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abstract

	[bookmark: _Hlk213880284]Aims: Utilizing eggshell waste is a comprehensive solution that tackles the issues of waste accumulation in the environment, pollution, and financial resources allocated to its disposal while producing high-value goods. This study aims to repurpose this waste to produce nutritional supplements used in various industries, including calcium carbonate, calcium citrate, eggshell membrane protein, and hydrolyzed collagen powder.
Place and Duration of Study: Department of Meat and Fish Technology Research, Food Technology Institute, Agricultural Research Center, Egypt, between August 2023 and July 2025.
Methodology: In this study, eggshells were used to produce calcium carbonate and calcium citrate. In contrast, eggshell membrane was employed to make a high-protein food supplement (eggshell membrane protein and hydrolyzed collagen powder).
[bookmark: _Hlk213877765]Results: The eggshell ash content represents 94.92%, while the eggshell membrane protein content represents 83.36%. Furthermore, the eggshell membrane contains a high content of amino acids proline, glutamic, glycine, and hydroxyproline, which represent 11.18%, 8.43%, 10.97%, and 7.17%, respectively. While, the hydrolyzed collagen powder produced was composed of 91.27% protein, with the predominant amino acids being glycine, proline, hydroxyproline, arginine, and glutamic acid, accounting for 10.87%, 8.59%, 6.25%, 5.7%, and 4.61%, respectively. The findings indicated that the hydrolyzed collagen powder had a total bacterial count of 3.6×102 cfu/g. No Salmonella or E. coli were detected. Eggshell powder was used to improve the calcium content of chicken meatballs.  Sensory evaluation of chicken meatballs with different fortification (0, 3, 5 and 7%) indicate that chicken meatball tell 5% fortification was acceptable to panelists splenic. 
Conclusion: the study's findings support the potential use of the nutritional supplements present in eggshell membrane and eggshells, which are made as hydrolyzed collagen powder and calcium carbonate and citrate. To improve their usefulness, future initiatives should concentrate on increasing production to integrate these supplements into functional foods.
.
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1. INTRODUCTION 

The substantial accumulation of waste of all types constitutes one of the most pressing issues confronting the global community at present. The agri-food sector is characterized by rapid development, driven by exponential population growth and the subsequent increase in food demand. This rapid growth has led to significant environmental challenges, including the generation of substantial waste. In addressing these challenges, the "zero waste" approach has emerged as a key objective in sustainable waste management strategies. These strategies aim to develop novel transformation procedures for the diverse waste produced by the agri-food sector. This process entails the transformation of diverse waste materials into bioactive compounds, chemicals, enzymes, and functional materials (Strelec et al., 2023).
A comparison between chicken eggs and meat, poultry and fish reveal that the eggs of chicken afford a large quantity of complete protein at an affordable price, making it a globally consumed staple food. The increasing utilization of eggs in various food industries has led to a significant accumulation of eggshell waste. This by-product can be utilized to produce important nutritional supplements, such as calcium carbonate, calcium citrate, eggshell membrane protein, and hydrolyzed collagen. The eggshell consists of the shell and shell membrane, which together make up about 10% of the egg's total mass. According to the Demir et al (2024) findings, 96% to 97% of the calcareous structure of the shell consists of calcium carbonate.
About 10% of the egg's bulk is made up of the shell and shell membrane, which together make up the eggshell. Demir et al. (2024) found that calcium carbonate makes up 96% to 97% of the shell's calcareous structure.
Calcium, which is derived from food, is one of the most vital and important nutrients for the human body and makes up 98% of the skeleton (Muñoz-Grach et al., 2020). Calcium is a critical micronutrient, essential for the growth of the bones and teeth in addition to blood clotting, muscle contraction, and nerve conduction (Szymandera-Buszka et al., 2021). To avoid high blood pressure, adequate calcium intake is recommended for cardiovascular health, as well as to prevent preeclampsia (Arnold et al., 2021).
The eggshell ESM is the deepest part of the eggshell, located between the mammillary layer and the egg's white. The fibrous reticular structure of the ESM is distinctive and stops the mineralization of the egg white. However, it does allow eggshell mineralization from the outer surface of the outermost part of the eggshell. This network is tightly attached to mammalian cones during the early stages of incubation, complicating mechanical separation. However, as incubation progresses, this relationship becomes less pronounced (Lee, 2018). Due to its elevated protein content, ESM serves as an alternative protein source; therefore, efficiently separating the protease membrane from the shell is a challenging process to obtain the protein in an efficient form. The appropriate separation method must be used to monitor the resulting protein quality (Everndelijk et al., 2023). 
As pointed out by Kulshreshtha et al. (2020), ESM has a high protein content of 80-85%, with 10% of this content being collagen, which is widely used in a variety of industries, including cosmetics, pharmaceuticals, biomedical engineering, and food production. In a study conducted in 2020, Kudos discovered that hydrolyzed collagen contains high levels of glycine, proline, and hydroxyproline. The addition of ascorbic acid and orange extract during the synthesis process of hydrolyzed collagen increased the nutritional value, especially ascorbic acid.
The objective of this study is to employ eggshell waste in a manner that optimizes its potential, thereby yielding high-value-added products. These products include calcium carbonate, calcium citrate, and hydrolyzed collagen powder, which possess significant commercial value and can be utilized in a diverse array of sectors, including food, pharmaceuticals, and cosmetics. Additionally, it is necessary to address the issue of environmental pollution caused by the accumulation of these waste materials.
Fortifying foods with calcium are an alternative method to meet daily calcium requirements without taking it through medications or dietary supplements. Meatballs are traditional foods made from minced meat with onion, garlic, salt, spices and other ingredients. To improve the quality of the meatballs, eggshell calcium can be utilized as a calcium source.

