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metabolites and cecal short-chain fatty acids of broilers

Introduction

The creation of appropriate rations in terms of energy, protein, and 
micronutrients (vitamins and minerals) is crucial for the production, 
health, and well-being of poultry. A vital component of animal feeding 
systems, mineral nutrition guarantees the best possible health, produc-
tivity, and reproduction for both birds and animals. Despite being needed 
in smaller amounts than other nutrients like energy and protein, their 
imbalances and deficiencies are quickly manifested in alterations to the 
productivity and well-being of animals (Swain et al., 2021).

Traditionally, minerals are employed in diets through their inorganic 
salts; however, because of their low bioavailability, inorganic mineral salts 
must be used at higher levels to suit animal needs, which indirectly in-
creases mineral pollution (Patra and Lalhriatpuii, 2020). 

Better bioavailable mineral sources have been the focus of mineral 
research for many years, and these problems must be resolved. Numer-
ous organic chelated minerals have been attempted to bridge the gap, 
with varying degrees of success reported in terms of their biological re-
actions, cost-effectiveness, and bioavailability. When compared to their 
inorganic counterparts, organic minerals supplemented with proteinate 
showed superior absorption and retention in poultry. Because they are 
more expensive, organic minerals are not as widely used as their inorgan-
ic equivalents, despite having higher bioavailability (Zhao et al., 2014). 
Better bioavailable sources must be employed immediately, especially in 
poultry production, to protect the environment without compromising 
the productivity of the animals or birds in an economical way.

Nano-sized minerals have been explored and evaluated in a variety 
of methods to confirm their improved bioavailability in a variety of mam-
mals and birds, and they are now thought to be a viable alternative to 
close the gap. Materials with particle sizes in the nanometer (nm) range 
(<100 nm) are made possible by nanotechnology, and because of the 

nano-sized particles (NP), their structures have remarkably unique phys-
ical, chemical, and biological characteristics and capabilities (Mane et al., 
2022). Among the many advantages of biogenic synthesis nanoparticles 
are their ease of use, simplicity, lack of hazardous chemical use, afford-
ability, safety, cleanliness, controlled NP size, and environmental friend-
liness. They also help achieve the necessary high-yield and high-value 
NPs compounds (El-Saadony et al., 2021; Hatab et al., 2022; Hussein et 
al., 2022).

Because of their small size, they have a much larger surface area, 
which tends to result in a lot of positive reactions. Comparing NP’s modi-
fied chemical and physical characteristics to those of its bulk components 
may change the biological reactions (Hassan et al., 2020). The promise 
of nanotechnology in the poultry business has not yet been complete-
ly realized due to a lack of information. Due to their unique properties, 
such as higher specific surface area, higher surface activity, higher cata-
lytic efficiency, and stronger adsorbing ability, nanoparticles of mineral 
elements have a higher bioavailability in animal bodies than minerals, 
especially trace minerals (Albanese et al., 2012; Rajendran et al., 2013). 
They can also be more easily transported up the gastrointestinal tract 
and used in the animal system, reaching deeper tissues more effectively 
than larger particles (Liao et al., 2010). Mineral antagonism in the co-
lon can be lessened by trace element nanoparticles, which will improve 
absorption and lessen environmental excretion. Additionally, they may 
help birds respond better to vaccinations and digest food more efficient-
ly, which could lead to increased feed efficiency (MarappanGopi et al., 
2017). The impact of adding nano-Mn, Zn, and Cu (either separately or in 
combination) to broiler feeds on growth performance, blood biochemical 
parameters, and cecal short-chain fatty acids was thus assessed in the 
field. Nanoparticles of trace elements can reduce mineral antagonism in 
the intestine leading to enhanced absorption, thereby reducing their ex-
cretion in the environment. These also have potential roles in improving 
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ARTICLE INFO ABSTRACT

A 35-day experiment was carried out to study the effect of replacement inorganic Mn, Zn and Cu by nanopar-
ticles sources (either separately or in combination) in broilers diet on performance of growth, parameters of 
serum biochemistry and cecal short-chain fatty acids. A total number of 120 one day old, unsexed broiler chicks 
(Ross 308) were divided into five groups at random, with 24 chicks in each of the three replicates (8 per each). 
Group 1 was fed on the diet contained inorganic Mn, Zn and Cu sulfate while, group 2,3 and 4 fed diets contain-
ing Mn, Zn and Cu-sulfate nano particles, respectively). Chicks in group 5 receiving diet with a combination of 
nano- Mn, Zn and Cu. The results revealed that, inclusion of Mn, Zn and Cu nano particles had a positive effect 
on growth performance metrics, as seen by increased final weight of the body and total gaining in weight during 
the experimental period compared to control. The groups supplemented with nanoparticles had considerably 
(p<0.01) lower feed consumption than the inorganic-treated group (control). There was a significant improve-
ment in the feed conversion ratio (FCR) and European performance efficiency factor (EPEF) of nano-trace ele-
ments supplemented group. In addition, all nano-treated groups exhibited a significant increase in serum total 
protein, globulin, serum minerals (Mn, Zn, Cu, Ca, and P), and cecal SCFAs as compared to the control. All groups 
supplemented with nano- minerals showed reduced levels of liver function test (ALT and AST), renal function 
test (creatinine, urea, and uric acid), lipid profile (Cholesterol, triglycerides, LDL, and VLDL). Conclusively, inclu-
sion of nano-Mn, Zn and Cu in broiler diets (either single or in a combination) lead to appreciable enhancements 
in all assessed parameters experimented in this study.
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bird’s immune responses and digestive efficiency resulting in better feed 
efficiency (MarappanGopi et al., 2017). Thus, the current work evaluated 
under the field conditions, the effect of using nano-Mn, Zn and Cu (either 
separately or in combination) in broiler diets on performance of growth, 
parameters of serum biochemistry, liver and renal function test and cecal 
short-chain fatty acids.

