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ABSTRACT. The aim of the study was to determine whether silver nanoparticles
(Ag-NPs) administered per os to chickens as a hydrocolloid at a dose of 2.87
or 12.25 mg per bird per whole experiment (D1 and D2, respectively) will affect
the accumulation of this element in tissues, immune and antioxidant responses,
and how the increasing of the Ag-NPs size from 5 nm to 25 or 40 nm (S-5,
S-25 and S-40, respectively) will influence these processes. The experiment
was carried out on 280 chickens assigned to 7 experimental groups. The
control group did not receive Ag-NPs. Other chickens received a hydrocolloid of
Ag-NPs at a concentration of 5 mg - " in the drinking water in 1 cycle x 7 days
(days 8-14 of life) for D1 and in 2 cycles x 7 days (days 8-14 and 3642 of
life) for D2. Neither Ag-NPs addition influences performance parameters of
birds. All sizes of Ag-NPs were accumulated in the intestine and liver with the
higher dose the higher accumulation relation. The villus height to crypt depth
ratio in jejunum was decreased by Ag-NPs administration. All doses and sizes of
Ag-NPs stimulated the immune system (except S-40) treatment) and inten-
sified oxidation stress in relation to the control group. However, the changes
observed in the immunological indices do not allow to draw clear conclusions
about the occurrence of inflammation state in the organism of chickens receiving
Ag-NPs. Concluding, it has been demonstrated that oral administration of
Ag-NPs to chickens influences the morphology of the gastrointestinal tract and
the parameters of immune and redox status. This effect varies depending on the
dose and size of used Ag-NPs, so there is still a need for further investigation in
order to assess the suitability of Ag-NPs in poultry nutrition.
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Introduction in poultry diets are conducted (e.g., Ognik et al.,

2016a,b).

Silver is an antibiotic with unique properties
on the nanoscale that has been used in many fields
(McShan et al., 2014). Silver nanoparticles (Ag-NPs),
due to their antibacterial properties, are used in
animal production as disinfectants and in order to
reduce emissions of ammonia and nitrogen oxides
(Xu et al., 2013). Currently, studies on their use

Apart from advantages, the use of nanometals
entails the risk of their accumulation in the body.
According to Panyala et al. (2008), only 10-20%
of metallic silver is absorbed in the gastrointesti-
nal tract, primarily in the duodenum and small in-
testine. However, when van der Zande et al. (2012)
administered nanosilver (15 and 20 nm) to rats for
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28 days, a high content of this metal in the walls of
the stomach and small and large intestines was found.
The toxicity of absorbed nanosilver depends on many
factors, mainly on the surface oxidation of nanoparti-
cles, the release of Ag" ions, and thus interactions with
biomolecules (Reidy et al., 2013). Accumulation of
nanosilver in the cytoplasm can impair mitochondrial
function through mechanical damage or by blocking
electron transport in the respiratory chain, resulting
in increased reactive oxygen species (ROS) produc-
tion (AshaRani et al., 2009). In addition, silver ions
can replace iron in proteins and induce a Fenton reac-
tion, which leads to generation of ROS (Gordon et al.,
2010). Due to the high affinity for sulphur groups, sil-
ver binds to glutathione (GSH) in cells, impairing its
antioxidant functioning and thereby increasing cell
susceptibility to ROS (Carlson et al., 2008). ROS re-
sulting from the action of nanosilver can arrest cell
division and cause death via cell membrane lipid per-
oxidation, activation of the caspase cascade, impair-
ment of autophagocytosis, and damage to DNA and
RNA (Wang et al., 2015). There is, however contra-
dictory information regarding the effects of metallic
nanoparticles, including nanosilver, on immune pro-
cesses (Wen et al., 2016). As yet, not cytotoxic but
only immunosuppressive effect on immunocompe-
tent cells has been demonstrated. In a number of stud-
ies a stimulating effect of metal nanoparticles on the
activity of phagocytic cells — macrophages, dendritic
cells and peripheral blood phagocytes was indicated
(Mataczewska, 2014). These cells easily ingest na-
noparticles, which can lead to the expression of pro-
inflammatory cytokines such as tumour necrosis fac-
tor (TNF)-alpha, interleukin 1 (IL-1) and interleukin
6 (IL-6) (Yen et al., 2009).

It was assumed that the size of Ag-NPs in a hy-
drocolloid and the dose of Ag-NPs applied per os to
chickens affect Ag accumulation in tissues and the
body immune and antioxidant responses. The aim of
the study was to determine how increasing the size of
Ag-NPs from 5 nm to 25 or 40 nm in a hydrocolloid
administered to chickens at a dose 0of 2.87 or 12.25 mg
per bird will affect the accumulation of this element in
the tissues and the immune and antioxidant responses.

Material and methods

Nanoparticles

In the study an aqueous solution of a silver nano-
colloid at a concentration of 50 mg ‘17! was used (the
one concentration for Ag-NPs size 5, 25 and 40 nm).
Concentrations of 5 mg -1"! were taken from this so-
lution to perform the experiment. Ag-NPs were non-

ionic, nanocrystalline, chemically pure and were
produced in a physical process (a non-explosive,
high-current method for degradation of metals) by
a patented technology licensed by Nano Technolo-
gies Group, Inc. (Chicago, IL, USA). All informa-
tion about this product are included in European
Patent Specification (EP 2 081 672 B1). Figure 1
presents magnified crystalline metallic nano-parti-
cles (nano-crystallites) using transmission electron
microscopy (TEM). The silver platelets are so thin,
that the graphite substrate of the carbon substrate
membrane is ‘visible’ through them (Figure 1).

