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ABSTRACT
We hypothesised that copper nanoparticles (NanoCu), because of
their high physicochemical reactivity and bioavailability, could be
used in much smaller quantities than bulk Cu, consequently redu-
cing excretion of Cu into the environment. The objective of the
study was to evaluate the effects of various levels of NanoCu on
the development and growth of broiler chickens, in order to
establish an optimum level of NanoCu dietary supplementation.
Broiler chickens were randomly divided into five groups of 10
birds each. The control group received 7.5 mg Cu/kg feed (stan-
dard level) as CuSO4, while groups fed with complexes of NanoCu
and starch received 25%, 50%, 75% and 100% of the standard
level of Cu used in the control group. Chicken growth and excre-
tion of Cu, Fe and Zn were measured during the growth period
from d 7 to 42. At d 42, the slaughter characteristics, the content
of Cu, Fe and Zn in the breast muscle and liver, and the oxidative
status were analysed. The results indicate that using NanoCu can
reduce the standard level of Cu from CuSO4 supplementation by
75% without jeopardising animal growth, and at the same time
significantly decreasing Cu excretion into the environment.
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1. Introduction

Copper (Cu) is a trace element that plays an essential role in poultry nutrition. It is
required for many metabolic processes (review Scott et al. 2018). Cu is mostly provided
as a growth promoter in the form of inorganic salts (CuSO4), in quantities much higher
than the recommended chicken requirement of 4–8 mg/kg diet (NRC 1994). However,
the use of Cu as a growth promotor has several constraints. It is readily retained and
accumulated in the liver and negatively correlated with other elements, especially Zn
and Fe (Schwartz and Kirchgessner 1974). The major part of dietary Cu is not absorbed
by birds, but excreted, causing environmental pollution (Leeson 2009). However, there
are substantial differences in the level of absorption between different Cu sources.
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Several studies have compared the bioavailability of different Cu forms (organic and
inorganic) to CuSO4 (review Scott et al. 2018). Although results are inconsistent,
generally organic Cu is better absorbed (Świątkiewicz et al. 2014) but the products
are expensive and not broadly applied in poultry nutrition. Thus, it is still necessary to
find alternative forms of Cu with better bioavailability, allowing Cu levels to be reduced
without comprising the growth and health of animals.

The application of nanotechnology radically changes the physicochemical properties of
Cu (Rai et al. 2009). Cu nanoparticles (NanoCu) can more effectively penetrate cell
membrane barriers, especially those of intestinal endothelial cells and they can be rapidly
distributed independent of the blood circulation (Anjum et al. 2016). Our studies have
demonstrated that NanoCu administered in ovo to chicken embryos stimulated metabo-
lism and development during embryogenesis (Pineda et al. 2013; Mroczek-Sosnowska
et al. 2015b; Scott et al. 2016) and in post-hatched chickens (Mroczek-Sosnowska et al.
2015a, 2017). Meanwhile, in ovo injection and subsequent provision in the drinking water
for growing chickens, in doses below 50 ppm, improved nitrogen and energy utilisation,
enhanced feed conversion ratio (FCR) and increased body weight (BW) (Scott et al.
2017). Furthermore, it has recently been shown that NanoCu in concentrations of 5–15
ppm administered in the drinking water of growing broilers leads to accumulation of Cu
in the intestinal walls and increased Cu content in the blood (Ognik et al. 2016).

The above studies and other results (review Scott et al. 2018) imply that NanoCu,
because of their high physicochemical reactivity and bioavailability, could be used in
much smaller quantities than bulk Cu, consequently reducing excretion into the
environment. The objective of this study was to evaluate the effects of various levels
of NanoCu, replacing CuSO4, on the content of Cu in tissues and droppings, oxidative
status and growth of chickens.

2. Materials and methods

2.1. Nanoparticles

NanoCu powder of 99.9% purity was purchased from Sky Spring Nanomaterials Inc.,
Houston, USA. For characterisation nanoparticles were suspended in Milli-Q water at a
concentration of 50 mg/L water. The size and shape of the nanoparticles were determined
using a JEM-2000EX Transmission Electron Microscope at 80 keV (JOEL, Tokyo, Japan).
The zeta potential was measured in a colloidal solution of 50 ppm NanoCu using
Zetasizer Nano ZS, model ZEN3500 (Malvern Instruments, Worcestershire, UK). Each
sample was measured after 120 s of stabilisation at 25°C, in 20 replicates. Furthermore,
colloidal pH and impurities were determined using a Z-5300 Polarised Flame Atomic
Absorption Spectrometer (Hitachi-Science & Technology, Tokyo, Japan).

