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Abstract

The aim of the study was to assess the biocompatibility of gold nanoparticles (Au-NPs) for chick-
ens by investigating their effect on their growth, hematological parameters, markers of oxidative
stress, and indicators of liver and kidney function. The experiment was carried out on 54 chick-
ens assigned to 3 experimental groups of 18 birds each. The control group did not receive gold
nanoparticles. The birds in group Au-NPs,  received gold nanoparticles in a tube into a crop at
a rate of 2.0 mg/kg body weight/day, while the birds in AuNPs_  group at a rate of 5.0 mg/kg body
weight/day. The blood for analysis was collected after 7, 14, 21 and 28 days of Au-NPs application.
The obtained results indicate that short-term (7-14 day) exposure to lower dose (2.0 mg/kg b.w./
day) of AuNPs had no toxic impact on chickens, but the extension of the duration time caused
toxicological effects evidenced by growth inhibition as well as induction of oxidative stress and
liver injury. The higher dose of AuNPs (5.0 mg/kg b.w./day) exerted toxic effects already after
7-14 days of supplementation.
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According to the American Society for Testing and Materials (2006), the term
“nanoparticles” refers to particles of which at least one dimension is less than
100 nm. Reducing the dimensions of particles increases their surface-area-to-volume
ratio and the proportion of atoms exposed to the outside, which in turn increases their
chemical reactivity and gives them physicochemical properties distinct from those of
traditional materials (Nel et al., 2006). Gold nanoparticles (AuNPs) have been used as
biosensors, in photothermal and cancer therapy, in drug delivery, and in the treatment
of rheumatoid arthritis (Siddiqi and Husen, 2017). Some experiments have revealed
antimicrobial properties of AuNPs against many pathogenic bacteria strains such as
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Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Klebsiella pneumonia, and
Salmonella typhimurium (Shamaila et al., 2014; Surekha, 2017). Because AuNPs do
not induce bacterial resistance it may be an alternative to antibiotics (Li et al., 2014).
AuNPs can also serve as adjuvants to improve the effectiveness of vaccination by
stimulation of antigen-presenting cells and controlling release of antigens (Dykman
and Khlebstov, 2017). Studies on mice (Sengupta et al., 2013; Mataczewska, 2015)
and also on chickens (Sembratowicz and Ognik, 2018) have revealed that AuNPs
possess capacity to enhance a humoral and cell-mediated immune response. Due to
their antimicrobial and immune-modulating properties there is a possibility of using
AuNPs in poultry production. The studies conducted by Zielinska et al. (2011 a,
b) have shown that AuNPs administered in ovo for chickens, positively influenced
muscle development during embryogenesis without causing toxic effects. In another
study, Pineda et al. (2012) reported that they did not negatively affect chicken em-
bryos growth and development. Sawosz et al. (2010) also stated no abnormalities
in the development of chicken embryos treated by AuNPs and, moreover, did not
detect their pro-inflammatory activity. The main advantage of AuNPs is that they
are easy to synthesize by chemical reduction technique and are also characterized by
a low toxicity compared to other nanomaterials (Shamaila et al., 2014). Both in vitro
research on populations of murine and human cells and in vivo experiments have
shown high biocompatibility of AuNPs (Connor et al., 2005; Shukla et al., 2005;
Jo et al., 2015). However, many experiments have proved toxic effect of AuNPs for
living organisms (Cho et al., 2009; Alkilany and Murphy, 2010; Yah, 2013). Due
to their small size, nanoparticles (NPs) can easily penetrate biological membranes,
reach individual cells and organs, where they may accumulate and contribute to sig-
nificant injuries or dysfunction (Unfried et al., 2007). Metal NPs may be the cause
of oxidative stress (Pan et al., 2009), inflammation (Schrand et al., 2008; Sembrato-
wicz and Ognik, 2018), hematological alterations (Abdelhalim and Moussa, 2012),
modification of proteins (Saptarshi et al., 2013) and autoimmune reactions (Zolnik et
al., 2010). All of these effects complicate in vivo application of AuNPs. It should be
noted here that the biological effects of nanoparticles depend on numerous factors,
such as dose, diameter, shape, aggregation and surface coating (Dobrovolskaia et al.,
2009; Alkilany and Murphy, 2010; Abdelhalim and Moussa, 2012; Yah, 2013). Other
important factors include time and route of exposure, the kind of animal, uptake,
metabolism, excretion and immune response (Zhang et al., 2010, 2011; Xu et al.,
2013).