2. material and methods 

1. Materials
The chicken eggshells were procured from OVO Egypt (37 Polaris International Industrial Parkes, North Extensions, 6th of October City, Giza, Egypt). The eggshells (20 Kg) were transferred to the laboratory of the meat and fish department at the Agricultural Research Center. Orange essence powder was purchased from El Zawawy Company, Cairo, Egypt. Ascorbic acid was purchased from El-Gomhouria Co. for Trading pharmaceutical, Chemicals and Medical Equipment, Cairo, Egypt. Chicken, flour and spices were purchased from local market. 
2. Methods

[bookmark: _Hlk200270606]2.1 Production of calcium carbonate and calcium citrate powder
The eggshell membrane was manually extracted from the interior of the shells. Eggshells were subjected to a roasting process at 120°C for two hours to eradicate microbial contamination. After the roasting process, the eggshells were crushed, and the resultant fragments were sieved through a 0.8 mm sieve to achieve a uniform grain size. This procedure was undertaken to obtain calcium carbonate. The calcium carbonate was subjected to a reaction with a 50% citric acid solution, subsequently being incubated at 80°C for 1h. Following the drying process, the material underwent crushing and sieving through a 0.8 mm sieve to yield calcium citrate (Siemiradzka et al., 2018).
The 300 g of ESW produced 283g of calcium carbonate powder with 94.33% yield. The 283g of calcium carbonate powder produced 236g of calcium citrate powder with 83.39% yield.














2.2 Utilization of the eggshell waste 







Figure 1. shows how calcium carbonate and calcium citrate are obtained from eggshells, in addition to hydrolyzed protein from the eggshell membrane.
 (
Separation with acetic acid 
) (
Eggshell
 
waste
)


 (
Separation of eggshell membrane manually
)


 (
Washing with 
deionized water
)

 (
Roasted at 120ºC/2h
)


 (
Grinding 
and Sieving
)
 (
Washing with distilled water 
)



 (
Crushed 
and sieved  
)
 (
Eggshell membrane protein powder
)


 (
Calcium carbonate (CaCO
3
)
)


 (
Enzymatic hydrolysis
)

 (
Add citric acid
)


 (
Adding orange essence and ascorbic acid 
) (
Crushed 
and sieved through a 0.8 mm 
)




 (
Hydrolyzed collagen powder
) (
Calcium citrate 
Ca
3
(C
6
H
5
O
7
)
2
)





Figure (1): Diagram illustrating the eggshell waste utilization.

