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Background: Natural feed additives in broiler feed contribute to the overall health, productivity, and economic viability of broiler chickens while meeting consumer demands and preferences for natural products. The purpose of this research was to determine the effect of green iron nanoparticles (Nano-Fe) and Halimeda opuntia supplementation in broiler diets on performance, ammonia excretion in excreta, Fe retention in tissues and serum, carcass criteria, and meat quality under hot environmental conditions.

Methods: A total of 256 one-day-old male Ross 308 broiler chicks were randomly assigned to one of four feeding treatments for 42 days. Each treatment had eight replications, with eight chicks per replicate. The treatments were Negative control (CON), positive control (POS) supplemented with 1 g/kg Halimeda opuntia as a carrier, POS + 20 mg/kg Nano-Fe (NFH1), POS + 40 mg/kg Nano-Fe (NFH2).

Results: When compared to CON and POS, dietary Nano-Fe up to 40 mg/kg enhanced (p < 0.001) growth performance in terms of body weight (BW), body weight gain (BWG), and feed conversion ratio (FCR). Nano-Fe had the highest BWG and the most efficient FCR (linear, p < 0.01, and quadratic, p < 0.01) compared to POS. Without affecting internal organs, the addition of Nano-Fe and POS enhanced dressing and reduced (p < 0.001) abdominal fat compared to control (CON). Notably, the water-holding capacity of breast and leg meat was higher (p < 0.001), and cooking loss was lower in broilers given Nano-Fe and POS diets against CON. In comparison to POS, the ammonia content in excreta dropped linearly as green Nano-Fe levels increased. When compared to CON, increasing levels of Nano-Fe levels boosted Fe content in the breast, leg, liver, and serum. The birds fed on POS showed better performance than the birds fed on CON.

Conclusion: Green Nano-Fe up to 40 mg/kg fed to broiler diets using 1 g/kg Halimeda opuntia as a carrier or in single can be utilized as an efficient feed supplement for increasing broiler performance, Fe retentions, carcass characteristics, meat quality, and reducing ammonia excretions, under hot conditions.
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1 Introduction

Food safety is a significant concern in hot climatic regions of the world, particularly for chicken meat, eggs, and other products consumed by humans. Heat stress frequently reduces feed intake, impairs growth rates, contributes to increased mortality rates, alters meat quality, causes economic losses, and affects physiological health, immunity, and respiratory distress in broiler chickens (1). The harmful effects of heat stress in chickens have been lessened by the use of several mitigating techniques. The rapidly developing field of nanotechnology has many potential uses in poultry feeding. Nanotechnology uses materials with new, distinctive properties between 1 and 100 nm in size (2). The physical and chemical characteristics of nanoparticles are different from those of their original, equivalent material, which can increase their bioavailability (3, 4). The nanoparticle’s lower antagonism in the gut results in better absorption, less excretion into the environment, and higher feed efficiency (5).

Iron (Fe) is a necessary mineral that is frequently added to the diet of broilers. It plays a crucial position in a variety of enzymes and proteins that govern cell development and differentiation, transport oxygen, and preserve health (6, 7). It contributes significantly to the tricarboxylic acid cycle by supporting enzymes, which facilitates the removal of harmful metabolites by catalases and peroxidases with iron (8). Heat stress lowers the amounts of Fe in serum and tissue (9). A reduction in Fe causes the immune and antioxidant systems to malfunction, which is harmful to birds’ health (10). This element is abundant in nature and is found in all components used in commercial poultry diets (11). Absorption and transport of dietary Fe across the intestinal mucosa occur in mechanisms that are strongly reliant on Fe status (12). Furthermore, Fe is mostly bound to phytate in cereals and oilseeds (13), which reduces its availability in poultry diets when phytase is not added (14). However, in animals, it is mostly present in myoglobin, cytochromes, hemoglobin (60–70%), ferritin, and hemosiderin (20–30%), as well as other Fe-containing enzymes (10%) (15). Because heme Fe has a preferred absorption pathway over inorganic Fe, animal byproducts containing muscle tissue and blood have higher Fe availability for poultry (16). Green nanotechnology refers to the use of environmentally friendly processes and materials in the synthesis of nanoparticles. This approach often involves using natural sources, such as plant extracts or microorganisms, to reduce and stabilize nanoparticles.

Green Nano-iron (Nano-Fe) formulations may address challenges related to the bioavailability of iron in conventional feed resources and mineral salts. The use of green nanotechnology is driven by the desire to minimize the environmental impact and potential toxicity associated with traditional nanoparticle synthesis methods (2). The use of green Nano-Fe in poultry nutrition offers several potential benefits, combining the advantages of nanotechnology with environmentally friendly and sustainable practices. Green Nano-Fe particles have more surface area than typical iron sources. This increased surface area can improve iron bioavailability, allowing for improved nutrient absorption in poultry’s digestive system, which is crucial for broiler health and growth (5, 17, 18). Nanoparticles of Fe have been of interest in various fields, including agriculture and poultry production, due to their potential applications in areas such as nutrient delivery, disease treatment, and environmental remediation (17). Nano-Fe supplementation increased body weight in broiler meals without altering the composition of the liver, thigh, or breast (18).

Halimeda opuntia, commonly known as sea cactus, is a type of green algae that is found in marine environments. In addition, algae can be grown as ingredients and dietary supplements for poultry feed (19). According to Martins et al. (20), algae have a unique composition consisting of carbohydrates, proteins, lipids, vitamins, minerals, and bioactive substances including carotenoids. Microalgae are recommended as feed additives due to their high levels of macro- and micro-elements and ability to improve the growth performance, feed efficiency, and meat quality of broilers (21), which is primarily due to properties of polysaccharides that can increase the health and productivity of chickens.

However, there is no data on the effect of graded inclusion levels of green Nano-Fe and algae on broiler performance and meat quality under hot environmental conditions. We investigated the mechanism of the effects of green Nano-Fe supplementation on broiler productive performance under hot environmental conditions. We wanted to evaluate the effects of varied inclusion levels of green Nano-Fe in broiler diets using 1 g/kg algae as a carrier on growth performance, ammonia emission in excreta, Fe retention, carcass criteria, and meat quality under heat stress.



2 Materials and methods


2.1 Dietary treatments and experimental design

The animal study protocol was approved by the Institutional Animal Care and Use Committee of the University of Alexandria, Egypt (AU08220810298). A total of 256 one-day-old male Ross 308 broiler chicks were randomly assigned to one of four feeding treatments until they reached 42 days old. Each treatment had eight replications, with eight chicks per replicate. Negative control (CON), positive control (POS) supplemented with 1 g/kg microalgae as a carrier, POS + 20 mg/kg Nano-Fe (NFH1), and POS + 40 mg/kg Nano-Fe (NFH2) were the treatments. The 42-day experiment was divided into two phases (0 to 21 days for the starter and 21 to 42 days for the grower). The experimental diets used in the present study contained around 20 mg and 40 mg of green Nano-Fe/kg, which is below the minimum recommended level of 85 mg Fe/kg (11). Furthermore, the levels of Nano-Fe were selected based on previous studies suggesting that chicken diets containing varying amounts of Fe (from 10 to 60 mg/kg in non-supplemented diets to about 160 mg in diets supplemented with 140 mg Fe-Gly or 100 mg Nano-Fe) (22, 23). The diets were formulated to meet Ross 308 broiler recommendations (Table 1). Chicks had full access to feed and water during the experimental period. The experiment was conducted at the Poultry Center, Faculty of Agriculture, South Valley University. The cage measurements for the chickens were 120 × 70 × 50 cm in length, breadth, and height, respectively. There were four nipple drinkers and hanging linear feeders in each pen. As the birds grew, so did the height of the nipple line. A 23-h continuous light scheme was implemented from the first day to 42 days of age. The ambient temperature was gradually reduced from 34.5°C (45 RH%) for days 1 to 21 to 28.5°C, 40 RH%, and 29.9 temperature-humidity index (THI) from 22 to 42 days of age.