Figure 1. Transmission electron microscopy (TEM) images of pure
silver particles (Kulak et al., 2018a)

On the basis of photographs taken by a transmission
electron microscopes Tecnai G2 T20 X-TWIN (FEI,
Hillsboro, OR, USA) and LEO 912AB (Carl Zeiss
GmbH, Jena, Germany), the average size of the
Ag-NPs was estimated at about 5 nm (Figure 2).

Animals

The study was conducted on 1-day-old Ross 308
male chickens raised until the age of 42 days. The
experimental procedure was approved by the Second
Local Ethics Committee for Experiments with Ani-
mals in Lublin (approval no. 30/2014). The birds were
kept in pens on straw litter and reared in standard con-
ditions in a building with regulated temperature and
humidity. Animals had ad libitum access to drinking
water and complete compound feeds (Table 1). The
nutritional value of feeds corresponded to the value
of feeds used in practical feeding of broiler chickens
in Poland. The nutritional value of the basal diets was
calculated according to the Polish Feedstuff Analysis
Tables (Smulikowska and Rutkowski, 2005). The ex-
periment was carried out on 280 chickens assigned to
7 experimental groups of 40 birds each (4 replica-
tions of 10 individuals each).
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Figure 2. Hydrocolloid of silver nanoparticles (Ag-NPs) size distribution:
A-5nm,B-25nmand C-40nm

The control (C) group did not receive Ag-NPs
(Table 2). The chickens in groups S-5p;), S-5m
S-25p1, S-25p2, S-40p;, and S-40p, received
a hydrocolloid of Ag-NPs at a concentration of 5
mg - 1! as a drinking water (Table 2). The chickens
in groups S-S(Dl) and S-5,) received Ag-NPs 5 nm in
size, groups S-25 o and S-25p, received 25 nm Ag-
NPs, and groups S-40p,and S-40p,, were given 40 nm
Ag-NPs. The chickens received the hydrocolloid of
Ag-NPs at a dosage of 2.87 mg per bird per whole
experiment (1 cycle x 7 days; days 8-14 of life) —

Table 1. Composition of diets for broiler chickens

Starter Grower Finisher
Indices weeks weeks week
1-3 4-5 6
Ingredients, g - kg™
wheat 452.8 367.6 330.7
maize 150.0 250.0 300.0
soyabean meal 272.2 227.9 1781
rapeseed meal 20.0 40.0 60.0
soyabean oil 20.0 40.0 60.0
DDGS' 40.07 43.58 46.87
monocalcium phosphate  11.03 5.42 2.05
CaCo, 16.07 10.93 8.52
NaCl 3.63 3.23 2.83
DL-methionine (99%) 3.61 240 2.00
L-lysine HCI (78%) 427 297 3.12
L-threonine (99%) 1.31 0.94 0.82
Premix?® 5.0 5.0 5.0
Calculated composition, g - kg™
metabolisable energy, 3070 3140 3190
keal - kg™
crude protein 210.0 198.5 187.5
crude fibre 27.2 29.8 32.2
crude fat 65.9 745 81.4
Lys 13.5 1.7 10.9
Met 6.7 55 5.0
Met + Cys 10.1 8.8 8.3
Trp 25 2.3 2.1
Arg 13.1 121 1.1
Ca 9.8 7.3 6.0
P available 39 28 21
Na 1.6 15 14

'DDGS - maize distillers dried grains with solubles; 2vitamin provided
per kg of diet: wks 1-3: IU: vit. A 15 000, vit. D, 5 000, vit. E 112; mg:
vit. K, 4, vit. B, 3, vit. B, 8, vit. B, 5, vit. B,, 16, folic acid 2, biotin 0.2,
nicotinic amid 60, calcium pantothenicum 18; g: choline 1.8; wks 4-5:
IU: vit. A12 000, vit. D, 5 000, vit. E 75; mg: vit. K, 2, vit. B, 2, vit. B, 6,
vit. B, 4, vit. B, 16, folic acid 1.75, biotin 0.05, nicotinic amid 60,
calcium pantothenicum 18; g: choline 1.6; wk 6: 1U: vit. A 12 000,
vit. D, 5 000, vit. E 75; mg: vit. K, 2, vit. B, 2, vit. B, 5, vit. B, 3,
vit. B,, 11, folic acid 1.5, biotin 0.05, nicotinic amid 35, calcium
pantothenicum 18; g: choline 1.6; ®trace minerals provided per kg
of diet: mg: Mn 100, Zn 80, Fe 80, Cu 8, I 1, Se 0.15; coccidiostat —
salinomycin (except wk 6)

groups S-5 . S-25 - and S-40,; . and at a dosage
of 12.25 mg per bird per whole experiment (in
2 cycles x 7 days; days 8—14 and 36-42 of life) —
groups S-5 .. S-25 and S-40,,)- The periods of
administration of Ag-NPs were based on the results
of our previous research (Kulak et al., 2018a,b). In
those studies it was found that administration of Ag-
NPs in doses of 2.87—12.25 mg per bird stimulated
immune and antioxidant status without inducing an
inflammatory reaction or oxidative stress and with

no negative effect on meat quality (Kulak et al.,
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Table 2. Experimental design

Treatment'
C S-5(D1) 3'5@2) S-25(D1)S-25(D2)S-40(m)S-4O(

Size of Ag-NPs,nm 0 5 5 25 25 40 40

Indices
D2)

Concentration 0 5 5 5 5 5 5
of Ag-NPs, mg - I

Cyclical 0 1x7 2x7 1x7 2x7 1x7 2x7
administration

of Ag-NPs?