[bookmark: _Hlk200270638]2.3 Production of chicken meatball fortified with eggshell powder
Chicken meatballs were prepared by the method described by Susruthan et al. (2025). Fresh chicken meat was minced and mixed with 3% onion, 0.5% garlic, 15% flour 2 % spices, 2% salt, 2% black pepper 12% ice flakes as a control. Eggshell powder was added to the meatballs at the levels 3, 5 and 7% of the chicken meat. 
2.4 Production of eggshells membrane protein 
[bookmark: _Hlk211322170]As posited by Torres-Mansilla et al. (2017), the application of an acetic acid solution to the eggshell membrane separation technique has been demonstrated to preserve the organic structure of the eggshell membrane. In the context of the alternative acid, and the acetic acid solutions have been demonstrated to facilitate the separation of the eggshell membrane with greater efficiency than conventional methods, while maintaining the chemical composition of the structure. The eggshells were immersed in acetic acid to achieve dissolution of the calcium carbonate present in the eggshells. Following a 24-hour immersion period, the fragments were extracted from the acid solution thoroughly rinsed with deionized water, and subsequently desiccated at 37°C within an oven.
2.5 Production of hydrolyzed collagen powder
[bookmark: _Hlk200258515]The collagen extraction method employed was adapted from the technique outlined by Wong et al. (1984), with a minor adjustment to accommodate the specific requirements of the experiment. To remove the fresh eggshell membranes and non-collagenous proteins, the samples were subjected to an extraction process involving a NaOH solution (0.10 N) at a sample to alkaline solution ratio of 1:10 (w/v) for a duration of 24 hours. The alkaline solution was replenished at 6-hour intervals to ensure continuous extraction. Following the extraction process, the alkali-treated eggshell membrane was thoroughly washed with cold deionized water until the wash water reached a neutral or faintly basic pH level. 
Subsequently, the precipitate was subjected to pepsin digestion at a concentration of 0.5% for a duration of 24 hours in 0.50 M acetic acid. The digest was subjected to a centrifugal process at 10,000 g for a duration of 45 minutes. Thereafter, the resultant precipitate was meticulously washed with three 50 mL portions of acetic acid (0.50 M), followed by its subsequent disposal. The upper and lower layers were subsequently amalgamated and filtered through the fritted disk funnel. A solution of solid sodium chloride (NaCl) was prepared, and 0.9 M of the compound was achieved by the addition of the salt to the solution and subsequent stirring for 12 hours. The precipitate was collected by means of centrifugation (10000 g for 45 minutes), re-dissolved in acetic acid (0.50 M), dialyzed exhaustively alongside 0.50 M acetic acid, 0.10 M acetic acid, and deionized water. Subsequently, the dialysates underwent a lyophilization process. The freeze-dried collagen hydrolyzed sample was prepared by incorporating orange essence powder (3 g/1000 g) and ascorbic acid (5 g/1000 g) into the sample.
2.6 Proximate Analysis
The analysis of proximate composition was conducted to ascertain moisture, protein, fat, and ash content, adhering to the methods established by the Association of Official Analytical Chemists (AOAC, 2016). The total carbohydrate content was determined by difference. 
2.7 Cooking loss and cooking yield
Chicken meatballs were weighed before and after cooking. Cooking loss and cooking yield were determined as described by Aldabak et al. (2025).
2.8 pH: 
The pH value was measured by using 10g of samples in distilled water using a Jenway digital pH meter (Model 3510). 
2.9 Minerals
Minerals were measured by using an atomic absorption spectrophotometer ICE 3500 series (Thermo) according to Abdel-Rahman et al. (2018).
2.10 Determination of amino acids
The amino acids were identified using automatic amino acids analyzer according to (Block et al., 1952).
[bookmark: _Hlk202480557]2.11 Computed protein efficiency ratio (C-PER): 
The C-PER was calculated as outlined by Alsmeyer et al. (1974) using the following equation: 
.
[bookmark: _Hlk202480688]2.12 Computed Biological value (BV):
The biological value was calculated as per the methodology outlined by Farag et al. (1996) using the equation: 
2.13 Microbiological analysis
[bookmark: _Hlk184554321]2.13.1 Total bacterial count 
[bookmark: _Hlk184554526]The APHA (1976) methodology was used for total bacterial count with standard plate count agar, with incubation at 30°C for three days before enumeration.
2.13.2 Salmonella spp
[bookmark: _Hlk184540527]The presence or absence of Salmonella was determined in accordance with the method described by FAO (1979).
[bookmark: _Hlk197648632]2.13.3 Escherichia coli
The Escherichia coli (E. coli) was detected using MacConkey agar medium (APHA, 1976). 
2.14 Sensory evaluation
The sensory attributes of hydrolyzed collagen powder were conducted in accordance with Masoud (2017) with the assistance of 10 members from the Meat and Fish Research Department, Food Technology Research Institute. The sample was assessed for taste, color, odor, solubility, and overall acceptability. The evaluation criteria for each sensory parameter were as follows: excellent (8-9), very good (7-<8), good (6-<7), fair (5-<6), poor (4-<5), and rejected (<4).
2.15 Statistical analysis
The data were statistically examined using the One-way analysis of variance (ANOVA) through the SPSS program (version 16.0). Means comparison with and standard deviations was conducted utilizing Duncan's test at a significance level of P < 0.05 (Snedecor and Cochran, 1994).

3. results and discussion
3.1 Percentage of eggshell and eggshell membrane of the chicken egg
As demonstrated in Table 1, the mean weight of a chicken egg was found to be 57.24 grams. The eggshell constitutes 14.24% of the total weight of a chicken egg, while the eggshell membrane accounts for 2.39% of the full weight of the egg. The findings coincide with those of Nys et al. (2011), who indicated that the eggshell by-product constitutes around 10% of the total weight (60 g) of an egg. Moreover, Narandelger et al. (2019) found that the average weight of the egg was (57.50 ± 6 g) and the average weight of the shell was (7.40 ± 0.72 g).
[bookmark: _Hlk195789646][bookmark: _Hlk196903255][bookmark: _Hlk194485367]Table (1): Percentage of eggshell and eggshell membrane 
	whole weight of egg (g)



	whole weight of eggshell (g)
	Percentage (%) of whole weight of eggshell (g) / whole weight of egg (g)
	whole weight of eggshell membrane (g)
	Percentage (%) of whole weight of eggshell membrane (g) / whole weight of egg (g)