Because Cu nanoparticles in powder form are very dusty and are added to feeds in
small quantities it is difficult to obtain a homogeneous feed mixture. For this reason,
NanoCu was mixed with wheat starch as a carrier. NanoCu powder and starch were
suspended in ultrapure water in the proportion 1:100 (Cu:starch, w/w) and then dried
to a powder with a dry matter content not less than 90%. The NanoCu and starch
complex was then added to a mineral–vitamin premix (Rovmix Broiler Grower, 0.5%,
DSM) (Table 1) and the premix was then added to the feed mixtures (Table 2).

2 E. SAWOSZ ET AL.



2.2. Study design and management

One-day-oldmale broiler chickens (Ross 308) were randomly divided into five groups of 10
birds. The control group received 7.5 mg Cu/kg feed (standard level, NRC 1994) as CuSO4,

Table 1. Composition of the mineral–vitamin premix (Rovimix Broiler Grower, 0.5%, DSM).
Ingredient Unit Quantity

A (retinol acetate) [IU/kg] 2,200,000
D3 (E671) [IU/kg] 500,000
E (di-alpha-tocopherol acetate) [mg/kg] 10,000
D (D-pantothenate calcium) [mg/kg] 2722
K3 (MNB) [mg/kg] 500
B1 (thiamine mononitrate) [mg/kg] 400
B2 (riboflavin) [mg/kg] 1400
B6 (pyridoxine hydrochloride) [mg/kg] 800
B12 (cyanocobalamin) [μg/kg] 400
Niacin (nicotinic acid) [mg/kg] 8000
Folic acid [mg/kg] 200
Biotin [μg/kg] 30,000
Choline chloride [mg/kg] 60,000

Copper Depending on the group
Zinc (zinc oxide)* [mg/kg] 11,000
Manganese (manganese oxide) [mg/kg] 14,000
Iodine ((calcium iodate) [mg/kg] 120
Selenium (sodium selenate) [mg/kg] 70.0
Iron (iron sulphate) [mg/kg] 9000
Citric acid [mg/kg] 19.0
Etoxyquin [mg/kg] 34.8
Propyl gallate [mg/kg] 5.40
Calcium carbonate 25.07% [g/kg] 251
Magnesium 0.22% [mg/kg] 2200

*cf. Table 3.

Table 2. Dietary ingredients and chemical composition.
Starter (1–14 d) Grower (15–35 d)

Ingredient [%]
Wheat 45.10 47.51
Soybean meal 25.65 22.01
Maize 10.00 10.00
Rape meal 10.00 10.00
Soybean oil 5.25 7.38
Dicalcium phosphate 2.25 1.54
Alimet 88% 0.33 0.27
L-lysine HCL 98% 0.24 0.21
NaCl 0.21 0.22
Chalk 0.20 0.32
Sodium carbonate 0.15 0.10
L-Threonine 0.14 0.15
Mineral–vitamin premix 0.50 0.50

Analysed chemical composition [%]
Crude protein 21.70 19.42
Ether extract 4.95 6.73
Crude fibre 3.32 3.37
Ca 0.86 0.72
Metabolisable energy, calculated [MJ/kg] 12.56 13.31
Cu [mg/kg] 30.2 28.6
Fe [mg/kg] 1580 1520
Zn [mg/kg] 289 300

ARCHIVES OF ANIMAL NUTRITION 3



while the groups fed NanoCu complexed with starch received 25%, 50%, 75% and 100% of
the standard level of Cu used in the control group (Table 3). The chickens were kept in
groups during the first week and then individually in metabolic cages until they were 42 d
old. The temperature in the cages was 32°C in the first week, being lowered 2°C weekly to
20°C. The average humidity was 60% and 24 h lighting was applied.

Birds had free access to water and were fed ad libitum. Two feed mixtures were
applied – Starter for chickens 1–14 d old and Grower for 15–42 d old (Table 2). BW
was recorded on d 1, 14, 35 and 42. In the metabolic cages, the excretion of droppings
and feed intake were registered daily.

The experiment was carried following the guidelines of the ethical principles for use of
animals for scientific purposes according to the Local Ethics Committee (I.dz.Ike 78/2015).

2.3. Chemical analyses

Samples of feed and droppings were analysed for their dry matter content, nitrogen,
ether extract and energy as described by Pineda et al. (2012).

At the end of the experiment (d 42), after 12 h of fasting, animals were euthanised
and after air-chilling the carcasses at 4°C for 24 h, the carcass yield and the content of
breast muscle, leg muscle, stomach, liver and heart were measured. Samples of the
breast muscle and liver were kept at −80°C (n = 10 per group) for further analyses.