Materials and methods

Ethical Approval 

The Ethics Committee of the Faculty of Veterinary Medicine at Assiut 
University in Egypt granted ethical permission, and the prescribed ethical 
requirements were followed (Approval no. 06/2025/0350).

Experimental duration and location

The trial period was prolonged by 35 days (from February 1 to March 
7, 2025). At the Veterinary Teaching Hospital, Faculty of Veterinary Medi-
cine, Aswan University, Aswan, Egypt. The Nutrition and Clinical Nutrition 
Research Unit conducted the study.

Experimental protocol, chicks and housing

The experiment employed 120 one-day-old, unsexed broiler chicks 
(Ross 308), which obtained from local commercial source. The chicks’ 
starting weights were almost identical (41.2–43.4 g). The birds were split 
into 5 equal groups of 24 chicks each, with three replicates of eight chicks 
each, at random. At the start of the trial and each week until the comple-
tion of the experimental period, each chick was individually weighed and 
had their legs banded. The chicks in the experimental groups were kept 
in ground-level enclosures with the same environmental conditions and 
management. At eight days of age, all chicks received ocular drops con-
taining the Hitchner B1 strain vaccine to prevent Newcastle virus illness. 
Birds were given an eye drop of the infectious bursal disease vaccination 
when they were 14 days old. Lasota eye drops were used to vaccinate the 
birds against avian influenza and Newcastle virus illness at 18 days of age. 
Organic waste was disposed of hygienically.

Mn, Zn and Cu sources

Inorganic Mn, Zn and Cu

Anhydrous Mn sulfate (36% Mn), Zn sulfate (36.5% Zn) and Cu sulfate 
(39.8% Cu) were purchased from Chengdu Sunstar Feed Co., Ltd, China.  
Mn, Zn and Cu sulfate were added at level of 334, 301 and 40 mg/kg diets 
to meet recommended level of Mn (120 mg/kg), Zn (110 milligrams per 
kilogram) and Cu (16 milligrams per kilogram), respectively.

Nano Mn, Zn and Cu

Mn, Zn and Cu sulfate nanoparticles were purchased from Nano tech 
Egypt. Mn, Zn and Cu nano particles were added at level of 83.5 mg Nano 
Mn, 75.25 mg Nano Zn, and 10 mg Nano Cu / kg diet (25% amount of 
inorganic trace minerals).

Experimental diets and feeding

Chicks were distributed into 5 groups, control and 4 experimental 
groups according to the source of Mn, Zn and Cu used. Yellow maize, 
soybean meal (44% CP), sunflower oil, di-calcium phosphate, ground 
limestone, common salt, methionine, lysine, and premix were all mashed 
together to create the basal control experimental diet according to Ross 
nutrition specification (Avigan, 2022) to meet all nutritional requirements 

including trace elements as illustrated in Table 1. Mn, Zn and Cu sulfate 
were included in the premix of the basal control diet as inorganic source 
to supply 120 mg Mn, 110 mg Zn and 16 mg Cu/kg diet (334 mg Mn 
sulfate, 301 mg Zn sulfate and 40 mg Cu sulfate/kg diet). Every feed in-
gredient and experimental diet formulation was examined in accordance 
with the guidelines set out by the Association of Official Analytical Chem-
ists (AOAC, 2023). Birds were fed according to the three-phase feeding 
program: starter (0–14 days), grower (15–25 days), and finisher (26–35 
days). The birds in the first group were given a basic control diet on an 
ad-libitum basis. They served as a control group against which the other 
treated groups were compared. Birds in the second group fed on bas-
al control diet after replacement inorganic Mn sulfate with83.5mg Mn 
sulfate nanoparticles, while Zn sulfate in the diet of the third group was 
substituted by 75.25 mg Zn sulfate nanoparticles and 10 mg Cu sulfate 
nanoparticles were included in basal control diet of fourth group instead 
of Cu sulfate. In place of inorganic Mn, Zn, and Cu, the fifth group of birds 
were fed a basal control diet supplemented with a mixture of 83.5 mg Mn, 
75.25 mg Zn, and 10 mg Cu sulfate nanoparticles (1/4 amount). All birds 
received ad libitum meals every morning and evening, and they were 
always permitted access to clean water.

