplementation, the 
hens were observed for 15 days. Th e infl uence of 
the nanocomposite on the productivity of laying 
hens was shown, which exceeded the eff ect of met-
al salts. Th is was expressed in an increase in the 
level of egg production during the experiment by 
an average of 8.2% and 36.1% (at doses of 0.3 and 
4.0 ppm, respectively) and egg weight by 24.7% (at 
a dose of 4.0 ppm), as well as in changing the pH 
level of egg white and yolk, but within acceptable 
values. A fundamental study of the eff ect of AgNPs 
of two sizes (13 and 50 nm) and three concentra-
tions (1, 10 and 100 ppm) on the function of the 

ovaries of laying hens was carried out in [27]. Birds 
were administered per os daily at 1 cm3∙kg-1 of each 
dispersion for 14 days. Th e concentrations of sex 
steroids and thyroid hormones in blood plasma 
were found. In addition, the expression of messen-
ger ribonucleic acid (mRNA) and proteins of three 
important enzymes and the concentration of ste-
roid hormones in ovarian follicles of chickens were 
determined. Th e results showed that the chicken 
ovary is the target of AgNPs and that their eff ect 
on ovarian function is related to the regulation of 
steroidogenesis.

Particular attention should be paid to the ef-
fect of nanosilver on growth performance, blood 
counts, intestinal microfl ora and the condition of 
quail eggs, which are considered model animals for 
poultry farming and whose eggs are of signifi cant 
commercial interest. Th ese issues are discussed in 
[28–31]. Four groups of quails were treated for 12 
days with drinking water containing 0, 5, 15, and 
25 ppm (mg∙kg-1) AgNPs with a predominant size 
of 3–4 nm, and the weight of the birds, the micro-
bial profi le of the caecum, and the morphology 
of enterocytes in the duodenum were monitored 
[28]. Nanosilver did not have a noticeable eff ect on 
the weight status and microfl ora of the caecum of 
quails, but at the highest concentration of AgNPs 
in drinking water, the population of lactobacil-
li increased signifi cantly. In addition, AgNPs did 
not show any damaging properties on enterocytes 
of the duodenal villi. Th e eff ect of treatment of 
laying quails with drinking water, including 0, 4, 
8, and 12 ppm AgNPs in a titanium dioxide ma-
trix at a weight ratio of 1:99, on egg quality was 
studied in [29]. Th e treatment was carried out for 
5 weeks and the egg production of the hens was 
determined along with egg parameters including 
egg and yolk weight, egg length and width, and 
eggshell thickness. Th e results showed that AgNPs 
at all concentrations caused a signifi cant decrease 
in laying quail productivity and egg yolk weight 
compared to the control group, while they had 
no signifi cant eff ect on egg weight, egg length and 
width, and eggshell thickness. One of the longest 
(30 weeks) studies of the eff ect of nanosilver on the 
weight of organs of laying quails, their biochemi-
cal, haematological and coagulation parameters of 
blood, the activity of antioxidant enzymes, as well 
as histopathological changes and the concentration 
of silver in liver and kidney tissues was presented 
in work [30]. Silver nanoparticles with a z-average 
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size of 59 nm were administrated daily to laying 
quails with drinking water at AgNP concentra-
tions 0, 4, 8, and 12 ppm (mg∙L-1). Th e most nega-
tive results were noted for the last concentration 
of nanoparticles. Indeed, the concentration of 12 
ppm AgNP in drinking water reduced the relative 
weight of the liver, ileum, colon and serum AST 
activity. Th is concentration of AgNPs also caused 
an increase in lipid peroxidation and vacuolization 
in the liver of quails. Nanoparticles accumulated 
in the liver caused oxidative stress associated with 
possible hepatic dysfunction. Th us, the main or-
gan aff ected by chronic administration of AgNPs 
was the laying liver.

An alternative method of using AgNPs in 
quail breeding was proposed in [31]. Th e authors 
sprayed four groups of embryonated quail eggs 
with either three AgNP solutions (30, 40, and 50 
ppm) or a commercial disinfectant (TH

4
), given 

that clean, fertilized eggs with minimal micro-
bial contamination are required for a successful 
hatching process and further development of the 
chicks. Th e eff ect of AgNP on quail egg shell mi-
crobial population, embryonic mortality, hatcha-
bility, chick quality and postnatal performance 
was assessed. It has been shown that the bacteri-
al load on the eggshell decreases with increasing 
AgNP concentration. Th is resulted in a consistent 
increase in hatchability in the treated groups and 
a decrease in embryonic mortality. Weight, length 
and quality of chickens in all treated groups were 
higher compared to the control. However, aft er 
hatching quails in all studied groups, similar indi-
cators of live weight, live weight gain, feed intake 
and feed conversion rate were observed. Moreover, 
the treatments did not adversely aff ect the struc-
ture of the liver.

Unfortunately, these studies are diffi  cult to gene-
ralize completely. Th e fi rst problem is the expres-
sion of AgNP doses in diff erent ppm units: mg of 
nanoparticles per 1 kg of feed, 1 liter of drinking 
water, or 1 kg of bird, embryo or egg weight. Th e 
second problem is lack important characteristics 
of AgNPs, such as size, shape, physical state, and 
the presence or absence of a stabilizing agent on 
the surface of the nanoparticles. At the same time, 
all the functional properties of these nanoparti-
cles, including their antimicrobial activity, which 
is mainly used in poultry farming, is determined 
by the marked parameters of the nanoparticles. In 
this context, a study [32] should be noted, which 

revealed a diff erence in the antibacterial activity 
in vitro and in vivo of uncoated AgNPs and nan-
oparticles coated with citrate (Cit) and poly(vi-
nylpyrrolidone) (PVP) at comparable average 
sizes of 75, 82, and 86 nm, respectively. Th is was 
due to the strong interaction of uncoated AgNPs 
with blood serum proteins. As a result, their an-
timicrobial activity against Salmonella infection 
was signifi cantly reduced in contrast to coated Ag-
NPs. In addition, PVP-AgNPs had better antibac-
terial properties in vitro and in vivo compared to 
Cit-AgNPs due to their better stability and higher 
uptake by microbial cells. An alternative “green” 
covering of AgNPs 2–20 nm in size with ovalbu-
min, ovotransferrin, and ovomucoid of egg white 
was performed in [33]. Th us, a high antibacteri-
al activity of the nanoparticles against Salmonella 
typhimurium and Escherichia coli was achieved in 
combination with their excellent biocompatible 
and non-toxic properties. Coated AgNPs did not 
cause in vitro haemolytic eff ects or structural dam-
age to the cell membranes of chicken erythrocytes 
up to a concentration of 12 ppm (mg∙L-1).