Most research on the biological activity of AuNPs has been conducted on experi-
mental animals (mice and rats), while the data about the impact of their application
in poultry is insufficient. We assumed that the bird’s response to AuNPs exposure is
similar to mammals and may be manifested by the occurrence of oxidative stress,
development of inflammation, growth inhibition or disturbances of internal organs
function. Therefore it was considered worth analyzing, how per os administration
of different doses of AuNPs for chickens affects their growth, hematological param-
eters, markers of oxidative stress as well as indicators of liver and kidney function.
This is a pilot experiment that will allow establishing a safe dosage level and dura-
tion time of AuNPs application for chickens in case of its use in the future.
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Nanoparticles

The subject of the study was an aqueous solution of a gold nanocolloid at a con-
centration of 50 mg/l. Concentration of 20 mg/l was prepared from this solution for
the purposes of the experiment. The AuNPs were non-ionic, nanocrystalline, chemi-
cally pure particles 5 nm in size, produced in a physical process (a non-explosive,
high-current method for degradation of metals) by a unique patented technology li-
censed by Nano Technologies Group, Inc. (Chicago, II, USA). All information about
this product is included in European Patent Specification (EP 2 081 672 B1). AuNPs
were characterized for size distribution and shape by using transmission electron
microscope (TEM) Tecnai G2 T20 X-TWIN (FEI, Hillsboro, USA) and LEO 912AB
(Carl Zeiss, Jena, Germany). TEM images have shown that nanoparticles possess the
shape of plates having a thickness of 3—5 atoms (Figure 1), and the average size was
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estimated at about 5 nm (Figure 2).
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Figure 2. Hydrocolloid of gold nanoparticles size distribution (Sembratowicz and Ognik, 2018)
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Figure 1. Transmission electron microscopy images of gold nanoparticles (Sembratowicz and Ognik,
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Animals

The material for the study consisted of 7-day-old Ross 308 chickens () raised
until their 35th day of life. The experimental procedure was approved by the Sec-
ond Local Ethics Committee for Experiments with Animals in Lublin (approval no.
30/2014). The birds were kept in pens on straw litter and reared in standard hygiene
conditions in a building with regulated temperature and humidity. The chickens had
permanent access to drinking water and received ad libitum complete feed mixes
appropriate for the rearing period in accordance with feeding standards for poultry
(Smulikowska and Rutkowski, 2005). The experiment was carried out on 54 chick-
ens assigned to 3 experimental groups of 18 birds each (3 pens of 6 individuals each).
The control group did not receive AuNPs. The birds in group Au-NPs,  received
gold nanoparticles in a tube into a crop at a rate 2.0 mg/kg body weight/day, while
birds in Au-NPs,  group at a rate 5.0 mg/kg body weight/day. The applied dose of
gold nanoparticles was presented in Table 1.

Table 1. The applied dose of gold nanoparticles to chickens

Control Au-NPs, | Au-NPs, |
The dose of nano-gold applied (mg) 2 wk 0 5.74 14.35
3wk 0 11.06 21.67
4 wk 0 17.92 44.80
5wk 0 25.20 63.00
The total nano-gold applied (mg) 2-5 wk 0 59.92 143.82

Control — not supplemented with gold nanoparticles; Au-NPs, | — supplemented with gold nanoparticles at
2.0 mg/kg body weight; Au-NPs, | — supplemented with gold nanoparticles at 5.0 mg/kg body weight.

Blood analyses

Blood samples (from 6 chickens from each group) from the wing vein were col-
lected after 7, 14, 21 and 28 days of nano-gold application. An aqueous solution of
heparin sodium salt at 0.01 ml per 1 ml blood was used to stabilize the blood sam-
ples. Hematocrit value (Ht), hemoglobin level (Hb), and white blood cell (WBC)
and red blood cell (RBC) count were determined by standard methods. The Wintrobe
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 one hour. In blood
plasma the activities of alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) as well as uric acid (UA), urea (UREA) and creatinine (CREAT) con-
tents were determined using kits developed by Cormay (PZ Cormay S.A. Poland).
The contents of glutathione (GSH+GSSG) and the activities of antioxidant enzymes:
superoxide dismutase (SOD), by the adrenaline method with a modification of the
wavelength to 320 nm to increase the selectivity of transient reaction products, and
catalase (CAT) were also determined (Bartosz, 2004). In addition, the blood plasma
was analyzed for levels of lipid peroxidation products: peroxides (LOOH) according
to Gay and Gebicki (2002) and malondialdehyde (MDA) as an end product of tissue
lipid oxidation according to Salih et al. (1987).
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Statistical analysis