TABLE 1 The chemical composition of the basal diet (as-fed basis).
[image: Table1]

THI = db°C- [(0.31–0.31RH; db°C-14.4)], where db is the dry bulb temperature in degrees Celsius and RH is the relative humidity percentage/100. The calculated THI values were then classed as follows: 27.8 indicates no heat stress, 27.8–28.9 indicates moderate heat stress, 28.9–30.0 indicates severe heat stress, and > 30.0 indicates extremely severe heat stress (1).



2.2 Green synthesis of Fe nanoparticles

In accordance with the maceration technique outlined by Khalil et al. (24), green Fe oxide nanoparticles were produced from the leaf extract of Ocimum basilicum. To sum up, a hot-plate magnetic stirrer was used to heat 30 g of plant powder and 200 mL of distilled water to 80°C for 1 h. Solid residues were eliminated from the final solution by filtering it three times with the Whatman No. 1 filter paper. The filtered solution with a pH of 5.7 was heated for 2 h at 85°C and then 100 mL of Fe (III) chloride (6 g) was added as a precursor salt. The solution went from being brownish to violet in hue, and its pH was recorded. After allowing the mixture to reach room temperature, decantation was used to extract the Fe oxide nanoparticles. After three cycles of distilled water washing, the Fe oxide was allowed to dry at room temperature. These particles were characterized by transmission electron microscope (TEM; Figure 1).
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FIGURE 1
 Transmission electron micrographs (TEM) of Nano-Fe.




2.3 Algae preparations

The macroalga Halimeda opuntia was collected by hand-picking from the Red Sea in Hurghada, Egypt. Healthy algae samples were cleaned from epiphytes, extraneous matter, and necrotic were removed. Samples were washed thoroughly with sea water then sterile distilled water, air dried, cut into small pieces, and then ground in a tissue grinder to pass through a 1 mm screen [IKA A 10, Germany] until reached a fine powder shape. The ground Halimeda opuntia was kept until used to mix with the experimental diets. One g/kg of Halimeda opuntia macroalgae was added to broiler diets, and this dose was chosen in compliance with previous studies suggesting that the ideal levels of macroalgae in broiler diets should range from 0.5 and 3 g/kg (19–21).



2.4 Broiler productive performance

From the first day of the experiment to the last, the body weight (BW) was recorded for each pen once a week. Furthermore, on the day that the birds were weighed, feed residue was measured in order to calculate the amount of feed that each pen consumed in between weigh-ins. The feed conversion ratio (FCR) was calculated by dividing the weight of feed consumed by the body weight gain (BWG) of each pen. This yielded the feed per gain. A correction for bird mortalities was applied to the magnitude of production variables, such as feed consumption and body weight.



2.5 Ammonia analysis

The excreta was collected daily at 21 to 42 days of age per pen for the determination of ammonia excretion according to the method proposed by Miles et al. (25). 200 g of freshly collected excrement was added to a 1,000 mL jar. A rubber stopper sealed the upper portion of the jar; the rubber plug featured an exhaust pipe and an intake pipe that linked to a U-shaped bubble absorption tube. The U-shaped bubble absorption tube (which was shielded from light) received around 10 mL of 2% boric acid. The U-shaped absorption tube’s other end was linked to an inflating pump via a second buffering device, and the intake pipe was connected to a buffer device. In an acidic environment, the 2% boric acid absorption solution was used to repair the ammonia gas produced from chicken feces, creating a stable NH4+. By using the Kjeldahl nitrogen determination method, the nitrogen content in the absorption solution was ascertained. The nitrogen content was then translated into NH3 content in the unit mass of feces (fresh weight basis).



2.6 Carcass criteria and internal organs

At 42 days of age, 40 birds per treatment were selected at random (five birds per replicate pen), weighed, slaughtered according to the Halal method, and plucked. Weighing the remaining portion of the body after the head, neck, viscera, digestive tract, shanks, spleen, liver, heart, gizzard, and abdominal fat were removed allowed us to calculate the relative weight. The formula for calculating dressing percentage is dressed weight/live weight × 100. The percentage of abdominal fat, liver, heart, and empty gizzard were calculated based on live body weight.



2.7 Meat quality measurements

The water-holding capacity (WHC) and cooking loss were assessed from the left side of the breast muscle and the left leg in 40 birds per treatment which were randomly selected (5 birds per replicate). The low-speed centrifugation technique was utilized to quantify the WHC of breast muscles with minimal adjustments (26). 10 g of intact breast muscle was placed in a falcon tube with glass beads and centrifuged for 20 min at 10,000 g at 5°C. The precipitated meat was then removed immediately, dried with filter paper, and weighed once more. The WHC was calculated using the weight loss in muscle samples after centrifugation. Cooking loss was calculated, as previously stated (27). In summary, the muscle filets were placed separately in thin-walled thermotolerant polyethylene bags and cooked in a water bath until their core temperatures reached 70°C. Following that, they were refrigerated in crushed ice until they reached 5°C, and the cooking loss was calculated by reweighing them. Samples of the liver, breast, leg, and blood were taken and held at −20°C for the Fe chemical analysis.



2.8 Fe analysis

For each treatment, 40 were randomly selected and the birds’ wing veins were utilized to extract blood (5 birds were used for each replicate), which was then placed in vacutainer tubes to collect serum. After 40 birds were killed, samples of their breast, leg, liver, and serum were taken, and they were promptly frozen at −20°C to be subjected to a Fe content study. The Fe concentrations were measured using an atomic absorption spectrophotometer (Perkin Elmer Analyst 800 model, Shelton, CT, United States).



2.9 Statistical analysis

The General Linear Models (GLM) technique for statistical analysis and SAS 9.2 software was used to examine the data of a completely randomized trial (SAS Institute) (28). The only constant in the model was the dosage of the supplements. The birds served as the experimental units for ammonia, carcass criteria, meat quality, and Fe retention, while the pen served as the experimental unit for growth performance. One-way ANOVA was utilized to examine the data, and Duncan multiple range tests were employed to compare means. The graphs were created using GraphPad Prism software, version 9 (GraphPad Software, La Jolla, CA, United States), along with a normal distribution test (Anderson—Darling test for normality). The linear and quadratic impacts of increasing Nano-Fe supplementations were calculated using orthogonal polynomial contrasts, with only POS (0 mg/kg Nano-Fe) taken into consideration as a control, and CON was not included in this analysis. A significance value of p < 0.05 was used. p values less than 0.001 were expressed as ‘<0.001’ rather than the actual value.