Performance metrics

Throughout the experiment, the body’s initial weight, ending weight, 
and cumulative feed consumption were recorded, and the cumulative 
body weight gain (BWG) and the feed to gain ratio (also known as the 
“FCR”) and were computed. Bird viability and mortality were tracked every 
day, and the mortality percentage (%) for each replicate was computed 
by adding together all the deceased birds in each group and dividing that 
total by the number of live birds. The following formula, recommended 
by Huff et al. (2013), was used to determine the European performance 
efficiency factor (EPEF) following the computation of viability percentage 
and FCR.
EPEF= BW (kg)×% livability ×100/FCR×trial duration (days). 
Where: BW= Body weight (kg), livability (100%-Mortality rate), FCR= Feed 
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Ingredient Starter
(0-14 days)

Grower 
(15-25 days)

Finisher
(26-35 days)

Physical Composition (%)

Yellow corn, ground 53.97 57.37 63.02

Soybean meal (44% CP) 40.45 36.66 31.38

Sunflower oil 1.8 2.5 2.42

Di-calcium phosphate 1.3 1.2 1

Limestone, ground 1.48 1.34 1.29

Common salt 0.3 0.3 0.3

Methionine 0.2 0.18 0.14

Lysine 0.2 0.15 0.15

Premix* 0.3 0.3 0.3

Chemical Composition (%)

Crude protein 23.05 21.5 19.5

Crude fiber 2.83 2.72 2.59

Calcium 0.99 0.9 0.82

Available phosphorus 0.48 0.43 0.39

Ether extract 4.07 4.84 64.9

Methionine 0.56 0.51 0.45

Lysine 1.43 1.29 1.16

ME Energy (Kcal/kg) 2977 3052 3100

Table 1. Composition (%) and energy value of the basic diets.

*Each 3 kg contains: Vit. A, 12000000 IU; Vit. D3, 4000000 IU; Vit. E, 80000 mg; Vit. k3 
4000 mg; Vit. B1, 5000 mg; Vit.B2, 8000mg; Vit. B6, 5000 mg; Vit. B12, 35 mg; Vit. B3, 
70000 mg; selenium, 250 mg; Pantothenic acid, 20000 mg; Folic acid 1000mg; Biotin, 250 
mg; Iron, 50000 mg; Cobalt, 250 mg; Iodine, 1500 mg. (Universal Animal Care Company).



conversion ratio (kg feed / kg weight gain).

Collection and preparation of samples

Using a vacuum non-anticoagulant tube, three birds were chosen at 
random from each group (one from each replication) at the conclusion 
of the experiment to draw blood from the wing vein. The serum sample 
was separated and collected by centrifugation at 3000 rpm for 10 min-
utes after the blood samples had been left at room temperature for 30 
minutes. The serum was then promptly stored at -18°C until it was further 
analyzed. Three slaughtered birds from each group (one from each repli-
cation) had their cecal contents taken at the conclusion of the experiment 
and kept at -20°C for additional examination.

Biochemical parameters of the serum

Using a spectrophotometer (Beckman DU-530, Germany) and a com-
mercial kit from Sentinel CH (Milano, Italy), serum samples were assayed 
to estimate their protein profiles, including total protein (TP) and albumin 
(Alb). The serum globulin was computed by deducting the obtained se-
rum albumin value from the corresponding total protein value for each 
sample, while the A/G ratio was computed based on the albumin and 
globulin results.

Using a spectrophotometer (SHIMADZU UV 1601), the serum levels 
of creatinine, urea, and uric acid as indicators of renal function and en-
zyme activities of alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and alkaline phosphates (ALP) as indicators of liver function 
were measured in accordance with the manufacturer’s instructions.

A colorimetric reflectance spectrophotometric approach was used to 
measure the lipid profile, which included cholesterol, triglycerides, low 
density lipoprotein (LDL), and high-density lipoprotein (HDL). All parame-
ters were measured with Biodiagnostic® kits from Cairo, Egypt. Using the 
relationship provided by Friedewald et al. (1972), the triglyceride value 
was divided by 5 (in mg/dL) to determine very low-density lipoprotein 
(VLDL).

Measurement of the serum’s Mn, Zn, and Cu levels

Four milliliters of serum sample were wet-ashed in a tube with ten 
milliliters of nitric acid, and the solution was heated to a minimum volume 
(never allowed to dry) in order to measure the trace minerals (Mn, Zn, and 
Cu) in the serum. The solution was filtered into a 25 ml flask and diluted 
with 25 ml of deionized water once it had cooled. A double-beam atomic 
absorption spectrometer (AAS-7000 series, Shimadzu, Kyoto, Japan) was 
used to measure the amounts of manganese, zinc, and copper in serum.