	57.24±3.20
	8.15±0.94
	14.24
	1.07±0.11
	1.86


Values are mean ± SD (n=10).
2.2 Egg shell
2.2.1 Chemical composition
As demonstrated in Table 2, the contents of moisture, protein, ash, fat, and total carbohydrate of chicken eggshell were found to be 0.93%, 2.86%, 94.92%, 0.43%, and 0.86 % on a wet basis, respectively. These findings are consistent with the results reported by Ray et al. (2017), who stated that the moisture, protein, fat, and ash components of white eggshells were 0.46, 3.92, 0.35, and 94.61 g/100 g, respectively. Ash was identified as the predominant component of the eggshell, succeeded by proteins, whilst the fat content was determined to be a lesser component.
[bookmark: _Hlk196903310][bookmark: _Hlk196902184]Table (2): Chemical composition of chicken eggshell (%)
	Constitute (%)
	Eggshell

	[bookmark: _Hlk199869004]Moisture
	[bookmark: _Hlk205733351]0.93 ± 0.14

	Protein
	[bookmark: _Hlk205733366]2.86 ± 0.23

	[bookmark: _Hlk199868893]Ash
	[bookmark: _Hlk205733399]94.92 ± 0.27

	Fat
	[bookmark: _Hlk205733442]0.43 ± 0.08

	Total carbohydrate
	[bookmark: _Hlk205733494]0.86 ± 0.11


Values are mean ± SD (n=3).
2.2.2 Mineral Composition
[bookmark: _Hlk199872069]An examination conducted on the mineral content of chicken eggs. The results of the mineral analysis are shown in Table 3. The analysis of chicken eggshell powder revealed the following mineral content (in milligrams): calcium (34,824), magnesium (342), iron (12.7), phosphorus (105), zinc (0.53), sodium (74.41), potassium (53.28), and copper (0.97). The mineral values ascertained in the present study demonstrated a high degree of congruence with the findings of Chakraborty and Datta (2019) and Arif et al. (2022).
The analysis revealed that eggshells are a rich source of essential mineral elements. They show high potential as a dietary supplement due to their high abundance of calcium and magnesium. They also contain phosphorus, a crucial element for healthy physiological processes including bone formation, enzyme activation, and cellular energy production (e.g., ATP/ADP synthesis) (Al-awwal et al., 2015). Sodium is an essential mineral that aids in both neuromuscular transmission and the body's production of salt. As a supplement, potassium can be used to activate a wide range of vital enzymes and control neuromuscular excitability and muscle contraction. The body uses iron for enzymatic oxidation reactions and oxygen transport by hemoglobin. It was found that copper and zinc were in very small quantities.
[bookmark: _Hlk196905055]Table (3): Mineral Composition (mg/100g) of chicken eggshell
	Minerals (mg/100g)
	Eggshell

	Calcium
	[bookmark: _Hlk195851966]34,824± 1.64

	Magnesium
	342 ± 0.58

	Iron
	12.70 ± 0.19

	[bookmark: _Hlk195852074]Phosphorus
	105 ± 0.35

	Zinc
	0.53 ± 0.07

	Sodium
	74.41 ± 0.30

	Potassium
	53.28 ± 0.26

	Copper
	0.97 ± 0.11


Values are mean ± SD (n=3).
2.2.3 Calcium carbonate 
Numerous sources of calcium exist in the form of supplements. In addition to its natural occurrence in minerals, calcium carbonate (CaCO3) can be produced synthetically from chalk or calcium hydroxide. Alternatively, it can be derived from fresh or fossilized animal shells. The composition and dissolution rate of these sources vary significantly. A preliminary investigation suggests that natural calcium sources may be preferable to other calcium carbonate sources, as they generally contain a high concentration of additional beneficial microelements. Calcium is a naturally occurring element found in chicken eggshells. As demonstrated in the research, calcium carbonate is not the only component of an eggshell. In addition, strontium and boron have been recognized as essential elements that play an important part in the prevention of osteoporosis (Szeleszczuk et al., 2015). The high concentration of calcium carbonate in eggshells has led to its utilization as a pharmaceutical excipient, in toothpastes, and in agriculture to mitigate soil acidification. Additionally, calcium carbonate serves as a source of dietary calcium, a critical component in osteoporosis treatment. According to a study, one effective method to augment human dietary calcium intake is to incorporate heat-treated eggshell powder into locally produced foods (Ogah et al., 2021).
2.2.4 Calcium citrate
Recent research has shown that calcium insufficiency is a global issue affecting individuals of all ages and genders. Supplemental calcium intake has been demonstrated to yield unsatisfactory outcomes, even when the recommended dosage is adhered to. This phenomenon may be attributed to the reduction in absorption rate of calcium ions within the gastrointestinal system, resulting in diminished bioavailability of specific calcium preparations due to their limited solubility in stomach acid (Prentice, 2004).
Calcium carbonate has been observed to dissolve more readily in acidic conditions. However, calcium citrate is also soluble in both alkaline and neutral conditions. Calcium has been observed to precipitate out of solutions at pH values higher than 6.1; therefore, the supplementation of calcium carbonate may not be as beneficial for individuals diagnosed with gastritis (acidosis) (Siemiradzka et al., 2018). In healthy postmenopausal women with varying levels of stomach acid production, a single dose of calcium citrate was found to result in 2.5 times more intestinal calcium absorption than calcium carbonate (Tondapu et al., 2009).
The research paper attempts to deliver a thorough overview of the topic matter. Individuals with sensitivity to antacids or who experience insufficient stomach acid secretion may prefer calcium citrate over calcium carbonate for supplementation. This preference is attributed to the enhanced digestibility of calcium citrate and its reduced propensity to induce "acid rebound", a phenomenon characterized by the stomach's compensatory overproduction of acid (Narandelger et al., 2019).
Calcium citrate is the calcium salt of citric acid. The substance under scrutiny is an odorless, white powder that exhibits minimal solubility in water. Calcium citrate is a food additive that is frequently utilized in the processing of products like jam, milk and dairy products. In the food industry, it functions as a stabilizer, thereby preventing acidity and infection.
2.3 Eggshell membrane
[bookmark: _Hlk209600034]2.3.1 Chemical composition
As demonstrated in Table 4, the moisture content of the chicken eggshell membrane was found to be 1.57%, while the protein content was 83.36%, the ash content was 13.72%, the fat content was 0.39% and the carbohydrate was 0.96% all on a wet basis. These findings align with the results presented by Demir et al. (2024), who indicated that the eggshell membrane comprises 82.90% protein. Candish and Scougall (1969) reported that the chemical composition of eggshell membrane consists of 88.20% protein, 10.50% ash, 1.04% total carbohydrate, and 0.35% fat. These findings indicated that eggshell membrane was predominantly composed of protein, with comparatively lower amounts of fat and carbohydrate.
[bookmark: _Hlk194485410][bookmark: _Hlk196291051]Table (4): Chemical composition of eggshell membrane (%) 
	Constitute (%)
	ESM