3 Results


3.1 Productive performance

The effects of green Nano-Fe on the BW and BWG of broiler chickens during the starter phase (0 to 21 d) and grower phase (22 to 42 d) are shown in Table 2. When compared to CON, dietary Nano-Fe up to 40 mg/kg enhanced (p < 0.001) BW and BWG. Nano-Fe at 20 mg/kg and 40 mg/kg with 1 g/kg Halimeda opuntia as a carrier in broiler diets increased (p < 0.05) BW compared to CON and POS during 21 and 42 days of age. There was an increase (p < 0.05) in BWG in POS when compared with CON during 1–21, 22–42, and 1–42 days of age showing the positive effects of adding algae. Similarly, dietary treatments containing POS, Nano-Fe at 20 mg/kg, and Nano-Fe at 40 mg/kg increased BWG (p < 0.001) by 10.95, 10.30, and 14.50%, respectively, compared to control throughout the trial period (1–42 days). Considering the entire trial period, feed intake in the supplemented groups differed significantly, although the Nano-Fe at 40 mg/kg showed the highest feed intake compared to others (Table 3). The addition of Nano-Fe improved (p < 0.05) FCR when compared to CON and POS at 1–21, 22–42, and 1–42 days of age. The CON group performed the worst in terms of BW, BWG, and FCR when compared to the POS and Nano-Fe groups. POS, Nano-Fe at 20 mg/kg, and Nano-Fe at 40 mg/kg feeding treatments improved the FCR (p < 0.006) compared to the CON throughout the trial (1–42 days).



TABLE 2 Effects of green Nano-Fe and algae on body weight and body weight gain of broiler chickens.
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TABLE 3 Effects of green Nano-Fe and algae on feed intake and feed conversion ratio of broiler chickens.
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3.2 Ammonia contents

Figure 2 represents the effects of Nano-Fe supplementation on ammonia concentration at 21 and 42 days of age. Green Nano-Fe levels in broiler diets decreased (p < 0.001) excreta ammonia content when compared to CON and Halimeda opuntia alone at 21 and 42 days of age in heat stress. The POS group had the lowest (p < 0.01) level of excreta ammonia, followed by the Nano-Fe and CON groups. When POS was compared to green Nano-Fe levels in broiler diets at 21 and 42 days of age under heat stress, the excreta ammonia concentration reduced linearly (p < 0.001).

[image: Figure 2]

FIGURE 2
 Effects of green Nano-Fe and algae on broiler chicken excreta ammonia contents at 21 (A) and 42 (B) days of age. Bars with different letters (a–c) are significantly different (p < 0.05). CON: negative control, POS: positive control (1 g/kg Halimeda opuntia), NFH1: 1 g/kg Halimeda opuntia with 20 mg/kg Nano-Fe, NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe, SEM: Standard error of the means (n = 40).




3.3 Carcass criteria

According to the carcass criteria (Table 4), broilers fed diets containing POS and POS including Nano-Fe at 20 mg/kg and 40 mg/kg showed increases (p < 0.05) in dressing percentage and decreases in abdominal fat at the end of the experiment compared to CON. Supplementation of POS and POS with Nano-Fe had no effect (p > 0.05) on the percentages of liver, heart, spleen, and gizzard of broilers compared to CON in heat stress.



TABLE 4 Effects of green Nano-Fe and algae on carcass characteristics at 42 days of age.
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3.4 Physicochemical properties of meat

In terms of meat physicochemical criteria, POS and POS with Nano-Fe levels increased (p < 0.05) the WHC% of the breast muscles and leg muscles at 42 days of age in hot conditions (Figure 3). Supplementation of Nano-Fe to broiler diet linearly decreased WHC% in breast and leg meat compared to POS. Cook loss percentages of the breast and leg muscles at 42 days of age were reduced at POS, 20 mg/kg, and 40 mg/kg Nano-Fe levels compared to CON (Figure 4). When Nano-Fe was added to the broiler feed, cook loss in the leg and breast meat was linearly reduced in comparison to Halimeda opuntia (POS).

[image: Figure 3]

FIGURE 3
 Effects of green Nano-Fe and algae on water holding capacity (WHC) of the breast (A) and leg (B) muscles in broilers at 42 days of age. Bars with different letters (a,b) are significantly different (p < 0.05). CON: negative control, POS: positive control (1 g/kg Halimeda opuntia), NFH1: 1 g/kg Halimeda opuntia with 20 mg/kg Nano-Fe, NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe, SEM: Standard error of the means (n = 40).


[image: Figure 4]

FIGURE 4
 Effects of green Nano-Fe and algae on cooking loss of the breast (A) and leg (B) muscles in broilers at 42 days of age. Bars with different letters (a–c) are significantly different (p < 0.05). CON: negative control, POS: positive control (1 g/kg Halimeda opuntia), NFH1: 1 g/kg Halimeda opuntia with 20 mg/kg Nano-Fe, NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe, SEM: Standard error of the means (n = 40).




3.5 Iron retentions

Supplementation of algae and Nano-Fe to broiler diets improved (Linear, p > 0.001) the Fe contents in the breast and leg meat compared to POS at 42 days of age (Figure 5). The Fe content in the breast and leg was greater in the POS group than in the CON group. The Fe content in liver tissue was higher in the POS group compared to CON, however, there is no difference between POS and CON in Fe content in the serum of broiler chickens. The Fe content in liver tissues and serum was increased (linear, p < 0.05) with the increasing levels of Nano-Fe levels compared to POS (Figure 6).

[image: Figure 5]

FIGURE 5
 Effects of green Nano-Fe and algae on Fe content in the breast (A) and leg (B) muscles of broilers at 42 days of age. Bars with different letters (a–c) are significantly different (p < 0.05). CON: negative control, POS: positive control (1 g/kg Halimeda opuntia), NFH1: 1 g/kg Halimeda opuntia with 20 mg/kg Nano-Fe, NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe, SEM: Standard error of the means (n = 40).
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FIGURE 6
 Effects of green Nano-Fe and algae on Fe content of the liver muscles (A) and serum (B) in broilers at 42 days of age. Bars with different letters (a–c) are significantly different (p < 0.05). CON: negative control, POS: positive control (1 g/kg Halimeda opuntia), NFH1: 1 g/kg Halimeda opuntia with 20 mg/kg Nano-Fe, NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe, SEM: Standard error of the means (n = 40).





4 Discussion

According to the current study, broiler hens fed diets containing Halimeda opuntia and green Nano-Fe enhanced production performance and mitigated the detrimental effects of heat stress. Heat stress is widely recognized to impair feed intake, BWG, and production performance in chickens while also increasing mortality (29–32), resulting in a loss of earnings on poultry farms. Following these negative results, meat quality (33), animal welfare (30), and immunological function (28) gradually worsen. To date, numerous mitigation methods have been introduced to lessen the detrimental effects of heat stress in poultry. Nutritional remedies have been investigated as a viable way to mitigate the negative effects of heat stress (1). Green nanotechnology feeding has the most potential as a nutritional technique, and it deserves more exploration to improve thermotolerance in chickens. Fe is an essential nutrient for chickens, and nanoparticles can improve its bioavailability. Although nanoparticles have a higher surface area, they can be more easily absorbed in the digestive tract. This increased bioavailability may contribute to improved poultry health and growth. Considering Fe is a component of hemoglobin (34) and plays a crucial role in cellular and whole-body energy and protein metabolism (35), chickens are especially vulnerable to Fe deficiency. The use of Fe nanoparticles in poultry feed has shown promise in improving feed efficiency.

