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Abstract - English 

Although mineral chelates have been produced for more than 70 years, neither the production methods nor the optimum 

conditions of these reactions (pH and molar ratio) are well specified. In addition, the solid evidence that the obtained 

complexes are true chelates is still missing, and it is supposed that over 50% of the mineral complexes present in the market 

are not real chelates. In the present thesis, citric acid and glycine were chosen to produce iron complexes through 

crystallization using different molar ratios, to prove the occurrence of chelation and to specify the optimum conditions of 

these reactions. Quantitative results from HPLC, FAAS, and UV-Vis Spectroscopy and qualitative analyses of FTIR and 

NIR spectra, revealed that the obtained crystals are just impure crystals of ferrous sulfate in the citric acid samples and 

impure crystals of either glycine or ferrous sulfate or both in those of glycine depending on the molar ratio and pH. Thus 

crystallization and precipitation methods do not produce chelates and rather the obtained solid is due to insolubility. Since 

chelation could have occurred in the solution, and to accurately achieve our objectives, samples with seven different ratios 

within the solubility range were then prepared with citric acid or glycine (ligand:iron as 1:1, 2:1, 3:1, 4:1, 1:2, 1:3, and 

1:4). Citric acid iron samples were prepared at initial pH (around 1) due to its known buffer effect preventing pH increase, 

whereas glycine samples were prepared at three different pH values (acidic pH=1, initial pH= 4.5 and isoelectric pH=6). 

NIR demonstrated its usefulness in proving chelation through three main peaks at 6800 cm-1, 6370 cm-1 and 5150 cm-1 

corresponding to free OH bonds, ligand-to-ligand charge transfer (indicating dimerization or oligomerization) and C=O 

stretching and OH combinations respectively. For citric acid iron samples, results showed that the optimum ratio is 1:4 

having no free citric acid while for glycine, combining NIR spectra with quantitative and qualitative HPLC results, the 

optimum ratio appeared to be 1:1 at initial pH having the most chelate proportion and lowest impurities’ amount, followed 

by 1:3 and 1:4 ratios at isoelectric pH. The same study was conducted for citric acid complexes with zinc and magnesium 

preparing the same ratios. The same three peaks in the NIR spectra proved the chelation in the solutions in which the 

optimum ratio for magnesium is the same as for iron 1:4, whereas for zinc is 1:2 and zinc chelation occurred in the presence 

of dimers. The bioavailability of the produced citric acid complexes with the three minerals (Fe, Zn, and Mg) was also 

determined in all the samples to correlate results with the structural characteristics. Chelates of iron (1:4) and zinc (1:2) are 

the samples to deliver the highest amount of each mineral and are 2.3 and 1.62 times more bioavailable than ferrous sulfate 

and zinc sulfate respectively. The enhancing capacity of citric acid was highly reduced upon dimerization. All magnesium 

samples on the other hand, showed similar bioavailability both within different ratios and with magnesium sulfate, thus 

suggesting another method to evaluate the potential of magnesium chelate to be transported into the tissue since it is the 

primary site where magnesium is needed and where magnesium deficiency occurs. The interaction of the three minerals 

and their effect on the bioavailability was also studied to compare between the sulfate form and the citric acid chelate form 

of each. Samples prepared using the mineral sulfates showed that in all the combinations containing magnesium, both iron 

and zinc were totally inhibited however in the absence of magnesium, the two minerals exhibited intense mutual inhibition. 