Cecal short-chain fatty acids (SCFAs) analysis

In a sterile tube, 1 g of thawed cecal contents were suspended in 4 
mL of distilling water. After homogenizing the samples, they were cen-
trifuged for 15 minutes at 4000×g. After that, the 1 mL supernatant was 
put into an Eppendorf tube and combined with a 250 μL solution of met-
aphosphoric acid. For fifteen minutes, the solution was centrifuged once 
more at 4000×g. After that, 200 μL of crotonic acid solution was added 
to 1 mL of the supernatant in an Eppendorf tube, and the mixture was 
centrifuged for 15 minutes at 4000×g. Gas chromatography was used to 
evaluate the supernatant’s concentrations of acetate, propionate, butyr-
ate, isobutyrate, valerate, and isovalerate (Zhang et al., 2003).

Statistical analysis

GraphPad Prism Software, SAS (2009) (Version 2.02, 2009, USA) was 
used to do statistical analysis utilizing post hoc Tukey’s multiple compar-
ison tests and one-way analysis of variance (ANOVA). Group differences 
were deemed significant when P < 0.05. Means ± standard errors of the 
mean (SEM) are used to represent values in tables.

Results

Performance parameters and mortality

Comparing the groups fed diets containing nano Mn, Zn, and Cu ei-
ther separately or in combination, no mortality was seen during the trial, 
in contrast to the control group (9.52%). This indicates that during the 
trial periods, broiler viability and survival rates were raised by nano forms 
of these minerals (Table 2).

The results obtained in Table 2 demonstrated that the ultimate body 
weight and weight gain in G2, G3, G4, and G5 were considerably higher 
than in control (G1) when broilers were fed nano-Mn, Zn, and Cu (ei-
ther alone or in combination) rather than Mn, Zn, and Cu sulfate. When 
compared to the control group (1939.2 g and 1895.8 g, respectively), the 
fifth group receiving the basal diet supplemented with a mix of Mn, Zn, 
and Cu sulfate nanoparticles had the highest values among the treated 
groups (2100.5 g and 2059.2 g, respectively). Differences in overall feed 
consumption between the several experimental groups were significant 
(P˂0.05). When compared to the control (3193 g), the total feed intake in 
groups 2, 3, 4, and 5 was considerably reduced by the addition of nano 
Mn, Zn, and Cu, either separately or in combination (3124, 3122, 3135, 
and 3126 g, respectively).

During the entire trial period, the feed conversion ratio (FCR) and 
European performance efficiency factor (EPEF) of treated groups supple-
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Parameters
Groups**

SEM P value
G1 G2 G3 G4 G5

Initial body weight (g/chick) 43.4 42.1 41.2 41.3 41.3 0.67 0.01

Final body weight (g/chick) 1939.2b 2038.6ab 2051.2ab 2092.4ab 2100.5a* 46.54 0.22

Weight gain (g/chick) (0-35 day) 1895.8b 1996.5ab 2010.0a 2051.1a 2059.2a 44.00 0.07

Feed consumption (g/chick) 3193.0a 3124.0c 3122.0c 3135.0c 3126.0c 0.58 <0.0001

Feed conversion ratio (FCR) 1.68a 1.56b 1.55b 1.53b 1.52b 0.04 0.01

Mortality rate % 9.52 0 0 0 0 0 0

Survival rate (Livability %) 90.48 100 100 100 100 0 0

European performance efficien-
cy factor (EPEF) 298.4b 373.4ab 378.1ab 390.7a 394.8a 16.27 0

* Means in the same row having the same superscripts are not significantly different (P<0.0001).
**G1: Control: fed on basal diet (containing inorganic Mn, Zn and Cu); G2: fed on basal diet(containing Nano Mn +inorganic Zn and Cu); G3: fed on basal diet (containing Nano Zn+ 
inorganic Mn and Cu); G4: fed on basal diet (containing Nano Cu+ inorganic Mn and Zn); G5: fed on basal diet (containing Nano Mn, Zn and Cu instead of inorganic Manganese, Zinc, 
and Copper). 

Table 2. Performance metrics for broilers during the trial.



mented with nano Mn, Zn, and Cu, either separately or in combination, 
shown a significant improvement over the control. The fifth group had 
the highest FCR and EPEF (1.52 and 394.8, respectively), followed by G4, 
G3, and G2, in comparison to the control group (1.68 & 298.4, respec-
tively).

Serum biochemical parameters

As indicated in Table 3, the addition of nano Mn, Zn, and Cu to broil-
er diets resulted in notable variations across various serum biochemical 
markers. According to the protein profile results, the fifth group had the 
greatest levels of serum total protein and globulin when compared to 
the other nano-treated groups and the control. Serum albumin not sig-
nificantly affected by dietary Mn, Zn and Cu nanoparticles. Additionally, 
albumin /globulin ratio concentration was significantly different among 
various treated groups and the lowest ratio was recorded in G5.