Total Ag-NPs 0 287 1225 287 1225 287 1225

applied, mg - bird™!

'C - control group which did not receive silver nanoparticles (Ag-NPs),
S-5, §-25 and S-40 - groups in which chickens received 5, 25 and
40-nm Ag-NPs, respectively; D1 and D2 — groups in which Ag-NPs
were administrated at a dose of 2.87 and 12.25 mg per bird per whole
experiment, respectively; 21 x 7 — administration on days 8-14 of life,
or 2 x 7 — administration on days 8-14 and 36-42 of life

2018b). At 42 day of age, blood samples were
collected from 2 birds per replicate (8 birds per
group) representing average body weight (BW);
after slaughter, the liver, heart, small intestinal
wall, jejunum and breast muscle were collected for
histological and biochemical analyses.

Laboratory analysis

The leukocyte count (WBC) in the blood was
estimated in an Abacus Junior Vet haematology
analyser (Diatron, Budapest, Hungary). The Win-
trobe method was used to determine the erythrocyte
sedimentation rate (ESR) in the blood, i.e. the rate at
which erythrocytes settle out of unclotted blood in
1 h (Bomski, 1995). Ceruloplasmin (Cp) activity in
the blood plasma was determined by the p-phenyl-
enediamine colorimetric method according to Sun-
derman and Nomoto (1970). The immunological
analyses involved determination of the phagocytic
activity of leukocytes against the Staphylococcus
aureus 209P strain, expressed as the percentage of
phagocytic cells (% PC) and the phagocytic index
(PD) (Siwicki et al., 1994). The respiratory burst ac-
tivity of the heterophils was quantified by nitroblue
tetrazolium reduction (NBT) to formazan as a mea-
surement of production of oxygen radicals (Park
et al., 1968). The concentration of immunoglobulins
(Ig) A and Y, and IL-6 in the blood were determined
using assays from Elabscience Biotechnology Co.,
Ltd (Houston, TX, USA). Serum lysozyme con-
tent was determined by the turbidimetric method
(Siwicki and Anderson, 1993). Superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx)
activity in the erythrocytes was determined using
Ransod and Ransel diagnostics kits from Randox

(Belfast, North Ireland), and catalase activity (CAT)
was determined according to Aebi (1984). Plasma
content of reduced and oxidized form of glutathi-
one (GSH and GSSG, respectively), lipid peroxides
(LOOH) and malondialdehyde (MDA) were deter-
mined according to methods described by Ognik
and Wertelecki (2012).

Silver contents in samples of the liver, heart,
small intestinal wall and breast muscle were deter-
mined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The following indi-
cators of antioxidant status were determined in the
breast muscle as described previously (Ognik and
Wertelecki, 2012): SOD and CAT activity and con-
centration of LOOH, MDA, GSH and GSSG.

Samples of the intestine (jejunum) were cut in
two lengthwise and fixed for 24 h in 5% formalin,
pH 7.2. Within 24 h the fixed tissue fragments were
passed through increasing concentrations of alcohol
solutions, acetone and xylene into paraffin blocks in
a tissue processor (Leica TP-20, Leica, Nussloch,
Germany). Paraffin-embedded microscope sections
5 pm thick were stained with haematoxylin and
eosin (HE staining). Morphometric evaluation of
the length of the villi and depth of the crypts was
carried out using a computer-assisted microscopic
image analysis system. The system includes a light
microscope (Nikon Eclipse E600, Nikon INC., Mel-
ville, NY, USA) with a digital camera (Nikon DS-
Fil, Nikon INC., Melville, NY, USA) and a com-
puter with image-analysis software (NIS-Elements
BR-2.20, Laboratory Imaging, Nikon INC., Mel-
ville, NY, USA). In each jejunum tissue slide 20 villi
cut in two lengthwise and 20 crypts were measured.
The length of the villus was measured from the tip
to the base.

Statistical analysis

The model assumptions of normality and ho-
mogeneity of variance were examined by the Sha-
piro-Wilk and Levene tests, respectively. The com-
parison of control group vs all other groups was
performed by planned contrast analysis. In a model
without the control (C), two-way ANOVA was per-
formed to examine main effects: S — Ag-NP size ef-
fect (5, 25 and 40 nm), D — dosage effect (2.87 mg
and 12.25 mg per bird per whole experiment, D1
and D2, respectively), and the interaction between
these two factors (S x D). If the analysis revealed
a significant interaction (P < 0.05), the differences
between treatment groups (S-5p1y, S-5p2), S-25(p1)s
S-25p2), S-40p1) and S-40 p,)) were then determined
by the Newman-Keuls post hoc test at P < 0.05.
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The statistical analysis was performed according to
the GLM procedure for Statistica 8.0 PL software
(StatSoft Polska, Krakow, Poland). Treatment ef-
fects were considered to be significant at P < 0.05.
All data were expressed as mean values with pooled
standard error (SE).

