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Feeding for designer egg production- A review
Abstract

Designer egg production has emerged as a promising area of research and innovation in the poultry industry, driven by the growing consumer demand for eggs with enhanced nutritional profiles. The fortification of eggs with essential nutrients such as omega-3 fatty acids, vitamins, minerals, and antioxidants offers significant health benefits, including improved heart health, enhanced immune function, and protection against oxidative stress. Various dietary supplements, including plant-based phytobiotics, carotenoids, herbs, and fortified feeds, are being utilized to increase the levels of specific nutrients in eggs, such as vitamin E, selenium, zinc, and carotenoids like lutein and zeaxanthin. Additionally, supplementation with antioxidants, such as vitamin E and carotenoids, helps prevent lipid oxidation, preserving the nutritional integrity of eggs, especially those enriched with omega-3 fatty acids. Research indicates that dietary modifications can also increase the presence of bioactive compounds like immunoglobulin Y (IgY) in eggs, which may have therapeutic applications. This paper explores the methods of producing designer eggs, including the supplementation of hen diets with functional ingredients, and highlights the potential health benefits for consumers. As consumer interest in functional foods grows, the production of designer eggs could serve as a key strategy for addressing dietary gaps and improving public health.

Introduction
Eggs have been referred to as "nature's original functional food" (Hasler et al., 2000) and are considered a high-quality protein source. They also serve as a major dietary source of cholesterol, containing 213 mg per egg. Growing awareness among consumers about the link between dietary fats and coronary heart disease (CHD), along with concerns over salmonella, has influenced attitudes towards egg consumption. However, later research suggests that dietary cholesterol, especially in eggs, has minimal impact on blood cholesterol levels and cardiovascular health. Despite this, the fear of cholesterol persists, leading to a global decline in egg consumption, particularly in Western countries (FAO, 2003). Given the healthy image of poultry products like eggs, efforts have been made to modify eggs by adding health-beneficial ingredients or reducing harmful components. In this context, the concept of the “Designer Egg” emerged, aiming to reduce negative health factors (such as cholesterol and triglycerides) while enriching eggs with positive nutrients like ω-3 fatty acids, antioxidants, vitamins, and minerals.
Nutrient Composition of Eggs
Eggs are a highly nutritious and versatile food, rich in high-quality protein with excellent bioavailability (over 80%), unsaturated fatty acids (oleic acid), iron, phosphorus, trace minerals, and vitamins A, E, K, and B complex, especially vitamin B. Eggs also contain a small amount of carbohydrates (1%), with lipids comprising 11.87% of the total egg content and 32.8% of the yolk content. The yolk is a complex mixture, containing 68% low-density lipoproteins (LDL), 16% high-density lipoproteins (HDL), 10% livetins and other proteins, and 4% phosvitins. The egg white is mostly water (about 88%) and contains structural proteins, glycoproteins, antibacterial proteins like lysozyme, and peptides. Ovalbumin, a key protein in egg whites, provides essential amino acids for human nutrition and is used in pharmaceuticals and as a food preservative. Egg lipid content remains stable at around 8.7 to 11.2 grams per 100 grams of egg, mainly concentrated in the yolk. Eggs contain no fiber and only minimal carbohydrates (0.7%), with glucose being the dominant free sugar (about 0.37 g per 100 g of egg). Notably, eggs are a significant source of choline, primarily found in the yolk, which is vital for cell maintenance, brain development, neurotransmission, and bone health. Eggs are also rich in phosphorus, calcium, potassium, and contain moderate sodium (142 mg per 100 g). Due to their low caloric value and easy digestibility, eggs are included in the diets of the elderly, babies, and growing children. Eggs provide all the essential amino acids, which must be obtained through diet, as the body cannot synthesize them. These multifunctional properties ensure that eggs remain a popular ingredient in a wide range of foods.
Also, the poultry industry in India is growing at a very fast rate in order to meet the increasing demand of the domestic consumers. It is estimated that India has a poultry population of 851.81 million consisting around 30% layers and 40% broilers [20th Livestock census]. The egg production has increased by 10.19 % in 2019-20 as compared to 2018-19 (Basic Animal Husbandry Statistics, 2020). Total egg production in India for year 2019-20 is 114.38 billion (Basic Animal Husbandry Statistics, 2020). According to FAOSTAT production data (2019), India ranks 3rd in egg production in the world.  
Need for modifications in eggs 
The increasing focus on human nutrition for both the treatment and prevention of chronic diseases has led to greater attention from consumers and governments on the nutritional quality of food. In response, the food industry has worked to improve the health benefits of popular foods like eggs and meat by modifying their nutritional profiles.

Eggs are known to be high in cholesterol, with a large egg containing about 213 mg of cholesterol per yolk (USDA, 1991). Despite the proven nutritional benefits of eggs, the belief that consuming them directly raises serum cholesterol levels has led to a decline in egg consumption. This "cholesterol phobia" was widespread in developed countries until 1990 and continues to affect consumers in developing nations like India, largely due to a lack of awareness. It was once assumed that high cholesterol intake leads to atherosclerosis in vital arteries, increasing the risk of heart attacks and strokes, and contributing to gallstones. Although nutritionists and cardiologists now agree that there is only a minimal link between dietary cholesterol and serum cholesterol levels, the fear of consuming cholesterol-rich foods remains. As a result, there is an urgent need to reduce the cholesterol content in egg yolks and incorporate health-promoting components into eggs. Despite limited success in significantly lowering egg cholesterol through genetic, nutritional, or pharmacological methods, researchers have shifted toward using eggs as a medium for delivering essential nutrients that were traditionally absent or present in low amounts. The industry is now focused on producing specialty eggs with higher levels of beneficial nutrients or lower levels of undesirable ones, resulting in what are known as “designer eggs,” “functional eggs,” or “diet eggs,” which aim to promote consumer health.