In our previous studies, effi  cient nanoreactors 
and nanocarriers were proposed for the synthesis 
and delivery of AgNPs [34, 35]. Th ey had a hybrid 
structure and contained biocompatible and biode-
gradable components: an inorganic “core” of silica 
and a “corona” of graft ed polyacrylamide chains 
(SiO

2
-g-PAAm). Th ese hybrids made it possible to 

obtain and retain in the “corona” of PAAm very 
small silver nanoparticles (d

AgNPs
<10 nm), which 

exhibited antimicrobial properties at very low con-
centrations [34]. Th is material was nontoxic and 
could be used in fi sh farming [35]. Th e objectives 
of this work included studying the features of the 
formation and structure of the composite materi-
al AgNPs/SiO

2
-g-PAAm with diff erent content of 

AgNPs, assessing its resistance to the action of im-
portant factors acting in a living organism, as well 
as its eff ect on laying hens and their eggs when ad-
ministered orally. Th us, this work combined a de-
tailed physical and chemical study of the process 
of obtaining a nanosilver preparation, its struc-
ture, particle size and use for oral treatment of lay-
ing hens. Th e main attention in the biological part 
was paid to the accumulation of silver nanopar-
ticles in various parts of chicken eggs, since such 
data were absent in the literature. In addition, their 
infl uence on a number of biochemical parameters 
of the blood of laying hens is considered. Taking 
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into account that the toxicity of AgNPs is lower at 
a lower dose and when administered not daily, but 
aft er a certain period, a special experimental pro-
tocol was developed.

Experimental section

Materials
Aerosil A-175 from Orisil (Ukraine) with a spe-
cifi c surface area of 1.82×105 m2∙kg-1, cerium (IV) 
ammonium nitrate (CAN) from Aldrich (USA), 
and acrylamide (AAm) from Merck (Germany), 
recrystallized from chloroform were used to syn-
thesize the SiO

2
-g-PAAm hybrid. A silica sol with 

a concentration of C
SiO2

=20.2 kg∙m-3 was prepared 
as in [35]. Silver salt AgNO

3 
of analytical grade 

(Ukraine) and sodium borohydride (NaBH
4
) from 

Merck (Germany) were used to prepare a nanosil-
ver in hybrid carriers. Deionized water was used 
as a solvent.

Synthesis of silica/polyacrylamide hybrid
Th e SiO

2
-g-PAAm sample was obtained by 

free-radical surface-initiated AAm polymeriza-
tion (reaction {1}).

Th e synthesis was carried out in an inert (argon) 
atmosphere at T=20 °C at the following reagent con-
centrations: C

SiO2
=1.35 kg∙m-3, C

CAN
=0.55 kg∙m-3,

C
AAm

=71 kg∙m-3. A detailed synthesis protocol and 
purifi cation methods and characterization of the 
resulting product are described elsewhere [35]. 
Th us, the chemical composition, the average size 
of silica sol nanoparticles (r

avSiO2
), and important 

parameters of the hybrid, namely the number (N) 
and length (molecular weight) of PAAm graft s, 
were determined by the methods of elemental 
analysis, dynamic thermogravimetric analysis, 
static light scattering, and viscometry. Th ey are 
shown in Table 1. Th is hybrid sample had a smaller 
number of graft ed chains compared to the previ-
ously studied one [34,35].

Determination of structure of hybrid carriers 
in aqueous solutions 

Th e morphology and size of hybrid particles 

were determined using transmission electron mic-
roscopy (TEM). TEM images were obtained on a 
JEMI230 device (JEOL, Japan) at an accelerating 
voltage of 80 kV. Small droplets (~1×10−4 cm3) of 
a hybrid dispersion in deionized water with C=
1 kg∙m-3 were placed on copper grids coated with 
Formvar fi lms and carbon. Th ey were dried in air 
for ~1–2 minutes and in a vacuum desiccator for 
24 hours. Th e computer program “ImageJ” was 
used to calculate the average particle size and size 
distribution using TEM images.

Th e surface charge of SiO
2
 nanoparticles was de-

termined by potentiometric titration as the num-
ber of charged silanol groups in sol and hybrid 
particles. Aqueous dispersions of the SiO

2
 sol and 

the SiO
2
-g-PAAm hybrid with a concentration of 

C=0.7 and 1.0 kg∙m-3, respectively, and deionized 
water were titrated with a 0.2 N NaOH solution in 
a thermostated cuvette and argon atmosphere at 
T=25±0.1 °C. For this, a 1-160M digital ion meter 
(Belarus) calibrated with fi ve standard buff er solu-
tions was used. Th e accuracy of pH values was 0.02 
units. Each subsequent volume of titrant was add-
ed to the cuvette aft er 2 minutes to achieve ionic 
equilibrium. Th e dependences of the absorption 
of hydroxyl ions on pH were calculated using the 
relation (1) [36]:

 
Here σ

OH
- is the absorption of hydroxyl ions 

(mol∙kg-1), C is the titrant concentration (mol∙m-3), 
g is the weight (kg) of silica sol or hybrid sample in 
1 m3 of solution, pH and pH

0
 are the negative loga-

rithms of the concentration of hydroxyl ions in the 
sol or hybrid solution and pure water, respectively.

Formation of nanosilver in hybrid carriers 
Silver nanoparticles were incorporated into 

SiO
2
-g-PAAm carriers by in situ reduction of silver 

nitrate with sodium borohydride in hybrid aqueous 
solutions. Th is process can be described by several 
main and side chemical reactions [35]. Taking into 
account side reactions, an eightfold molar excess 
of NаВН

4 
was used

 
with respect to silver nitrate. To 

obtain a composite material with diff erent content 

Hybrid
w

PAAm
, 

wt %

w
H2O

,
 

wt %

w
SiO2

, 

wt %

r
avSiO2

, 

nm
M

vPAAm
, kDa N

SiO
2
-g-ПАА 72.9 12.6 14.5 7.7 1513 8

Table 1. Chemical composition and structural parameters of hybrid

.                 (1)

                 {1}
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of AgNPs, the concentrations of the hybrid С
Hyb

=
1.0 kg·m-3 and Ag-salt С

AgNO3
=1.82×10-2 and 

3.64·10-2 kg·m-3 were chosen. In situ reduction was 
carried out in two stages. At the 1-st stage, the hybrid 
solution was mixed with Ag-salt at T=20 °C and 
kept in a dark box for 30 minutes. At the 2-nd stage, 
the reducing agent was added and the appearance 
of a thin yellow dispersion of AgNPs was observed.

Study of the process of formation, stability and 
structure of a composite material 

Th e kinetics of the formation of nanoparticles in 
hybrid solutions was controlled by the change in 
time of the position (

max
) and the integrated in-

tensity (S) of the surface plasmon resonance band 
(SPRB) in the UV-Vis spectrum [35]. Extinction 
spectra were recorded every 3 min for 90 min on 
a Cary 50 Scan UV-Vis spectrometer from Varian 
(USA). To determine the integrated intensity of 
SPRB, we performed its graphical integration in 
spectra using the Origin program. Th is approach 
was also used to characterize the stability of AgNPs 
in hybrid carriers under various conditions: i) in 
a “physiological solution”, ii) at various pH values, 
iii) upon dilution of the composite, and iv) during 
its long-term storage in a dark box and in the light. 

Th e morphology of the AgNPs/SiO
2
-g-PAAm 

composite was studied by TEM. Th e composite was 
preliminarily purifi ed from reduction by-products 
by reprecipitation of the reaction mixture with 
ethanol, centrifugation at 6000 rpm, and subse-
quent dissolution in deionized water. TEM images 
were obtained and processed as described above. 