	Moisture
	1.57 ± 0.06

	Protein
	83.36 ± 0.19

	Ash
	13.72 ± 0.23

	Fat
	0.39 ± 0.12

	Total carbohydrate
	0.96 ± 0.15


[bookmark: _Hlk209600290]Values are mean ± SD (n=3).
2.3.2 Amino Acid Composition
Research has demonstrated the notable quality of eggshell membrane proteins, and the scientific community has increasingly acknowledged their importance (Zhao et al., 2019).
The investigation of the amino acid composition of eggshell membrane proteins indicated that proline (11.18) was the predominant amino acid in ESM, followed by glycine (10.97), glutamic acid (8.43), hydroxyproline (7.17), and valine (5.22). The findings align with those of Demirel et al. (2024), who identified threonine, valine, lysine, and glutamic acid as the amino acids present in the highest concentrations in eggshell membrane proteins, with proline ranking.
[bookmark: _Hlk202659104]Total essential amino acids were (29.80), where the amino acids valine (5.22) and leucine (4.63) were the major essential amino acids in the eggshell membrane proteins. Conversely, the lowest essential amino acids were phenylalanine (1.68) and histidine (3.11). Total non-essential amino acids were (67.30), where the amino acids proline (11.18) and glycine (10.97) were the major non-essential amino acids in the eggshell membrane proteins. However, the lowest non-essential amino acids were tyrosine (1.77) and cystine (2.76).
A substantial body of research has validated the manifold applications of eggshell membrane protein in the medical and pharmaceutical domains. A key study by Ruff et al. (2009) has demonstrated that natural eggshell membrane (NEM) exhibits significant potential as a novel, efficacious, and safe treatment for alleviating pain and stiffness associated with joint and connective tissue problems. The administration of NEM (500 mg once daily) led to a substantial decrease in pain, both swiftly (within seven days) and persistently (at 30 days).
[bookmark: _Hlk202727177]The computed protein efficiency ratio (C-PER) was calculated by an equation using amino acid data. The C-PER of eggshell membrane protein was 0.90. The biological value (BV) of a protein is a measure of how well the protein from food is absorbed and utilized by the body for protein synthesis. The Computed Biological value (BV) of eggshell membrane protein was 59.39.
[bookmark: _Hlk197333378]Table (5): Amino acids composition (%) of eggshell membrane
	Amino acids (%)
	ESM