The fifth group had the lowest levels of ALT and AST (19.08 & 26.51 
U/L, respectively) when compared to the control group (28.15 & 30.92 
U/L, respectively). ALP concentration significantly increased in nano treat-
ed groups (G2, G3, G4 and G5) in comparison with inorganic supplement-
ed group (G1). The highest level of ALP was observed in G5 (130.02 U/L) 
in comparison with control (79.25 U/L). Creatinine, urea and uric acid con-
centrations were significantly decreased in nano treated groups (G2, G3, 
G4 and G5) in comparison with control.  The lowest values were recorded 
in G5 (0.25, 2.83 & 5.31 mg/dl, respectively) compared with control (0.51, 
4.70 and 8.40 mg/dl, respectively) as shown Table 3.  

Concerning the lipid profile, the results in Table 3 demonstrated that 
broiler diets supplemented with nano Mn, Zn, and Cu (either separately 

or in combination) resulted in a significant drop in the serum total choles-
terol, LDL, VLDL, and triglycerides and a significant increase in HDL levels 
as compared to the control (G1). The fifth group fed a mixture of nano 
Mn, Zn, and Cu had the greatest HDL value and the lowest serum total 
cholesterol, LDL, VLDL, and triglyceride levels.

Serum minerals concentrations 

Table 4 revealed that replacement of inorganic Mn, Zn and Cu by 
nanoparticles Mn, Zn and Cu (either alone or in combination) increased 
numerically the serum mineral concentrations. Among the nano-treated 
groups, the highest values of Mn, Zn, Cu, Ca and P concentrations were 
recorded in the fifth group.

Short-chain fatty acids (SCFAs) in the cecum

As shown in Table 5, all experimental groups had considerably larger 
percentages of cecal SCFAs, including acetic acid, propionic acid, butyric 
acid, iso-butyric acid, valeric acid, isovaleric acid, and total SCFA, than the 
control group. The highest levels of cecal SCFAs were recorded in the 
fifth group.

Regarding the cecal percentages of SCFAs in relation to total SC-
FAs, Table 5’s findings showed that adding nano Mn, Zn, and Cu (either 
separately or in combination) to broiler diets significantly reduced the 
percentage of acetic acid and significantly increased the percentage of 
propionic acid and butyric acid when compared to the control. The fifth 
group had the highest percentages of propionic acid and butyric acid and 
the lowest percentage of acetic acid.

Parameters
Groups

SEM P value
G1 G2 G3 G4 G5

Total Protein (g/dl) 3.88b 3.91b 4.10b 4.18b 5.35a 0.12 <0.0001

Albumin (g/dl) 1.83 1.84 1.93 1.97 1.98 0.09 0.57

Globulin (g/dl) 2.05b 2.07b 2.17b 2.21b 3.37a 0.16 <0.0001

A/G ratio 0.89a 0.89a 0.89a 0.89a 0.59b 0.09 0.01

ALT (U/L) 28.15a 25.25ab 23.82ab 22.98ab 19.08b 0.42 <0.0001

AST (U/L) 30.92a 30.71ab 29.14ab 28.51ab 26.51b 0.79 <0.0001

ALP (U/L) 79.25d 100.50c 113.34b 114.96b 130.02a 42.05 <0.0001

Creatinine (mg/dl) 0.51a 0.41ab 0.38b 0.40ab 0.25c 0.04 0.00

Urea (mg/dl) 4.70a 3.45ab 3.40ab 3.22ab 2.83b 0.22 <0.0001

Uric acid (mg/dl) 8.40a 7.89ab 6.51b 7.60ab 5.31c 0.26 <0.0001

Total cholesterol (mg/dl) 150a 133b 135b 138b 125c 3.91 <0.0001

HDL (mg/dl) 70.75c 74.83b 86.65ab 93.23a 84.98ab 3.15 <0.0001

LDL (mg/dl) 58.23a 37.37ab 29.95b 25.97bc 23.42c 0.90 <0.0001

VLDL (mg/dl) 21.00a 20.80ab 18.40b 18.80b 16.60c 0.68 <0.0001

Triglycerides (mg/dl) 105a 104ab 92b 94b 83c 3.41 <0.0001

Table 3. Parameters of serum biochemistry in broilers fed various experimental diets.

*Means in the same row having the same superscripts are not significantly different (P<0.0001).

Parameters
Groups

SEM P value
G1 G2 G3 G4 G5

Manganese (µg/L) 3.25b 3.27b 3.44ab 3.50a 3.52a 0.03 <0.0001

Zinc (mg/L) 2.10b 2.11b 2.52a 2.03b 2.27ab 0.04 <0.0001

Copper (mg/L) 0.23b 0.28b 0.20b 0.43a 0.32ab 0.03 <0.0001

Calcium (mg/dl) 6.21b 6.25b 6.57ab 6.69ab 6.72a 0.03 <0.0001

 Phosphorus (mg/dl) 7.49b 7.54b 7.92ab 8.07ab 8.12a 0.04 <0.0001

Table 4. Serum mineral concentrations of broilers fed different treated diets.