Testing the eff ect of the nanosilver composite on 
laying hens and their eggs

Biological experiments were carried out on 45 
laying hens of the High Line W36 cross at the age 
of 38 weeks. Th ree groups of laying hens (n=15) 
such as Control and Research 1–2 were created. 
Hens of the experimental groups additionally re-
ceived a dispersion of nanosilver in hybrid carri-
ers with drinking water 3 times a month with an 
interval of 10 days. In these cases, concentrations 
of C

AgNPs
=1.0·10-3 (Research 1) and 2.0·10-3 kg∙m-3 

(Research 2) were used, which corresponded to 
nanosilver doses of 0.2 and 0.4 mg per hen, respec-
tively. All hens were fed commercial compound 
feed, the composition of which corresponded to 
the needs of the bird in nutrients and biological-
ly active substances. Chickens were kept in cages 
of 5 animals in a room with controlled ventila-
tion, a temperature in the range of 21–22 °C and a 

relative humidity of 60–62 %. All experiments 
were carried out in compliance with the require-
ments of the European Convention for the Protec-
tion of Vertebrate Animals used for Scientifi c Ex-
periments or for other Scientifi c Purposes of 1986, 
as well as the Law of Ukraine “On the Protection of 
Animals from Cruelty” of February 21, 2006 No. 
3447-IV in revision dated 04.08.2017. 

During the experiment, the consumption of feed 
and water was monitored, as well as the safety and 
productivity of laying hens in groups. On the tenth, 
twentieth and thirtieth days, 5 freshly laid eggs were 
taken from each group of hens to study the con-
tent of various metals in the shell, white and yolk 
of eggs. Biochemical parameters of blood serum of 
chickens of diff erent groups were also determined 
on the 30th day of the experiment. For this, blood 
was taken from the axillary vein in 5 chickens of 
each group in the morning before feeding.

Evaluation of metal content in various parts of 
eggs 

Th e metal content was determined in individual 
components of the eggs, such as shell, white and 
yolk, by atomic emission spectrometry. Each shell 
was homogenized on a Retech GM 200 instrument 
(Germany) and 6×10-4 kg were taken for analysis. 
Protein and yolk samples weighing 6×10-4 kg were 
used in the native state. Th e samples were miner-
alized using a Milestone Ethnos Easy microwave 
mineralizer (Italy). To do this, each weighed por-
tion of the sample was placed in a Tefl on beaker 
of a microwave mineralizer and 5 cm3 of concen-
trated HNO

3
 was added. Th e resulting solution 

was fi ltered into a 50-cm3 fl ask and made up to the 
mark with deionized water. Th e content of various 
metals (Ag, Cu, Zn, Fe and Pb) in the resulting 
solutions was determined using a PlasmaQuantPQ 
9000 ICPOES plasma-optical emission spectrom-
eter (Analytik Jena, Germany) in accordance with 
the method based on ISO 11885:2005. Th e follow-
ing plasma parameters were used: sputtering rate 
0.68 dm3∙min-1; power supplied to the plasma 1200-
1700 W; solution feed rate 19 rpm; aerosol gas 0.5 
dm3∙min-1; auxiliary fl ow 0.5 dm3·min-1; plasma gas 
12 dm3∙min-1. Th e spectrometer was calibrated us-
ing multicomponent standard solutions for atomic 
emission spectrometry (Merck, Germany).

Measurements were started by fl ushing the 
sample injection system with a background solu-
tion with a reagent, and this operation was repeat-
ed aft er each sample. Quality control of reagents 
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and calibration standards was carried out every 
10 samples. First, a blank solution was introduced 
into the plasma, and then calibration and test solu-
tions in order of increasing concentration, and the 
intensities of the analytical lines of the elements 
were measured. Analytical signals were processed 
automatically using the soft ware of the spectrome-
ter according to calibration dependences and tak-
ing into account the background, and, if necessary, 
the mutual infl uence of the elements under study.

Determination of biochemical parameters of 
the blood serum of laying hens

Serum samples for analyses were separated 
from the collected volumes of chicken blood by 
centrifugation at 2000 rpm for 10 minutes; then 
they were stored at -20 °C. Th e content of total 
protein, albumin, creatinine, glucose, cholesterol, 
total calcium, inorganic phosphorus, potassium, 

magnesium, as well as a number of enzymes such 
as alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), alkaline phosphatase (ALP), 
and gamma-glutamyl transpeptidase (GGT) were 
determined using standard methods, reagent kits 
from Pointe Scientifi c Inc. (USA), and semi-au-
tomatic analyzer Pointe 180 (Poland). Statistical 
processing of the results of biological studies was 
carried out using the ANOVA program. Th e dif-
ference between the parameter values in indivi-
dual groups was analyzed using Tukey’s test; it was 
considered signifi cant at p<0.05.

Results and discussion

Structure and charge of synthesized hybrid carri-
ers in solution 
Th e state and size of hybrid particles in aqueous 
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Figure 1. TEM images at (a) lower and (b, c) higher magnifi cations obtained using an aqueous solution of SiO
2
-g-PAAm; 

(d) particle size distribution calculated from image (c). C
Hyb

=1.0 kg·м-3, T=20 °C
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solutions can be seen in the TEM images in Fig. 
1 (a–c). 

Th e overall picture is similar to that described 
in our previous studies for other samples of SiO

2
-

g-PAAm hybrids [34, 35]. In particular, both in-
dividual and aggregated hybrid particles were 
observed in aqueous solutions. Th e shape of in-
dividual hybrid particles was close to spherical. 
Th e hybrid aggregates had a fractal structure and 
consisted of individual spherical hybrid particles. 
Th e strong aggregation of hybrid particles in an 
aqueous medium was apparently associated with 
the interaction of the amide groups of the PAAm 
“coronas” through hydrogen bonds. Th e sizes and 
size distribution of individual hybrid carriers in an 
aqueous solution were quite small (Fig. 1d, Table 
2), which makes them promising for use in bio-
medicine. Th e average height (thickness) of the 
PAAm “corona” was also determined from the 
d

avHyb
 value and relation (2) (Table 2):

Previously, it was shown that the graft ed PAA 
chains additionally interact with the surface of 
the inorganic “core” via hydrogen bonds [35]. Th e 
smooth and dense surface of hybrid particles in 
the TEM image in Fig. 1c confi rms this conclusion. 
Th is interaction should aff ect the surface charge of 
SiO

2
 nanoparticles due to the participation of their 

surface groups Si-OH in two equilibria: dissocia-
tion {2} and hydrogen bonding {3}:

Th erefore, it was of interest to compare the total 
number of surface groups ºSi-OH in silica sol and 
hybrids, which participate in the dissociation equi-
librium {2} and create a negative surface charge. 
Th e results of potentiometric titration of aqueous 
dispersions of pure SiO

2
 sol and a hybrid sample 

with NaOH are shown in Fig. 2 as dependences of 
the absorption of hydroxyl ions on pH.