Numerical data were processed by the analysis of variance (ANOVA) and the
results were presented as mean values for groups and standard error of mean (Stat-
Soft Inc., 2011). Differences were considered to be significant at P<0.05 and P<0.01.

Results

All birds (from all groups) survived the experimental period, liveability was
100%. Changes in body weight during the treatment are presented in Table 2. No
significant decrease in body weight was observed in birds administered AuNPs at
adose 2.0 mg/kg until 21st day of the experiment. After 28 days of AuNPs application,
a considerable (P=0.021) decrease in body weight of chickens occurred. In Au-
NPs, , a significant (P=0.042) lowering of body weight appeared earlier, already af-
ter 21 days of AuNPs supplementation. The results of the hematological parameters
of the blood of chickens (Table 3) have shown that after 7 days of AuNPs application
in group receiving higher rate, an increase (P=0.038) in WBC count was observed.
In turn, after 28 days of the experimental period in this group WBC count decreased
significantly (P=0.022), as compared to the control group. In Au-NPs,  group after
21 and 28 days of AuNPs administration, a significant increase of WBC number
was noted. Long-lasting, 21- and 28-day application of a higher dose of AuNPs has
contributed to a decrease of RBC count (P=0.033 and P=0.013, respectively), Hb
level (P=0.049 and P=0.009, respectively) and Ht value (P=0.038 and P=0.042, re-
spectively). A drop in Hb (P=0.047) concentration was noted earlier, after 14 days
of supplementation of AuNPs. A significant decrease of Hb level and Ht value was
observed always in Au-NPs,  group, after 21 and 28 days of AuNPs supplementa-
tion. In Au-NPs,  group, for all of the experimental period the ESR value was signifi-
cantly higher as compared to the control group, while in Au-NPs, | group, an increase
(P=0.014) in ESR was noted only after 28 days of supplementation.

Table 2. The effect of gold nanoparticles administration on body weight (g) of chickens

Age Days of Treatments SEM Pvalue
(weeks of life)| administration
Control Au-NPs, | Au-NPs,

0 42 41 42 0.001 0.874
1 147 148 146 0.012 0.582
2 402 384 387 0.261 0.654
3 14 759 753 722 0.294 0.127
4 21 1220 a 1192 ab 1173 b 0.634 0.042
5 28 1783 a 1694 b 1682 b 0.358 0.021

a, b —means with different letters within a row are significantly different at P<0.05; SEM — standard error of
mean, treatment group abbreviations: see Table 1.
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Table 3. The effect of gold nanoparticles administration to chickens on hematology indices

Item WBC RBC Hb Ht ESR
10771 10'/1 g/l (%) (mm/h)

7 days!
Control 2395b 1.81 6.52 29.52 2.87b
Au-NPs, | 27.33 ab 1.79 6.44 30.21 3.05 ab
Au-NPs, | 2920 a 1.75 591 29.27 4.19a
SEM 0.246 0.035 0.094 0.269 0.102
P-value 0.038 0.286 0.074 0.364 0.033
14 days
Control 2334b 1.83 6.75a 30.23 3.76 b
Au-NPs, | 26.94 ab 1.70 6.31 ab 29.64 4.12 ab
Au-NPs, | 2833 a 1.59 5.60 b 29.14 538a
SEM 0.361 0.022 0.255 0.487 0.098
P-value 0.042 0.145 0.047 0.728 0.021
21 days
Control 22.88b 1.90 a 6.88 a 31.74 a 4.14b
Au-NPs, | 29.25a 1.78 ab 5.76 b 29.02b 4.88b
Au-NPs, | 2531 ab 143 b 5.14b 28450 5.69 a
SEM 0.218 0.057 0.168 0.572 0.009
P-value 0.027 0.033 0.049 0.038 0.016
28 days
Control 2237b 2.12a 7.04 a 31.88a 498b
Au-NPs, | 28.12a 1.89 ab 595b 28.13b 7.65a
Au-NPs, | 18.06 ¢ 1.57b 536b 27.04b 7.44 a
SEM 0.388 0.035 0.294 0.278 0.172
P-value 0.022 0.013 0.009 0.042 0.014
Dose effect
Au-NPs, | 2791 1.79 6.36 30.13 4.93
Au-NPs, | 25.23 1.59 5.50 28.08 5.68
SEM 0.476 0.041 0.311 0.654 0.149
P-value 0.066 0.038 0.146 0.072 0.061