In the current investigation, dietary Nano-Fe at up to 40 mg/kg increased growth performance when compared to CON. likewise, dietary treatment with POS, NFH1, and NFH2 exhibited synergistic improvements in BWG (p < 0.001) by 10.95, 10.30, and 14.50% compared to CON throughout the experiment period (1–42 days). Furthermore, feeding treatments with POS, NFH1, and NFH2 increased FCR (p < 0.006) by 8.22, 14.56, and 7.93% compared to CON, respectively. Few studies have used green Nano-Fe combined with algae as a feed additive for poultry under heat stress. Similar findings were reported by Rehman et al. (36), who found that adding xylanase and Fe oxide nanoparticles to broiler feed enhanced the FCR values at 35 days of age and raised BW by 45% compared to the CON group. The addition of 40–160 mg Fe/kg from Fe-Gly elicited higher responses; broiler chicks fed 100 mg Fe/kg exhibited the highest FCR and BWG (22). Fe oxide nanoparticles added to the diet of broiler chicks increased BW and BWG without posing any negative health risk (8). Sarlak et al. (37) observed improvements in performance indicators such as feed intake and FCR when dietary Fe was added to chicken diets compared to the CON treatment. When broiler chicks were fed Nano-Fe, their BW increased and the FCR improved (8). Compared to a CON diet without Nano-Fe, broiler diets supplemented with Nano-Fe significantly boosted BWG by 8% (38). Algae is recommended as feed additives due to their high levels of macro- and micro-elements and ability to improve the growth performance and feed efficiency of broilers (21), which is primarily due to the properties of seaweed polysaccharides that can increase the health and productivity of chickens. Furthermore, broilers’ diets containing 1 and 3.0% macroalgae Ulva lactuca from days 12 to 33 post-hatch revealed a significant improvement in BWG and FCR compared to CON (39). When added seaweed to broiler diets at a level of 0.5%, improved BWG, FCR, and decreased mortality rate when compared to a CON diet (40). These findings could be due to broiler immune systems and antioxidant metabolism might be strengthened by active components found in macroalgae (41), which would increase broiler productivity (42). The FCR and BW increase of broiler chicks given additional algal astaxanthin at doses of 2.3 and 4.6 mg/kg of diet showed marginal benefits (43). Additionally, broiler FCR was enhanced, and BWG was significantly boosted when 1% or 2% DHA-rich algae were added to the diet (44). The evidence of increased growth performance connected with algae-derived compounds may be inconsistent.

Furthermore, in the current study, the ammonia content of excreta was decreased with increasing green Nano-Fe levels with macroalgae compared to POS. Nano-Fe might help to upregulate the functional nitrogen metabolism pathway in intestinal bacteria, boosting the utilization of nitrogenous compounds in the host intestine and lowering ammonia elimination through excreta. Also, macroalgae may contribute to improved nutrient utilization by the broilers, leading to reduced ammonia excretion in the feces. Ammonia is produced by the microbial fermentation of uric acid and urea in feces, which causes respiratory diseases and chronic stress in livestock and poultry (45–47). Ammonia is created through the deamination of amino acids and the hydrolysis of urea. Changes in ammonia content, as well as ammonia uptake through epithelial cells, have an impact on the microbiota (48). Furthermore, as the ammonia level in the gut dropped, the compensatory effect of ammonia on intestinal cells was reduced, resulting in improvements in the intestinal barrier and histomorphology of the host intestine (49). The potential for macroalgae and microalgae to reduce fecal ammonia in broilers is an area of ongoing research and interest in the field of poultry nutrition. Ammonia is a common byproduct of the breakdown of nitrogen-containing compounds in manure, and high levels of ammonia in poultry housing can have negative effects on bird health and welfare. Seaweed contains bioactive compounds, such as certain polysaccharides and secondary metabolites, which may have the ability to influence microbial populations in the gut and reduce ammonia production (50).

In the current study, supplementations of Nano-Fe to broiler diets improved (p < 0.05) Fe in the breast, leg, liver, and blood. Fe is abundantly stored in the body, especially in the liver and bone marrow reticuloendothelial cells (34). Depending on the body’s Fe state, dietary demands for Fe can be regulated to enhance or decrease its rate of absorption via different recognized mechanisms (16). These mechanisms are connected to receptors on the surface of enterocytes, such as the heme carrier protein 1, which is responsible for heme-Fe absorption in the colon (51), and the divalent metal transporter 1, which may accept inorganic Fe+2 and immediately release it into the cytoplasm (52). Because Fe absorbs more rapidly than inorganic Fe, animal wastes including muscle tissue and blood provide greater Fe to poultry (16). Ma et al. (53) investigated the dietary Fe needs of broilers aged 1 to 21 days and discovered that 97 to 136 mg Fe/kg was necessary to sustain their complete expression in various tissues. In addition, serum ferritin levels were considerably higher in diets supplemented with 75, 150, or 300 mg/kg Fe, but not in diets supplemented with 600 mg/kg Fe (54). The Fe content of chick serum increased progressively as the Fe level in the diet increased (37). A large dose of ferrous methionine dramatically raised the hepatic Fe concentration in Ross broilers, according to research by Seo et al. (55). The Fe content of broiler liver, according to Ma (56), declined gradually when dietary Fe levels rose over 120 mg/kg. This could be because the liver was able to maintain the proper balance of Fe, preventing excessive deposition of Fe that could harm the body. The inconsistencies in the results in previous studies could be attributed to the broiler variety and their specific feed.

The effects of algae on the Fe content in broiler meat tissue are not extensively studied, and the available literature on this specific topic might be limited. However, algae, including certain types of seaweed, are known to contain various minerals, including Fe, which can be transferred to the animals consuming them (57). The bioavailability of Fe in the diet is crucial. The type of Fe present in the algae and its bioavailability could impact its transfer to the broiler meat (58). The ability of the broilers to absorb and incorporate dietary Fe into their tissues can vary based on factors such as age, health status, and genetics.

In the current investigation, supplementation of green Nano-Fe to broiler diets improved percentages of carcass dressing and reduced abdominal fat without any side effects on internal organs at 42 days of age. The results are consistent with Rehman et al. (37) showed that Fe oxide nanoparticles have a lot of potential for usage in chicken feed for large-scale meat production without any negative toxicological effects. Our results are consistent with Lin et al. (59) who found that varied amounts of Fe at 50, 70, 90, 110, 130, and 150 mg/kg did not affect the weight indices of Fabricius’ liver, kidneys, spleen, thymus, and bursa. Concerning carcass criteria, algae is recommended as feed additives due to their high levels of macro- and micro-elements and ability to improve broiler meat criteria (3). Male broilers’ diets containing 3.0% macroalgae Ulva lactuca revealed a significant improvement in breast muscle yield and dressing percentage compared to control (39). The improvements in carcass criterion and abdominal fat can be attributed to the favorable effects of DHA in the green alga Ulva on lipid utilization in serum (60). Fe, as an essential component of Fe-containing critical enzymes in broilers, plays a vital function in Fe metabolism and meat quality.

The current study found that Nano-Fe improved meat quality including WHC and cooking loss under heat stress conditions, which could be attributed to the Fe improving antioxidant activation. A recent study (61) found that Fe supplementation improved enzymatic antioxidant protection in chicken serum. While Kurtoglu et al. (62) showed that Fe-deficiency anemia lowered plasma antioxidant activities. As far as we are aware, there are no published articles on the effect of green Nano-Fe on broiler chick carcass criteria and meat quality. Fe is a required component of hemoglobin in erythrocytes and is needed by hemoglobin and myoglobin (63, 64) for oxygen delivery, storage, and usage in muscles (65). The greatest noticeable indicator of meat quality, color, is mostly determined by hemoglobin and myoglobin (66). Furthermore, Sun et al. (67) reported that adding astaxanthin-rich Haematococcus pluvialis to a broiler diet increased the pH of the breast muscle and lowered the WHC of the breast muscle compared to the control. The application of green Nano-Fe with algae as a carrier in broiler diets holds promise for improving production traits and meat quality as well as Fe retention. With the growing global demand for sustainable and affordable poultry nutrition alternatives, the role of green nanotechnology is gaining popularity (68–70). The use of green nanotechnology aligns with the broader goal of promoting sustainability in poultry production, optimizing resource use, minimizing environmental impact, and enhancing the overall efficiency and health of animals and poultry (71, 72). However, thorough research, including dose, safety assessments, and regulatory considerations, is necessary to ensure the responsible and effective implementation of this technology in the poultry industry.