Results

Effect of addition of silver nanoparticles

It was found that the application of Ag-NPs had
no adverse effect on the chicken growth perfor-
mance (Table 3). The survival rate of the chickens
was 100%. Per os administration of a hydrocolloid
of Ag-NPs resulted in the accumulation of this ele-
ment in the small intestine and liver (both P<0.001),
but not in the heart or breast muscle. Accumulation

Table 3. Performance parameters of chickens

Body weight, Feed conversion
Indices kg - bird™ ratio, kg - kg™
1-42 day 1-42 day
Treatment!'
control 2.260 1.69
Ag-NP-treated
S-5p1) 2.250 1.68
S-5p 2.245 1.68
S-251) 2.265 1.70
S-25p2) 2.248 1.71
S-40p1) 2.250 1.69
S-402) 2.265 1.70
SEM 0.043 0.012
Main effects
size effect (S) S-5 2247 1.68
S-25 2256 1.70
S-40 2257 1.69
dosage effect (D) D1 2.255 1.69
D2 2252 1.68
P-value
control vs all others 0.158 0.695
S effect 0.263 0.963
D effect 0.642 0.884
S x D interaction 0.084 0.692

'see Table 2; SEM - standard error of the mean (SD for all chickens
divided by square root of number of chickens, n = 56)

of larger Ag nanoparticles was greater in the intes-
tines than in the liver (Table 4). As compared to the
control, the intestinal villi were longer in chickens
from the S_S(Dl) treatment, but shorter in chickens
from S-25(D1), S-ZS(DZ), S-40(D1) and S-4O(D2) treat-

ments (P = 0.006). At the same time, crypt depth

Table 4. Content of Ag in intestine, liver, heart and breast muscle of
chickens

Content of Ag, ng - g'

Indices Intestine liver heart bmrS:SIte
Treatment'
control <L0Q <LOQ <LOQ <LOQ
Ag-NP-treated
S-5p1) 0.340=* 0.375" <LOQ <LOQ
S-S 0.898> 0.482=* 0.02 <LOQ
S-250p1) 0.426%* 0.168* <LOQ <LOQ
S-25) 1.030®%* 0.232¢ <LOQ <LOQ
S-4001) 0.595* 0.105** <LOQ <LOQ
S-400p) 1.230* 0.158%* <LOQ <LOQ
SEM 0.033 0012 - -
Main effects
size effect (S) S-5 0.619° 0428 - -
S-25 0.728°  0.200° - -
S-40 09122  0.131° - -
dosage effect (D) D1 0.453%  0.2168 - -
D2 1.0524  0.290% - -
P-value
control vs all others <0.001  <0.001
S effect 0.014 0.001 - -
D effect 0.002 0.016 - -
S x D interaction 0.036 0.042 - -

'see Table 2; <LOQ - limit of quantification (0.001); * — means within
the same column differ significantly from the control at P < 0.05 as
a result of Dunnett's mean comparison; @ or - — means within the
same column with different superscripts differ significantly (P < 0.05)
according to Newman-Keuls test (for treatments only if interaction
S x T is significant; for main effects only if main effect (S or D) is
significant); SEM — standard error of the mean (SD for all chickens
divided by square root of number of chickens, n = 56)

was found to be greater (P = 0.012) in chickens from
S-25p1), S-251p2), S-40p;, and S-40,, treatments
than in the control (Table 5). Blood analysis re-
vealed that the administration of the Ag-NPs hydro-
colloid resulted in an increase in ESR in chickens
from the S-40,, treatments (P = 0.024), an increase
in IL-6 content in chickens from S-5x,), S-25p,, and
S-40,p,) treatment (P = 0.048), and a decrease in Cp
activity (P = 0.039) in chickens from S-5p,, and
S-5p2 treatments, with respect to the control
(Table 6). The blood of chickens from S-5p,),
S-252) and S-40,, treatments was characterized by
a higher NBT value than that of the control chickens
(P = 0.042). Higher lysozyme content (P = 0.039)
was noted in the blood of chickens from S-5p,),
S-52), S-25pp1) and S-40p,, treatments than in the
control (Table 7). In chickens administered with
Ag-NPs increased values of LOOH (P = 0.033) and
MDA (P = 0.005) in the plasma were noted. In
comparison to the control, there was a decrease in
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Table 5. Measurements of the villi and crypts of the jejunum

Villi of the  Crypts Villus
Indices jejunum,  of the height : crypt
um jejunum, ym  depth ratio
Treatment'
control 2185 154.62 14.11
Ag-NP-treated
S-5p1 2232° 163.4 13.65*
S-502 2037 157.9 12.89*
S-2501) 1982 184.2° 10.86*
S-250p 1878* 176.4* 10.64*
S-4009) 1946* 184.6 10.53*
S-400; 1831* 168.2* 10.88*
SEM 0.236 0.018 0.037
Main effects
size effect (S) S5 21342 160.6° 13.272
S-25 1930® 180.32 10.75°
S-40 1888° 176.4% 10.70°
dosage effect (D) D1 2053 177.4 11.68
D2 1915 167.5 11.47
P-value
control vs all others 0.006 0.012 0.021
S effect 0.042 0.031 0.032
D effect 0.164 0.264 0.365
S x D interaction 0.224 0.342 0.745

"see Table 2; * — means within the same column differ significantly
from the control at P < 0.05 as a result of Dunnett's mean comparison;
® — means with different superscripts within the same column differ
significantly (P < 0.05) according to Newman-Keuls test (for treatments
only if interaction S x T is significant; for main effects only if main effect
(S or D) is significant); SEM — standard error of the mean (SD for all
chickens divided by square root of number of chickens, n = 56)

GSH and an increase in GSSG contents (P = 0.052)
and SOD activity (P = 0.042) in chickens from the
S-5,,, treatment (P = 0.027), while an increase in
GPx activity (P = 0.024) was noted in S-5 o1y 57302
and S-40,,, treatments (Table 8). In the breast mus-
cle, the S-5,,, treatment increased the content of
LOOH (P =0.003) and MDA (P = 0.018), while the
S-5, treatment increased only the content of
LOOH (P = 0.003) as compared to the control
(Table 9). In comparison to the control group, the
S-25,, treatment resulted in a decrease in MDA
content (P = 0.018), while the S-40,5, treatment
caused a decrease in SOD activity (P <0.001) in the
chicken breast muscle (Table 9).