n=6 (number of blood samples per group); WBC — white blood cells; RBC — red blood cells; Hb — hemo-
globin; Ht — hematocrit; ESR — erythrocyte sedimentation rate; ' — days of administration; a, b, ¢ — means with
different letters within a row are significantly different at P<0.05; SEM — standard error of mean, treatment group
abbreviations: see Table 1.

The application of AuNPs had a significant impact both on AST and ALT activ-
ity, but the effect depends on the tested dose and the time of exposure. An increase
of AST activity in group Au-NPs,  was observed only after 28 days of application
(P=0.009), while in group Au-NPs,  after 14-days duration time (P=0.032). An el-
evation of ALT activity was noted after 21 and 28 days of AuNPs administration in
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both experimental groups (P=0.028 and P=0.025, respectively). In turn, application
of AuNPs had no significant influence on kidney function indicators: UREA, CREAT
and UA. In Au-NPs, | group, a significant (P<0.05) increase of pro-oxidant indices:
MDA and LOOH in blood was noted after a long-term exposure (21 and 28 days)
(Table 4). In Au-NPs,  group it was observed already after 7 days of AuNPs sup-
plementation (P=0.027 and P=0.046, respectively). The both tested doses of AuNPs
contributed to a significant (P<0.05) decrease of GSH+GSSG concentration in
chickens blood, but only at 21-28 days of experiment. An increase of SOD activity
was observed after a short-term exposure to AuNPs (7-day) in both treated groups.
Long-lasting (21-28 day) application of a higher dose of AuNPs caused a decrease
of SOD activity (P=0.022 and P=0.013, respectively).

Table 4. The effect of gold nanoparticles administration to chickens on redox parameters

ltem MDA LOOH GSH+GSSG SOD CAT
(umol/1) (umol/1) (umol/1) U/ (U/N)

7 days
Control 0.284 b 191b 0.064 25.13b 0.742
Au-NPs, | 0.275b 223 ab 0.057 3394 a 0.753
Au-NPs, | 0.332a 274 a 0.055 3521 a 0.778
SEM 0.058 0.071 0.003 0.895 0.052
P-value 0.027 0.046 0.684 0.004 0.688
14 days
Control 0.297 b 2.58b 0.059 26.82b 0.712 b
Au-NPs, | 0.336 ab 291 ab 0.054 3458 a 0.820 a
Au-NPs, | 0.370 a 373 a 0.050 30.25 ab 0.653 ¢
SEM 0.054 0.122 0.004 0.812 0.039
P-value 0.008 0.018 0.729 0.047 0.026
21 days
Control 0.351b 2470 0.073 a 30.34a 0.689 b
Au-NPs, | 0.469 a 351a 0.042 b 31.32a 0.725 a
Au-NPs, 0.509 a 3.70 a 0.037b 22.98b 0.617 ¢
SEM 0.083 0.079 0.002 0.774 0.036
P-value <0.001 0.024 <0.001 0.022 0.014
28 days
Control 0.328 ¢ 232D 0.070 a 3198 a 0.720 a
Au-NPs, | 0.476 b 337a 0.038 b 25.35ab 0.607 b
Au-NPs, 0.551a 392a 0.033b 19.89b 0.588 b
SEM 0.036 0.045 0.002 0.965 0.028
P-value <0.001 0.024 0.034 0.013 0.027
Dose effect
Au-NPs, | 0.389 3.00 0.048 31.05 0.733
Au-NPs 0.436 3.52 0.044 27.08 0.659
SEM 0.058 0.024 0.005 1.018 0.067
P-value 0.036 0.041 0.082 0.047 0.002