5 Conclusion

Overall, the present study reveals that broiler chickens fed diets containing Nano-Fe and Halimeda opuntia showed synergistic enhancements growth performance, meat quality, Fe absorption, and decreased abdominal fat, but had no significant effects on internal organs. Future research ought to inquire into the impact of green Nano-Fe on immune status, microbiome, and gene expression related to immunity and heat stress.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was approved by the Institutional Animal Care and Use Committee of the University of Alexandria, Egypt (AU08220810298). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

YA: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. AE: Conceptualization, Data curation, Methodology, Validation, Writing – review & editing. EE: Conceptualization, Investigation, Methodology, Writing – review & editing. AAAA-W: Data curation, Investigation, Methodology, Project administration, Writing – original draft, Writing – review & editing. JL: Validation, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. However, partial funding received from the USDA-NIFA-Evans Allen grant with Accession Number #7004964 for publication of this research is gratefully acknowledged.



Acknowledgments

The Poultry Production Department of the Faculty of Agriculture at South Valley University in Qena, Egypt and Poultry Production Department, Faculty of agriculture, Alexandria University, Egypt are gratefully acknowledged for providing trail facilities and labs. Financial support provided by the Science & Technology Development Fund of Egypt (STDF-US-J102) to AAAA-W at Prairie View A&M University, Prairie View, Texas, United States as a Visiting Scientist is gratefully acknowledged.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Ahmad, R, Yu, Y-H, Hsiao, FS-H, Su, C-H, Liu, H-C, Tobin, I , et al. Influence of heat stress on poultry growth performance, intestinal inflammation, and immune function and potential mitigation by probiotics. Animals. (2022) 12:2297. doi: 10.3390/ani12172297 

 2. Khan, F, Shariq, M, Asif, M, Siddiqui, MA, Malan, P, and Ahmad, F. Green nanotechnology: plant-mediated nanoparticle synthesis and application. Nanomedicine. (2022) 12:673. doi: 10.3390/nano12040673 

 3. Abdel-Wareth, AAA, Hussein, KRA, Ismail, ZSH, and Lohakare, J. Effects of zinc oxide nanoparticles on the performance of broiler chickens under hot climatic conditions. Biol Trace Elem Res. (2022) 200:5218–25. doi: 10.1007/s12011-022-03095-9 

 4. Raje, K, Ojha, S, Mishra, A, Munde, V, Rawat, C, and Chaudhary, SK. Impact of supplementation of mineral nano particles on growth performance and health status of animals: a review. J Entomology and Zoology Stud. (2018) 6:1690–4.


 5. Gopi, M, Pearlin, B, Kumar, RD, Shanmathy, M, and Prabakar, G. Role of nanoparticles in animal and poultry nutrition: modes of action and applications in formulating feed additives and food processing. Int J Pharm. (2017) 13:724–31. doi: 10.3923/ijp.2017.724.731


 6. Abdel-Rahman, HG, Alian, HA, and Mahmoud, MMA. Impacts of dietary supplementation with nano-iron and methionine on growth, blood chemistry, liver biomarkers, and tissue histology of heat-stressed broiler chickens. Tropl Anim Health Prod. (2022) 54:126. doi: 10.1007/s11250-022-03130-w 

 7. Hänsch, R, and Mendel, RR. Physiological functions of mineral micronutrients (cu, Zn, Mn, Fe, Ni, Mo, B, cl). Curr Opin Plant Biol. (2009) 12:259–66. doi: 10.1016/j.pbi.2009.05.006 

 8. Nikonov, IN, Folmanis, YG, Folmanis, GE, Kovalenko, LV, Laptev, GY, Egorov, IA , et al. Iron nanoparticles as a food additive for poultry. Dokl Biol Sci. (2011) 440:328–31. doi: 10.1134/S0012496611050188


 9. Combs, G, and Combs, S. The nutritional biochemistry of selenium. Annu Rev Nutr. (1984) 4:257–80. doi: 10.1146/annurev.nu.04.070184.001353


 10. Sahin, K, Sahin, N, Onderci, M, Yaralioglu, S, and Kucuk, O. Protective role of supplemental vitamin E on lipid peroxidation, vitamins E, a and some mineral concentrations of broilers reared under heat stress. Veterinární medicína-Praha. (2001) 46:140–4. doi: 10.17221/7870-VETMED


 11. NRC. Nutrient requirements of poultry. 9th revised ed. Washington, DC: National Academy Press (1994).


 12. Conrad, ME, Umbreit, JN, Moore, EG, Hainsworth, LN, Porubcin, M, Simovich, MJ , et al. Separate pathways for cellular uptake of ferric and ferrous iron. Am J Physiol Gastrointest Liver Physiol. (2000) 279:767–74.


 13. Yu, B, and Huang, W-J. Chiou PW-S: bioavailability of iron from amino acid complex in weanling pigs. Anim Feed Sci Technol. (2000) 86:39–52. doi: 10.1016/S0377-8401(00)00154-1


 14. Gibson, RS, Bailey, KB, Gibbs, M, and Ferguson, EL. A review of phytate, iron, zinc, and calcium concentrations in plant-based complementary foods used in low-income countries and implications for bioavailability. Food Nutr Bull. (2010) 31:S134–46. doi: 10.1177/15648265100312S206


 15. Theil, EC. Iron, ferritin, and nutrition. Annu Rev Nutr. (2004) 24:327–43. doi: 10.1146/annurev.nutr.24.012003.132212


 16. Grotto, HZW. Iron metabolism: an overview on the main mechanisms involved in its homeostasis. Rev Bras Hematol Hemoter. (2008) 30:390–7. doi: 10.1590/S1516-84842008000200003


 17. Khan, A, Afzal, M, Rasool, K, Ameen, M, and Qureshi, NQ. In-vivo anticoccidial efficacy of green synthesized iron-oxide nanoparticles using Ficus racemosa Linn leaf extract. (Moraceae) against Emeria tenella infection in broiler chicks. Vet Parasitol. (2023) 321:110003. doi: 10.1016/j.vetpar.2023.110003 

 18. Sizova, E, Miroshnikov, S, Lebedev, S, Kudasheva, A, and Ryabov, N. To the development of innovative mineral additives based on alloy of Fe and co antagonists as an example. Agricultural Biol. (2016) 51:553–62. doi: 10.15389/agrobiology.2016.4.553eng


 19. Priyadarshani, I, and Rath, B. Commercial and industrial applications of micro algae – a review. J Algal Biomass Utln. (2012) 3:89–100.