The same behavior was observed in samples containing minerals in the chelate form, but the extent of inhibition was much 

less. Despite inhibition, all mineral chelates still had good bioavailability values (up to 52% compared to 6.7% for sulfates), 

thus promoting their use in double and triple fortification. Finally the oxidation state of iron in citric acid samples was also 

studied. It was revealed that iron in the chelate was protected against oxidation whereas in the other samples and despite 

the high amounts of citric acid, oxidation occurred and the antioxidant capacity of citric acid decreased upon dimerization 

and was tightly linked to iron amount. The effect of four different foods (orange juice, cocoa milkshake, skimmed milk 

and whole milk) on the bioavailability of the citric acid iron chelate 1:4 was also investigated and compared with ferrous 

sulfate. Results demonstrated the outperformance of the chelate in the three media cocoa milk shake and both kinds of milk 

by factors of 1.5, 1.64, and 1.57. Conversely in orange juice both iron forms had similar bioavailability since enhancers 

present in orange juice highly increased the bioavailability of ferrous sulfate but had no effect on the chelate. Therefore, in 

a challenging medium rich in inhibitors the chelate excels other iron forms by overcoming their inhibition.  
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Resumen - Castellano 

Aunque los quelatos minerales se producen desde hace más de 70 años, no se especifican los métodos de producción ni las 

condiciones óptimas de estas reacciones (pH y relación molar). No obstante, aún falta la evidencia sólida de que los 

complejos obtenidos sean verdaderos quelatos, y se supone que más del 50% de los complejos minerales presentes en el 

mercado no son verdaderos quelatos. En la presente tesis, se escogieron ácido cítrico y glicina para producir complejos de 

hierro por cristalización utilizando diferentes relaciones molares, para probar la ocurrencia de quelación y especificar las 

condiciones óptimas de estas reacciones. Los resultados cuantitativos de HPLC, FAAS y espectroscopía UV-Vis y los 

análisis cualitativos de los espectros FTIR y NIR revelaron que los cristales obtenidos son solo cristales impuros de sulfato 

ferroso en las muestras de ácido cítrico y cristales impuros de glicina o sulfato ferroso o ambos en las de la glicina en 

función de la relación molar y el pH. Así los métodos de cristalización y precipitación no producen quelatos y más bien el 

sólido obtenido se debe a la insolubilidad. Dado que la quelación podría haber ocurrido en la solución, y para lograr con 

precisión nuestros objetivos, se prepararon muestras nuevas con siete proporciones diferentes dentro del rango de 

solubilidad con ácido cítrico o glicina (ligando:hierro como 1:1, 2:1, 3:1 , 4:1, 1:2, 1:3 y 1:4). Las muestras de hierro con 

ácido cítrico se prepararon al pH inicial (alrededor de 1) debido a su conocido efecto tampón que evita el aumento del pH, 

mientras que las muestras de glicina se prepararon a tres valores de pH diferentes (pH ácido = 1, pH inicial = 4,5 y pH 

isoeléctrico = 6). NIR demostró su utilidad para probar la quelación a través de tres picos principales a 6800 cm-1, 6370 

cm-1 y 5150 cm-1 correspondientes a enlaces OH libres, transferencia de carga de ligando a ligando (que indica dimerización 

u oligomerización) y estiramiento C=O y combinaciones de OH respectivamente. Para las muestras de hierro con ácido 

cítrico, los resultados mostraron que la relación óptima es 1:4 sin ácido cítrico libre, mientras que para la glicina, 

combinando espectros NIR con resultados de HPLC cuantitativos y cualitativos, la relación óptima parecía ser 1:1 al pH 

inicial con la mayor proporción de quelatos y menor cantidad de impurezas, seguido de proporciones 1:3 y 1:4 a pH 

isoeléctrico. El mismo estudio se realizó para complejos de ácido cítrico con zinc y magnesio preparando las mismas 

proporciones. Los mismos tres picos en los espectros NIR demostraron la quelación en las soluciones en las que la relación 

óptima para el magnesio es la misma que la del hierro 1:4, mientras que para el zinc es 1:2 y la quelación del zinc se 

produce en presencia de dímeros. La biodisponibilidad de los complejos de ácido cítrico producidos con los tres minerales 