Th e value of 
OH

- at a certain pH corresponds to 
the number of charged silanol groups on the surface 
of silica nanoparticles in the free state (Fig. 2a) and 
in SiO

2
-g-PAAm structures (Fig. 2b). A noticeable 

increase in the value of 
OH

- (i.e. surface charge) for 
nanoparticles of pure silica sol begins at pH>8 and 
does not end at pH=10.5. Th e limit value 

OH
-

lim
,

corresponding to the total number of surface groups 
Si-OH, is not reached in this case. Obviously, it ex-
ceeds the value 

OH
-=7.33 mol∙kg-1, achieved at 

pH=10.5. Noticeable charging of silica “cores” in 
SiO

2
-g-PAAm particles begins at a higher pH>10 

and ends at a pH above 11 (Fig. 2b). Th e limiting 
value of 

OH
-

lim
 (Table 2) was signifi cantly lower 

than 7.33 mol∙kg-1, which indicated a sharp decrease 
in the amount of free silanol groups on the sur-
face of SiO

2
 “cores” in hybrid particles. Th is result 

confi rmed the interaction of the graft ed polymer 
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Figure 2. Absorption curves of hydroxyl ions calculated from the data of potentiometric titration of aqueous dispersions: 

(a) pure SiO
2
 sol, (b) SiO

2
-g-PAAm hybrid. C
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=0.7 kg·m-3, C

Hyb
=1.0 kg·m-3, T=25±0.1 °C
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“corona” with the inorganic “core” according to the 
{3} equilibrium.

Features of the formation of nanoparticles in 
hybrid carriers at diff erent silver salt concentra-
tion 

Kinetic studies performed by UV-Vis spectros-
copy are shown in Fig. 3. 

At both studied concentrations of Ag-salt, in-
tense SPRBs appeared in the UV-Vis spectra (Fig. 
3a, b). Th e integrated intensity of SPRBs, which re-
fl ects the yield of metal nanoparticles [35], rapidly 
increased with time up to a certain limiting value 
(Fig. 3c, d). Th e S

lim
 value for C

AgNO3
=3.64·10-2 kg·m-3

was signifi cantly higher than the same value for 
half the silver salt concentration C

AgNO3
=1.82·10-2 

kg·m-3. Th is indicated an increase in the yield of 
AgNPs with increasing salt concentration. In ad-
dition, the position of SPRB sharply decreased in 
the fi rst 10–15 min, which indicated the process of 
ordering or crystallization of primary AgNPs [35].

At the same time, the shape of very intense 
SPRBs for silver nanoparticles obtained at the 
maximum concentration of the Ag-salt (Fig. 3b) 
diff ered from those observed in the same system 
at half the concentration of the initial Ag-salt (Fig. 
3a). Th e main diff erence was the appearance of 
the second SPRB with 

max
~412 nm and a lower 

intensity in a narrow time interval from 12 to 15 
minutes (Fig. 3b), coinciding with the ordering 
period of primary AgNPs (Fig. 3d). During the 
next time interval up to 90 min, the position of 
both maxima and their total integrated intensity 
S, which refl ects the yield of Ag NPs, remained 
almost unchanged (Fig. 3b, d). Th e unexpected 
appearance of an additional SPRB in the UV-Vis 
spectra can be explained by a sharp transition of 
some of the formed and ordered AgNPs to an 
aggregated state or a sharp increase in their size 
[37, 38]. To elucidate the reason for such a sharp 
transition, TEM images of the fi nal purifi ed 
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Figure 3. (a, b) Time evolution of the extinction spectra of the AgNO
3
/SiO

2
-g-PAAm mixture through 3 – 1, 6 – 2, 9 – 3, 

12 – 4, 15 – 5, 21 – 6, 36 – 7, 60 – 8, 72 – 9 and 90 min – 10 aft er the introduction of the reducing agent. (c, d) Time 
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) and integrated intensity (S) of SPRB of AgNPs formed in SiO
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-g-PAAm carriers. 
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AgNPs/SiO
2
-g-PAAm composite were obtained 

and analysed (Fig. 4).
Th e fi rst feature of this nanocomposite prepared 

at a high Ag-salt concentration was the strong dis-
aggregation of hybrid carriers in solution (Fig. 4a). 
Indeed, TEM images showed only single diff use 
aggregates of swollen hybrid particles containing 
AgNPs (Fig. 4b, c). In fact, the aggregates of hyb-
rids seemed to “dissolve” during the in situ synthe-
sis of nanoparticles at a high concentration of the 
Ag-salt. Th e second feature of this composite was 
the presence of two separate sets of spherical Ag-
NPs: small up to 7 nm and large ~11–12 nm (Fig. 
4c). Th e average diameter of all these particles 
was d

av
=2.4±1.0 nm. Based on these facts, the ap-

pearance of the second SPRB in the spectra of the 
AgNO

3
/SiO

2
-g-PAAm mixture 15 min aft er the 

addition of NaBH
4
 (Fig. 3a) can be explained by 

sharp structural changes in some hybrid particles, 
which were caused by the simultaneous growth of 
many AgNPs in them. It is reasonable to assume 
that the intensive growth of many AgNPs in one 
hybrid particle was accompanied by detachment 
of the graft ed PAAm chains from the SiO

2
 surface 

due to the breaking of hydrogen bonds. As a result, 
the graft ed chains were stretched in solution, fa-
cilitating the interaction (coalescence) of a certain 
part of the formed active AgNPs.

To study the eff ect of a nanosilver on laying hens, 
an experimental batch (27 dm3) of an aqueous dis-
persion of the AgNPs/SiO

2
-g-PAAm composite 

was obtained using a high concentration of Ag-
salt (3.64·10-2 kg·m-3). Th e resulting dispersion was 
purifi ed from reduction by-products as described 
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Figure 4. TEM images of the AgNPs/SiO
2
-g-PAAm composite obtained at lower (a) and higher (b, c) magnifi cations; (d) 

size distribution of AgNPs calculated from image (b). C
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=1.0 kg·m-3, С
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above. Th us, a basic concentrated composite mate-
rial for biological testing was created. In addition, 
its stability under various special conditions was 
characterized.

Resistance of nanosilver composite to various 
external factors

Considering the possible use of the nanosilver 
composite as an oral form for laying hens, it was 
important to check the changes in its state in the 
“saline solution” and at various pH values that may 
occur in the digestive system of their organisms. 
Th e results of temporary control of the UV-visible 
spectra of the nanosilver preparation aft er adding 
NaCL to C=9.0 kg·m-3, sodium hydroxide to pH=9 
and hydrochloric acid to pH=2 are shown in Fig. 5. 
Th ey showed the absence of any changes in the po-
sition and integrated intensity of the SPPR of silver 
nanoparticles in hybrid carriers during the exper-
iment (90 min) in the case of the addition of NaCl 
and NaOH (Fig. 5a, b). Th erefore, under these 

conditions, the nanosilver preparation remained 
completely stable. A somewhat diff erent situation 
was observed with the addition of HCl (Fig. 5c). 
A gradual decrease in the integrated intensity of 
SPRB was observed (Fig. 5c, d), apparently caused 
by the slow dissolution of AgNPs inside the na-
nocarriers at this pH value. At the same time, the 
position of this band (l

max
=405 nm) remained con-

stant for about 45 minutes, and then began to de-
crease, which indicated a slow decrease in the size 
of AgNPs (Fig. 5d).