Designer egg
Designer egg production can be defined as a process that enhances eggs beyond their traditional food value, enriching them while preserving their nutritional, functional, and sensory qualities. Designer eggs, also known as enriched or nutritionally enhanced eggs, are considered pre-ovipositor value-added or health-promoting eggs. In poultry nutrition research, the focus has shifted to enriching or fortifying eggs with specific nutrients chosen by consumers before they are laid. This approach is based on the idea that eggs accumulate nutrients when hens undergo dietary and nutritional modifications (Sujatha and Narahari, 2011). Eggs can be "designed" through dietary strategies, either by supplementing specific nutrients, herbs, or certain drugs that offer functional and therapeutic benefits.

History of designer egg production

Cruickshank (1934) was one of the pioneers in documenting the ability to alter the nutrient profile of eggs. In the late 1980s, Sim, Jiang, and their colleagues collaborated to produce nutrient-enriched eggs, creating a designer egg rich in n-3 fatty acids and antioxidants, which they patented as 'Professor Sim's Designer Egg.' Later, in 1997, Van Elswyk developed eggs enriched with conjugated linoleic acid (CLA). In Australia, Farell (1998) enriched eggs with folic acid and iron, while other designer eggs on the market include those fortified with vitamins (Michella and Slaugh, 2000). In Canada, Leeson and Caston (2004) created lutein and selenium-enriched eggs, which help prevent eye disorders. In India, Narahari (2005) developed Herbal Enriched Designer Eggs (HEDE), which are not only rich in carotenoids, n-3 PUFA, selenium, trace minerals, and vitamin E, but also contain active herbal compounds such as Allicin, Betaine, Euginol, Lumichrome, Lumiflavin, Lutein, Sulforaphane, Taurine, and other herbal bioactive principles added to the hens' diets. These eggs also contain natural sterols (phytosterols) such as β-sitosterol, Brassicasterol, Campesterol, and Stigmasterol, which are beneficial for heart health.
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METHODS FOR DESIGNER EGG PRODUCTION

· Inducing metabolic changes in hens that lead to the synthesis of compounds that ultimately end up in the egg.
· Modifying membrane transport characteristics to facilitate the movement of compounds into the eggs.
·  Adjusting the hen's diet to increase the levels of desired compounds in the eggs.

DIETARY MANIPULATION FOR DESIGNER EGG PRODUCTION
Egg nutrients that can be altered through dietary manipulation include cholesterol, fatty acid profile (such as n-3 fatty acids, linoleic, and linolenic acids), vitamins (A, D, E, K, B12, Biotin, Folic acid), and minerals (such as Cr, Se, Fe, Zn, I, Mn, etc.). Dietary manipulation is a straightforward method for enriching eggs, but certain factors must be considered before proceeding with enrichment:
· Efficiency of nutrient transfer from feed to egg
· Availability of commercially viable sources of nutrients in feed
· Potential toxicity of certain nutrients for laying hens (for example, high levels of vitamins A and D can be toxic to chickens)
· Amount of nutrient delivered through the egg in comparison with the Recommended Dietary Allowance (RDA)
· Established health benefits of the nutrients and their current deficiency in modern diets
· Potential interactions with the absorption of other nutrients from the egg
· Nutrient stability during cooking
· Impact of nutrient enrichment on the appearance and taste of the egg (e.g., vitamins E, carotenoids, and selenium do not affect egg taste but help prevent a fishy taste in ω-3 enriched eggs).

1. Reduction in cholesterol content 

Low cholesterol eggs can be produced by incorporating various supplements into the diet of laying hens. For instance, supplementing with Gynura procumbens in hen diets resulted in a 12% reduction in cholesterol in egg yolk (Lokhande et al., 2014). Laudadio et al. (2014) found that cholesterol levels in blood and egg yolk decreased by 13.7% and 19.1%, respectively, in layers fed with rations enriched with alfalfa meal (Medicago sativa). The hypocholesterolemic effect of alfalfa meal in eggs is thought to be partially due to its ability to inhibit lipogenesis in the liver and decrease the reabsorption of biliary cholesterol in the intestines, thereby reducing blood and yolk cholesterol levels. Ahmad et al. (2012) reported that supplementing hens with omega-3 fatty acids led to a reduction in egg cholesterol. Additionally, sprouted alfalfa and flaxseed lowered cholesterol in eggs by approximately 9%, which was attributed to the combined effects of various plant substances such as phytoestrogens, sterols, fatty acids, chlorophyll, polyphenols, and catechins, all of which influence cholesterol biosynthesis (Mattioli et al., 2016). Sujatha and Narahari (2011) found that supplementation with combinations of flaxseed, spirulina, and vitamin E (FSE), fish oil and selenium (FOSe), and FSE + FOSe resulted in reductions in yolk cholesterol levels of 23.2%, 26.4%, and 22.5%, respectively, surpassing the reductions reported in other studies (Scheideler and Froning, 1996; Mattioli et al., 2016). This greater reduction in cholesterol has been linked to the synergistic effects of omega-3 fatty acids and antioxidants (vitamin E, spirulina, and organic selenium) in the diet. Shahid et al. (2015) reported that hemp seed reduced egg cholesterol by 32% when supplemented at 25%, likely due to the presence of phytosterols that inhibit cholesterol absorption in the intestine and reduce cholesterol synthesis in the liver. Omega-3-enriched eggs from hens fed a 10% menhaden fish diet had 13.6% lower yolk cholesterol than control eggs. Similarly, Scheideler and Froning (1996) reported that feeding hens 1.5% menhaden fish oil or a 5% whole or ground flaxseed diet led to about a 9% reduction in yolk cholesterol.