Effect of dosage of silver nanoparticles

The chickens receiving a hydrocolloid of Ag
nanoparticles at a concentration of 5 mg - 1! in
treatment D1 ingested a dose of 2.87 mg per bird,
while in D2 they ingested a dose of 12.25 mg per bird.
Experimental treatments D1 and D2 did not affect

Table 6. Inflammation indices (erythrocyte sedimentation rate (ESR),
leukocytes content (WBC), ceruloplasmin activity (Cp) and interleukin
6 level (IL-6)) of chicken blood

Indices ESR, WBC, Cp, IL-6,
mm-h*10°-1"" U-I""  pg-ml!
Treatment'
control 2.26 2261 0328 0.062
Ag-NP-treated
S-501) 2.35 23.09 0.267* 0.075*
S-502) 244 2264 0.259* 0.064
S-25p) 217 2312 0.308 0.071*
S-25, 2.37 2426  0.331  0.058
S-40p1) 2.41 23.09 0318 0.062
S-40,0 3 2237 0314 0.073
SEM 0.022 0.004 0.011  0.006
Main effects
size effect (S) S5 23% 2270 0.263° 0.069
S-25 227 2369 03190 0.064
S-40 2760 2272 0316 0.067
dosage effect (D) D1 2.31 2310 0.297  0.069
D2 2.64 23.09 0.301 0.065
P-value
control vs all others 0.024 0.632 0.039 0.048
S effect 0.051 0.264 0.042 0.074
D effect 0.254 0.842 0.082 0.126
S x D interaction 0.355 0514 0625 0312

"see Table 2; * — means within the same column differ significantly
from the control at P < 0.05 as a result of Dunnett's mean comparison;
® _ means with different superscripts within the same column differ
significantly (P < 0.05) according to Newman-Keuls test (for main ef-
fects only if main effect (S or D) is significant); SEM — standard error
of the mean (SD for all chickens divided by square root of number of
chickens, n = 56)

the chicken growth performance (Table 3), the
length of the villi and depth of the crypts (Table 5),
or indicators of systemic inflammation (Table 6).
Compared to D1, D2 chickens had a higher content
of Ag in the gut (P = 0.002) and liver (P = 0.016)
(Table 4). Chickens from D1 and D2 treatments
showed no Ag accumulation in the heart or breast
muscle (Table 4). The chickens from the D2
treatment had a higher NBT value in the blood
(P = 0.044) than D1 chickens (Table 7). In the case
of NBT, the statistical interaction of dose and size of
Ag-NPs (P =0.012) was due to the different effects
of the two doses of Ag-NPs: dose D1 decreased
NBT while dose D2 — increased (Table 7). The
plasma of the D2 chickens had lower content of
GSH (P = 0.021) and higher content of GSSG
(P =0.043) than the chickens from the D1 treatment
(Table 8). Lower SOD activity (P = 0.008) was
noted in the homogenates of the breast muscle
of the D2 chickens than of the D1 chickens
(Table 9).
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Table 7. Immunological indices (immunoglobulin A and Y content (IgA
and IgY, respectively), percentage of phagocytic cells (%PC), phago-
cytic index (P!), test of reduction of nitroblue-tetrazolium by heterophils
(NBT) and lysozyme content) of chicken blood

Table 8. Antioxidant indices (content of lipid peroxides (LOOH),
malondialdehyde (MDA), reduced glutathione (GSH) and oxidized
glutathione (GSSG), and activity of superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase (CAT)) of chicken blood

_ IgA lgY : NBT Lyso-
Indices ng - ml" %PC Pl test rznyén.el,_1
Treatment'

control 0206 0.694 3549 511 2983 3.97

Ag-NP-treated

S-5p) 0.189 0.648 3828 487 32.14> 545
S-S5 0.194 0709 3446 506 36.42* 569
S-25p1) 0201 0719 39.14 488 30.61° 528
S-25m 0215 0675 3367 524 37.88"* 4.09
S-40p9) 0.193 0.683 3748 513 34.25® 4.17
S-40pz) 0206 0.713 3544 4.63 38.44° 4.86