 20. Martins, CF, Ribeiro, DM, Costa, M, Coelho, D, Alfaia, CM, Lordelo, M , et al. Prates JAM: using microalgae as a sustainable feed resource to enhance quality and nutritional value of pork and poultry meat. Food Secur. (2021) 10:2933. doi: 10.3390/foods10122933 

 21. Michalak, I, and Mahrose, K. Seaweeds, intact and processed, as a valuable component of poultry feeds. J Marine Sci Engineer. (2020) 8:620. doi: 10.3390/jmse8080620


 22. Sun, J, Liu, D, and Rubin, S. Supplemental dietary iron glycine modifies growth, immune function, and antioxidant enzyme activities in broiler chickens. Livest Sci. (2015) 176:129–34. doi: 10.1016/j.livsci.2015.03.004


 23. Srinivasan, V, Bhavan P.S, Rajkumar, G, Satgurunathan, T, and Muralisankar, T: Effects of dietary iron oxide nanoparticles on the growth performance, biochemical constituents and physiological stress responses of the giant freshwater prawn Macrobrachium rosenbergii post-larvae. In J Fish Aquat Stud. (2016), 4, 170–182.


 24. Khalil, AT, Ovais, M, Ullah, I, Ali, M, Shinwari, ZK, Khamlich, S , et al. Sageretia thea (Osbeck.) mediated synthesis of zinc oxide nanoparticles and its biological applications. Nanomedicine. (2017) 12:1767–89. doi: 10.2217/nnm-2017-0124 

 25. Miles, DM, Owens, PR, Moore, JPA, and Rowe, DE. Instrumentation for evaluating differences in ammonia volatilization from broiler litter and cake. J Appl Poultry Res. (2008) 17:340–7. doi: 10.3382/japr.2007-00112


 26. Honikel, KO, and Hamm, R. Measurement of water-holding capacity and juiciness In: AM Pearson and TR Dutson, editors. Quality attributes and their measurement in meat, poultry and fish products. Boston, MA: Springer (1994) 9.


 27. Honikel, KO. Reference methods for the assessment of physical characteristics of meat. Meat Sci. (1998) 49:447–57. doi: 10.1016/S0309-1740(98)00034-5 

 28. SAS, Institute
. User's guide: Statistics. Cary, NC, USA: SAS Institute, Inc (2009).


 29. Franco-Jimenez, DJ, Scheideler, SE, Kittok, RJ, Brown-Brand, TM, Robeson, LR, Taira, H , et al. Differential effects of heat stress in three strains of laying hens. J Appl Poultry Res. (2007) 16:628–34. doi: 10.3382/japr.2005-00088


 30. Johnson, JS. Heat stress: impact on livestock well-being and productivity and mitigation strategies to alleviate the negative effects. Anim Prod Sci. (2018) 58:1404–13. doi: 10.1071/AN17725


 31. Mashaly, MM, Hendricks, GL, Kalama, MA, Gehad, AE, Abbas, AO, and Patterson, PH. Effect of heat stress on production parameters and immune responses of commercial laying hens. Poult Sci. (2004) 83:889–94. doi: 10.1093/ps/83.6.889 

 32. Yoon, HS, Hwangbo, J, Yang, YR, Kim, J, Kim, Y-H, Park, B , et al. Effects of early heat conditioning on performance in broilers exposed to heat stress. Korean J Poult Sci. (2014) 41:297–303. doi: 10.5536/KJPS.2014.41.4.297


 33. Lu, Z, He, X, Ma, B, Zhang, L, Li, J, Jiang, Y , et al. Chronic heat stress impairs the quality of breast-muscle meat in broilers by affecting redox status and energy-substance metabolism. J Agric Food Chem. (2017) 65:11251–8. doi: 10.1021/acs.jafc.7b04428 

 34. Taschetto, D, Vieira, SL, Angel, CR, Stefanello, C, Kindlein, L, Ebbing, MA , et al. Iron requirements of broiler breeder hens. Poult Sci. (2017) 96:3920–7. doi: 10.3382/ps/pex208 

 35. Bao, YM, and Choct, M. Trace mineral nutrition for broiler chickens and prospects of application of organically complexed trace minerals: a review. Anim Prod Sci. (2009) 49:269–82. doi: 10.1071/EA08204


 36. Rehman, H, Akram, M, Kiyani, MM, Yaseen, T, Ghani, A, Saggu, JI , et al. Effect of Endoxylanase and Iron oxide nanoparticles on performance and histopathological features in broilers. Biol Trace Elem Res. (2020) 193:524–35. doi: 10.1007/s12011-019-01737-z 

 37. Sarlak, S, Tabeidian, SA, Toghyani, M, Shahraki, ADF, Goli, M, and Habibian, M. Effects of replacing inorganic with organic Iron on performance, egg quality, serum and egg yolk lipids, antioxidant status, and Iron accumulation in eggs of laying hens. Biol Trace Elem Res. (2021) 199:1986–99. doi: 10.1007/s12011-020-02284-8


 38. Donnik, IM. Research of opportunities for using iron nanoparticles and amino acids in poultry nutrition. Int Dent J. (2017) 13:124–31. doi: 10.21660/2017.40.99216


 39. Kulshreshtha, G, Hincke, MT, Prithiviraj, B, and Critchley, A. A review of the varied uses of macroalgae as dietary supplements in selected poultry with special reference to laying hen and broiler chickens. J Marine Sci Engineer. (2020) 8:536. doi: 10.3390/jmse8070536


 40. Choi, YJ, Lee, SR, and Oh, JW. Effects of dietary fermented seaweed and seaweed fusiforme on growth performance, carcass parameters and immunoglobulin concentration in broiler chicks. Asian Australas J Anim Sci. (2014) 27:862–70. doi: 10.5713/ajas.2014.14015 

 41. Gumus, R, Urcar Gelen, S, Koseoglu, S, Ozkanlar, S, Ceylan, ZG, and Imik, H. The effects of fucoxanthin dietary inclusion on the growth performance, antioxidant metabolism and meat quality of broilers. Rev Bras Cienc Avic. (2018) 20:487–96. doi: 10.1590/1806-9061-2017-0666


 42. Abd El-Hack, ME, Abdelnour, S, Alagawany, M, Abdo, M, Sakr, MA, Khafaga, AF , et al. Microalgae in modern cancer therapy: current knowledge. Biomed Pharmacother. (2019) 111:42–50. doi: 10.1016/j.biopha.2018.12.069 

 43. Jeong, JS, and Kim, IH. Effect of astaxanthin produced by Phaffia rhodozyma on growth performance, meat quality, and fecal noxious gas emission in broilers. Poult Sci. (2014) 93:3138–44. doi: 10.3382/ps.2013-03847 

 44. Long, SF, Kang, S, Wang, QQ, Xu, YT, Pan, L, Hu, JX , et al. Dietary supplementation with DHA-rich microalgae improves performance, serum composition, carcass trait, antioxidant status, and fatty acid profile of broilers. Poult Sci. (2018) 97:1881–90. doi: 10.3382/ps/pey027 

 45. Tang, C, Kong, W, Wang, H, Liu, H, Shi, L, Uyanga, AV , et al. Effects of fulvic acids on gut barrier, microbial composition, fecal ammonia emission, and growth performance in broiler chickens. J Appl Poultry Res. (2023) 32:100322. doi: 10.1016/j.japr.2022.100322


 46. Bauer, SE, Tsigaridis, K, and Miller, R. Significant atmospheric aerosol pollution caused by world food cultivation. Geophys Res Lett. (2016) 43:5394–400. doi: 10.1002/2016GL068354


 47. Zhou, Y, Zhang, M, Liu, Q, and Feng, J. The alterations of tracheal microbiota and inflammation caused by different levels of ammonia exposure in broiler chickens. Poult Sci. (2021) 100:685–96. doi: 10.1016/j.psj.2020.11.026 