	[bookmark: _Hlk196293888]Hydroxyproline
	7.17

	Aspartic
	6.45

	Threonine
	3.71

	Serine
	5.24

	Glutamic
	8.43

	Glycine
	10.97

	Alanine
	3.46

	Valine
	5.22

	Cystine
	2.76

	Isoleucine
	3.40

	Leucine
	4.63

	Tyrosine
	1.77

	Phenyl alanine
	1.68

	Histidine
	3.11

	Lysine
	4.23

	Arginine
	6.30

	Proline
	11.18

	Hydroxylysine
	3.57

	Methionine
	3.82

	Total essential amino acids
	29.80

	Total non-essential amino acids
	67.30



2.4 Collagen
2.4.1 Chemical composition
[bookmark: _Hlk202471131]As demonstrated in Table 6, the chemical composition of the hydrolyzed collagen powder was investigated. The analysis revealed that the powder contained 3.41% moisture, 91.27% protein, 4.63 % ash, 0.23% fat, and 0.46% total carbohydrate on a wet basis. The protein content of eggshell hydrolyzed collagen is slightly higher when compared to the protein content (88%) of the bovine hydrolyzed collagen mentioned by Masoud (2017).
The nutritional value of collagen, particularly vitamin C, was found to increase when ascorbic acid was incorporated into the hydrolyzed collagen. The addition of vitamin C to collagen is of significant importance, as the human body is capable of synthesizing glucosamine through a reaction involving vitamin C and collagen amino acids, specifically proline and hydroxyproline (Kramer et al., 1999).
The extraction yield of collagen from eggshell membranes was found to be 14%. According to Mohammadi et al. (2016), the results indicated that the collagen yield extracted from eggshell membrane ranged from 14.80 to 30.10%.
[bookmark: _Hlk196316451][bookmark: _Hlk196300196][bookmark: _Hlk196373368]Table (6): Chemical composition (%) of hydrolyzed collagen powder
	Constitute (%)
	Hydrolyzed collagen powder

	Moisture
	3.41 ± 0.17

	Protein
	[bookmark: _Hlk199878751]91.27 ± 0.30

	Ash
	4.63 ± 0.21

	Fat
	0.23 ± 0.06

	Total carbohydrate
	0.46 ± 0.10

	Yield
	14


Values are mean ± SD (n=3).
2.4.2 Amino acid composition
As demonstrated in Table 7, the amino acid composition of collagen hydrolyzed powder is as follows: The collagen hydrolyzed powder that was produced in this study exhibited high concentrations of glycine (10.87%), proline (8.59%), and hydroxyproline (6.25%). The result confirms the findings of Zhao et al. (2019), who identified glycine as the predominant amino acid in eggshell membrane collagen, followed by proline and hydroxyproline. Their research indicates that the composition of eggshell membrane collagen is (Gly-Pro-Hyp).
A minimal quantity of phenylalanine, tyrosine, histidine, and methionine was identified, with concentrations of 1.13%, 1.29%, 1.88%, and 1.92%, respectively. The absence of both the amino acids cysteine and tryptophan was also observed. This finding aligns with the results of Budiati et al. (2025), who claimed that tryptophan and cysteine should be missing in collagen. 
It is known that much of the production of collagen supplements comes from bovine origin. So, when comparing amino acids in eggshell membrane collagen with amino acids of bovine collagen, Chenget et al. (2021) found that eggshell membrane collagen contains relatively more essential amino acids (valine, leucine, isoleucine, methionine and histidine) while bovine collagen contains more non-essential amino acids, particularly hydroxyproline, glycine, proline, glutamic and alanine.
The computed protein efficiency ratio (C-PER) was calculated by an equation using amino acid data. The C-PER of collagen hydrolyzed powder was 0.33. The Computed Biological value (BV) of eggshell membrane protein was 53.37.
[bookmark: _Hlk196316457][bookmark: _Hlk194485480][bookmark: _Hlk194495705]Table (7): Amino acids composition (%) of collagen hydrolyzed powder
	Amino acids (%)
	ESM

	Hydroxyproline
	6.25

	Aspartic
	5.90

	Threonine
	2.14

	Serine
	3.46

	Glutamic
	4.61

	Glycine
	10.87

	Alanine
	2.75

	[bookmark: _Hlk202559166]Valine
	3.48

	Isoleucine
	2.97

	Leucine
	3.11

	[bookmark: _Hlk196634791]Tyrosine
	[bookmark: _Hlk196634952]1.29

	[bookmark: _Hlk196634769]Phenyl alanine
	1.13

	[bookmark: _Hlk196634813]Histidine
	1.88

	Lysine
	3.14

	Arginine
	5.70

	Proline
	8.59

	Hydroxylysine
	3.28

	[bookmark: _Hlk196634837]Methionine
	1.92

	Total essential amino acids
	19.77

	Total non-essential amino acids
	52.70



2.5 Microbiological characteristics
[bookmark: _Hlk199880452][bookmark: _Hlk202471258]The microbiological examination results in Table 8 revealed that the hydrolyzed collagen powder had a total bacterial count of 3.6×10² cfu/g. The Salmonella sp., and E. coli were undetected in all samples. Masoud (2017) reported analogous results. The total bacterial count in the hydrolyzed bovine collagen was found to be within the standard specifications, with a value of less than 1000 cfu/g. Furthermore, the presence of salmonella and E. coli was not detected.
[bookmark: _Hlk198030178][bookmark: _Hlk198030823]Table (8): Microbiological analysis of hydrolyzed collagen powder 
	Microorganisms
	Count (CFU/g)

	[bookmark: _Hlk197277932]Total bacterial count
	[bookmark: _Hlk197277901]3.6×102 ± 0.31 