SEM 0.057 0.091 0.008 0.012 0.064 0.043
Main effects

size S5 0191 0678 36.37 496 3428 557°

effect(S) s-25 0208 0697 3640 506 3424 468

S-40 0199 0698 3648 4.88 36.34 451°

dosage D1 0.194 0683 3830 4.96 32.33® 4.96

effect©) p2 0205 0699 3452 497 3758 4.88
P-value

control 0.092 0354 0.609 0.824 0.042 0.022

vs all others

S effect 0.073 0.118 0.088 0.108 0.071 0.034

D effect 0.062 0.093 0.063 0912 0.044 0.077

S x Dinteraction 0.074 0.071 0.236 0.064 0.012 0.109

, LOOH MDA GSH GSSG SOD GPx CAT
Indices
pmol - ! U-g'Hb
Treatment!
control 726 0.829 0.334 0.042 1422 83.64 6125
Ag-NP-treated
S-51) 8.54* 1.088* 0.396 0.045 138.6 95.36* 582.3
S50 9.32¢ 1.106* 0.133* 0.053* 156.3* 106.2* 623.4
S-250p1) 8.96* 1.046* 0.464* 0.041 148.4 84.67 588.6
S-2500) 8.67* 0.887 0.342 0.046 151.5 79.94 614.2
S-40,01) 7.88 0.874 0.329 0.044 1453 94.66* 586.9
S-40p2) 8.86* 0.976" 0.395 0.055* 143.1 111.3* 608.6
SEM 0.039 0.145 0.088 0.026 0.036 0.055 0.034
Main effects
size S5 893 1.097 0.264° 0.049 147.4 100.72 602.8
effect(S) s25 881 0966 0403 0.043 149.9 82.30° 601.4
S-40 837 0.925 0.362*0.042 144.2 102.9° 597.7
dosage D1 846 1.002 0.396" 0.0438 144.1 91.56 585.9
efectD) p2 895 0989 0.290° 0.051* 150.3 99.14 615.4
P-value
control 0.033 0.005 0.027 0.052 0.042 0.014 0.061
vs all others
S effect 0.073 0.062 0.036 0.708 0.079 0.051 0.064
D effect 0.067 0.072 0.021 0.043 0.082 0.084 0.088
S x Dinteraction 0.512 0.641 0.368 0.114 0.266 0.098 0.154

'see Table 2; * — means within the same column differ significantly from
the control at P < 0.05 as a result of Dunnett's mean comparison; *®
or *8 — means within the same column with different superscripts differ
significantly (P < 0.05) according to Newman-Keuls test (for treatments
only if interaction S x T is significant; for main effects only if main effect
(S or D) is significant); SEM — standard error of the mean (SD for all
chickens divided by square root of number of chickens, n = 56)

Effect of silver nanoparticle size

Increasing size of Ag nanoparticles in the hy-
drocolloid administered per os to chickens was
not found to affect production results (Table 3).
As the Ag-NP size increased in the hydrocolloid,
accumulation of silver increased in the intestine
(P =0.014) and decreased in the liver (P = 0.001).
In addition, a statistical interaction of dose and
nanoparticle size was noted for Ag content in the
intestine and liver; dose D2 increased and dose D1
decreased silver content in the intestine (P = 0.036)
and liver (P = 0.042) (Table 4). Increasing size of
Ag-NPs in the hydrocolloid of Ag nanoparticles led
to a decrease in the length of the villi (P = 0.042)
and an increase in the crypt depth (P = 0.031) in the
small intestine of the chickens. This effect was re-
flected in villus length:crypt depth ratio (P = 0.032)

'see Table 2; * — means within the same column differ significantly
from the control at P < 0.05 as a result of Dunnett's mean comparison;
&b or A8 — means within the same column with different superscripts
differ significantly (P < 0.05) according to Newman-Keuls test (for main
effects only if main effect (S or D) is significant); SEM — standard error
of the mean (SD for all chickens divided by square root of number of
chickens, n = 56)

(Table 5). The increase in a size of the Ag-NPs in
the hydrocolloid resulted in an increase in ESR
(P = 0.051) in the blood of the chickens (Table 6).
In treatments S-25 and S-40, the Cp activity in the
blood was higher than in S-5 (P = 0.042), but at
the control level. The content of lysozyme in the
blood was lower in the S-25 and S-40 groups than
in S-5, but it was still higher than in the control
(P = 0.034) (Table 7). In the blood of S-25 chick-
ens GSH content (P = 0.036) and GPx activity
(P = 0.051) were higher than in chickens from S-5
and S-40 treatments (Table 8). In the S-25 chick-
ens, a lower MDA level (P = 0.047) in the breast
muscle was noted as well (Table 9). As compared
to S-5 and S-25 treatments, lower SOD activity was
observed in the breast muscle of the S-40 chickens
(Table 9).
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Table 9. Antioxidant indices (content of lipid peroxides (LOOH),
malondialdehyde (MDA), reduced glutathione (GSH) and oxidized
glutathione (GSSG), and activity of superoxide dismutase (SOD) and
catalase (CAT)) of the breast muscle of the chickens

) LOOH MDA GSH GSSG SOD  CAT
Indices - - ;
pmol - g™ U - g™ protein
Treatments
control 2856 0496 4.265 0233 5236 12.85
Ag-NP-treated
S-501 3.054* 0.533* 4125 0.245 4.944 13.12
S-S0z, 3.025* 0506 4.165 0.264 5.136 12.77
S-25p1) 2941 0.388* 4.058* 0.255 5.106 11.89
S-25(p) 2.861 0.482 4.235 0.208 5.078 1235
S-4009) 2.749 0514 4.095* 0274 5.366 11.52
S-400 2.944 0503 4147 0.247  2.145* 1239
SEM 0.207 0.049 0.095 0.007 0.167 0.103
Main effects
size S-5 3.039 05197 4145 0254 5.040° 12.94
effect(S) s.25 2.901 0.435° 4.146 0231 5.090° 12.12
S-40 2.846 0.508* 4.121 0.260 3.755° 11.95
dosage D1 2914 0478 4.092 0258 5.138* 12.17
effect©) p2 2943 0497 4182 0239 4.119° 1250
P-value
controlvsall  0.003 0.018 0.046 0.328 <0.001 0.109
others
S effect 0.063 0.045 0.071 0.066 0.002 0.073
D effect 0.076 0.133 0.061 0.073 0.008 0.084
S x D interaction0.067 0.079 0.464 0.309 0.166 0.095

see Table 2; * — means within the same column differ significantly
from the control at P < 0.05 as a result of Dunnett’s mean comparison;
&b or A8 — means within the same column with different superscripts
differ significantly (P < 0.05) according to Newman-Keuls test (for main
effects only if main effect (S or D) is significant); SEM - standard error
of the mean (SD for all chickens divided by square root of number of
chickens, n = 56)

Discussion

Ag-NPs are absorbed mainly in jejunum into en-
terocytes by means of active transport involving pro-
teins, endocytosis and diffusion. In the bloodstream,
Ag-NPs are bound with albumins and metallothio-
neins, due to their high affinity for sulthydryl groups
(-SH) (McShan et al., 2014).