Supplementation of Chromium: Cholesterol levels in eggs can be effectively reduced through chromium supplementation. Adding chromium at concentrations ranging from 250 to 1000 ppb in increments of 250 ppb has been shown to significantly decrease both total egg cholesterol and yolk cholesterol (Yildiz et al., 2004). Similarly, Sahin et al. (2001) observed that chromium supplementation in poultry diets reduced yolk and plasma cholesterol levels compared to control groups.
Supplementation of Copper: Copper supplementation is another method to reduce cholesterol in egg yolks. Adding varying amounts of copper to laying hen diets results in lower cholesterol levels in both the yolk and the blood (Ankari et al., 1998). Supplementing up to 300 mg/kg of copper in poultry diets can significantly reduce both yolk and plasma cholesterol (Osman et al., 2013). Increasing copper intake using different copper compounds does not affect the performance of the layers and has minimal impact on egg cholesterol levels (Pekel, 2011).
Supplementation of Probiotics: Probiotics, defined as microbial feed additives that promote the health and well-being of the host (Fuller, 1989), have beneficial effects such as improved nutrient utilization, digestive enzyme secretion, appetite stimulation, optimized gut health, and immune modulation (Toms and Powrie, 2001). They also help increase feed intake and nitrogen and calcium retention (Nahashon et al., 1996). Supplementing laying hen diets with a multi-strain probiotic at 0.5 g/kg of feed increases egg production while significantly reducing yolk cholesterol levels (Khan et al., 2011). Supplementing layers' rations with probiotics such as Rhodobacter capsulatus at rates from 0.01 to 0.04% has similarly been shown to lower both yolk cholesterol and triglycerides (Salma et al., 2007).
Supplementation of Herbals: Herbal supplementation, particularly with garlic, can also help reduce cholesterol levels. When garlic was added to laying hen diets at various levels (0 to 10%) for 16 weeks, both serum and yolk cholesterol levels decreased significantly (Chowdhury et al., 2002). Yalcin et al. (2007) also found that supplementing garlic powder in the diets of 300 laying hens for 21 weeks led to a reduction in blood serum cholesterol levels. Furthermore, the addition of polyunsaturated fatty acids (PUFA) to the diets of layers also contributed to reduced cholesterol levels.

Natural products such as garlic, Probiolac, and Lactobacillus acidophilus in poultry feed are known to reduce egg yolk cholesterol. Sim and Bragg (1977) found that feeding plant sterols (phytosterols) to hens led to a 16-33% reduction in cholesterol levels in both plasma and egg yolk when 2% dietary soysterols were included, regardless of the type of oil used. Supplementing with herbal plants such as basil (Tulsi), bay leaves, citrus pulp (naringenin), garlic, grape seed pulp, guar gum, roselle seeds, spirulina, tomato pomace (lycopene), and other herbs has also been shown to reduce cholesterol levels in both chicken fat and egg yolk by 10-25%. These herbs and natural products often work synergistically, making their combination more effective than using a single supplement.