(Fe, Zn y Mg) también se determinó en todas las muestras para correlacionar los resultados con la estructura. Los quelatos 

de hierro (1:4) y zinc (1:2) son las muestras que entregan la mayor cantidad de cada mineral y son 2,3 y 1,62 veces más 

biodisponibles que el sulfato ferroso y el sulfato de zinc respectivamente. La capacidad potenciadora del ácido cítrico se 

redujo mucho tras la dimerización. Todas las muestras de magnesio, por otro lado, mostraron una biodisponibilidad similar 

tanto en diferentes proporciones como con sulfato de magnesio, lo que sugiere otro método para evaluar el potencial del 

quelato de magnesio para ser transportado al tejido, ya que es el sitio principal donde se necesita magnesio y se produce 

deficiencia. También se estudió la interacción de los tres minerales y su efecto sobre la biodisponibilidad para comparar 

entre la forma de sulfato y la forma de quelato de ácido cítrico de cada uno. Las muestras preparadas con sulfatos minerales 

mostraron que en todas las combinaciones que contenían magnesio, tanto el hierro como el zinc estaban totalmente 

inhibidos; sin embargo, en ausencia de magnesio, los dos minerales exhibieron una intensa inhibición mutua. El mismo 

comportamiento se observó en muestras que contenían minerales en forma de quelato, pero el grado de inhibición fue 

mucho menor, a pesar de la inhibición, todos los quelatos minerales aún tenían buenos valores de biodisponibilidad (hasta 

un 52 % en comparación con el 6,7 % de los sulfatos). Fomentando así su uso en dobles y triples fortificaciones. Finalmente, 

también se estudió el estado de oxidación del hierro en muestras de ácido cítrico, se reveló que el hierro en el quelato estaba 

protegido contra la oxidación mientras que en las otras muestras y a pesar de las altas cantidades de ácido cítrico, se produjo 

oxidación y la capacidad antioxidante del ácido cítrico disminuyó. Tras la dimerización y estaba estrechamente relacionado 

con la cantidad de hierro. También se investigó el efecto de cuatro alimentos diferentes (zumo de naranja, batido de cacao, 

leche desnatada y leche entera) sobre la biodisponibilidad del quelato de hierro 1:4 y se comparó con el sulfato ferroso. 
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Resumen - Castellano 

Los resultados demostraron el rendimiento superior del quelato en los tres medios batidos de leche de cacao y en ambos 

tipos de leche por factores de 1,5, 1,64 y 1,57. Por el contrario, en el jugo de naranja, ambas formas de hierro tenían una 

biodisponibilidad similar, ya que los potenciadores presentes aumentaron mucho la biodisponibilidad del sulfato ferroso 

pero no tuvieron efecto sobre el quelato. Por lo tanto, en un medio desafiante rico en inhibidores, el quelato supera a otras 

formas de hierro al superar su inhibición. 
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CHAPTER 1: INTRODUCTION 

1. Mineral Deficiencies 

The annual report about “The State of Food Security and Nutrition in the World 2020” by (FAO et al., 2020) revealed 

that the prevalence of undernourished is increasing and that 841.4 million people will be micro-deficient by the year 2030 

without taking covid-19 into consideration. But it was shown by the latest report (FAO et al., 2021) that 811 million people 

were undernourished during the year 2020; in which the number of people not having access to adequate food has increased 

by 320 million in one year (2020) while the number of severely food insecure increased by 148 million during the same 

year thus becoming the sharpest increase since the beginning of FIES data collection in 2014.  This peak could be due to 

the unpredicted shock of the Covid-19 pandemic despite the difficulty in assessing the impact of this pandemic alone on 

food security. Moreover, a non-covid19 scenario was assumed in the projection of undernourishment in 2030, in which the 

number of undernourished was 841.4 million whereas when taking covid-19 pandemic into consideration, the optimistic 

scenario will be 860.3 million undernourished and 909 million in the case of the pessimistic scenario (FAO et al., 2020, 

2021). The recommendations from this annual report were for the agri-food systems to transform towards the more 

affordable healthy diet due to the fact that the prevalence of severe food insecurity is the highest in low-income countries 

thus aiding to progress towards the SDGs. 