According to van der Zande et al. (2012), who
investigated the distribution and elimination of silver
ions (in doses up to 9 mg - kg"! BW) and Ag-NPs (in
doses up to 90 mg - kg™ BW) in rats, Ag was detect-
ed in blood, liver, kidney, brain, spleen, testis, lung,
heart and bladder. In all silver treatments the highest
levels of Ag were observed in liver and spleen. Sil-
ver concentrations in the tested organs were highly
correlated with the amount of silver ions in the Ag-
NPs suspensions. Nanoparticles have high potential

to aggregate or agglomerate in solution. Gliga et al.
(2014) showed that the primary particle size seems
to be more important than the size of the agglom-
erates for silver release and for toxicity as well. In
the present study, irrespective of the dose or size of
Ag-NPs, Ag was found to accumulate in the wall of
the small intestine and in the liver of the chickens,
but not in the heart or breast muscle. In our study
it was shown that ingestion of 12.25 mg Ag-NPs
per bird led to greater accumulation of silver in the
small intestinal wall and the liver than in the case
of 2.87 mg Ag-NPs per bird. It was also found that
as the size of Ag-NPs in the hydrocolloid increased,
accumulation of this metal increased in the entero-
cytes of the small intestine but decreased in the he-
patocytes. Smaller nanoparticles (5 nm) more easily
penetrated the bloodstream through the enterocytes
than larger ones (25 or 40 nm), and then were ac-
cumulated to a greater degree in hepatocytes. In the
research on chickens it was shown that adminis-
tration of nanosilver leads to accumulation of this
metal in the intestinal walls (Ognik et al., 2017). It
was noted that transepithelial transport occurs with
a similar efficiency for Ag-NPs as for silver ions and
that silver is well absorbed (EFSA, 2016). This is in
the agreement with a report by the Danish Environ-
mental Protection Agency (Binderup et al., 2013) on
the systemic absorption of ingested nanomaterials.
In this report it was noted that Ag-NPs dissolve in
the gastrointestinal tract prior to absorption into the
bloodstream, and subsequently reach primarily the
liver and spleen and to a lesser degree other organs.

In our study, ingestion by chickens of a hy-
drocolloid of Ag-NPs 5 nm in size at a dosage of
2.87 mg per bird increased the length of the villi in
the small intestine. Administration of a hydrocolloid
of Ag-NPs 5 nm in size at a dosage of 12.25 mg per
bird had no effect on the histology of the small in-
testine. However, administration of Ag-NPs of larg-
er size — 25 and 40 nm — in the hydrocolloid, even
at the lower dose (2.87 mg per bird), caused a de-
crease in villus length and an increase in crypt depth
in the small intestine of the chickens. The increase
in villus length may have resulted from greater ac-
cumulation of larger Ag-NPs. This is probably due
to the formation of bonds between Ag and proteins
of enterocytes. So, the efficiency of Ag retention in
the intestinal walls is nanoparticles size- and dose-
dependent. In the study of Jeong et al. (2010) the
presence of Ag-NPs in the small and large intes-
tines of rats exposed to Ag-NPs (60 nm) for 28 days
was observed. Also, in that study the deposition of
Ag-NPs in the intestines was dose-dependent (the
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higher doses, the greater accumulation of the ele-
ment). According to Shahare et al. (2013) damage
of the intestinal epithelium was found in mice, to
which Ag-NPs were administrated orally at a dose
of 10 mg - kg™ BW - d! for 21 days. The authors
assumed that the decreased length of the microvilli
reduced the absorptive capacity of the intestinal epi-
thelium and led to a reduction of body weight. In our
previous experiment on chickens receiving an aque-
ous solution of Ag-NPs (5 mg - kg™ BW - d') with
a lipid coating, increased villus length and crypt
depth were observed, whereas in chickens receiving
Ag-NPs without the lipid coating a decrease in vil-
lus length and an increase in crypt depth was found
(Ognik et al., 2016a). In the study of Sawosz et al.
(2007) it was shown that administration of a solu-
tion of Ag-NPs to quails in drinking water exerted
no destructive effect on the intestinal villi. Also in
this study it stated that nanosilver can affect the first,
outer layer of intestinal wall cells and induce their
exfoliation, but without the damage of the tissue it-
self.