	Salmonella Sp.
	ND

	[bookmark: _Hlk197278025]E. coli
	ND


Values are mean ±SD (n=3).
2.6 Sensory evaluation
[bookmark: _Hlk189694347]As illustrated in Table 9, the sensory attributes of hydrolyzed collagen powder with both additives (ascorbic acid and orange essence powder) are compared to those of hydrolyzed collagen as a control. The findings indicate the presence of substantial variations among the samples with respect to odor, color, taste and overall acceptability. Besides, non-significant differences (p>0.05) in solubility were shown between the hydrolyzed collagen powder with additives and the control. Across all attributes (except solubility), the hydrolyzed collagen powder with additives exhibited a higher sensory evaluation value in comparison to the control. This phenomenon may be attributable to the improvement of sensory qualities of hydrolyzed collagen by ascorbic acid and orange essence powder, as previously observed by Kodous et al. (2020).
Eggshell membrane collagen possesses features equivalent to other mammalian collagens, making it a viable alternative for commercial uses in cosmetics, functional foods, and the biochemical and pharmaceutical industry (Yu-Hong and Yu-Jie, 2009).
[bookmark: _Hlk198030202][bookmark: _Hlk196638766]Table (9): Sensory evaluation of hydrolyzed collagen powder
	Parameter
	Hydrolyzed collagen
	[bookmark: _Hlk198030985]Hydrolyzed collagen powder with additives

	Color
	6.20 ± 0.24b
	8.55 ± 0.31a

	Odor
	6.50 ± 0.32b
	8.70 ± 0.16a

	Taste
	5.80 ± 0.19b
	8.30 ± 0.37a

	Solubility
	7.70 ± 0.28a
	8.10 ± 0.25a

	Overall acceptability
	[bookmark: _Hlk202475222]6.80 ± 0.21b
	8.40 ± 0.34 a


[bookmark: _Hlk202476343]Values are mean ± SD, (n=10). Different superscript letters within the same row are significantly different at p =0.05.
2.7 Chicken meatball fortified with eggshell powder 
2.7.1 Chemical composition
[bookmark: _Hlk181014716][bookmark: _Hlk181001685][bookmark: _Hlk181168817][bookmark: _Hlk180923163][bookmark: _Hlk210550818][bookmark: _Hlk210548484][bookmark: _Hlk211266796]The results in Table 10 showed the proximate composition of chicken meatballs. Chicken meatballs with 0% eggshell powder contained high percentage of moisture, protein and fat (70.34, 23.16 and 2.65%) respectively. By increasing the percentage of addition, the percentage of moisture, protein and fat decreased reaching the lowest percentage in samples contained 7% eggshell powder. This result is consistent with the findings of Suryono et al. (2023) who mentioned that the highest quantity of chicken shell powder reduces the amount of water and protein content in the chicken nugget. The protein content of the chicken nuggets decreases because Chicken eggshell has a relatively low protein content of 5.04%.
[bookmark: _Hlk181164929][bookmark: _Hlk184552471][bookmark: _Hlk181164863][bookmark: _Hlk211000720]The highest ash and carbohydrate contents were in samples contained 7% eggshell powder, while lower contents were in samples contained 0% eggshell powder. Same result found by Pato et al. (2025) who found that nuggets with addition of eggshell powder has high ash content indicates a high mineral content in the powdered chicken eggshell because it contains about 94–97% calcium carbonate, with the remainder being phosphorus, magnesium, potassium, manganese, iron, zinc, and copper.
[bookmark: _Hlk210550904]The calcium content of the chicken meatballs increased by increasing the percentage of addition. Chicken meatballs with 7% eggshell powder contained high percentage of calcium content (306.18 mg/100g). These results are in agreement with those obtained by Suryono et al. (2023) who reported that chicken eggshells contain 94% of calcium carbonate, which increase the amount of calcium of chicken nuggets.
[bookmark: _Hlk209601585][bookmark: _Hlk210988056]Table (10): Chemical composition of chicken meatball fortified with eggshell powder (%) 
	Constitute (%)
	Eggshell Powder (%)

	
	0
	3
	5
	7

	Moisture
	70.34±0.33a
	69.17±0.28b
	67.88±0.21c
	66.47±0.24d

	Protein
	23.16±0.11a
	22.53±0.13b
	21.94±0.17c
	20.26±0.20d

	Fat
	2.65±0.07a
	2.49±0.16ab
	2.27±0.23bc
	2.14±0.04c

	Ash
	2.96±0.18d
	4.07±0.20c
	5.36±0.19b
	6.71±0.26a

	Total carbohydrate
	0.89±0.15d
	1.74±0.14c
	2.55±0.10b
	4.42±0.05a

	Calcium content 
[bookmark: _Hlk210551452](mg/100g)
	47.58± 0.43d
	112.61± 0.56c
	275.14± 0.71b
	306.18±0.92a