Iron deficiency remains the most common widespread nutritional disorder, and the only one prevailing in both 

developing and developed countries with variation in the average blood hemoglobin concentration between regions 

(Blanco-Rojo & Vaquero, 2019). By the year 2011, it was estimated by the World Health Organization that about 800 

million children and women suffered from anemia mainly due to iron deficiency and in 2014 WHO recommended a daily 

oral iron supplementation as anemia being one of the most significant current illnesses in the world (Bagla, 2014; Blanco-

Rojo & Vaquero, 2019). In Spain for example, 13.3% of teenagers have iron deficiency and 1.2% suffer from iron 

deficiency anemia while for children aged 1 to 11 years the percentages were lower 7.7% and 0.9% respectively (Ibáñez-

Alcalde et al., 2020; López-Ruzafa et al., 2021). Moreover iron deficiency occurring in 50% of heart failure patients is one 

of  the most common comorbidities associated with HF and influencing its economic burdening (Delgado et al., 2020). 

Whereas in Lebanon, it was estimated by Hwalla (2007) that 25 % of Lebanese children (1-5 years old) were iron deficient 

with iron deficiency anemia more prevalent in preschool children (<3 years old). In the same study, it was revealed that 

34% of Lebanese women of childbearing age were iron deficient with 21 % anemic and 13 % had iron deficiency anemia 

(Hwalla, 2007). 

 

On the other hand, zinc which is an essential trace element plays an important and critical role in maintaining both 

structural and catalytic functions of more than 200 enzymes. It acts in fundamental metabolic pathways such as, cell 

division, synthesis of protein, and metabolism of nucleic acid. Moreover its deficiency is considered by WHO to be the 

main contributor to the load of diseases in developing countries specifically those having high mortality rate (de Romaña 

et al., 2003; Maares & Haase, 2020). Zinc deficiency occurs due to different factors including the increased need for zinc 

at certain life stages, the inability to absorb or use zinc by the body, and the loss that occurs due to repeated diarrhea. But 

the major factor for zinc deficiency is the inadequate intake of zinc from the diet, mainly due to the low consumption of 

food of animal origin, and its low bioavailability when consumed with plant-based food. The high content of phytic acid 

present mainly in cereals inhibits zinc absorption by the body. Its deficiency is very common in children of developing 

countries which clearly appears by negatively affecting their physical and neural development, immunity, and reproductive 

outcomes. Moreover, it is related to higher mortality and morbidity rates and increased severity and susceptibility to 
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infections and diseases (de Romaña et al., 2003; Wegmüller et al., 2014). Zinc deficiency is spread worldwide with 17 % 

of the world population suffering from zinc deficiency approximately (Knijnenburg et al., 2019). 

Nonetheless, magnesium plays a fundamental role in many physiological functions, it has an essential role in more than 

300 enzymatic reactions as a cofactor regulating plenty of cellular processes throughout the body. Mg forms a complex -

through its strong chelation with ATP- needed for many rate-limiting enzymes specifically kinases which are involved in 

phosphorylation reactions. Magnesium is required for insulin sensitivity and tooth enamel, and well known nowadays as 

preventive essential mineral against osteoporosis due to increased bone mass after increased Mg intake. It is also needed 

for the proper function of the immune system (Mohammadi et al., 2016). Moreover, lipid metabolism, protein and nucleic 

acid synthesis involve magnesium directly or as a cofactor. It also plays the role of stabilizer for proteins, nucleic acid and 

biological membranes, and affects the signaling processes that possess important functions regarding muscular and 

neuronal excitability and activity (Glasdam et al., 2016). 