2.  Manipulation of fatty acid profile in eggs 
Incorporating ω-3 polyunsaturated fatty acids (PUFAs) into eggs has been used as a strategy to improve the ω-6: ω-3 ratio to match the desired dietary balance. The ratio of omega-6 to omega-3 in chicken eggs has increased significantly, from 1.3 in natural conditions to 19.4 under a standard USDA diet (Simopoulos, 2000). Since the omega-6 to omega-3 ratio in eggs can be easily adjusted through dietary changes, the development of omega-3-enriched eggs offers a potential way to improve the omega-6 to omega-3 balance in the human diet. Sources of ω-3 PUFAs, such as fish oils (Shimizu et al., 2001), fish meal (Nash et al., 1995; 1996), marine algae (Herber and Van Elswyk, 1996), or a combination of these, can be added to layer diets. However, the use of fishmeal or fish oil as supplements may negatively impact the sensory qualities of the eggs (Nash et al., 1996). Commercial table eggs typically have a high content of n-6 PUFAs (primarily 18:2n-6) but are low in n-3 fatty acids. As a result, much of the effort in designer egg production focuses on enriching the egg lipids with n-3 fatty acids. There are two main approaches to producing n-3 enriched designer eggs. The simpler method is to increase the linolenic acid content in the eggs, as linolenic acid is a precursor to DHA. This is achieved by adding flax seeds, linseeds, or their oils to the hen’s diet, which leads to higher levels of linolenic acid and DHA in the egg yolk. A higher intake of alpha-linolenic acid has been shown to have protective effects against fatal ischemic heart disease. Alternatively, DHA can be directly supplemented in the hen’s diet using fish oil.
a) ɷ-3 (Omega-3 Fatty Acids) enrichment : Omega-3 fatty acids, also known as n-3 fatty acids, are a group of polyunsaturated fatty acids characterized by the presence of a C-C double bond at the third carbon position, counting from the omega end of the carbon chain. The key omega-3 fatty acids are docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are primarily found in fish oils, and α-linolenic acid (LNA), which is derived from plant oils. Omega-3 fatty acids are generally obtained from two main sources:
Marine-type omega-3 PUFA: These include DHA and EPA, which are most commonly found in deep-sea cold-water fish like salmon, mackerel, herring, tuna, bluefish, and anchovies, as well as in fish oils and marine algae. Marine algae serve as a viable alternative dietary source for n-3 fatty acids. According to Yongmanitchai and Ward (1989), certain marine microorganisms produce significant amounts of long-chain fatty acids, especially DHA and EPA. Schizochytrium sp. has been commercially used as an omega-3 fatty acid source (Barclay et al., 1998). Herber and Van Elswyk (1996) reported that marine algae contain about 11.2% long-chain n-3 fatty acids on a dry matter basis. Moreover, the PUFAs from marine algae are more stable and biologically active compared to those from terrestrial plants, and the carotenoids in marine algae may further enhance the oxidative stability of n-3 enriched eggs.

Terrestrial-type omega-3 PUFA: The primary terrestrial source of omega-3 is LNA, which is found in canola oil, soybean oil, flaxseed, walnuts, spinach, and mustard greens. Flaxseed oil, due to its high LNA content (50-60%), is commonly used in poultry egg and meat enrichment, although it can reduce the bioavailability of minerals and inhibit proteolytic enzyme activity. Flaxseed oil is the richest source of LNA, followed by fish oil and soybean oil. Supplementing layer bird diets with flaxseed oil at varying levels (0%, 1.5%, and 3%) and fish oil (0%, 2%, 3%, and 4%) has been shown to significantly enrich eggs with important omega-3 fatty acids such as ALA, EPA, and DHA (Yalcin et al., 2007; Maurice, 1994).

The protective effects of n-3 fatty acids against coronary heart disease (CHD) were first proposed by Dyerberg and Bang (1979). Omega-3 enriched eggs, produced through manipulation of egg composition, have become the first product of their kind and have drawn significant attention for their potential in improving egg and meat quality. These eggs are also enriched with other beneficial nutrients like choline, conjugated linoleic acid, lutein, selenium, and vitamins B, D, E, and K.

 The imbalance of dietary ω-6: ω-3 can cause  

· Atherosclerosis (hardening and narrowing of arteries due to deposits in arterial walls)  
· Thrombosis (blood clot within heart/blood vessels impeding blood flow) 
·  Arrhythmia (irregular heartbeats)
· Hypertension (elevated blood pressure) 
· Rheumatoid arthritis (degenerative disease of joints)
· Visual acuity reduced (impaired vision)
· Brain development affected (learning difficulties)
· Cancer (breast, colon, pancreas, prostate)
· Atopic dermatitis, lupus, psoriasis, migraine, multiple sclerosis 
·  Bronchial asthma, diabetes mellitus and ulcerative colitis
b)  CLA enrichment : Conjugated linoleic acid (CLA) refers to a group of positional and geometrical isomers of 18-carbon unsaturated fatty acids that feature two conjugated double bonds, unlike linoleic acid, which has non-conjugated dienes. The most common CLA isomers found in synthetic mixtures are cis-9, trans-11-CLA and trans-10, cis-12-CLA, with minor amounts of trans-8, cis-10-CLA and cis-11, trans-13-CLA, the latter indicating more intense heating conditions during CLA synthesis from linoleic acid (Zhang et al., 2010). CLA has been recognized for its potential health benefits, including anticarcinogenic, antiadipogenic, antidiabetic, and anti-inflammatory effects. Several studies have shown that as dietary CLA increases, the concentration of CLA in yolk lipids rises proportionally. Eggs from hens fed a diet containing 5.0% CLA can contain between 310 to 1000 mg of CLA per egg, which could provide a significant amount of CLA for human consumption, helping meet the proposed dietary requirements for this compound.
c) DHA enrichment: Docosahexaenoic acid (DHA) is an omega-3 fatty acid that plays a crucial role as a primary structural component in the human brain, cerebral cortex, skin, and retina. It can be synthesized from alpha-linolenic acid or obtained directly from sources such as maternal milk (breast milk), fish oil, or algae oil. In fish and other multi-cellular organisms that have access to cold-water oceanic foods, most of the DHA originates from photosynthetic and heterotrophic microalgae, and its concentration increases as one moves up the food chain.
Table 1 : DHA enrichment in eggs depending on dietary oil supplementation

	Oils in diet
	Levels of DHA (mg)
	References

	Flax seed oils
	74-83
	Jiang et al(1991),Jiang and Sim (1993)and Maurice (1994)

	Herring meals (12%)in diet
	100
	Nash et al (1995)

	Menhaden oil (1.5 %)
	106
	Marshall et al (1994)