The concentrations of Cu, Fe and Zn in feed, droppings, breast muscle and liver at d
42, were analysed as described by Scott et al. (2017), using a Z-5300 Polarised Flame
Atomic Absorption Spectrometer (Hitachi-Science & Technology, Tokyo, Japan).

In the homogenised breast muscle and liver samples, thiobarbituric acid reactive
substances (TBA-RS) and 8-hydroxy-2ʹ-deoxyguanosine (8-OHdG) were measured as
markers of as a marker of lipid oxidation and DNA damage, respectively. The measure-
ments were performed by spectrometry using an Infinite M200 instrument (TECAN,
Crailsheim, Germany) as described by Szmidt et al. (2016).

2.4. Statistical analysis

The data distribution was evaluated using the Shapiro-Wilk test. Data were normally
distributed and the results were analysed with one-way analysis of variance (ANOVA)
using Statgraphics® Centurion XVI software (StatPoint Technologies, Inc., USA), at a
significance level of p < 0.05.

Table 3. Experimental design. The control group received CuSO4 and the groups administered with
copper nanoparticles (NanoCu) received 25%, 50%, 75% and 100% of the standard level.

Cu source

CuSO4 NanoCu NanoCu NanoCu NanoCu

Cu [%] of standard level* 100 25 50 75 100
Cu [mg/kg] in premix 1500 375 750 1125 1500
Cu supplement [mg/kg] diet 7.5 1.87 3.75 5.62 7.5

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed – 100%.
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3. Results

NanoCu were spherical or oval with an average size of 45 nm (15–75 nm) (Figure 1).
The mean zeta potential of the colloid was –19.1 mV, indicating an intermediate
stability of the solution. The colloidal pH was 7.1 and the total impurities (Fe, Si, P)
were below 0.01%.

The BW at 0–35 d was not significantly different among the groups, although at 35 d
there was a tendency (p ≤ 0.10) of a higher BW in NanoCu groups fed with 25 and
100% of the standard level (Table 4).

These differences became significant at 42 d, and a reduction to 25% of Cu provision
supplied as NanoCu increased the BW compared with the control supplied as 100%
CuSO4. Furthermore, the increase was similar to that in the 100% NanoCu group. The
FCR (FCR = kg feed/kg BW gain) was not significantly different among groups. No
mortality was recorded.

The carcass yield and the breast and leg muscle contents were not reduced compared
to the control group (Table 5), hence, NanoCu did not affect the slaughter performance.

The concentrations of Cu, Fe and Zn in the breast muscle and liver measured at 42 d
were not significantly different among the groups (Table 6).

Figure 1. Image of copper nanoparticles by transmission electron microscopy.

Table 4. Body weight and feed conversion ratio of chickens receiving CuSO4 (Control) and Cu
nanoparticles (NanoCu) at 25%, 50%, 75% and 100% of the standard level.

Cu level [%]*

Group

ANOVAControl NanoCu

100 25 50 75 100 SEM† p-Value

Body weight [g]
0 d 43.2 41.3 43.0 42.8 42.7 0.56 ns#

14 d 310 336 344 325 325 17.1 ns
35 d 2107 2233 2067 2121 2236 87.4 ns
42 d 2582a 2776b 2508a 2610ab 2798b 120.6 0.048

Feed conversion ratio [kg/kg] 1.66 1.60 1.64 1.58 1.57 0.012 ns

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed – 100%.
†SEM, standard error of means.
#ns, not significant – p ≥ 0.05.
a–bMeans in rows with different letters are significantly different at p < 0.05.
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The content of Cu in the droppings was significantly reduced in the group receiving
100% of NanoCu compared to the control group fed the same amount of Cu from
CuSO4. With the lowest supplementation of Cu in 25% NanoCu group, the excretion
with droppings was markedly reduced (Table 7). Excretion of Fe was significantly
higher than in the control group only in the 100% NanoCu group. There was no effect
of NanoCu on the Zn content in the droppings. The retention of Cu, Fe and Zn in
proportion to the intake was not affected.

The concentration of TBA-RS in the breast muscle was not different among the
groups. There was a significant decrease in 8-OHdG concentration in the breast muscle
and liver in all treatment groups compared with the control group. Furthermore, the
concentration of TBA-RS in the liver significantly decreased in the 25%, 50% and 75%
groups but not in the 100% group compared with the control (Table 8).