Mg deficiency affects energy metabolism, electrolyte balance, and it is related to cardiovascular, neuromuscular and 

physiological disorders (Joy et al., 2013). Magnesium deficiency is tightly linked to cognitive capability disturbances 

leading to adverse symptoms like: lack of concentration, fatigue, nervousness, aggression and mood swings; Attention 

deficit hyperactivity disorder (ADHD) has identical symptoms, thus the relation between magnesium deficiency and 

ADHD especially among children (Effatpanah et al., 2019).  Magnesium is distributed throughout the human body as 

follows: 64 % in the skeleton, 35 % in the intracellular compartments and just 1 % in the extracellular compartments 

(fluids/blood). This leads to misinterpretation of magnesium deficiency since circulating magnesium is under tight 

homeostatic regulation and Mg status biomarkers in blood serum cannot be considered informative (Workinger et al., 

2018). 

2. Food Fortification Strategies 

Food fortification proved to be the best and most practical tool to overcome mineral deficiencies especially due to its 

accessibility (figure 1). Several forms of food fortification are practiced according to their practicality, the most common 

three are mass fortification, targeted fortification and market-driven fortification. Nonetheless, the compliance of 

fortification can be either mandatory or voluntary depending on the significance of the population public health problem 

being addressed and on the national circumstances (Arsic et al., 2016; Dary & Mora, 2013).  

Mass Fortification  

Also known as universal fortification, is the addition of one or more micronutrients to food widely consumed by general 

population such as cereals, milk, and condiments. It is usually, mandated, driven and regulated by the government. When 

the majority of population’s public health is at an unacceptable risk of having specific micronutrient deficiency, the best 

option will be mass fortification. Deficiency is demonstrated by an evidence of unacceptable low intake of micronutrients 

and/or biochemical signs reflecting deficiency. In contrast, the government could follow the strategy of mass fortification 

even though the population may not be actually deficient, and this to fortify with a specific nutrient as a preventive measure. 

An example of the latter case is the mandatory fortification of wheat flour with folic acid in Canada, United States and 

many Latin American countries to lower the risk of birth defects (L. Allen et al., 2006). 

Targeted Fortification 

It is the fortification of food designated for specific subgroups within a population such as young children, displaced 

people, pregnant women and lactating ones, etc. Targeted fortification is done in programs such as school feeding programs 
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and programs for emergency feeding and displaced people; such programs provide for targeted group the essential 

proportion of their daily micronutrient requirements. World Food Programme (WFP) manages the majority of feeds for 

feeding refugees and displaced persons. It could be mandatory or voluntary (L. Allen et al., 2006). 

 Market-Driven Fortification 

Also called industry-driven fortification, free-market or open-market fortification, it is the voluntary fortification of 

food available at the market. It is done by food producers, working within the government-set regulatory limits. It is a 

business-oriented initiative playing a positive role in public health, through contribution to meet micronutrient 

requirements. Processed foods that are fortified by this strategy, became a fundamental source of micronutrients in the 

European Union. Market-driven fortification improves the supply of micronutrients difficult to be added by mass 

fortification due to cost, safety or technological constraints. This strategy of fortification is much more widespread in 

developed countries, while it is still limited in most developing countries, but predictions to gain more importance in the 

future. Nonetheless, the risk of over consumption of these foods rises many concerns, especially that the same serving size 

is intended for all family members (L. Allen et al., 2006).  

3. Mineral-Chelates as Food Fortifier 

Food is fortified by the means of different fortifiers widely used. In the beginning, inorganic salts of the minerals were 

the most popular especially sulfates. This is due to their high solubility, but since they were affecting the organoleptic 

properties of food, other inorganic forms that have no or reduced effect on the food matrix were used, but they were not 

bioavailable enough. Thus, the production of a highly bioavailable fortifier with reduced effect on the organoleptic 

properties of food was the main concern of researchers (Dary & Mora, 2013). Mineral chelates have gained much interest 

due to their ability to deliver minerals while protecting them from inhibitors and interaction with food constituents, thus 

causing the least adverse effects in addition to their stability and safety (L. H. Allen, 2002; Wu et al., 2020). In 1920 