n=6 (number of blood samples per group); MDA — malondialdehyde; LOOH — lipid peroxides; GSH — re-
duced glutathione; GSSG — oxidized glutathione; SOD — superoxide dismutase; CAT — catalase; a, b, ¢ — means
with different letters within a row are significantly different at P<0.05; SEM — standard error of mean, treatment
group abbreviations: see Table 1.
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The effect AuNPs on CAT activity was totally different depending on the tested
dose and the time of nanocolloid administration. In Au-NPs, ; group after 14 and
21 days of supplementation an increase of catalase activity was noted (P=0.026 and
P=0.014, respectively). Extending the time of administration to 28 days has con-
tributed to a decrease of this enzyme activity (P=0.027). In turn, 14-28 days of
AuNPs administration for Au-NPs, , group resulted in a significant drop in catalase
activity.

Table 5. Effect of gold nanoparticles administration to chickens on kidney and liver function indicators

ltem UA UREA CREAT AST ALT
(umol/1) (mmol/l) (umol/1) un un

7 days
Control 265.33 0.768 21.43 151.12 5.44
Au-NPs, | 270.85 0.789 20.12 157.69 6.78
Au-NPs, | 274.88 0.797 21.67 171.20 7.45
SEM 5.88 0.009 0.332 9.62 0.625
P-value 0.432 0.093 0.341 0.133 0.254
14 days
Control 253.51 0.731 24.22 167.22b 6.03
Au-NPs, | 251.98 0.698 26.12 190.12 ab 7.34
Au-NPs_ 260.73 0.725 25.98 206.98 a 8.11
SEM 4.25 0.011 0.298 9.75 0.481
P-value 0.127 0.123 0.225 0.032 0.471
21 days
Control 278.31 0.847 27.88 175.13 b 6.52b
Au-NPs, | 285.02 0.862 26.76 198.34 ab 9.15a
Au-NPs, | 289.77 0.839 28.23 214.45 a 9.96 a
SEM 5.32 0.016 0.342 11.87 0.452
P-value 0.245 0.090 0.120 0.015 0.028
28 days
Control 288.45 0.905 27.12 165.44 ¢ 6.98b
Au-NPs2.0 297.88 0.913 27.87 198.52 b 10.87 a
Au-NPs5.0 290.54 0.877 28.54 255.51a 11.76 a
SEM 4.95 0.019 0.402 10.98 0.772
P-value 0.251 0.198 0.228 0.009 0.025
Dose effect
Au-NPs2.0 276.43 0.816 25.24 184.92 8.54
Au-NPs5.0 278.98 0.810 26.11 212.04 9.32
SEM 3.77 0.008 0.219 11.92 0.677
P-value 0.155 0.151 0.103 0.024 0.168

n=6 (number of blood samples per group), UREA — urea, UA — uric acid, CREAT - creatinine, AST — as-
partate aminotransferase, ALT — alanine aminotransferase; a ,b, ¢ — means with different letters within a row
are significantly different at P<0.05; SEM — standard error of mean, treatment group abbreviations: see Table 1.
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Discussion