4. Discussion

In the present study, the control group received a standard level of 7.5 mg Cu per kg of
feed (as recommended by NRC 1994) in the form of CuSO4 while the other groups

Table 5. Slaughter analysis of chickens (d 42) receiving CuSO4 (Control) and Cu nanoparticles
(NanoCu) at 25%, 50%, 75% and 100% of the standard level (content of tissues in % of body
weight).

Cu level [%]*

Group

ANOVAControl NanoCu

100 25 50 75 100 SEM† p-Value

Carcass yield [%] 76.8 75.4 76.3 75.4 77.2 0.84 ns#

Content [%]
Breast muscle 34.1 34.4 33.7 33.3 32.0 1.54 ns
Leg muscle 18.6 18.6 20.9 18.9 20.9 1.09 ns
Stomach 1.57 1.57 1.96 1.59 1.63 0.19 ns
Liver 1.84 1.84 1.96 2.04 1.93 0.12 ns
Heart 0.52 0.52 0.56 0.56 0.56 0.04 ns

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed – 100%.
†SEM, standard error of means.
#ns, not significant at p ≥ 0.05.

Table 6. Concentrations of Cu, Fe and Zn in breast muscle and liver of chickens receiving CuSO4 and
Cu nanoparticles (NanoCu) at 25%, 50%, 75% and 100% of the standard level.

Cu level [%]*

Group

ANOVAControl NanoCu

100 25 50 75 100 SEM† p-Value

Breast muscle [mg/kg]
Cu 1.27 1.46 1.48 1.52 1.16 0.240 ns#

Fe 24.2 23.6 22.1 30.5 22.9 6.31 ns
Zn 22.0 21.4 20.7 26.0 21.9 9.38 ns

Liver [mg/kg]
Cu 16.5 15.3 14.3 15.5 15.4 1.24 ns
Fe 970 840 850 812 1090 182.0 ns
Zn 126 126 108 120 137 24.9 ns

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed −100%.
†SEM, standard error of means.
#ns, not significant at p ≥ 0.05.
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were administered with NanoCu provided at 25%, 50%, 75% or 100% of the standard
level. The CuSO4 was chosen as a control, considering that this salt is mainly used in
poultry feeding (review Scott et al. 2018). The were no differences in the FCR but the
final BW at d 42 was significantly higher in the groups supplied with 25% and 100% of
NanoCu than in the control group, but not in the groups fed with the 50% and 75%
levels. This not entirely dose-dependent response is difficult to explain. It is possible
that nanoparticles agglomerated with increasing levels, as previously indicated for
metals (Dobrovolskaia et al. 2009; Lankoff et al. 2012) and graphene (Sawosz et al.
2014), but not in a dose-dependent manner (Szmidt et al. 2016). This, however, is only
a speculation which should be confirmed in future research. Nevertheless, the results
clearly demonstrate that the 25% level of NanoCu can replace CuSO4 and even enhance
BW gain. Furthermore, there was no mortality in any of the groups and the slaughter
characteristics were not affected. These results confirm our previous studies, where

Table 7. Concentrations of Cu, Fe and Zn in droppings’ dry matter and retention in proportion to
intake of chickens receiving CuSO4 and Cu nanoparticles (NanoCu) at 25%, 50%, 75% and 100% of
the standard level.

Group

ANOVAControl NanoCu

Cu level [%]* 100 25 50 75 100 SEM† p-Value

Droppings [mg/kg]
Cu 51a 28.5b 36.5c 44.7d 43.5d 0.81 <0.001
Fe 738a 749a 756a 809ab 873b 30.2 0.049
Zn 298 307 339 297 303 13.4 ns#

Retention [%]
Cu 33.4 26.7 32.7 28.0 40.6 4.16 ns
Fe 76.4 68.4 75.3 64.9 66.5 3.19 ns
Zn 67.7 55.8 62.2 56.0 60.3 4.44 ns

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed – 100%.
†SEM, standard error of the mean.
aMeans in rows with different letters are significantly different at p < 0.05.
#ns, not significant – p ≥ 0.05.

Table 8. Concentration of thiobarbituric acid reactive substances (TBA-RS) and 8-hydroxy-2’-deoxy-
guanosine (8-OHdG) in breast muscle and liver of chickens receiving CuSO4 and Cu nanoparticles
(NanoCu) at 25%, 50%, 75% and 100% of the standard level.