Morgan and Drew were the first to use the term “chelate” in the description of molecules able to form complexes with 

minerals. Iron chelates were first used as plant fertilizers in the beginning of 1950s to correct iron deficiency in plants. In 

the beginning of 1960s metal amino chelates were produced to be used as animal feed. Later on, many studies were 

conducted to be used for human nutrition (Souri, 2016). Different kinds of ligands were used to formulate mineral 

complexes mainly amino acids, organic acids, peptides as well as NaEDTA among others. Although mineral chelates were 

and still are widely produced, there are a lot of concerns regarding their structure and if they are true chelates or just 

physical mixtures or dry blends of a ligand and mineral (Miller et al., 2015). (Souri, 2016) has also mentioned that more 

than 50% of the fortifiers present in the market are not real chelates. Nonetheless, the production methods of these chelates 

vary too much without having specific conditions and molar ratios to be followed, besides no solid evidence yet to prove 

if the obtained complexes are chelates or not. Thus, the present thesis aims: 1/ to produce different mineral complexations 

with either citric acid or glycine having different molar ratios at different pH values, 2/ to prove the occurrence of chelation 

and to find the optimum conditions to produce these mineral chelates as well as 3/ to estimate their bioavailability using in 

vitro continuous dynamic dialysis method and to correlate results with the structural characteristics of each.  
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CHAPTER 2: LITERATURE REVIEW 

New Approaches, Bioavailability and the Use of Chelates as a Promising Method for Food Fortification 

 

Abstract  

Food fortification has been used for many years to combat micronutrient deficiencies; the main challenge with food 

fortification is the combination of a bioavailable, affordable fortificant with the best (food) vehicle as a carrier to reach at-

risk populations. This paper considers mineral deficiencies, especially iron, food fortification, target populations, and the 

use of chelates in food fortification, as well as different types of mineral-chelate complexes, advantages and limitations of 

previous trials, methods used for analysis of these complexes, bioavailability of minerals, factors influencing it, and 

methods particularly those in vitro for predicting outcomes. Three innovative methods (encapsulation, nanoparticulation, 

and chelation) were explored, which aim to overcome problems associated with conventional fortification, especially those 

affecting organoleptic properties and bioavailability; but often lead to the emergence of new limitations (for example 

instability, impracticality and high costs) requiring further research.  

Key words: bioavailability; chelation; fortification; in vitro methods; mineral-chelate complexes; mineral deficiency 

1. Introduction  

The development and progression of a country is a function of the health and strength of its population. 

Undernourishment is a key factor for increased mortality, and morbidity leading to reduced human capital and nation 

prosperity, and increased costs of healthcare (Mannar & Khan, 2016; Stein & Qaim, 2007). Thus the importance of a 

balanced and varied food diet containing the appropriate quantity and quality of macro- and micronutrients, for a better 

growth and well-being of all inhabitance in all ages. Micronutrients, needed in low amounts, are vital for growth, brain 

development, bone health, fluid balance, blood clotting, immune function, energy production, illness prevention and have 

many other functions in different cellular and enzymatic reactions. They are essential to human body since they are not 

synthesized by its own organs and systems (Bailey et al., 2015; Gharibzahedi & Jafari, 2017; Knijnenburg et al., 2019; 

Mannar & Wesley, 2017). Worldwide approximately 2 billion people have one or more micronutrient deficiencies 

(Knijnenburg et al., 2019), with the prevalence of undernourishment is still increasing and expected to reach 9.8% by the 

year 2030. Not considering the potential impact of the COVID-19 pandemic, 841.4 millions are expected to be 

undernourished by 2030, and the ZERO HUNGER TARGET will not be met if the trends are not reversed as was mentioned 

in the annual report about the state of food security and nutrition in the world (FAO et al., 2020).  Food processing can 

reduce micronutrient content, leading to “hidden hunger”, an inadequate intake or absorption of minerals and vitamins 

