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Abstract
Iron deficiency and iron deficiency anemia (IDA) remain major global health problems despite the availability of various iron supplementation strategies. This review analyzes the processing technologies, functional properties, and industrial applicability of four major iron supplement systems: conventional ferrous salts, amino acid-chelated iron, liposomal iron, and peptide-based iron complexes. Conventional ferrous salts remain industrially dominant because of their simple synthesis routes, low production cost, and high scalability, although their application is limited by poor bioavailability and gastrointestinal side effects. Amino acid-chelated and liposomal iron systems provide improved absorption and gastrointestinal tolerance, but require more complex manufacturing and stabilization processes. Peptide-based iron formulations represent an emerging generation of supplements with high bioavailability and functional potential; however, their production involves sophisticated bioprocessing and purification technologies. Comparative analysis demonstrates that the transition from conventional to advanced iron delivery systems is associated with increasing process complexity, equipment demand, and downstream processing requirements. Future advances in encapsulation, chelation, and bioprocessing technologies are expected to improve the industrial feasibility of advanced iron supplements.
Introduction
Iron is an essential micronutrient required for oxygen transport, brain development, and immune function. Iron deficiency (ID) and iron deficiency anemia (IDA) affect approximately 2 billion and 1.2 billion people worldwide, respectively (Auerbach, DeLoughery et al. 2025). Conventional oral iron supplements, particularly ferrous salts, remain the most widely used formulations because of their low cost, simple processing technologies, and high industrial scalability (Pantopoulos 2024). However, their application is limited by poor bioavailability and gastrointestinal side effects.
Recent advances in pharmaceutical and nutraceutical processing technologies have promoted the development of alternative iron delivery systems with improved absorption and stability. Amino acid-chelated iron reduces interactions with dietary inhibitors (Abdel Moety, Ali et al. 2017), while liposomal and peptide-based systems provide enhanced gastrointestinal tolerance and bioavailability (Wu, Yang et al. 2020). Nevertheless, these advanced formulations require more complex manufacturing processes involving controlled chelation, encapsulation, enzymatic hydrolysis, purification, and stabilization.
This article reviews the processing technologies, engineering challenges, scalability, and industrial applicability of four major iron supplement systems: conventional ferrous salts, amino acid-chelated iron, liposomal iron, and peptide-based iron complexes.
Conventional Oral Iron Formulations
Conventional ferrous salts remain the most widely manufactured iron supplements because of their simple synthesis routes, low production cost, and high industrial scalability, and they have long been used as first-line therapy for ID and IDA (Santiago 2012). Ferrous sulfate and ferrous fumarate are the most common formulations due to their economic feasibility and straightforward production technologies.
Processing Technologies of Ferrous Sulfate
Ferrous sulfate is considered the gold standard oral iron formulation because of its wide availability, low cost, and well-established manufacturing process (Pantopoulos 2024). Industrial production is based on conventional inorganic synthesis and crystallization technologies with high productivity and process efficiency. Pharmaceutical-grade ferrous sulfate is typically produced by dissolving feed-grade ferrous sulfate in sulfuric acid under controlled temperature and agitation, followed by reduction, pH adjustment, filtration, crystallization, dehydration, and drying (Xu Shuqin 2010). Similar industrial processes involving temperature control and solid-liquid separation have also been reported (Hu Qiuming 2020). The simplicity of these unit operations supports large-scale commercial manufacturing.
Production of Ferrous Fumarate
Ferrous fumarate is typically produced by reacting fumaric acid with iron-containing solutions under controlled temperature and pH conditions. The process involves reaction, centrifugation, drying, particle-size standardization, and screening to obtain stable ferrous fumarate powder (Zhichun 2005). Compared with ferrous sulfate production, ferrous fumarate manufacturing requires stricter pH control and additional particle standardization steps, resulting in moderately higher process complexity.
Advantages and Limitations of Conventional Ferrous Salts
Conventional ferrous salts are widely used as primary oral iron supplements because of their low production cost, simple manufacturing processes, and commercial availability (Lo, Benson et al. 2023). Although they provide bioavailable iron for hemoglobin synthesis, their absorption efficiency is relatively low, with only 10-20 % of administered iron typically absorbed, often requiring prolonged high-dose administration (Pantopoulos 2024). Iron absorption is also affected by dietary components such as phytates and polyphenols, while ascorbic acid generally enhances iron uptake by maintaining iron in its ferrous form.
Despite their industrial advantages, conventional ferrous salts frequently cause gastrointestinal side effects, including nausea, vomiting, metallic taste, and teeth staining (Tolkien, Stecher et al. (2015) (Pantopoulos 2024). Moreover, prolonged high-dose iron supplementation may disrupt intestinal homeostasis, reinforcing the need for iron formulations with improved bioavailability and gastrointestinal tolerance (Xia, Chen et al. 2024). These limitations have promoted the development of advanced iron delivery systems with improved bioavailability, stability, and gastrointestinal tolerance.