Group

ANOVAControl NanoCu

Cu level [%]* 100 25 50 75 100 SEM† p-Value

Breast muscle
TBA-RS [mg/kg] 0.246 0.210 0.214 0.188 0.197 0.0210 ns#

8-OHdG [% DNA] 21.2a 11.0b 16.1ab 15.9ab 14.8ab 0.13 <0.001
Liver
TBA-RS, [mg/kg] 0.431b 0.290a 0.210a 0.329ab 0.400ab 0.0231 0.011
8-OHdG [% DNA] 18.4a 10.6b 9.3b 12.5b 19.7a 0.14 <0.001

*Level of Cu reduction compared to the standard level of 7.5 mg/kg feed – 100%.
†SEM, standard error of means.
#ns, not significant – p ≥ 0.05.
a–bMeans in rows with different letters are significantly different at p < 0.05.
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NanoCu was injected in ovo, demonstrating significant effects on broiler performance
without harmful effects on broiler health (Mroczek-Sosnowska et al. 2015a).

It is well known that Cu can interact with Fe and Zn (Baker and Ammerman 1995;
Skrivan et al. 2005), hence in the present work we evaluated whether the replacement of
CuSO4 with NanoCu affected mineral concentrations in the breast muscle and liver.
Neither Fe nor Zn levels were affected by the different NanoCu concentrations,
indicating that NanoCu did not cause any undesired effects on mineral retention in
the muscles or liver. To our knowledge, there are no other reports on this issue.

In the present experiment, the 100% NanoCu group showed significantly lower Cu
concentration in the droppings than the control group, indicating that when the same
amount of Cu is supplied either as CuSO4 or NanoCu, the use of nanoparticles can
reduce the amount of Cu excretion. There might be several reasons explaining this
phenomenon. The uptake of Cu can depend on the particle size, with smaller particles
crossing the colonic mucus layer of the gastrointestinal tract (GIT) faster than larger
particles (Hoet et al. 2004) and consequently reaching target organs more efficiently.
The uptake of nanoparticles can also happen across mucosal cell membranes, through
active transport mechanisms (O´Hagan 1996). After absorption in the GIT, NanoCu
can enter the bloodstream and be retained in different organs and/or be rapidly
distributed independent of the blood circulation (Anjum et al. 2016). Thus, different
mechanisms of absorption and distribution of Cu nanoparticles, compared with Cu
salts, might explain their more efficient utilisation and thus their reduced excretion. In
the present work, Cu excretion decreased with decreasing levels of NanoCu. It is
obvious that when decreasing Cu concentration in a diet the excretion of Cu with
droppings will be reduced independent on the Cu source. As expected, the lowest
level of Cu supplementation caused the lowest Cu excretion in the 25% group.
Moreover, this group showed increased BW but no effects on the carcass character-
istics and mineral content in the breast muscle and liver. There are no other
published results showing the effects of NanoCu supplementation on Cu excretion
in droppings, except for our previous observation, which suggested a reduction in the
Cu content in chickens injected in ovo and then supplemented with NanoCu in the
drinking water (Scott et al. 2016).

It has also been demonstrated that NanoCu can cause a dose-dependent degradation
of isolated DNA molecules (Jose et al. 2011) and can generate the synthesis of very
aggressive hydroxyl radicals. (OH) with H2O2 (Valko et al. 2005). However, in the
present study, measurements of the oxidative status demonstrated a reduction in the
TBA-RS and 8-OHdG concentrations. TBA-RS measures lipid peroxidation by analys-
ing malondialdehyde levels (Ayala et al. 2014), while the level of 8-OHdG is related to
DNA damage (Singh et al. 2011). The decreases in TBA-RS and 8-OHdG might indicate
a protective role of NanoCu against lipid peroxidation and DNA oxidative damage.
Similar results were obtained by Ognik et al. (2017), demonstrating that it is possible to
enhance the antioxidant defence of chickens by administering up to 12 mg/bird of
NanoCu.

Nevertheless, it must be emphasised that it is difficult to compare different results
regarding potential effects of NanoCu. The absorption and metabolism of NanoCu
depend on physicochemical properties, such as size, shape, surface chemistry and
charge, length and method of administration, and a dose of nanoparticles (Hoet et al.
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2004; Lee et al. 2016). Consequently, the present results cannot be generalised but they
are an important indication of possibilities to apply NanoCu as an efficient source of Cu
for broilers.

5. Conclusions

The replacement of CuSO4 by different levels of NanoCu did not negatively affect the
slaughter characteristics and the content of Cu in tissues but improved the oxidative
status. The excretion of Cu with droppings was reduced in all groups, even in the group
receiving the same level of NanoCu as the control group administered with CuSO4.
Remarkable, the replacement of CuSO4 with NanoCu at a concentration representing
25% of the standard level (75% reduction of Cu supplementation) enhanced the BW.
The results indicate that using NanoCu, it is possible to reduce the level of Cu
supplementation without jeopardising animal growth, and at the same time decreasing
Cu excretion into the environment.
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