	Menhaden oil (3 %)
	160-178
	Hargis et al (1991)and Van Elswyk et al (1992)

	Tuna orbital oil (0.5 %)
	180
	Leskanich and Noble (1997)


3. Vitamin enriched eggs
Naber (1993) reviewed successful efforts to modify the vitamin content of eggs through dietary supplementation and concluded that the vitamin levels in eggs vary widely, primarily depending on the vitamin concentration in the hen’s diet. Vitamin A content responds slowly to changes in dietary vitamin A, while riboflavin content adjusts more rapidly to changes in riboflavin levels. Vitamins such as D, pantothenic acid, folic acid, biotin, and B12 show significant increases when their levels are raised in the diet. The transfer efficiency of vitamins to eggs is very high for vitamin A, and high for riboflavin, pantothenic acid, biotin, and B12. Transfer efficiency is medium for vitamin D3 and vitamin E, and low for vitamin K, thiamine, and folic acid. Vitamin content can be increased through diet fortification, but with varying efficiencies in vitamin transfer. If the goal is to produce designer eggs with higher concentrations of certain vitamins for commercial purposes, vitamin transfer efficiency and cost would be key factors in evaluating the economic feasibility of such products (Naber, 1993). Recently, there has been growing interest in developing eggs enriched with vitamin E, β-carotene, and vitamin A, as these nutrients are believed to have protective effects against certain human cancers (Jiang et al., 1994). These vitamins act as antioxidants, neutralizing singlet oxygen and free radicals (Krinsky, 1989; Knekt et al., 1991).

Vitamin A Enriched Eggs : Vitamins in eggs are expected to vary based on their concentration in the hen's feed. However, for certain vitamins like vitamin A, the liver functions as a storage reservoir, helping to buffer the concentration in the yolk against significant fluctuations in the diet (Naber, 1979). Naber and Squires (1991) conducted experiments on laying hens with vitamin A. At low dietary levels, liver storage was minimal, but egg yolk levels increased significantly. As dietary levels rose, liver storage of vitamin A increased substantially, while the increase in egg yolk levels became more moderate. Within the range of 2,600 to 22,000 IU/kg of diet, liver storage of vitamin A increased by nearly 200 times, while the vitamin content in egg yolk doubled (NRC 4000 IU/kg, 117 IU/egg).
Vitamin B12 Enriched Eggs: Naber and Squires (1991) increased the feed dosage of vitamin B12 from 24 to 200 pg/kg (NRC 4 μg/kg) and observed a fivefold increase in the vitamin level in the egg yolk (with a normal level of 0.6 pg/egg). This shows that it is possible to modify the vitamin B12 content in eggs through dietary adjustments.
Vitamin D Enriched Eggs: In general, the transfer efficiency of dietary fat-soluble vitamins to the egg is lower than that of water-soluble vitamins (Naber, 1993). Unlike vitamin A, which has a more complex relationship with diet, the transfer of vitamin D to egg yolk shows a linear relationship. Excess dietary vitamin D is efficiently absorbed, transferred to the ovary, and secreted into the egg yolk during its formation (Naber & Squires, 1991). Studies have shown that increasing dietary vitamin D significantly raises the level of vitamin D in eggs (Park et al., 2005; Mattila et al., 2004). For example, the concentration of vitamin D2 in egg yolk was found to be 14.5 IU/g when the diet contained 20 IU/g of the vitamin (Kawazoe et al., 1996). Thus, egg yolk can be fortified with vitamin D to enhance its nutritional value.
Folic Acid and Biotin Enriched Eggs: Sherwood et al. (1993) investigated the supplementation of food with folic acid and discovered that folates in egg yolk were 43 times more concentrated than in hen plasma. Additionally, the folate concentration in egg yolk was 100% higher than that in egg white. Robel (1991) also reported a positive correlation between dietary biotin levels and the amount of biotin present in the egg.
Vitamin K Enriched Eggs: Although there is no direct data on the transfer of dietary vitamin K to eggs, Griminger and Brubacher (1966) showed a significant reduction in prothrombin time in the plasma of chicks hatched from eggs laid by hens that were given ten times more dietary vitamin K than the control, indirectly suggesting that vitamin K transferred to the egg. Park et al. (2005) studied the enrichment of vitamins D3, K, and iron in eggs and concluded that both vitamins D3 and K could be effectively enriched by supplementing the hens' diet with 12,000 IU of vitamin D3 and 7.5 mg of vitamin K/kg for 20 days. Compared to the control, supplementation resulted in maximum levels that were 4.6 times greater for vitamin D3 and 4.8 times greater for vitamin K.
Vitamin E Enriched Eggs: Supplementing omega-3 fatty acid-enriched eggs with vitamin E is commonly recommended to prevent lipid oxidation and rancidity, which can help extend the shelf life of these eggs. Galobart et al. (2001) found that adding vitamin E to the diet did not significantly impact daily feed intake, feed efficiency, egg weight, or laying rate. However, other studies have shown benefits in terms of egg production and antioxidant properties. Puthpongsiriporn et al. (2001) and Panda et al. (2011) found that vitamin E supplementation improved egg production and the antioxidant properties of egg yolks and plasma, especially in White Leghorn hens during heat stress. In such cases, vitamin E supplementation (60 IU vitamin E/kg feed) led to improvements in feed intake, egg production, vitelline membrane strength (VMS), albumen and yolk height, and foam stability in heat-stressed hens. Kucuk et al. (2003) observed significant improvements in laying hen performance in cold environments, including better feed conversion rate, body weight, and egg production when fed a vitamin E-supplemented diet. However, when a higher level of vitamin E (100 ppm vs. 10 ppm) was combined with 20% dietary flaxseed, Leeson et al. (1998) noted a decline in egg yolk flavor and overall egg acceptability. They recommended that a level of 100 IU/kg of vitamin E be used in commercial omega-3 fatty acid egg production to maintain both quality and performance.
The extra addition of vitamin-E in the diet of hens leads to the following advantages:

· Vitamin E reduces free radicals in blood.