A similar eff ect of the dissolution of AgNPs sta-
bilized with polyvinylpyrrolidone under the action 
of hydrochloric acid was also found in [39]. Th is 
process developed as a chemical reaction {4}:

2 Ag + 2 HCl = 2 AgCl + H
2 
{4}

Attention should be paid to the relatively low 
dissolution rate of AgNPs in hybrid carriers. In 
fact, the dissolution did not end even aft er 1.5 
hours (Fig. 5d). Th is fact allows us to conclude that 

300 400 500 600
Wavelength, nm

300 400 500 600
Wavelength, nm

300 400 500 600
Wavelength, nm

0 20 40 60
t, min

80

0,0

0,5E
xt

in
ct

io
n

1,0

0,0

0,5E
xt

in
ct

io
n

1,0

0,0

0,5E
xt

in
ct

io
n

1,0

90 min

3 minc

a b

d

320

360

400

m
ax

,n
m

40

60

80

20

0

S,
 n

m

Figure 5. Extinction spectra of the composition AgNPs/SiО
2
-g-PAAm recorded for 90 minutes under various conditions: 

(a) with the addition of NaCl, (b) at pH=9, and (c) at pH=2. (d) Time dependences of the position and integrated 

intensity of SPRB of AgNPs calculated based on fi gure (c). C
Hyb

=1.0 kg·m-3; C
AgNO3

=1.82·10-2 kg·m-3; C
NaCl

=9.0 kg·m-3; 

T=22 °C



Promising nanobiotechnology for poultry farming based on silver nanoparticles embedded in polymer-inorganic hybrid...

ISSN 1818-1724. Полімерний журнал. 2023. 45, № 2 165

this nanosilver preparation can successfully “pass 
through” the stomach (ventricle and stomach) of 
laying hens with low pH values [40,41] without 
signifi cant damage to metal nanoparticles. As 
for the chemical resistance of the hybrid carriers 
themselves to the action of these factors, it is based 
on the known properties of SiO

2 
and PAAm. Th us, 

silica nanoparticles can slowly dissolve in water at 
low temperatures only at high pH values [42]. In 
principle, PAAm chains can be hydrolysed in aci-
dic and alkaline media, but the rate of this process 
at low temperatures is insignifi cant [43].

A special experiment concerned stability of this 
preparation to dilution, at which principally pos-
sible evacuation of a part of AgNPs from hybrid 
carriers under the eff ect of the gradient of parti-
cle concentration inside carriers and surrounding 
medium. For this, the aqueous dispersion of initial 
preparation was diluted 2 times, kept for 24 hours, 
and then reprecipitated with ethanol and centri-
fuged. Th e absence of SPRB, characteristic for Ag-
NPs, in UV-Vis spectrum of supernatant became 
a criterion of full stability of studied preparation 
to action of this factor due to strong retention of 
metal nanoparticles in hybrid carriers. 

Th e last test was devoted to studying the long-
term stability of the purifi ed nanosilver prepa-
ration during storage under various conditions, 
including light. It was found that the resistance 
of this preparation to the action of time and light 
depended signifi cantly on the concentration of 
AgNPs in the hybrid carriers (Fig. 6). With a rela-
tively smaller amount of AgNPs in the carriers, 

the preparation remained stable for a long time 
regardless of its storage conditions: in a dark box 
(Fig. 6a) or in the light (Fig. 6b). Th is conclusion 
is confi rmed only by a slight increase in the posi-
tion (from 405 to 416 nm) and integrated intensi-
ty (from 73 to 83 nm) of the corresponding SPRB 
of AgNPs in the UV-visible spectrum (Figs. 6a, b; 
spectra 1). In contrast, the light resistance of the 
preparation containing a large amount of AgNPs 
turned out to be signifi cantly lower (Fig. 6a, b; 
spectra 2). Obviously, in this case, hybrid carriers 
with extended PAAm chains (see the discussion 
above) provided less protection for AgNPs against 
their aggregation under the action of light.

Accumulation of nanosilver in various parts of 
chicken eggs

Drinking water for laying hens was obtained by 
dilution of the base preparation of nanosilver with 
C

AgNPs
=2.4·10-2 kg·m-3 to reach C

AgNPs
=1·10-3 and 

2·10-3 kg·m-3. Obviously, at such a strong dilution 
(24 and 12 times), the process of complete dis-
aggregation of hybrid particles occurred, and the 
fi nal drinking water contained mainly individual 
swollen particles of the SiO

2
-g-PAAm carrier fi lled 

with AgNPs. Th ese diluted formulations were 
used for laying hens in Research 1 and Research 
2 groups. Taking into account the average volu-
me of consumed drinking water per hen per day 
~200 cm3, the doses of nanosilver in these research 
groups can be determined as 0.2 and 0.4 mg/hen, 
respectively. Note, that the concentration of AgNPs 
in the base preparation was calculated using the 
concentration of the initial Ag-salt (3.64·10-2 kg·m-3)
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and taking into account almost 100 % binding of 
Ag+-ions with hybrid carriers and the subsequent 
complete reduction of these ions to zero-valence 
state by an eightfold excess reducing agent [35]. 

Th roughout the experiment, the safety of the 
number of chickens in all groups was 100 %, 
and their egg productivity did not diff er between 
groups. In addition, three-time feeding of laying 
hens with a solution of nanosilver preparation in 
both doses did not aff ect the morphological pa-
rameters of chicken eggs: the mass of the eggs 
themselves and their individual components (pro-
teins, yolks and shells).

Single feeding to laying hens of Research 1 and 
Research 2 groups of an aqueous dispersion of the 
drug in doses of AgNPs 0.2 and 0.4 mg per hen per 
day led to a relatively small (by 33.3 %) increase in 
the silver content in eggshell (Table 3). At the same 
time, the content of zinc, iron and lead did not 
change within the error, and the content of copper 
increased (by 80.0 %), but only at a high dose of 
the preparation. Aft er two-fold feeding of laying 
hens with a solution of the preparation, the silver

content in the eggshells of the Research 1 and Re-
search 2 groups increased signifi cantly (by an av-
erage of 9.0 and 11.4 times) compared with the 
control. However, this did not aff ect the content of 
copper, zinc, iron and lead in the shell (Table 3). 
Aft er a three-time exposure of the preparation to 
the body of laying hens, the amount of silver ac-
cumulated in the shell slightly decreased. Indeed, 
in the Research 1 and Research 2 groups, the sil-
ver content exceeded the control group by only 6.3 
and 10.0 times, respectively. 

Similar data on the accumulation of silver in egg 
white are presented in Table 4. Aft er a single feed-
ing of hens with the preparation in the Research 1 
and Research 2 groups, there was a slight increase 
in the content of silver in the protein (by 33.3 and 
16.7 %, respectively) compared with the control 
group. Aft er a double exposure to the preparation, 
an increase in the content of silver in the protein 
(by 50 %) was observed only in the Research 2 
group, whose hens received a large dose of nano-
silver (0.4 mg per hen). But the most signifi cant 
increase in the content of silver in the egg white of 

Metal

Metal content, mg∙kg-1

Groups of laying hens

Control Research 1 Research 2

Aft er 10 days

Ag 0.006 ± 0.002 0.008 ± 0.001 0.008 ± 0.001

Cu 0.5 ± 0.1 0.5 ± 0.1 0.9 ± 0.1

Zn 2.0 ± 0.2 1.5 ± 0.6 2.8 ± 0.9

Fe 0.6 ± 0.3 0.5 ± 0.2 0.6 ± 0.2

Pb 0.009 ± 0.004 0.004 ± 0.001 0.008 ± 0.004

Aft er 20 days

Ag 0.007 ± 0.004 0.063 ± 0.020 0.080 ± 0.006

Cu 2.7 ± 0.9 0.8 ± 0.2 1.1 ± 0.4

Zn 3.0 ± 1.0 2.0 ± 0.2 3.0 ± 2.0

Fe 0.5 ± 0.2 0.7 ± 0.1 0.9 ± 0.2

Pb 0.024 ± 0.009 0.007 ± 0.001 0.010 ± 0.002

Aft er 30 days

Ag 0.006 ± 0.006 0.038 ± 0.007 0.060 ± 0.020

Cu 0.7 ± 0.2 0.6  ± 0.2 0.6 ± 0.2

Zn 2.3 ± 0.5 1.1 ± 0.3 2.5 ± 0.9

Fe 0.2 ± 0.1 0.17 ± 0.03 0.1 ± 0.1

Pb 0.006 ± 0.002 0.005 ± 0.001 0.006 ± 0.001

Table 3. Infl uence of the nanosilver composite on the metal content in the shell of chicken eggs (x±SD, n=5)
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both Research 1 and Research 2 groups compared 
to the control group (2.2 times on average) oc-
curred 10 days aft er the third feeding of chickens 
with nanosilver preparation (Table 4). Th e content 
of other metals (Cu, Zn, Fe, and Pb) in the protein 
practically did not change.