(Arsic et al., 2016; Mannar & Khan, 2016). These deficiencies are often compensated by using fortification, enriching 

foods with micronutrients during processing (Garrett et al., 2019). Different means and methods of food fortification are 

used combining suitable food vehicles with the best mineral source in the means of solubility, bioavailability, absorption 

and price to reach the targeted population (Fairweather-Tait & Teucher, 2002).  
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Figure 1.  Number and percentage of chronically undernourished people in the World since 2005 with projected current trend until 2030 

(FAO et al., 2020) 

2. Why food fortification, uses and benefits  

Food fortification has gained interest in the past few years, due to the realization that micronutrient malnutrition is one 

of the causes of the global burden of diseases. Adding to the fact that this type of malnutrition is not just a concern of poor 

countries but also of some developed countries; although it is more frequent and severe in disadvantaged populations. Food 

fortification is defined by Codex Alimentarius as “the addition of one or more essential nutrients to a food, whether or not 

it is normally contained in the food, for the purpose of preventing or correcting a demonstrated deficiency of one or more 

nutrients in the population or specific population groups” (Dwyer et al., 2014; Mannar & Wesley, 2017; Poniedziałek et 

al., 2020; Romina Alina et al., 2019). In the guidelines of food fortification with micronutrients by FAO and WHO, a more 

appropriate definition is presented, where it is defined as “the practice of deliberately increasing the content of essential 

micronutrients – that is to say, vitamins and minerals (including trace elements) – in a food so as to improve the nutritional 

quality of the food supply and to provide a public health benefit with minimal risk to health” (L. Allen, 2006; Dary & 

Mora, 2013).  

Lack or inadequate intake of bioavailable minerals and vitamins from staple foods is the major cause of micronutrient 

deficiencies, nonetheless, foods that are commonly consumed like wheat, maize, legumes, coffee, tea, etc. have high 

amounts of inhibitors and very low amount of absorption enhancers (Mannar & Sankar, 2004). So deficiency could be due 

to insufficient intake or due to  mal-absorption of the given micronutrient; the latter could be caused by a disease or because 

of the presence of inhibitors in the consumed food (Poniedziałek et al., 2020). Iron deficiency for example leads to anemia 

and affects many major biochemical and enzymatic functions including protein synthesis, gene expression and serious 

health consequences (Arsic et al., 2016; Huang et al., 2009; Rebellato et al., 2017; Walters et al., 2018). Whereas calcium 

deficiency affects skeletal development, teeth, nerve excitability, and has different impacts on growth (Civitelli et al., 2018; 

Erfanian et al., 2015). Zinc deficiency is known to cause depressed immune functions, poor growth, neurobehavioral 

abnormalities, adverse consequences on pregnancy, and increased susceptibility to and severity of infections (de Romaña 

et al., 2003; Wegmüller et al., 2014). The best way to prevent micronutrient deficiency is to consume a balanced diet 
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containing adequate amount of each nutrient, since it was proven that nutrients obtained from food are way better than 

those obtained from supplements. Unfortunately this is very difficult to be applicable and achievable everywhere since 

such intervention requires universal access to the dietary habits. Thus the popularity and increased importance of food 

fortification due to its ability to overcome these limitations by being able to offer the desired nutrients to large population 

segment without the need to intervene and change the dietary patterns (L. Allen, 2006; Ikuli et al., 2019).   

Different strategies and methods of food fortification are present, each one serving different purpose and solving 

specific issues. The major strategies are mass fortification, targeted fortification and market-driven fortification (L. Allen, 

2006). Dry mixing, extrusion, micronization, dissolution in water or oil and many other methods are used to fortify foods 

with different minerals according to the type of food being fortified (Mannar & Khan, 2016). Moreover, implementing 

programs to educate people on the importance of diversifying their diets, supplementing vulnerable people with the 

deficient nutrient(s), promoting breastfeeding, and fortifying commonly eaten foods can address micronutrient malnutrition 

especially at the national level (Mannar & Sankar, 2004).  