The results of the experiment indicate that the application of AuNPs had no nega-
tive effect on the survival rate of the birds, and furthermore, no abnormal changes
in behaviour were observed in the AuNPs-treated birds. However, early in the ex-
periment the chickens receiving a dose of 5.0 mg/kg were already responding with
a reduced body weight gains as compared to the control. This tendency increased
with the length of administration of AuNPs and in consequence the experimental
chickens gained 6% less weight than the control birds. Administration of the lower
dose of AuNPs, i.e. 2.0 mg/kg, had a less pronounced effect on body weight gains,
but at the end of the experiment they were significantly reduced. A study by Pineda
et al. (2012) and Sawosz et al. (2010) on chicken embryos indicated that in ovo
injection of AuNPs (0.3 ml, 50 ppm concentration) neither promoted nor depressed
their growth and development. According to Chen et al. (2009), the unwanted effects
observed as a result of administration of AuNPs to mice (8 mg/kg/week, intraperi-
toneal injection for 28 days) included fatigue, a change in fur color, appetite loss
and weight loss, with toxic effects found to be highly dependent on the size of the
particles. Mice injected with 3, 5, 50, and 100 nm AuNPs did not exhibit symptoms
of intoxication, whereas they appeared in mice receiving 837 nm nanoparticles.
Rats receiving AuNPs per os (5—-15 nm diameter, 14 days) at doses of 375-1,300
ng/kg exhibited no changes in body weight or relative weight of organs during the
treatment (Jo et al., 2015). Mice receiving AuNPs per os for 14 days at a dose of
550-2.200 pg/kg responded with a decrease in weight gains but they did not show
any apparent signs of intoxication (Zhang et al., 2010). The studies cited also ana-
lyzed the biological effects of application of AuNPs at a dose of 1,100 pg/kg for
28 days depending on the route of administration. A pronounced negative effect on
the growth of mice and on blood parameters was observed in the case of oral admin-
istration, while subcutaneous administration only slightly reduced body weight gains
and tail vein injection was well tolerated. The reasons for the increased toxicity in
the case of oral administration lie in the destructive effect of NPs on the intestinal
mucosa and thus reduced absorption of nutrients. Another study by the same authors
(Zhang et al., 2011), which tested the effects of subcutaneous application of PEG-
coated AuNPs to mice at a dose of 4 mg/kg (5, 10, 30, 60 nm diameter, 28 days),
showed that they did not affect mortality rates or did not have a negative effect on
body weight gains. The results of study by Lasagna-Reeves et al. (2010) confirmed
low toxicity of AuNPs for intraperitoneal injection in a dose range of 320-3,200 ng/
kg. These researchers analyzed survival rate, behaviour, growth, organ morphology
and blood biochemistry.

Due to intensive cell proliferation, the hematopoietic system and peripheral
blood cells are particularly sensitive to the presence of chemical substances. After
entering the bloodstream NPs come into direct contact with blood cells, and thus
interactions between them are very likely. The hematological analysis has revealed
that in the group receiving AuNPs at a rate of 5.0 mg/kg, after just 14 days of admin-
istration the erythrocyte count was reduced considerably, and statistically significant
differences with respect to the control were observed after 21 and 28 days of the
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administration of the nanocolloid. This was accompanied by a decrease in other red
blood cell indicators, i.e. the Hb level and Ht value. NPs absorbed by neutrophils or
monocytes chronically stimulate respiratory burst, which can lead to a local or even
a systemic inflammatory reaction (Mataczewska, 2015). Oxygen radicals generated
during this process may cause adverse changes within various blood cells, i.e. eryth-
rocytes and platelets. The most common phenomenon observed as a result of expo-
sure to various NPs is hemolysis of erythrocytes, contributing to the occurrence of
hemolytic anemia (Abdelhalim and Moussa, 2012; Chen et al., 2015). On the other
hand, an increase in RBC count has also been observed following administration of
AuNPs which according to the authors is explained by their beneficial effect on the
hemopoiesis process through stimulation of erythropoietin secretion (Ziaee Ghah-
navieh et al., 2014). The decline in red blood cell indicators observed in our study
during the longer application of AuNPs may indicate a negative effect on the eryth-
rocyte life span or an inhibitory influence on myeloid hemopoiesis processes. Bone
marrow, as an organ with intensive metabolism, is highly susceptible to the effects of
various chemical substances, such as medicines. They can cause toxic damage lead-
ing to bone marrow failure and the development of aplastic anemia, which has been
reported in the case of application of gold salts (Maj, 2000). Other causes of anemia
include iron deficiency. Our previous research (Sembratowicz et al., 2016) showed
that AuNPs can accumulate in the intestines and block the absorption of some macro-
and micronutrients, including iron.