Th e pattern of silver accumulation in egg yolk 
diff ered from the previous two. Indeed, the largest 
and the same increase in silver in the yolk of eggs 
of Research 1 and Research 2 groups compared to 
the control group (5.7 times on average) occurred 
10 days aft er the fi rst feeding of laying hens with 
the preparation (Table 5). Ten days aft er the second 
feeding, this level of silver accumulation remained 
only in the yolk of eggs obtained from hens of the 
2-nd group, which were given a large dose of the 
drug (0.4 mg per hen). At a lower dose of nanosil-
ver (0.2 mg per hen), which was given to chickens 
of the 1-st group, the increase in the silver con-
tent in the yolk was less signifi cant: only 1.4 times 
compared to the control group. Aft er the third 
treatment of laying hens with the preparation in 
the Research 1 group, the silver content in the yolk 

remained practically at the same level compared 
to the control group (it was 1.8 times higher). Un-
like this, in the Research 2 group, the silver content 
decreased compared to the data obtained aft er the 
fi rst and second treatment of chickens, and ex-
ceeded the control group by only 2.2 times (Table 
5). As for the content of other metals in the yolk of 
the eggs of the experimental groups, it practically 
did not change compared to the control.

Th e accumulation of silver in various parts of 
eggs aft er oral administration of the drug to laying 
hens proved the fact that the drug penetrates into 
the circulatory system of chickens. Th is occurs by 
passing the drug through the digestive tract and 
absorption through the intestinal epithelium, as 
well as further transport to the tissues of the chick-
ens, including the oviduct, where protein and egg-
shells are formed. Another interesting fact was es-
tablished by analysing the changes in the distribu-
tion of silver between diff erent parts of the eggs af-
ter single, double and triple treatment of chickens 
with the drug. In particular, in the control group of 
chickens, the proportion of silver that entered the 

Metal

Metal content, mg∙kg-1

Groups of laying hens

Control Research 1 Research 2

Aft er 10 days

Ag 0.0006 ± 0.0001 0.0008 ± 0.0001 0.0007 ± 0.0001

Cu 0.30 ± 0.10 0.28 ± 0.08 0.30 ± 0.05

Zn 0.0020 ± 0.0010 0.0018 ± 0.0004 0.0020 ± 0.0003

Fe 0.027 ± 0.004 0.030 ± 0.007 0.030 ± 0.008

Pb 0.033 ± 0.003 0.049 ± 0.004 0.061 ± 0.005

Aft er 20 days

Ag 0.0006 ± 0.0001 0.0006 ± 0.0003 0.0009 ± 0.0002

Cu 0.15 ± 0.01 0.21 ± 0.07 0.19 ± 0.02

Zn 0.0020 ± 0.0003 0.0017 ± 0.0004 0.0019 ± 0.0001

Fe 0.010 ± 0.010 0.014 ± 0.009 0.010 ± 0.002

Pb 0.040 ± 0.010 0.039 ± 0.008 0.036 ± 0.003

Aft er 30 days

Ag 0.0005 ± 0.0001 0.0011 ± 0.0001 0.0011 ± 0.0001

Cu 0.30 ± 0.10 0.30 ± 0.10 0.20 ± 0.07

Zn 0.0020 ± 0.0001 0.0017 ±  0.0004 0.0021 ± 0.0002

Fe 0.025 ± 0.002 0.030 ± 0.003 0.030 ± 0.010

Pb 0.088 ± 0.008 0.083 ± 0.004 0.093 ± 0.003

Table 4. Infl uence of the nanosilver composite on the metal content in the protein of chicken eggs (x±SD, n=5)
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shell, protein and yolk of eggs with food aft er the 
fi rst 10 days of the experiment was 82.2, 8.2 and 
9.6 %, respectively, and changed little aft er 20 and 
30 days. In contrast, in the Research 1 group, aft er 
the fi rst treatment of chickens with the drug, the 
proportion of silver in the indicated parts of the 
eggs diff ered signifi cantly: 62.5, 6.25, and 31.25 %. 
A similar distribution of silver in individual parts 
of the eggs was observed aft er the fi rst feeding of 
the hens and in the Research 2 group: 63.0, 5.5 
and 31.5 %. Aft er double treatment of chickens 
with the drug, the proportion of silver in individ-
ual components of the eggs of the experimental 
groups changed again and amounted to: 97.2, 1.2, 
1.5 % in the Research 1 group and 94.4, 0.8 and 4.7 
% in the Research 2 group. However, aft er three 
times the treatment of chickens, these parameters 
remained at the same level: 94.6, 2.7, 2.7 % in the 
Research 1 group and 96.2, 1.8 and 2.1 % in the Re-
search 2 group. Th us, an important eff ect of silver 
accumulation, mainly in the eggshell, was found 
with a sharp decrease in the proportion of silver 
in the protein and yolk (in the edible part of the 

eggs), which manifested itself aft er two times the 
treatment of chickens with the drug. In this regard, 
the sharp diff erence in the data on the distribu-
tion of silver between diff erent parts of the eggs 
10 days aft er the fi rst dose of the drug can be ex-
plained simply by the primary reaction of the body 
of chickens to the introduction of a new substance. 
Subsequently (aft er the second and third doses) 
there was obviously an adaptation of the body of 
chickens to external infl uences and a transition to 
a new state of equilibrium. 