Amino acid chelated iron
Amino acid chelated iron compounds represent a more advanced generation of iron supplements developed to improve iron bioavailability, stability, and gastrointestinal tolerance. They can be used not only to prevent and treat IDA, but also as food fortificants (Sugimori, Jinnouchi et al. 2025). Commercial formulations, including ferrous bis-glycinate and ferric glycinate, are widely available. Compared with conventional inorganic iron salts, these supplements form stable iron-amino acid coordination complexes that reduce interactions with dietary inhibitors and enhance iron absorption. Their production relies on controlled chelation processes to ensure complex stability and product quality.
Preparation methods of ferrous amino acid complexes
Ferrous amino acid chelates are produced by reacting ferrous salts with amino acids under controlled pH and temperature conditions, typically using reducing agents to maintain iron in the ferrous state and promote stable complex formation (Zhou Rongchao 2018). 
Recent processing strategies have improved chelation efficiency and product stability through oxygen-free processing, organic-acid-assisted stabilization, and spray drying, replacing conventional calcium-based pH adjustment and vacuum drying methods  (Zhou Rongchao 2021). 
These advances support more stable products and facilitate industrial-scale production of amino acid chelates such as ferrous bis-glycinate, methionine, lysine, and threonine complexes.
Functional Properties and Challenges of Amino Acid-Chelated Iron
Ferrous bis-glycinate is one of the most widely used amino acid-chelated iron formulations. It consists of a ferrous ion coordinated with two glycine molecules, forming a stable complex that reduces interactions with dietary inhibitors such as phytates (Fischer, Cherian et al. 2023).
Despite these advantages, amino acid-chelated iron systems require high-purity amino acids and carefully controlled chelation and drying processes, increasing production costs compared with conventional iron salts. In food applications, certain amino acid chelates may also promote lipid oxidation and discoloration, limiting their use in some formulations (Luo, Zhou et al. 2020).
Liposomal iron
Liposomal iron is a nanoencapsulated formulation in which inorganic or heme iron is enclosed within phospholipid vesicles. Compared with conventional iron salts, liposomal systems improve iron absorption and gastrointestinal tolerance by protecting iron from undesirable interactions during digestion (Cesarano, Borrelli et al. 2024).
Preparation of Liposomal Iron
Liposomal iron is commonly prepared using thin-film hydration followed by ultrasonic homogenization. In a representative process, phospholipids are dissolved in an organic solvent to form a thin lipid film, which is subsequently hydrated with an iron-containing aqueous phase. Stabilizers may be incorporated to improve liposome integrity and storage stability. Ultrasonic homogenization reduces vesicle size and promotes uniform liposome formation, while membrane filtration further standardizes particle size before storage under controlled conditions (Chang Yanzhong 2008) (Figure 1).
Although this method enables efficient iron encapsulation and stable liposomes, it requires multiple processing and purification steps, including solvent evaporation, inert gas treatment, homogenization, and membrane filtration, consequently increasing manufacturing complexity and production costs compared with conventional iron supplements.
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Figure 1: Schematic diagram of liposomal iron formulation.
Bioavailability, Advantages, and Limitations of Liposomal Iron
Liposomal iron formulations exhibit higher bioavailability and better gastrointestinal tolerance than conventional oral iron supplements because phospholipid encapsulation protects iron from premature oxidation and interactions with dietary inhibitors while facilitating intestinal uptake (Ebea-Ugwuanyi, Vidyasagar et al. 2024). Recent clinical studies have demonstrated improved hemoglobin and ferritin levels together with fewer gastrointestinal adverse effects and better patient adherence following liposomal iron supplementation (Rangaraj, Suresh et al. 2025). Despite these advantages, large-scale production remains challenging because achieving high encapsulation efficiency, particle-size uniformity, and long-term formulation stability requires specialized equipment and strict process control, increasing manufacturing costs (Sameer Khan, Gupta et al. 2024). Future progress will depend on developing scalable manufacturing processes that maintain formulation quality while improving storage stability and commercial feasibility.
Iron chelating peptides
Iron-peptide complexes are increasingly recognized as promising next-generation iron delivery systems due to their high bioavailability, improved absorption, and enhanced stability (Xu, Wu et al. 2026). These complexes are formed through interactions between iron ions and specific amino acid residues within peptides, enabling improved iron solubility and reducing interactions with dietary inhibitors during intestinal absorption. Iron-chelating peptides have been identified from diverse food protein sources, highlighting their potential as efficient iron carriers (Zhang, Zhang et al. 2026) Compared with conventional iron formulations, peptide-based systems may provide superior absorption with fewer gastrointestinal side effects. 
Table 1: Comparison of Major Iron Supplement Production Technologies
	Supplement types 
Parameter
	Inorganic Salts
	Amino Acid Chelates
	Liposomal Iron
	Peptide-Based Iron