 48. Eklouawson, M, Bernard, F, Neveux, N, Chaumontet, C, Bos, C, Davila-Gay, M , et al. Blachier colonic luminal ammonia and portal blood L-glutamine and L-arginine concentrations: a possible link between colon mucosa and liver ureagenesis. Amino Acids. (2009) 37:751–60. doi: 10.1007/s00726-008-0218-3 

 49. Ichikawa, H, and Sakata, T. Stimulation of epithelial cell proliferation of isolated distal colon of rats by continuous colonic infusion of ammonia or short-chain fatty acids is nonadditive. J Nutr. (1998) 128:843–7. doi: 10.1093/jn/128.5.843 

 50. Lopez-Santamarina, A, Miranda, JM, Mondragon, ADC, Lamas, A, Cardelle-Cobas, A, Franco, CM , et al. Potential use of marine seaweeds as prebiotics: a review. Molecules. (2020) 25:1004. doi: 10.3390/molecules25041004 

 51. Shayeghi, M, Latunde-Dada, GO, Oakhill, JS, Laftah, AH, Takeuchi, K, Halliday, N , et al. Identification of an intestinal heme transporter. Cell. (2005) 122:789–801. doi: 10.1016/j.cell.2005.06.025 

 52. Mackenzie, B, and Garrick, MD. Iron imports. II. Iron uptake at the apical membrane in the intestine. Am J Physiol Gastrointest Liver Physiol. (2005) 289:G981–6. doi: 10.1152/ajpgi.00363.2005 

 53. Ma, X, Liao, X, Lu, L, Li, S, Zhang, L, and Luo, X. Determination of dietary iron requirements by full expression of iron-containing enzymes in various tissues of broilers. J Nutr. (2016) 146:2267–73. doi: 10.3945/jn.116.237750 

 54. Wang, Z, Zhao, D, Qin, S, Shi, Z, Li, X, Wang, Y , et al. Effects of dietary supplementation with Iron in breeding pigeons on the blood Iron status; tissue Iron content and full expression of Iron-containing enzymes of squabs. Biol Trace Elem Res. (2023) 201:4538–46. doi: 10.1007/s12011-022-03530-x 

 55. Seo, SH, Lee, HK, Lee, WS, Shin, KS, and Paik, IK. The effect of level and period of Fe-methionine chelate supplementation on the iron content of boiler meat. Asian Australas J Anim Sci. (2008) 21:1501–5. doi: 10.5713/ajas.2008.80085


 56. Ma, WQ, Sun, H, Zhou, Y, Wu, J, and Feng, J. Effects of iron glycine chelate on growth, tissue mineral concentrations, fecal mineral excretion, and liver antioxidant enzyme activities in broilers. Biol Trace Elem Res. (2012) 149:204–11. doi: 10.1007/s12011-012-9418-5


 57. Gudiel-Urbano, M, and Goñi, I. Effect of edible seaweeds (Undaria pinnatifida and Porphyra ternera) on the metabolic activities of intestinal microflora in rats. Nutr Res. (2002) 22:323–31. doi: 10.1016/S0271-5317(01)00383-9


 58. Lesjak, M, and K S Srai, S. Role of dietary flavonoids in Iron homeostasis. Pharmaceuticals (Basel). (2019) 12:119. doi: 10.3390/ph12030119 

 59. Lin, X, Gou, Z, Wang, Y, Li, L, Fan, Q, Ding, F , et al. Effects of dietary Iron level on growth performance, immune organ indices and meat quality in Chinese yellow broilers. Animals. (2020) 10:670. doi: 10.3390/ani10040670 

 60. Carrillo, S, Ríos, VH, Calvo, C, Carranco, ME, Casas, M, and Pérez-Gil, F. N-3 fatty acid content in eggs laid by hens fed with marine algae and sardine oil and stored at different times and temperatures. J Appl Phycol. (2012) 24:593–9. doi: 10.1007/s10811-011-9777-x


 61. Saleh, AA, Eltantawy, MS, Gawish, EM, Younis, HH, Amber, KA, Abd El-Moneim, EAE , et al. Impact of dietary organic mineral supplementation on reproductive performance, egg quality characteristics, lipid oxidation, ovarian follicular development, and immune response in laying hens under high ambient temperature. Biol Trace Elem Res. (2020) 195:506–14. doi: 10.1007/s12011-019-01861-w 

 62. Kurtoglu, E, Ugur, A, Baltaci, AK, and Undar, L. Effect of iron supplementation on oxidative stress and antioxidant status in iron-deficiency anemia. Biol Trace Elem Res. (2003) 96:117–24. doi: 10.1385/BTER:96:1-3:117 

 63. Strube, YNJ, Beard, JL, and Ross, AC. Iron deficiency and marginal vitamin a deficiency affect growth, hematological indices and the regulation of iron metabolism genes in rats. J Nutr. (2002) 132:3607–15. doi: 10.1093/jn/132.12.3607 

 64. Rincker, MJ, Hill, GM, Link, JE, and Rowntree, JE. Effects of dietary iron supplementation on growth performance, hematological status, and whole-body mineral concentrations of nursery pigs. J Anim Sci. (2004) 82:3189–97. doi: 10.2527/2004.82113189x 

 65. Anderson, GJ, and Vulpe, CD. Mammalian iron transport. Cell Mol Life Sci. (2009) 66:3241–61. doi: 10.1007/s00018-009-0051-1


 66. Craig, JC, Broxterman, RM, Wilcox, SL, Chen, C, and Barstow, TJ. Effect of adipose tissue thickness, muscle site, and sex on near-infrared spectroscopy derived total-[hemoglobin+ myoglobin]. J Appl Physiol. (2017) 123:1571–8. doi: 10.1152/japplphysiol.00207.2017 

 67. Sun, T, Yin, R, Magnuson, AD, Tolba, SA, Liu, G, and Lei, XG. Dose dependent enrichments and improved redox status in tissues of broiler chicks under heat stress by dietary supplemental microalgal astaxanthin. J Agric Food Chem. (2018) 66:5521–30. doi: 10.1021/acs.jafc.8b00860 

 68. Lohakare, J, and Abdel-Wareth, AAA. Effects of dietary supplementation of oregano bioactive lipid compounds and silver nanoparticles on broiler production. Sustain For. (2022) 14:13715. doi: 10.3390/su142113715


 69. Ahmed, MMN, Ismail, ZSH, Elwardany, I, Lohakare, J, and Abdel-Wareth, AAA. In Ovo feeding techniques of green nanoparticles of silver and probiotics: evaluation of performance, physiological, and microbiological responses of hatched one-day-old broiler chicks. Animals. (2023) 13:3725. doi: 10.3390/ani13233725 

 70. Abdel-Wareth, AAA, Al-Kahtani, MA, Alsyaad, KM, Shalaby, FM, Saadeldin, IM, Alshammari, FA , et al. Combined supplementation of Nano-zinc oxide and thyme oil improves the nutrient digestibility and reproductive fertility in the male Californian rabbits. Animals. (2020) 10:2234. doi: 10.3390/ani10122234 

 71. Abdel-Wareth, AAA, El-Sayed, HGM, Abdel-Warith, A-WA, Younis, EM, Hassan, HA, Afifi, AS , et al. Effects of dietary Acacia nilotica fruit, zinc oxide nanoparticles and their combination on productive performance, zinc retention, and blood biochemistry of rabbits. Animals. (2023) 13:3296. doi: 10.3390/ani13203296 