Th e selective endogenous accumulation of sil-
ver in the shell of chicken eggs, established in the 
experiment, can be of great practical importance, 
due to its wide antimicrobial properties. It will 
signifi cantly extend the shelf life of chicken eggs 
without compromising their sanitary and hygien-
ic indicators. Th is assumption is supported by the 
results of studies by a number of authors who used 
exogenous treatment of bird eggshells with nano-
silver. For example, the use in [44] colloidal spray 
and composite fi lm containing nanosilver at con-
centrations of 500, 1000 and 2000 ppm for 28 days 

Metal

Metal content, mg∙kg-1

Groups of laying hens

Control Research 1 Research 2

Aft er 10 days

Ag 0.0007 ± 0.0001 0.0040 ± 0.0020 0.0040 ± 0.0040

Cu 1.4 ± 0.1 0.9 ± 0.4 1.0 ± 0.3

Zn 22 ± 8 20 ± 8 19 ± 5

Fe 27 ± 8 35 ± 10 23 ± 10

Pb 0.035 ± 0.020 0.053 ± 0.030 0.025 ± 0.010

Aft er 20 days

Ag 0.0007 ± 0.0001 0.0010 ± 0.0001 0.0040 ± 0.0001

Cu 1.6 ± 0.1 1.4 ± 0.5 1.2 ± 0.5

Zn 29 ± 3 26 ± 10 26 ± 10

Fe 45 ± 4 39 ± 20 40 ± 20

Pb 0.013 ± 0.004 0.020 ± 0.020 0.017 ± 0.003

Aft er 30 days

Ag 0.0006 ± 0.0001 0.0011 ± 0.0002 0.0013 ± 0.0001

Cu 1.4 ± 0.4 1.6 ± 0.3 1.2 ± 0.5

Zn 26 ± 10 28 ± 5 17 ± 6

Fe 38 ± 20 41 ± 10 29 ± 10

Pb 0.029 ± 0.010 0.047 ± 0.009 0.030 ± 0.002

Table 5. Infl uence of the nanosilver composite on the content of metals in the yolk of chicken eggs (x±SD, n=5)
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led to an improvement in the sanitary indicators 
of food eggshells. In other studies, hatching eggs 
were treated with nanosilver-based disinfectants, 
which contributed to a decrease in mortality and 
an increase in body weight of quails [45] and par-
tridges [46].

It should be noted a slight total intake of sil-
ver in the protein and yolk of eggs aft er two- and 
three-time oral administration of the drug into the 
body of chickens (2.2 and 2.6 μg∙kg-1 aft er three-
time administration at doses of 0.2 and 0.4 mg 
per hen, respectively) and practically unchanged 
content of other metals in them (Tables 7-8). Th is 
suggests that there is no toxic threat to laying hens 
and hen egg consumers. A risk assessment of chi-
cken consumption in studies of the eff ect of na-
nosilver on domestic chickens at a concentration 
of 5×10-2 kg∙m-3 of drinking water showed that 
1.2 mg of silver contained in 1 kg of chicken does 
not pose a danger to humans [47]. According to 
the World Health Organization (2008), the aver-
age consumption of silver by a modern person is 
approximately 5–8 mg per day, while the recom-
mended daily intake of silver (essential or vital 
dose) is 50–100 mg, that is, an order of magnitude 
more. Th us, even in the case of daily consumption 
of 10 eggs from chickens treated two or three times 
(with an interval of 10 days) with our nanosilver 
preparation in the indicated doses, the human 

body will receive a signifi cantly lower dose of sil-
ver than recommended per day.

Eff ect of nanosilver preparation on biochemi-
cal parameters of blood serum of laying hens

Th e results of biochemical studies of the blood 
serum of laying hens of two experimental groups 
compared with the control, which were carried out 
at the end of the experiment (on the 10th day aft er 
the administration of the third dose of the drug), 
are presented in Table 6.

One of the indicators of chicken liver function 
was the content of total protein and albumin in 
blood serum. As can be seen from the table, both 
of these parameters did not change in the blood 
serum of hens of the Research 1 group, which re-
ceived a lower dose of the nanosilver preparation 
(0.2 mg per hen) three times. Th e content of albu-
min did not change within the error in the blood 
serum of chickens of the Research 2 group, which 
were treated three times with a higher dose of the 
drug (0.4 mg per hen). However, the content of 
total protein in the blood of hens of this group in-
creased slightly, by an average of 34.1% (р<0.05) 
compared with the control group, which can be 
considered as a positive result. On the contrary, in 
the cited study [15], where nanosilver was added 
to the feed of broiler chickens for 6 weeks at doses 
of 10, 40 and 60 mg∙kg-1, signifi cant dose-depend-
ent negative changes were observed in the blood 

Parameter

Value

Groups of laying hens

Control Research 1 Research 2

Total protein, g∙dm-3 44 ± 3 46 ± 4 59 ± 3

Albumin, g∙dm-3 7.2 ± 0.5 7.1 ± 0.4 6.8 ± 0.6

Cholesterol, g∙dm-3 1.9 ± 0.3  2.2 ± 0.1 1.3 ± 0.1

Creatinine, mol∙dm-3 70 ± 6 76 ± 3 64 ± 4

Glucose, mmol∙dm-3 9.9 ± 1.0 11.9 ± 0.5 8.7 ± 0.7

ALT, U∙dm-3 12 ± 2 14 ± 1 11 ± 1

AST, U∙dm-3 130 ± 20 109 ± 8 140 ± 10

ALP, U∙dm-3 190 ± 20 205 ± 5 190 ± 20

GGT, U∙dm-3 5.8 ± 0.9 6.5 ± 0.5 3.7 ± 0.5

Ca, mmol∙dm-3 2.8 ± 0.5 3.2 ± 0.4 3.0 ± 0.2

P, mmol∙dm-3 1.8 ± 0.5 1.2 ± 0.1 2.3 ± 0.3

К, mmol∙dm-3 4.4 ± 0.3 5.2 ± 0.2 4.3 ± 0.4

Mg, mmol∙dm-3 1.0 ± 0.2 1.0 ± 0.1 1.1 ± 0.2

Table 6. Biochemical parameters of blood serum of laying hens aft er 30 days of the experiment (x±SD, n=5)
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serum at the end of the experiment, namely: de-
crease in the content of total protein, albumin and 
gamma globulins.

Th e content of creatinine and potassium in the 
blood serum refl ected the functional state of the 
kidneys of laying hens. Creatinine is a product of 
protein metabolism that is produced in the musc-
les, enters the bloodstream and is excreted by the 
kidneys. Th e content of creatinine in the blood 
serum of chickens of Research 1 and Research 2 
groups, which received nanosilver preparation 
with drinking water three times at doses of 0.2 
and 0.4 mg per hen, remained at the level of the 
Control group (Table 6). However, the content of 
potassium slightly increased (by 18.2 % at р<0.05) 
only in the blood serum of chickens from the Re-
search 1 group. 

Th e content (activity) of enzymes such as ALT, 
AST, ALP and GGT characterized the state of the 
liver and other vital organs of laying hens. In our 
experiment, no serious and systemic changes in 
the activity of these enzymes were observed in lay-
ing hens aft er a triple exposure of the nanosilver 
preparation in hybrid carriers (Table 6). Only a 
slight increase (on average by 16.7 %) in ALT ac-
tivity in the Research 1 group (p<0.05) compared 
with the Control group and a decrease in this indi-
cator by 8.3 % in the Research 2 group can be noted. 
Th ere was also a decrease by 16.2 % in AST activity 
in the Research 1 group (p<0.05) and an increase 
in the activity of this enzyme by 7.7 % in the blood 
of Research 2 chickens. Th e greatest eff ect was a 
decrease by an average of 36.2 % (p<0.05) of GGT 
activity in the blood serum of hens of the Research 
2 group, which received nanosilver at a dose of 0.4 
mg per hen three times (Table 6). A decrease in 
the activity of ALT, AST and ALP enzymes in the 
blood serum of broiler chickens aft er exposure to 
nanosilver was also observed in [10,15].