*Means in the same row having the same superscripts are not significantly different (P<0.0001).
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Discussion

Within the first week of the trial, two birds died in the control group, 
which was fed an inorganic source of Mn, Zn, and Cu. However, no fatal-
ities were reported in the other treated groups, which were administered 
nano Mn, Zn, and Cu. This means that nano forms of these minerals in-
creased the viability and survival rate of broilers during the whole ex-
perimental periods. Zinc’s role in intestinal permeability, intestinal de-
velopment, immune system development, and the prevention of enteric 
disorders may be the reason for the increased survival rate (MacDonald, 
2000; Bortoluzzi et al., 2019). However, Pacheco et al. (2021) found that 
the mortality rate was unaffected by the supplies of Mn and Zn during 
any growth period.  Furthermore, Ramiah et al. (2019) discovered that 
the mortality rate during the experimental periods was unaffected by the 
addition of Zn O-NPs to the broiler diet.

Because of their small size, good homogeneity, high surface area, 
and physical reactivity (Scott et al., 2018a; Abdollahi et al., 2020; Patra and 
Lalhriatpuii, 2020; Ouyang et al., 2021), nano-forms of elements may in-
crease manganese’s bioavailability (Vijayakumar and Balakrishnan, 2014; 
Hill and Li, 2017; MohdYusof et al., 2019; Hidayat et al., 2021). This is why 
dietary nanoMn, Zn, and Cu alone or in combination may have a positive 
effect. Because Cu-NP was better absorbed in the GIT and the nanopar-
ticles were more bioavailable, it had a more positive effect than CuSO4 
(Abdullah et al., 2022a; Mohamed et al., 2022; Abdullah et al., 2022b). 
Furthermore, the enhancement of Cu-NP’s antimicrobial and antibacterial 
qualities is the mechanism responsible for the improvement in animal 
performance (Usman et al., 2013; Arias and Koutsos, 2006). According 
to Shobha et al. (2014), copper nanoparticles can inhibit the growth of 
several bacteria, including S. aureus, B. subtilis, and E. coli. This could 
have reduced the bacterial burden in broilers, allowing them to make 
better use of their diet and resulting in improved growth performance. 
According to earlier research (Shubhnish et al., 2021; Larasati et al., 2022; 
Samy et al., 2022; Abdel-Wareth et al., 2024; Mozhiarasi et al., 2024), Na-
no-ZnO considerably boosted body weight gain. Our findings are consis-
tent with those findings. In a similar vein, Qady et al. (2022) found that 
supplementing broilers with Cu-NPs at the same amount of Cu2SO4 or at 
a lower level enhanced their body weight and weight gain. Furthermore, 
Wang et al. (2011) observed that the growth performance of broilers was 
enhanced using copper-loaded chitosan nanoparticles at 50 and 100 mg/
kg. However, according to an earlier research, supplementing broilers 
with ZnO-NPs had no effect (P >0.05) on their body weight gain (Ramiah 
et al., 2019; Abd El-Haliem et al., 2020; Mahmoud et al., 2020).

When compared to the inorganic-tread group (control), feed con-
sumption was considerably lower in the nano-treated groups. The higher 
bioavailability of minerals, which are more easily absorbed due to their 

larger surface area, is one of the reasons why broilers supplemented with 
nano-minerals have lower feed consumption. The bird’s mineral needs 
may be satiated more quickly as a result of the enhanced bioavailabili-
ty, which could eliminate the need for additional meal (Liu et al., 2011). 
It’s possible that NP’s larger surface area promotes improved biological 
interface interaction, longer intestinal retention time, less impact from 
intestinal clearance mechanisms, and efficient delivery of functional com-
pounds to target sites, all of which improve bioavailability and functional-
ity. Some nano-minerals may cause problems and might impact feed in-
take by interfering with the absorption of other vital nutrients (Chen et al., 
2006). The findings were supported by earlier research showing that Zn 
O-NPs considerably (P<0.05) reduced feed consumption when compared 
to control (Fathi et al., 2016; Ramiah et al., 2019). However, Mozhiarasi 
et al. (2024) and Mahmoud et al. (2020) found no significant (P>0.05) 
change in the total feed consumption of broilers fed a diet containing 
ZnO-NPs. According to Abdullah et al. (2022b), broiler feed consumption 
was not significantly impacted by the addition of Nano-Cu. Conversely, 
Shubhnish et al. (2021) and Larasati et al. (2022) discovered that birds fed 
a diet enhanced with zinc oxide nanoparticles (ZnO-NPs) had higher feed 
consumption.