 72. Abdel-Wareth, AAA, Amer, SA, Mobashar, M, and el-Sayed, HGM. Use of zinc oxide nanoparticles in the growing rabbit diets to mitigate hot environmental conditions for sustainable production and improved meat quality. BMC Vet Res. (2022) 18:354. doi: 10.1186/s12917-022-03451-w 


Copyright
 © 2024 Almeldin, Eldlebshany, Elkhalek, Abdel-Wareth and Lohakare. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		The effect of combining green iron nanoparticles and algae on the sustainability of broiler production under heat stress conditions



		1 Introduction



		2 Materials and methods



		2.1 Dietary treatments and experimental design



		2.2 Green synthesis of Fe nanoparticles



		2.3 Algae preparations



		2.4 Broiler productive performance



		2.5 Ammonia analysis



		2.6 Carcass criteria and internal organs



		2.7 Meat quality measurements



		2.8 Fe analysis



		2.9 Statistical analysis









		3 Results



		3.1 Productive performance



		3.2 Ammonia contents



		3.3 Carcass criteria



		3.4 Physicochemical properties of meat



		3.5 Iron retentions









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-11-1359213-t004.jpg
Items Dressing% Abdominal fat% Liver% Gizzard% Spleen
“Treatment, mg/kg

CON 75.18" 0833 1.880 0424 1.264 0.116
POS 78.74" 0619 1935 0.464 1344 0.117
NEHI 7880° 0547 1.966 0415 1358 0114
NFH2 78.82" 0513 1.885 0455 1.305 0.115
SEM 0326 0.035 0.038 0.010 0.030 0.005
palue

“Treatment. 0.028 0.001 0.859 0.106 0.711 0.054
Linear 0.002 0.001 0.675 0.730 0.668 0.142
Quadratic 0.485 0.057 0.590 0222 0.674 0.062

““Neans with different superscript in a column are significantly different (p< 0.05). CON: negative contral. POS: positive control (1 /kg Halimeda opuntia). NFH: 1 kg Halimeda opuntia
with 20 mg/kg Nano-Fe. NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe. SEM: Standard error of the means (1= 8).






OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

The effect of combining green
iron nanoparticles and algae on
the sustainability of broiler
production under heat stress
conditions












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






OPS/images/fvets-11-1359213-g005.jpg
Iron content mg/kg

=3
=]
1

@
=1
1

N
I=1
1

n
=]
1

o
I

Treatment, P< 0.001
Linear, P<0.001
Quadratic, P<0.061

CON POS NFH1 NFH2

Treatments

Iron content mg/kg

©
=]
1

o
=]
1

EN
[=]
1

N
(=}
1

o
I

Treatment, P<0.001
Linear, P<0.001
Quadratic, P<0.841

CON POS NFH1 NFH2

Treatments





OPS/images/fvets-11-1359213-g006.jpg
Treatment, P< 0.001 Treatment, P< 0.001
Linear, P< 0,001 Linear, P< 0.004
Quadratic, P<0.293 Quadratic, P< 0.182

Iron content
Serum iron conten

CON POS NFH1 NFH2 CON POS NFHI NFH2

Treatments Treatments





OPS/images/fvets-11-1359213-g003.jpg
WHC%

Treatment, P< 0,001
Linear, P<0.005
Quadratic, P< 0.087

POS NFH1 NFH2

Treatments

WHC%

Treatment, P< 0.001
Linear, P< 0.004
Quadratic, P< 0.098

CON POS NFHI NFH2

Treatments





OPS/images/fvets-11-1359213-g004.jpg
Cook loss%

CON

Treatment, P<0.001
Linear, P<0.001
Quadratic, P< 0.005

POS NFHI1 NFH2

Treatments

Cook loss%

Treatment, P<0.001
Linear, P<0.001
Quadratic, P<0.010

CON POS NFH1 NFH2

Treatments





OPS/images/fvets-11-1359213-t003.jpg
Feed intake, g/bird Feed conversion ratio

1-21days 21-42days 1-42 days 1-21days 21-42days 1-42 days

‘Treatment, mg/kg

CON 901.6° 2329.1 32307 1352 1.896" 1.703*
POS 947.5" 2340.6° 3288.2" 1356 1.667" 1.563"
NFH1 907.9° 2167.3" 3075.2¢ 1.244" 1.566° 1.455¢
NFH2 986.4" 2469.3 3455.8° 1302" 1.708" 1.568"
SEM 7.759 30.909 34.626 0.012 0.031 0.021
pralue

“Treatment <0.001 0.002 0.001 0.001 <0.001 <0.001
Linear <0.001 0.040 0.008 0.020 0312 0.835
Quadratic <0001 <0001 <0001 <0001 0002 <0001

~“Means with different superscript in a column are significantly different (p<0.05). CON: negative control. POS: positive control (1 g/kg Halimeda opuntia). NFH: 1 g/kg Halimeda opuntia
with 20 mg/kg Nano-Fe. NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe. SEM: Standard error of the means (1= 8).
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Ingredients, g/kg Starter diet Grower diet

Com 276 300
Sorghum 276 300
Soybean (44% CP) 285 250
Corn gluten (60% CP) 95.0 600
Vit and Min. Premix® 3.00 300
Sunflower Oil 300 552
Dicalcium phosphate 200 180
Limestone 100 1000
Salt 380 380
DL-methionine 040
L-lysine HCI 100
Total 1,000 1,000

Analyzed chemical composition, g/kg

Dry matter 925 924
Crude protein 233 216
Ether extract 537 575
Crude fiber 258 378
Ash 674 618
Ca 1322 1284
P 705 721
Fe 0024 0026
GE, MJ/kg (Calculated) 1855 19.18

‘Supplied per kg diet: biotin (50mg), pantothenic acid (10,000 mg), folic acid (1,000 mg),
nicotinic acid (30,000 mg), vitamin A (19001U), K3 (1,000 mg), B1 (1,000mg), B2

,000mg), B6 (1,500 mg), and B12 (0.046 mg) in addition to D3 (1,3001U), E (10,000mg),
and BHT (10,000mg) and includes 60 mg of Mn, 50mg of Zn, 0.1 mg of Se, 4mg of Cu, 3mg
of 1, and 0.1 mg of Co.
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Body weight, g/bird Body weight gain, g/bird

21days 42 days 1-21days 21-42 days 1-42days

Treatments, mg/kg

CON 4250 709.5¢ 1939.5¢ 667.0° 1230.0¢ 1897.0¢
POS 4275 741.6° 2147.6" 698.8° 1406.0° 2104.8"
NFH1 42.38 7720" 2156.2" 729.6" 1384.2" 21138
NFH2 4225 800.6" 22453 758.3" 1445.7" 2203.3*
SEM 0.090 7.351 19.636 7372 21.038 19.834
pralue

“Treatment 0.240 <0.001 <0.001 <0.001 <0.001 <0.001
Linear 0.054 <0.001 0.002 <0.001 0.209 0.002
Quadratic 0556 0936 0.108 0927 0.128 0.109

~“Means with different superscript in a column are significantly different (p<0.05). CON: negative control. POS: positive control (1 g/kg Halimeda opuntia). NFH: 1 g/kg Halimeda opuntia
with 20 mg/kg Nano-Fe. NFH2: 1 g/kg Halimeda opuntia with 40 mg/kg Nano-Fe. SEM: Standard error of the means (1= 8).
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