	Production Principle
	Chemical synthesis and crystallization
	Iron-amino acid chelation
	Phospholipid encapsulation
	Peptide-mediated iron complexation

	Main Processing Steps
	1) Reaction;
2) Crystallization;
3) Drying.
	1) Chelation;
2) Purification;
3) Drying.
	1) Lipid film formation;
2) Encapsulation;
3) Homogenization.
	1) Proteolysis;
2) Chelation;
3) Purification.

	Process Complexity
	Low
	Moderate
	High
	High

	Scalability
	Very high
	High
	Moderate
	Moderate

	Equipment Demand
	Conventional chemical equipment
	Controlled reaction systems
	Nanoencapsulation equipment
	Bioreactors and membrane systems

	Downstream Processing
	Low
	Moderate
	High
	Very high

	Product Stability
	High
	Moderate to high
	Moderate
	Moderate

	Bioavailability
	Moderate to low
	High
	Very high
	High to very high

	Production Cost
	Low
	Moderate
	High
	High

	Main Limitation
	Gastrointestinal side effects
	Higher processing cost
	Stability and scale-up challenges
	Standardization and purification difficulties


Method for producing peptide chelated iron
Production of peptide-iron chelates is currently performed mainly at the laboratory and pilot scales, where process optimization is essential for technology development. Recent studies have shown that laboratory-scale production of peptide-iron chelates generally involves peptide preparation, iron chelation, purification, and drying, although the specific processing conditions vary with the protein source and peptide characteristics (Chen, Ma et al. 2025) (Zhang, Zhang et al. 2026). Bioactive peptides are commonly produced by enzymatic hydrolysis, although microbial fermentation has recently emerged as a sustainable alternative for generating multifunctional peptides from plant proteins (Bruce, Boateng et al. 2025). Optimization of processing parameters, including hydrolysis conditions, pH, temperature, and peptide-to-iron ratio, is essential for achieving high chelation efficiency and product stability. 
A representative laboratory-scale preparation method was reported by Xiao Huaiqiu (2018) using peanut peptides as the chelating substrate. In a typical process, peptides are dissolved in water and purified before ferrous salts are added under controlled pH, temperature, and stirring conditions to promote chelation. The resulting peptide-iron complexes are subsequently purified by filtration, precipitation, centrifugation, and drying to improve product quality and stability. Although these downstream operations enhance product quality, they also increase process complexity and production costs, representing a major challenge for industrial-scale production.
Advantages and Future Prospects of Iron-Chelating Peptides
Nowadays, iron-peptide complexes remain a promising formulation owing to their high bioavailability, better absorbability (peptides keep iron in its ferrous form to improve solubility), and fewer gastrointestinal side effects (chelating iron with peptides hinders its side effects). Recent studies have further demonstrated that peptide-iron chelates exhibit favorable iron-binding characteristics and enhanced bioavailability while retaining the biological activities of the peptides, including antioxidant and potential immunomodulatory properties (Guo, Zhou et al. 2025). The production of peptide-iron complexes, however, requires several difficult steps, such as protein extraction, enzymatic hydrolysis, peptide purification, iron chelation, and drying. Each stage is highly sensitive to processing parameters such as temperature, pH, enzyme type, hydrolysis duration, peptide-to-iron ratio, and drying conditions (Wu, Yang et al. 2020). Consequently, maintaining product consistency and achieving large-scale standardization remain major industrial challenges.
Compared with conventional ferrous salts and amino acid-chelated systems, peptide-based formulations require more sophisticated bioprocessing technologies and more intensive downstream purification operations. Nevertheless, recent advances in enzymatic hydrolysis, membrane separation, membrane fermentation, bioreactor design, and peptide purification technologies are expected to improve the industrial feasibility (Yan, Yue et al. 2024). Future advances will depend not only on optimizing hydrolysis, purification, and chelation processes but also on establishing standardized characterization methods to improve reproducibility and facilitate industrial translation (Zhang, Zhang et al. 2026). 
Table 1 demonstrates the progressive increase in process complexity and equipment requirements from conventional iron salts to advanced peptide-based systems. While newer formulations provide superior bioavailability and functional performance, their industrial implementation remains constrained by higher production costs, stabilization requirements, and downstream processing challenges. 
Conclusion
This review demonstrates the transition of iron supplementation technologies from conventional ferrous salts to advanced chelated, liposomal, and peptide-based systems with improved bioavailability and functional performance. Conventional ferrous sulfate and ferrous fumarate remain the most industrially applicable formulations because of their simple production routes, low cost, and high scalability, although their intestinal absorption efficiency is limited to approximately 10-20 % and gastrointestinal side effects remain common.
Advanced iron formulations provide improved absorption and gastrointestinal tolerance. Amino acid-chelated systems enhance iron stability, liposomal formulations improve intestinal transport through phospholipid encapsulation, and peptide-based complexes exhibit high bioavailability and functional potential. However, these technologies require more complex processing, specialized equipment, and intensive downstream purification, particularly in liposomal and peptide-based production systems.
Future development of advanced iron supplements will depend on improving process integration, reducing production costs, and developing scalable manufacturing technologies while maintaining high bioavailability and product stability.
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