Zinc has been identified as a crucial component of various diges-
tive enzymes and is present in all six categories of enzymes, including 
oxidoreductase, transferase, hydrolase, lyase, isomerase, and ligase. This 
may explain why the FCR in the nano Zn supplemented group (G3) im-
proved (Park et al., 2004). Thus, adding nano-zinc to the diet may be 
improving weight increase and the digestion of minerals from the feed, 
which in turn may improve the feed conversion ratio (FCR) and European 
performance efficiency factor (EPEF). However, the negative effects of Cu-

2SO4 on the utilization of valuable feed components like certain vitamins 
(Marchetti et al., 2000; Luo et al., 2005), phosphorous, and the phytase 
enzyme (Banks et al., 2004), or its poor absorbability (Scott et al., 2018b) 
may be the reason why birds supplemented with Cu2SO4 had lower FCR 
and EPEF than birds supplemented with Cu-NPs at the same quantity. 
Our findings concur with earlier research that found that feed conversion 
ratios were improved by various forms of zinc (organic or nano) when 
compared to control fed inorganic forms of zinc (Ibrahim et al., 2017; 
Abd El-Haliem et al., 2020; Mahmoud et al., 2020; Larasati et al., 2022; 
Abdel-Wareth et al., 2024). Additionally, groups treated with nano Mn 
showed an improvement in FCR when compared to control, according 
to Helbawi et al. (2024). When compared to inorganic form, Cu sup-
plementation in nano form improved FCR (Qady et al., 2022). However, 
when compared to inorganic Zn, Dosoky et al. (2022) and Mozhiarasi et 
al. (2024) found that adding Zn O-NPs to broiler diets had no influence 
on FCR among treatment groups. When compared to copper sulfate sup-
plementation, El-Kazaz and Hafez (2019) demonstrated that the inclusion 
of Cu-NPs in broiler diets had no influence on FCR. Furthermore, dietary 

Parameters
Groups

SEM P Value
G1 G6 G7 G8 G9

Acetic acid (%) 66.75 b 81.12ab 83.11ab 84.15ab 91.30a 0.30 <0.0001

Propionic acid (%) 11.48 b 20.15ab 23.12ab 23.23ab 29.40a 0.27 <0.0001

Butyric acid (%) 14.15b 23.22ab 24.85ab 25.18ab 29.50a 0.31 <0.0001

Isobutyric acid (%) 0.68c 1.05bc 1.11b 1.25ab 1.75a 0.04 <0.0001

Valeric acid (%) 0.56c 1.05b 1.09 b 1.40ab 1.63a 0.03 <0.0001

Isovaleric acid (%) 0.85c 1.62b 1.78b 2.15ab 2.50a 0.04 <0.0001

Total SCFA (%) 94.47c 128.21b 135.06ab 137.36ab 156.08a 0.96 <0.0001

Profile (% of SCFA to total SCFA)

Acetic acid 70.66a 63.27ab 61.54ab 61.26ab 58.50b 0.3 <0.0001

Propionic acid 12.15b 15.72ab 17.12ab 16.91ab 18.84a 0.10 <0.0001

Butyric acid 14.98 b 18.11a 18.40a 18.33a 18.90a 0.09 <0.0001

Table 5. Cecal short chain fatty acids (SCFA) in broilers given various treatment diets (µmol/g cecal digesta).

*Means in the same row having the same superscripts are not significantly different (P<0.0001).
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zinc treatments did not significantly (p>0.05) affect the total period EPEF, 
according to Eskandani et al. (2021).

A higher blood protein level could be a sign of either a slower rate 
of protein metabolism or a quicker rate of tissue protein production. The 
amino acid transport pathway, which is more readily absorbed by or-
ganisms, allows complexes of elements with proteins or amino acids to 
be consumed without altering the intestinal mucous membrane (Abd El-
Hady, 2019). Attia et al. (2020) and Abdel-Monem et al. (2021) reported 
similar findings, indicating that nano Zn oxide raised plasma total protein. 
However, prior research found that Nano-Zn had no discernible impact 
on serum total protein (El-Katcha et al., 2017; Saleh et al., 2018; Tag-El 
Din., 2019; Hidayat et al., 2021; Dosoky et al., 2022; Abdel-Wareth et al., 
2024). These findings are consistent with those of El-Katcha et al. (2017) 
and Tag-El Din (2019), who found that the concentration of serum albu-
min was not significantly impacted by Nano Mn, Zn, or Cu alone or in 
combination. However, Abdel-Monem et al. (2021) observed that nano 
Zn raised plasma albumin levels, which contradicted previous findings. 
Furthermore, adding copper nano particles to broiler diets lowered blood 
albumin levels, according to Ayoola et al. (2021).

Our findings regarding the liver function test are consistent with ear-
lier research that discovered that broiler blood ALP concentrations were 
elevated by nano-Zn (Fathi et al., 2016; El-Katcha et al., 2017; Prabakar 
et al., 2018; Elashry, 2019). Furthermore, Abd El-Hady (2019) found that 
broiler diets containing nano-Cu had higher levels of ALP. The action 
of vitamin D3, which has multiple effects on the intestine, kidneys, and 
bones, including increasing calcium absorption into the extracellular fluid 
and potentially promoting the formation of ALP in the epithelial cells, 
may be responsible for the notable increase in serum ALP activity in birds 
supplemented with Nano-Zn (Guyton and Hall, 2006). The results were 
against those of Fathi et al. (2016) and Abdel-Monem et al. (2021), who 
showed no discernible change in ALT serum levels when broiler diets sup-
plemented with Nano-Zn. When compared to the control, Nano-Zn did 
not significantly raise the ALT concentration, according to El-Katcha et 
al. (2017).