·  Decreases risk of cancer and ageing process due to the reduction in the formation of the free  radicals formation.

·   May reduce the risk of heart disease since it is an antioxidant. 

·  Vitamin E acts as an antioxidant that results in delay of the development off odours.

4.Mineral Enriched Eggs

Mineral deficiencies are often a bigger concern in human health than the overconsumption of fats, cholesterol, and refined carbohydrates, which have been the focus of many public health campaigns (Brown, 1996). The eggshell contains the majority of the minerals in an egg, with approximately 2,200 mg of calcium and 20 mg of phosphorus. However, increasing the calcium and phosphorus content in the egg albumen and yolk has proven to be difficult. On the other hand, certain minerals such as chromium, selenium, iron, zinc, iodine, and manganese can be increased through dietary supplementation of the hen. These minerals play significant roles in human health, and the amount found in eggs may be lower than the recommended dietary allowance (RDA) for humans. As a result, there has been growing interest in enriching eggs with these essential minerals to create "designer eggs." This approach can provide an additional, convenient source of important nutrients and may help address mineral deficiencies in the human diet.

Table 2: Recommended daily allowances (RDAs; Directive 2008/100/EC), trace elements content and % RDA of 100 g egg
	
	RDAs 
	100 g of standard egg 
	Enriched egg found in the literature 

	
	
	Content 
	%RDA 
	

	Selenium (µg) 
	55.0 
	10.0 
	18.2 
	Four–five times (Chinrasri et al. 2009)

	Iodine (µg) 
	150 
	12.7 
	8.5 
	Three–four times, Yalçin et al. (2004) 

	Iron (mg) 
	14.0 
	2.2 
	15.7 
	1.1–1.2 times, Park et al. (2004, 2005) 

	Zinc (mg) 
	10.0 
	2.0 
	20.0
	1.4 times, Stahl et al. (1988) 

	Copper (mg) 
	1.0 
	0.014 
	1.4 
	No 

	Manganese (mg) 
	2.0 
	0.071 
	3.5
	Increased egg yolk levels from 156 to 222 μg/egg), Naber and Squires, (1991) 

	Fluoride (mg) 
	3.5 
	0.11 
	3.1
	No 

	Chromium (µg) 
	40.0 
	2.5 
	6.3
	Five fold increase, Meluzzi et al. (1996) 


Chromium Enriched Eggs: The chromium content in eggs can be significantly influenced by supplementation in the hen's diet. Kang et al. (1996) observed that the chromium content of eggs increased sharply during the first two weeks, showing a tenfold increase. However, this increase was not sustained, and the chromium content decreased to two to three times the basal level in the following weeks. Similarly, in other experiments, supplementation of chromium resulted in a more than five-fold increase in the chromium content of eggs. However, this increase was not permanent, as chromium content began to decrease after a period of supplementation, typically between 30 to 75 days (Meluzzi et al., 1996). This suggests that while chromium supplementation can be effective in enriching eggs initially, the long-term retention of chromium in eggs might be limited.
Selenium Enriched Eggs: Selenium is an important antioxidant, particularly for reproductive health. Due to its role in the reproductive system and overall health, selenium levels in the diet are crucial. Many countries, including the UK, have selenium consumption levels below the recommended daily allowance (RDA) (Yaroshenko et al., 2003). Supplementing the diet of laying hens with 0.4 ppm of selenium in the form of selenomethionine can provide up to 50% of the RDA for selenium in one egg (Yaroshenko et al., 2003; Surai, 2000). This is a feasible way to enhance the selenium intake of consumers through eggs.

Iron Enriched Eggs: Iron is essential for oxygen transport in the blood and energy metabolism. Iron-fortified eggs are particularly useful for individuals with a limited calorie intake who require additional iron. Supplementation with either organic or inorganic forms of iron has been shown to increase the iron content of eggs by 5–18% (Park et al., 2004).

Zinc Enriched Eggs: Zinc plays a crucial role in numerous body functions, including protein synthesis, immune system health, and fetal development. Zinc supplementation in a hen's diet leads to a significant increase in the zinc content of egg yolk. Adding 80 mg/kg of zinc to the diet increased egg yolk zinc levels from 0.84 to 1.62 mg/egg (Naber & Squires, 1991). Higher levels of zinc supplementation (e.g., 3000 mg/kg) result in even higher zinc concentrations in eggs (Kim & Patterson, 2005).