Th e content of glucose and cholesterol in the 
blood serum of laying hens were indicators of car-
bohydrate and lipid metabolism in their bodies. As 
can be seen from Table 6, both parameters changed 
little in the Research 1 and Research 2 groups 
compared to the Control group aft er three times 
treatment of chickens with nanosilver prepara-
tion in hybrid carriers. In the 1st group, where the 
chickens were given a smaller dose of nanosilver, 
the content of glucose and cholesterol increased 
slightly (on average by 20.2 and 15.8 %, respec-
tively, at p<0.05), and in the 2nd group, where the 

chickens received a large dose of the drug, these 
fi gures decreased by 12.1 and 31.6 %, respective-
ly. Th is can be regarded as a positive eff ect. In 
this case, a stronger (and unfavorable) eff ect of a 
lower dose of the drug on the carbohydrate and 
lipid metabolism of laying hens was manifested. 
A decrease in the level of cholesterol in the blood 
serum of broiler chickens under the action of na-
nosilver was also observed in [10,11].

Th e indicators of the content of total calcium, 
inorganic phosphorus, potassium and magnesium 
in Table 6 characterized the mineral metabolism in 
the blood serum of chickens. For Research 2 chick-
ens, which were treated three times with a higher 
dose of the drug, these indicators, within the er-
ror, remained at the level of the Control group. In 
contrast, in the blood serum of Research 1 chick-
ens, compared with the Control group, there was 
a slight increase in the content of calcium (by 14.3 
%), a decrease in the content of phosphorus (by 
33.3 %) and an increase in the content of potassi-
um, which has already been discussed above. As 
can be seen, a smaller threefold dose of the nanos-
ilver preparation had a greater eff ect on the miner-
al metabolism in the organisms of laying hens. Th e 
practical absence of the eff ect of nanosilver on the 
content of most macro- and microelements (ex-
cept iron) in the blood serum of broiler chickens 
was also noted in [16] aft er oral administration to 
chickens of uncoated and lipid-coated silver nan-
oparticles with a size of 22 and 5 nm, respectively, 
and a dose of 5 mg/kg of body weight.

Th e results of the studies indicate the absence of 
a toxic eff ect in the organisms of laying hens aft er 
three oral administration of nanosilver in hybrid 
carriers at doses of 0.2 and 0.4 mg per hen. Th is, 
obviously, is a manifestation of their high adaptive 
capabilities in relation to this preparation.

Concluding remarks 

Th us, our studies have revealed a number of im-
portant results that can become the basis of a 
new promising nanobiotechnology in the fi eld of 
poultry farming. First, hybrids of SiO

2
-g-PAAm 

with biocompatible and biodegradable compo-
nents have shown that they are suitable matrices 
for the formation, stabilization, and retention of 
very small AgNPs in their structure. Th e yield of 
metal nanoparticles in hybrid carriers increased 
signifi cantly with an increase in the initial Ag-salt 
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concentration. At a high concentration of the Ag-
salt, an unusual eff ect of a sharp appearance of the 
second SPRB in the UV-Vis spectra of the AgNO

3
/

SiO
2
-g-PAAm mixture was detected already a few 

minutes aft er the addition of the reducing agent. 
Th is was explained by the intensive growth of 
many AgNPs in one hybrid particle, which was 
accompanied by detachment of the graft ed PAAm 
chains from the SiO

2
 surface due to the breaking of 

hydrogen bonds. Th e obtained nanocomposite was 
easily purifi ed from by-products of in situ synthe-
sis of metal nanoparticles. It was easily diluted and 
had signifi cant time stability in an alkaline medi-
um and in “physiological solution”. In the strongly 
acidic pH region (pH~2), AgNPs in hybrid partic-
les began to dissolve, but the rate of this process 
was rather low. Th is fact led to the conclusion that 
our nanosilver preparation, when taken orally, will 
“pass” through the stomach of laying hens without 
signifi cant damage to AgNPs.

Th e next important result was the accumula-
tion of silver in various parts of the egg aft er oral 

administration of the drug to laying hens. Th is 
fact testifi ed to the penetration of the nanosilver 
preparation into the circulatory system of chick-
ens by passing through the digestive tract, ab-
sorption through the intestinal epithelium and 
further transport into the tissues of the chickens, 
including the oviducts, where the formation of 
protein and eggshell occurs. At the same time, it 
was shown that such penetration, which occurred 
three times aft er 10 days at doses of 0.2 and 0.4 
mg per chicken, did not cause a toxic eff ect on the 
body of laying hens. 

However, the most striking result was the selec-
tive endogenous accumulation of silver in the shell 
of chicken eggs compared to their protein and 
yolk. Th e reasons for this are not yet clear and re-
quire further research. But it is this fact that opens 
up the prospect of creating a simple and eff ective 
nanobiotechnology based on the developed nano-
silver preparation for obtaining chicken eggs with 
their own long-term protection from endogenous 
and exogenous pollution.
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ПЕРСПЕКТИВНА НАНОБІОТЕХНОЛОГІЯ ДЛЯ ПТАХІВНИЦТВА НА ОСНОВІ НАНОЧАСТИНОК СРІБЛА, 

ВБУДОВАНИХ У ПОЛІМЕР-НЕОРГАНІЧНІ ГИБРИДНІ НОСІЇ

Запропоновано перспективний композиційний матеріал для зниження ендогенного та екзогенного забруднення 

курячих яєць патогенною мікрофлорою в процесі їх утворення та зберігання. Його основу становлять 

біосумісні та біодеградабельні гібридні наноносії кремнезем/поліакриламід, що містять малі наночастинки 

срібла (d
av

=2,4±1,0 нм), які перорально вводять курям-несучкам з питною водою. Досліджено особливості 

формування наночастинок срібла в гібридних носіях шляхом борогідридного відновлення солі срібла за 

різних її концентрацій у водному розчині. Виявлено цікавий ефект різкої появи другої смуги поверхневого 

плазмонного резонансу в УФ-видимих спектрах суміші сіль срібла/гібрид за високої концентрації солі. Він був 

пояснений різкими структурними змінами в гібридних носіях, що викликані одночасним зростанням у них 

великої кількості AgНЧ. Передбачалось, що інтенсивне зростання багатьох AgНЧ в одній гібридній частинці 

супроводжувалось відокремленням прищеплених ланцюгів ПАА від поверхні SiO
2
 завдяки руйнуванню 

водневих зв’язків. Методами УФ-видимої спектроскопії, потенціометричного титрування та ТЕМ досліджено 

зміну стану композиційного матеріалу під впливом рН розчину, концентрації наночастинок, наявності NaCl 

(як у “фізіологічному розчині”) та видимого світла. Наносрібло в носіях показало високу стабільність щодо 

більшості з цих факторів. Досліджено вплив композиційного матеріалу на клінічний стан курей-несушок і 

важливі параметри їхніх яєць і крові у разі триразового (через 10 днів) перорального введення з питною водою 

дозою 0,2 та 0,4 мг на курицю на день. Виявлено вражаючий ефект селективної ендогенної акумуляції срібла в 

шкаралупі яєць. Це підтвердило проникнення наносрібного композиту в кровоносну систему курей шляхом 

проходження через травний тракт, всмоктування через кишковий епітелій і подальше транспортування в 

тканини курей, включаючи яйцепровід, де утворюються білок і яєчна шкаралупа. Показано, що проникнення 

композиту не викликало токсичний ефект в організмах курей-несушок. 

Ключові слова: наносрібний композиційний матеріал, кремнезем/поліакриламідні наноносії, структура і 

стабільність, кури-несушки, параметри курячих яєць і крові.