Values are mean ± SD, (n=3). Different superscript letters within the same row are significantly different at p =0.05.
[bookmark: _Hlk211266291]2.7.2 pH, cooking loss and cooking yield
The results in Table 11 showed the pH, cooking loss and cooking yield of chicken meatballs. The pH number of chicken meatball increased as the level of fortification with eggshell powder increase. This result is consistent with the findings of Suryono et al. (2023) who mentioned that the more the quantity of eggshell flour, the higher the pH of the final chicken nuggets due to ionization of calcium carbonate in water to form Ca2+ and Ca3+ ions.
[bookmark: _Hlk211268377]The cooking loss of meatballs fortified with eggshell powder significantly decreased compared to control of chicken meatball while, the cooking yield of chicken meatballs fortified with eggshell powder significantly increased compared to control of chicken meatball. Suryanto et al. (2014) reported that when calcium added to the chicken meatballs meat the calcium salt formed which can degrade protein so the meatball dough had the stronger ability to bind water and led to better emulsion process.  
Table (11): pH, cooking loss% and cooking yield% of chicken meatball fortified with eggshell powder
	
	Eggshell Powder (%)

	
	0
	3
	5
	7

	[bookmark: _Hlk211245407]pH
	5.69±0.03c
	5.80±0.07c

	5.97±0.10b
	6.13±0.05a

	Cooking loss%
	15.84±0.26a
	15.21±0.40b

	14.36±0.28c
	13.65±0.37d

	Cooking yield%
	84.16±0.26d
	84.79±0.40c

	85.64±0.28b
	86.35±0.37a


Values are mean ± SD, (n=3). Different superscript letters within the same row are significantly different at p =0.05.
2.7.3 Sensory evaluation
[bookmark: _Hlk211000973][bookmark: _Hlk211000858]Sensory evaluation of chicken meatball was obtained in Table 12. From obtained data there were non-significant differences in color and odor between all samples. For taste there were non- significant differences between samples contained 0% and 3% eggshell powder, while samples contained 5% and 7% eggshell powder had the lowest taste score. 
[bookmark: _Hlk211001144][bookmark: _Hlk181267545][bookmark: _Hlk211003716]Chicken meatball without eggshell powder had higher texture than meatball contains different percentage of eggshell powder. Samples contained 7% eggshell powder had lower scores for taste while there were non- significant differences between samples contained 3% and 5% eggshell powder. This aligns with the study by Merta et al. (2020) who reported that the additional of chicken eggshell powder has non- significantly affected the color, and flavor of the nuggets and explains that increasing the amount of eggshell flour added to nuggets causes a decrease in the panelists' preference. This is suspected to be because the more eggshell flour is added, the course the nugget texture tends to become. The addition of eggshell flour causes the water content of the nuggets to decrease, thereby resulting in a higher hardness level. There were non- significant differences between samples contained 0%, 3% and 5% eggshell powder in overall acceptability although there was a tendency for a decrease in panelists' preference as the percentage of powdered chicken eggshells added to the chicken meatball increased. The absence of overall acceptability differences between treatments indicates that chicken meatball with added eggshell powder tell 5% are acceptable to panelists. 
Table (12): Sensory evaluation of chicken meatball fortified with eggshell powder    
	Parameter
	Eggshell Powder (%)

	
	0
	3
	5
	7

	Color
	8.30 ± 0.42a
	8.00 ± 0.31a
	7.90 ± 0.23a
	7.85± 0.14a

	Odor
	8.40 ± 0.46a
	8.50 ± 0.30a
	8.20± 0.25a
	8.10± 0.42a

	Taste
	8.10± 0.37a
	7.90 ± 0.19a
	7.50 ± 0.10b
	7.35± 0.31b

	Texture
	8.30 ± 0.28a
	8.15 ± 0.25b
	8.00± 0.31b
	7.50± 0.20c

	Overall acceptability
	8.00 ± 0.33a
	7.80 ± 0.34 a
	7.70 ± 0.18a
	6.90± 0.24b


[bookmark: _Hlk209601623]Values are mean ± SD, (n=10). Different superscript letters within the same row are significantly different at p =0.05.
4. Conclusion

Utilizing eggshell waste is a comprehensive solution that addresses the problems of environmental waste accumulation and pollution. The chicken eggshell is a notable source of a wide array of biological substances, making it a potential candidate for utilization as an alternative natural supplement. In summary, calcium citrate and calcium carbonate are extracted from eggshells and utilized as a calcium supplement. The high protein and amino acid content of eggshell membrane render it a viable candidate for use as a protein supplement. Additionally, it has been demonstrated to serve as a significant source of collagen. The predominant amino acids were glycine, proline, hydroxyproline, arginine, and glutamic acid. No Salmonella or E. coli bacteria were found, indicating its safety in various sectors. The hydrolyzed collagen powder enriched with orange extract was superior in quality and sensory characteristics to the unenriched form, which increases its potential for use as a high-quality nutritional supplement, in addition to the manufacturing of calcium citrate and calcium carbonate from the eggshell powder, in a variety of food processing fields. Calcium carbonate could be used as a fortified source of calcium in some foods, such as chicken meatballs. Future efforts should focus on scaling up production to incorporate these supplements into functional foods to enhance their practical utilization and economic impact.
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