Iodine and Manganese Enriched Eggs: Iodine is necessary for thyroid function, regulating growth, development, and metabolism. Supplementing laying hens' diet with iodine sources like potassium iodide, kelp, or iodized linseed meal significantly increased iodine content in eggs, with levels up to 400 μg/egg when 16 mg/kg of iodine was added to the hen's diet (Naber & Squires, 1991). Manganese, which is essential for various physiological functions, also responds to dietary supplementation, though it has a less pronounced effect on egg yolk content compared to other minerals. Adding 60 mg/kg of manganese to the diet resulted in an increase of egg yolk manganese levels from 156 to 222 μg/egg (Naber & Squires, 1991). However, high levels of manganese supplementation can impair iron absorption (Baker & Halpin, 1991).

5. Pigment Enriched Eggs

Fortifying eggs with carotenoids is a novel approach in producing designer eggs. The color of the yolk indicates its pigment content, which is influenced by the type and concentration of pigments in the hen's diet. In many countries, deep yellow or orange yolks are preferred over pale ones. Natural carotenoids such as carotenes, xanthophylls, cryptoxanthin, zeaxanthin, and lutein found in ingredients like alfalfa, corn gluten meal, spirulina, marigold petals, and capsicum can enrich yolk color. These natural pigment sources are typically used in feed at 1-5% concentrations, though smaller amounts (0.05-0.1%) of the extracted pigments can achieve similar pigmentation. Turmeric and red chili powder added to feed not only enhance yolk color but also act as antioxidants and antimicrobial agents. Canthaxanthin, a carotenoid commonly used to improve yolk pigmentation, is included in hens' diets for this purpose. Lycopene, another carotenoid, can also be used to enhance yolk color and provide additional health benefits. Spirulina, a blue-green algae, is high in protein and also offers carotenoids like zeaxanthin, which are beneficial for enriching egg yolk carotenoid levels. Egg yolks contain xanthophylls, which are hydroxylated carotenoids, with lutein and zeaxanthin being the most common. These compounds contribute to the yellow-orange color of the yolk and offer antioxidant benefits, particularly for eye health. While fat-soluble azo dyes were once used for pigmentation, their use is banned in many countries due to health concerns, making natural carotenoids the preferred option for enriching yolk color. The use of carotenoids in egg production not only enhances visual appeal but also adds nutritional value, providing additional health benefits through their antioxidant properties.

6. Herbal Enriched Eggs

Phytobiotics, or plant-based products containing various plant secondary metabolites, can be incorporated into poultry feed to enhance hen performance and produce herbal-enriched super eggs. Chicken feed may be supplemented with herbs such as garlic or onion leaves, spirulina, basil leaves, turmeric powder, citrus pulp, flaxseed, red pepper, and fenugreek seeds. These super eggs are characterized by lower LDL cholesterol, immunomodulatory effects, antioxidant and anticancer properties, and higher omega-3 fatty acids. For example, a typical egg contains 90-100 µg of vitamin E per gram of yolk, while herbal-enriched eggs contain 220-240 µg per gram, contributing to their increased antioxidant capacity. This suggests that promoting herbal-enriched eggs could improve the health of hens and potentially offer health benefits to humans as well.

Table 3: Active ingredients (in designer egg) showing effect on human health

	Source 
	Active priniciple
	Effect on public health

	Garlic, onion and their leaves 
	Allicin, Allylic sulfide
	Lower L.D.L. cholesterol and anticarcinogenic

	Sugar beet, grape pulp
	Betaine
	Reduces plasma homocysteine, which damages arterial walls.

	Brocoli, cauliflower, cabbage, radish leaves 
	Sulphoraphane
	Anticarcinogenic and antioxidant

	Spirulina, marigold petals, alfalfa, red pepper 
	Carotenoid pigments
	Antioxidant, anticarcinogenic

	Turmeric powder 
	Flavonoid compounds
	Antimicrobial, antioxidant

	Bay (curry) leaves, Marigold petals 
	Lutein
	Antioxidants, Improves vision

	Tomato pomace, grape pulp 
	Lycopene
	Lowers LDL (bad) cholesterol, antioxidant, anticarcinogenic

	Flax seed, canola, fish, oils insects, worms 
	o-3 PUFA
	Reduces LDL cholesterol, hypertension, atherosclerosis

	Citrus pulp 
	Nirangenin
	Reduces LDL cholesterol

	Brewery waste, yeast, fermented products 
	Statin
	Lowers LDL cholesterol

	Fenugreek, spices 
	Quercitin,Luteolin, Diosgenin, citogenin
	Stimulates insulin secretion, antimicrobial

	Seeds, weeds, legumes,Fenugreek 
	Phytosterols
	Increases HDL (good) cholesterol, reduces blood sugar

	Basil leaves 
	Eugenol, eugenic acid
	Immunomodulators

	Milk,eggs and meat products 
	Taurine
	Impede atherosclerotic plaque formation

	Brans 
	Tocotrienols
	Decrease LDL cholesterols


7. Immunomodulated Eggs

Eggs naturally contain specific compounds such as lysozyme (G1-globulin), G2 and G3 globulins, ovomacroglobulin, and antibodies. The globulin antibodies act as natural antimicrobials and immunostimulants, which can be beneficial for treating immunosuppressed individuals, such as those with AIDS. Chicken eggs are rich in "IgY" antibodies, which are more cost-effective and efficient than the mammalian "IgG" immunoglobulin. Over six weeks, a hen produces about 298mg of specific antibodies, while a rabbit only produces 17mg. The "IgY" found in eggs can be used to treat infections caused by human rotavirus, E. coli, Streptococcus, Pseudomonas, Staphylococcus, and Salmonella. The level of IgY in eggs can be enhanced through dietary adjustments. Functional feeds rich in omega-3 fatty acids and antioxidants naturally increase IgY levels, and herbal supplements further boost it. Among herbs, basil leaves (Tulasi) at a 0.3-0.5% dietary level are particularly effective at increasing IgY levels in eggs. Other herbs such as rosemary, turmeric, garlic, fenugreek, spirulina, ashwagandha, and Arogyapacha also possess immunomodulatory properties.