Some studies indicate a direct interaction between NPs and white blood cells,
both granulocytes (cells with phagocytic capacity) and lymphocytes (Wiwanitkit et
al., 2010; Leroy et al., 2011). NPs absorbed by granulocytes may contribute to their
apoptosis, leading to a reduction in their numbers in the blood, although they are
partially replaced by immature forms, which are not, however, fully immunocompe-
tent (Jovanovi¢ and Pali¢, 2012). This is an unwanted phenomenon, as it increases
susceptibility to infectious diseases and even cancer. On the other hand, NPs may
accumulate in hemopoeitic bone tissue contributing to leukopoesis and megacari-
opoesis (Berce et al., 2016). The results of our study indicate that both tested doses
of AuNPs already after 7-14 days of administration, caused an increase in WBC
count, but prolonged supplementation with a higher dose had a negative impact on
these cells count. This may be linked to failure (aplasia) of the bone marrow as
a consequence of a long-term exposure to NPs, or induction of apoptosis in leuko-
cytes, as described above. Abdelhalim and Moussa (2012) noted a decrease in WBC
count and the percentage of neutrophils as a result of intraperitoneal injection of 10
nm AuNPs, whereas administration of 50 nm particles had no effect on these param-
eters. Interaction of NPs with immune cells may trigger an inflammatory response,
manifested by an increased production of pro-inflammatory mediators (TNF-a, in-
terleukins) (Sembratowicz and Ognik, 2018). An evaluation of pro-inflammatory
properties of nanoparticles is very important from a point of view of their further
application. The study conducted by Sawosz et al. (2010) in which AuNPs were
administered in ovo confirmed that they did not induce inflammatory reaction, while
Ag/Cu nanoparticles revealed pro-inflammatory activity. Changes in the proportions
of serum proteins during inflammation (an increase in globulins and fibrinogen and
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a decrease in albumins) result in more rapid erythrocyte sedimentation (Lis, 2012). It
is worth noting that in AuNPs-treated chickens a significant increase in the erythro-
cyte sedimentation rate (ESR) was observed. However, it may be a consequence not
only of an inflammatory response, but always a decrease of RBC count.

Measuring indicators of induction of oxidative stress is one means of testing the
systemic toxicity of NPs (Sarkar et al., 2014). The results of our study have shown
that the oral administration of AuNPs at both doses tested induced oxidative stress,
as indicated by the elevated levels of malondialdehyde and LOOH in blood. Malon-
dialdehyde is a lipid peroxidation end product and its concentration in the blood is
a non-specific marker of oxidative stress. In the case of the higher dose of AuNPs
(5.0 mg/kg), the increase in these parameters occurred sooner (after 7 days) than in
the case of the lower dose (2.0 mg/kg), and intensified with the duration of admin-
istration.

Due to increased lipid peroxidation new radical forms are continually produced,
which may result in depletion of endogenous antioxidants, e.g. glutathione. This
compound is largely known to minimize the lipid peroxidation of cellular mem-
branes by removing of hydrogen peroxide in reaction catalyzed by glutathione per-
oxidase. It is worth noting that total glutathione (GSH+GSSG) content in the body
consists of its reduced fraction, accounting for 98% of the total concentration, and
of the oxidized fraction. During oxidative and nitrosative stress the glutathione level
decreases as a consequence of its oxidation and forming of S-conjugates. The en-
zymes responsible for GSH synthesis may also be damaged by radicals and the de
novo synthesis occurs too slowly (Bilska et al., 2007). The results of our study have
revealed that long-term (21-28 day) exposure to AuNPs contributed to a decrease in
the GSH+GSSG content in blood. This should be considered a highly adverse phe-
nomenon because this compound is involved not only in free radical reactions, but
also in the coupling (detoxification) of numerous xenobiotics.

The changes in the activity of the antioxidant enzymes: SOD and CAT under the
influence of metallic NPs has been shown in studies by various authors (Ahmadi,
2012; Ognik et al., 2016). In general, information regarding oxidative stress caused
by AuNPs is conflicting. Some researchers have reported that AuNPs reveal pro-
oxidant properties and generate oxidative stress (Cho et al., 2009; Jia et al., 2009;
Yah, 2013), while others have observed no significant induction of oxidative stress
or inflammatory response (Nelson et al., 2013). Some studies have even noted an-
tioxidant and anti-inflammatory activity of AuNPs (Shukla et al., 2005; Sumbayev
et al., 2013). BarathManiKanth et al. (2010) showed that 15-day injection of AuNPs
(50 nm, 2.5 mg/kg) to experimentally diabetic mice reduces complications of diabe-
tes by stimulating the activity of antioxidant enzymes: SOD, CAT and GPx, which
effectively eliminate ROS responsible for its serious complications. Varied and at
times conflicting results are undoubtedly due in part to different experimental condi-
tions, including dosage, length of administration, and the properties of the nanopar-
ticles themselves. The results of our experiment show that initially, i.e. after 7 and
14 days of administration of AuNPs, SOD activity increased in both experimental
groups. It may be an expression of an adaptive response to increased ROS formation
induced by the nanoparticles. Among antioxidant enzymes it is SOD that is consid-
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ered the “induced” enzyme, whose activity is stimulated through substrate induction,
by an excess of superoxide radical. However, longer administration period, particu-
larly in the case of the higher dose (5.0 mg/kg), resulted in a decrease in SOD and
CAT activity. It has been established that AuNPs, like AgNPs, exhibit high affinity
for thiol groups of proteins and can easily bind with them, which may negatively af-
fect their functions, such as enzyme activity (Adayemi and Whiteley, 2014). It is also
likely that NPs can easily oxidize thiol groups of glutathione, resulting in a smaller
pool of reduced glutathione.