Reduced levels of creatine, urea, and uric acid in the blood of birds 
administered nano-Mn, Zn, and Cu supplements are consistent with find-
ings from earlier research that showed dietary nano Zn inclusion diet dra-
matically reduced serum urea and uric acid concentrations (Attia et al., 
2020; Dosoky et al., 2022; Abdel-Wareth et al., 2024). Groups given diets 
supplemented with Cu-NP showed a decrease in plasma uric acid con-
centration, indicating that amino acids were used more effectively than in 
other groups. When broilers were supplemented with 15 mg/kg of cop-
per nanoparticles, their uric acid and alkaline phosphatase levels dropped 
(Abdullah et al., 2022a). According to Ayoola et al. (2021), birds treated 
with either CuSO4 or Cu-NP showed a significant decrease in uric acid. 
However, prior research found no discernible impact of adding Nano-Zn 
and Nano-Cu to broiler diets on the blood content of uric acid (El-Katcha 
et al., 2017; Abdel-Monem et al., 2021; Ibrahim et al., 2022).

According to earlier research (Ibrahim et al., 2017; Saleh et al., 2018; 
Tag-El Din, 2019; Dosoky et al., 2022; Abdel-Wareth et al., 2024), add-
ing nano Zn to broiler diets significantly reduced total serum cholesterol. 
The results obtained regarding the lipid profile are consistent with these 
findings. In a similar vein, Tag-El Din (2019) and Attia et al. (2020) discov-
ered that adding Nano-Zn to broiler meals raised HDL levels. Conversely, 
El-Katcha et al. (2017) and Prabakar et al. (2018) found that broiler chick-
ens’ plasma cholesterol levels were considerably raised when they were 
fed nano Zn supplements. According to Attia et al. (2020) and Dosoky et 
al. (2022), broiler LDL serum levels were elevated by ZnO-NPs.

Serum mineral (Mn, Zn, Cu, Ca, and P) concentrations were quantita-
tively raised when inorganic Mn, Zn, and Cu were replaced with nanopar-
ticle sources, either separately or in combination. These outcomes were in 
line with those of earlier research that found that dietary substitution of 
organic or nano-zinc for inorganic zinc oxide raised blood serum levels of 
calcium, phosphorus, and zinc (Samanta et al., 2011; El-Katcha et al., 2017; 

Elashry, 2019; Mahmoud et al., 2020). The activity of copper nanoparti-
cles on lysyl oxidase enzymes in groups supplemented with nanoparti-
cles may be the cause of the elevated levels of calcium and phosphorus 
in treated groups (McNerny et al., 2015). However, when using copper 
nanoparticles in broiler diets, Wang et al. (2011) and Scott et al. (2018b) 
found no discernible changes in blood calcium and phosphorus contents.

A reduction in the dietary dosage of Cu nanoparticles was accompa-
nied by an improvement in intestinal absorption of zinc. Metallothioneins 
(MTs) are low-molecular-weight proteins rich in cysteine residues that 
control the amounts of copper and zinc in cells. Up to 12 monovalent Cu 
ions and seven divalent Zn ions can be bound by a single MT molecule. 
Cu can push Zn away from the molecule by competing for Zn binding 
sites because of the two metals’ comparable coordination chemistry (Ga-
etke and Chow, 2003).

The percentages of cecal SCFAs, such as acetic acid, propionic acid, 
butyric acid, iso-butyric acid, valeric acid, isovaleric acid, and total SCFA, 
were considerably raised when inorganic Mn, Zn, and Cu were substituted 
with nanoparticle sources. Regarding the cecal percentages of SCFAs in 
relation to total SCFAs, broiler diets supplemented with nano Mn, Zn, and 
Cu (either separately or in combination) showed a significant decrease in 
the percentage of acetic acid and a significant increase in the percentage 
of propionic acid and butyric acid when compared to the control.  

These results are in line with the findings reported by Wang et al. 
(2023) noted that different sources and levels of trace minerals (inorganic 
and organic) had significant (p<0.05) increase in valeric acid %. Increased 
nutrient utilization and modifications to the gut flora are the main causes 
of the higher generation of short-chain fatty acids (SCFAs) in broilers fed 
diets enriched with nano-minerals. Nano-minerals, due to their increased 
surface area, improve mineral bioavailability, leading to a more favorable 
environment for beneficial gut bacteria. These bacteria then ferment di-
etary fiber and other undigested compounds in the hindgut, producing 
SCFAs as a byproduct.

Conclusion

Dietary substitution of inorganic manganese, zinc, and copper by 
nanoparticle sources (either separately or in combination) improve broil-
er growth metrics, blood metabolites, serum mineral concentrations, and 
cecal short chain fatty acids.
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