8.  Antioxidant enriched eggs
In today's fast-paced lifestyle, stress is a common experience, and it is largely driven by oxidative processes that produce free radicals and peroxides within the body. Dietary antioxidants serve as an effective defense against these stresses, and designing eggs with higher antioxidant content can be a valuable solution. Due to their high lipid content, eggs can incorporate lipid-soluble antioxidants such as lutein, zeaxanthin, vitamin E, selenium, iodine, and lycopene into the yolk [Surai et al., 2006]. However, the high omega-3 fatty acid content in designer eggs may increase their vulnerability to oxidation. While eggs naturally contain antioxidants like vitamin E, vitamin A, and selenium, their levels may not be enough to protect omega-3 enriched eggs from oxidation. Therefore, enhancing eggs with additional antioxidants, such as vitamin E and carotenoids, can help reduce oxidation and provide a reliable source of dietary antioxidants. Supplementing layer feed with vitamin E or fish oil (which is rich in vitamin E) results in a dose-dependent increase in α-tocopherol levels [Meluzzi et al., 2000]. This supplementation not only boosts α-tocopherol content but also helps preserve higher levels of omega-3 fatty acids in the yolk, similar to fresh eggs [Meluzzi et al., 2000]. This process improves the shelf life and overall quality of eggs for up to four weeks [Meluzzi et al., 2000].

Natural sources like marigold (Tagetes erecta) and alfalfa (Medicago sativa) extracts provide lutein, while corn (Zea mays) and red pepper (Capsicum annuum) supply zeaxanthin and capsanthin, respectively [Breithaupt, 2007; Leeson, 2006]. Lycopene, a carotenoid with potent antioxidant properties, has been shown to reduce the risk of prostate cancer [Wertz et al., 2004; Olson et al., 2008]. While lycopene is not naturally present in eggs, it can be incorporated into the yolk through feed fortification with tomato powder, helping to reduce yolk lipid peroxidation [Akdemir, 2012]. Selenium and iodine, both known for their antioxidant properties, can be effectively transferred to the egg yolk. Eggs can be supplemented to meet up to 50% of the daily selenium requirement and 150% of the daily iodine requirement, ensuring their enhanced nutritional value [Surai et al., 2006; Dobrzanski et al., 2001].
Table 4:Nutrient content of ordinary and designer/functional eggs {Quantities depend upon their levels in the feed provided (Narahari, 2005) 
	Nutrient content
	Quantity per 100 g of egg contents (2 eggs)*

	
	Ordinary egg
	Designer egg

	Total saturated fatty acids
	3.3g
	2.8 g

	Total unsaturated fatty acids
	6.4 g
	6.9 g

	Mono unsaturated fatty acids (MUFA)
	4.4 g
	4.4 g

	Poly unsaturated fatty acids (PUFA)
	2.0 g
	2.5 g

	Linoleic acid (ɷ-6 fatty acids)
	1.9 g
	1.4 g

	α-linolenic acid(ɷ-3 fatty acids)
	0.03 g
	0.7 g

	ɷ-3 fatty acid (EPA+DHA)
	0.08 g
	0.4 g

	n6/n3 ratio
	17.3
	1.27

	Unsaturated/saturated fatty acids
	1.94
	2.46

	Cholesterol
	400 mg
	320 mg

	Carotenoids
	1.5 mg
	2.2 mg

	Vitamin E
	2 mg
	15 mg

	Selenium
	Traces
	1.8 µg

	Chromium
	Traces
	1 µg


CONCLUSION


 Designer eggs provide options for consumers who want eggs with different nutritional benefits or properties than generic eggs. A generic shell egg provides a nutrient dense, high quality, inexpensive source of protein as well as a variety of essential vitamins and minerals, with other functional components. By feeding hens special diets, eggs can offer functions above and beyond the excellent nutrition that they already provide. Since dietary manipulations of layer birds can increase the content of various nutrients in the egg, designer eggs can fulfill the recommended dietary intake of humans better than the normal eggs.  Demand of such eggs in the market is gaining momentum which is expected to be on rise in coming future.
FUTURE PERSPECTIVES


In spite of these promising benefits, human consumers may not easily accept changes of transgenic nature, although egg manipulation by dietary means is already well accepted. Due to such attitudes, the beneficial effects of designer eggs on human diet and health should be investigated well based on precise scientific research. However, efficiency of transfer of nutrients from diet to eggs reaches a plateau beyond which further enrichment of nutrients in eggs is not achieved. Enrichment typically involves higher cost of production and thus retailers and consumers need to pay a higher price for them. Therefore, the health benefits from designer eggs needs to be highlighted by appropriate labelling on final packaging.
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