The liver is the main site for biodistribution and metabolism of AuNPs, irre-
spective of the means of administration, and thus this organ is highly susceptible to
their harmful effects (Cho et al., 2009). In connection with their function of remov-
ing foreign particles from the peripheral blood, hepatic macrophages (Kupffer cells)
detect and engulf NPs, which results in their stimulation and production of pro-in-
flammatory mediators, inducing not only a local immune response but a systemic re-
sponse as well (Chen et al., 2009). AuNPs have been shown to contribute to various
histopathological changes in the liver, such as hydropic degeneration, cloudy swell-
ing, fatty degeneration and chronic inflammation (Abdelhalim and Jarrar, 2012). Ac-
cording to Kasarala and Tillman (2016) standard tests that assess toxic or infectious
injury to the liver include ALT, AST, and alkaline phosphatases (APs). To evalu-
ate a possible hepatotoxic effect of AuNPs, we tested the activity of ALT and AST.
Both aminotransferases are highly concentrated in the liver, AST is also represented
in the heart, skeletal muscle, kidneys, brain and red blood cells, and ALT has low
concentrations in skeletal muscle and kidney. Therefore, an increase in ALT blood
levels is more specific for liver damage (Gianini et al., 2005). Hepatocyte injury
results in altered cell membrane permeability contributing the excessive leakage of
aminotransferases. Our study has shown that the both tested doses of AuNPs caused
an increase in the activity of aminotransferases. A stronger effect, indicating more
serious hepatocytes damage, was shown for the higher dose of AuNPs, especially
during the longer period of administration. A slight elevation of aminotransferases
activity was observed already after 7 days of administration of AuNPs, which seems
to confirm that the liver is highly sensitive to the presence of nanoparticles. However,
unlike the ALT that is found mainly in the liver, AST is also present in other tissues,
so an elevated AST activity cannot be the reason for hepatocytes injuries only.

To detect an influence of AuNPs on kidney function, plasma level of UREA,
CREAT and UA was determined. Increased blood UA concentration along with in-
creased UREA and CREAT suggests an impaired kidney function in both mammals
and birds (Valchev et al., 2014). In some studies major toxicity of AuNPs in the kid-
neys has not been observed (Lasagna-Reeves et al., 2010; Abdelhalim and Moussa,
2013; Jo et al., 2015) but in other experiments their nephrotoxic activity has been re-
vealed (Abdelhalim and Jarrar, 2011 a, b). However, the size of the particles plays an
important role in this regard. Yang et al. (2014) showed that small particles (4.5 nm)
were excreted quickly through urine, while bigger ones (30 nm) had a more blood
circulation time and higher organ accumulation. The results of our study have shown
that AuNPs did not significantly affect CREAT, UA and UREA contents in blood
plasma of chickens even during long-lasting administration. It might be related to
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the high clearance of AuNPs through kidney and in consequence small accumulation
in this organ.

Conclusions

Administration of the lower dose of ANPs (2.0 mg/kg/b.w.) for 14 days did not
cause toxicological effects for chickens, but extending the duration time caused
growth inhibition, hematological alterations and an increase in liver injury indica-
tors. The higher dose (5.0 mg/kg/b.w.) of ANPs showed greater toxicity, and adverse
effects on growth and blood indices appeared already after 7-14 days of supple-
mentation. These findings provide useful information about the possibility of using
AuNPs for poultry, but further research, involving their bioaccumulation in organs
and histopathological studies is needed.
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