Ag-NPs have the ability to interact with compo-
nents of non-specific immunity, both humoral and
cellular. Within the first few seconds after contact
with body fluids, metallic nanoparticles form a pro-
tein corona composed of fibrinogen, immunoglobu-
lins, albumins and complement proteins, although
lysozyme and acute phase proteins may also un-
dergo this process. This phenomenon stimulates
complement, promotes phagocytosis of the particles
and initiates the inflammatory process, while at the
same time induces a change in the spatial conforma-
tion of proteins, which may lead to a loss of their
biological activity (Javanovi¢ and Pali¢, 2012). It
was shown in this study that the administration of
a hydrocolloid of 5 nm Ag-NPs to chickens at both
doses, 2.87 and 12.25 mg per bird reduced Cp ac-
tivity in the plasma. In the S-S(Dl) and S-5, treat-
ments also the accumulation of NPs in liver was
the highest, so it may be assumed that there might
have occurred some liver dysfunctions resulting in
a decrease in Cp activity in these treatments. Ad-
ministration of Ag-NPs, with larger sizes (25 and
40 nm), did not affect Cp activity. The increase in
IL-6, lysozyme and NBT levels observed in our re-
search may indicate the stimulation of the immune
system of chickens receiving Ag-NPs, even at small
size (5 nm) and dose. In the present study it was also
found that increasing the size of Ag-NPs adminis-
tered to the chickens to 40 nm increased the ESR
value. A particularly high value for this indicator as
compared to the control was noted in the blood of

the chickens receiving 40 nm Ag-NPs at a dose of
12.25 mg per bird. It can be assumed that the larger
nanoparticles, which accumulation was the greatest
in intestinal cells, in addition to their adverse ef-
fect on the growth of villi and crypts, also induced
inflammatory reactions. During the inflammatory
reaction, there is an increase in the concentration
of pro-inflammatory cytokines, which task is to re-
store systemic homeostasis (Polinska et al., 2009).
Changes in the relative proportions of individual
serum proteins during inflammation (an increase in
globulins and fibrinogen and a decrease in albumin)
result in faster sedimentation of blood cells. In the
present study, irrespective of the size of the Ag-NPs
in the hydrocolloid, administration of the higher
dose of 12.25 mg per bird was found to increase the
NBT value in the chicken blood. Decreasing the size
of Ag-NPs in the hydrocolloid administered to the
chickens caused an increase in lysozyme content in
the blood. The increase in the number of NBT-re-
ducing cells may be indicative of the stimulatory ef-
fect of administration of Ag-NPs on heterophils and
of increased capacity of heterophils for respiratory
burst and production of superoxide radicals. Once
ingested by neutrophils, nanoparticles (NPs) are
enclosed in phagosomes and chronically stimulate
them to respiratory burst, leading to their NETosis.
As a result, nanoparticles are released and become
available to other phagocytes, enabling long-term
recirculation in the body. NETosis induced by NPs
probably leads to the death of many mature forms
of neutrophils, and new immature cells may not be
fully competent (Javanovi¢ and Pali¢, 2012). During
the formation of the heterophil extracellular trap,
degranulation of granulocytes and monocytes and
the release of enzymes present in them, including
lysozyme, may also occur. Nanosilver administered
per os to chickens (both 22 nm Ag-nano and 5 nm
Agl-nano — Ag-NPs in lipid capsules) has been
shown to stimulate phagocytosis and increase the
metabolic activity of leukocytes (Ognik et al., 2016b).

In our research it was shown that irrespective of
the dosage and size of Ag-NPs, with the exception
of the S-40,, treatment, administration of Ag-NPs
to chickens increased plasma levels of LOOH and
MDA. However, increasing the dosage of Ag-NPs for
chickens intensified oxidative reactions in the body.
This is evidenced by the fact that the plasma content
of GSH was lower and that of GSSG was higher in
the chickens treated with Ag-NPs at 12.25 mg per
bird as compared to the chickens receiving a dose
of 2.87 mg per bird. Moreover, the breast muscle
of chickens receiving Ag-NPs at a dose of 12.25 mg
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per bird showed lower SOD activity than in chickens
receiving a dose of 2.87 mg per bird. Evidence that
the Ag-NPs (5 mg - kg'! BW - d) in the experi-
ment initiated oxidative stress in the organism of the
chickens is the increase in LOOH and MDA con-
tents, and decrease in SOD and CAT activities noted
in the plasma (Ognik et al., 2016b). Ahmadi (2012),
after administering nanosilver to chickens in concen-
trations of 20, 40 and 60 ppm - kg™! of feed, also ob-
served an increase in the content of MDA and a de-
crease in the activity of antioxidant enzymes (SOD,
GPx and CAT) in the plasma, which was in direct
proportion to the dose of nanosilver in the feed. In
our study it was noted that from three sizes of Ag-
NPs (5, 25 and 40 nm) administered to chickens in
a hydrocolloid, the 25 nm Ag-NPs showed the least
tendency to induce oxidative reactions. This is con-
firmed by the lowest MDA content in the breast mus-
cle and the highest GSH content in blood of chick-
ens receiving 25 nm Ag-NPs in a dose of 2.87 mg
per bird compared to control. Moreover the GPx
activity in the erythrocytes was the lowest in S-25
treatment in comparison to S-5 and S-40 ones, but
at the control level. Normally, as the size decreases,
the bioavailability of Ag-NPs becomes higher. Liu
et al. (2010) compared the toxicities of three kinds of
nanosilver at different sizes (5, 20, and 50 nm), and
showed that smaller nanoparticles enter cells more
easily than larger ones, which may be the cause of
greater toxic effects. The particles with larger sizes
may be cleared more easily than the smaller ones
(Wen et al. 2016).

Conclusions

It has been demonstrated that oral administra-
tion of silver nanoparticles (Ag-NPs) to chickens
influences the morphology and functioning of the
gastrointestinal tract, as well as the parameters of
immune and redox status. This effect varies depend-
ing on the dose and size of the used Ag-NPs, so
there is a need for further investigation in order to
assess the suitability of Ag-NPs in poultry nutrition.
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