Food fortification in developing countries, has become a very realistic and accessible option (Mannar & Sankar, 2004), 

due to this acquired interest, researchers are continuously investigating in this topic to find more reliable fortification 

concepts and fortificants that could be more bioavailable, stable, cheap, and easy to be added to the required food. In 

addition to this, new studies aim to fortify food by the optimum form of micronutrients especially minerals without 

compromising organoleptic properties, and shelf-life stability since the attitude of people towards fortified food is very 

important and the main concern is their acceptability (Jahn et al., 2019; Talbot-Walsh et al., 2018). Some of the new 

concepts are the production of nano-fortificants, encapsulation of micronutrients and chelation. Nanoparticles are not 

greatly bioavailable and may have negative impacts especially on pulmonary and during their process (Knijnenburg et al., 

2019), encapsulated minerals are instable and their bioavailability depends on the thickness and nature of the capsule 

(Hurrell, 2002), chelation is a promising technique due to its ability to hold minerals but it highly depends on the sequestrant 

used and the medium but research work about its use in food fortification is still scarce. (Bohrer, 2019).  

There are two applicable methods to compensate for mineral deficiency, the first is the commercial and industrial 

fortification, defined as the addition of micronutrients for foods and food products. It could be done by food processors or 

as a part of government program to combat deficiencies on a large scale and induce public health benefits (Romina Alina 

et al., 2019). While the second is bio-fortification, referred to as the method of increasing the concentration of 

micronutrients in the edible part of the plant. Bio-fortification is obtained by 2 means, either by the addition of fertilizers 

and the stimulation to absorb these minerals by the plant, or by plant breeding, considered to be the most sustainable and 

cost-effective approach (Hunt, 2002; Ikuli et al., 2019; Romina Alina et al., 2019; Rosell, 2016; Šimić et al., 2009). It was 

found that the usage of micronutrient fertilizers was effective in increasing the concentration of these nutrients in the plant 

(Romina Alina et al., 2019). It is notable that the above two methods are tightly linked to each other, since the higher the 

micronutrient concentration in raw materials, the lower the need for commercial food fortification (Romina Alina et al., 

2019). 

People from developing countries may not have the accessibility to varied and/or fortified food as those from developed 

ones. Moreover, they depend in their diet on herbal products, and this contributes to the deficiency problem since plant-

origin food like cereals, tubers and roots contain very low amounts of micronutrients, beside containing phytic acid and its 

derivatives which inhibit mineral absorption by the body (L. Allen, 2006; Egli et al., 2004). Not to forget the fact that 

processing technics, such as cereal milling, further reduce the mineral content in plant foods. Nonetheless the diet of 

population from third-world countries is a low-fat diet which helps in putting these population in further risk of deficiencies 
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since fats have a major role in facilitating the absorption of essential minerals through the gut wall (L. Allen, 2006; Chavasit 

et al., 2003). 

2.1 Food Fortification in action  

 Industrialized countries have recorded many successful controls for deficiencies of several minerals and vitamins 

through the method of food fortification. Switzerland and United States of America have introduced salt iodization in the 

early 1920s and since then it expanded all over the world to become used now in most countries. Another examples, are 

the fortification of cereal products by B vitamins since 1940, Denmark fortified margarine with vitamin A, and USA 

worked on milk fortification with vitamin D and wheat fortification with folic acid. In addition, fortification of young 

children food by iron lead to the reduction of iron-deficiency anemia risk among this age group. After these successful 

examples, food fortification became an attractive option in less industrialized countries in recent years, so many programs 

where implemented in this domain to combat nutrient deficiencies especially in vulnerable individuals like young children, 

pregnant women and those with impaired immune system. Zambia, is currently the first sub-Saharian African country to 

experience sugar fortification, and it will be adopted by different countries if it succeeds. Food fortification strategy is 

known to be the most cost-effective method in combating micronutrient deficiencies (L. Allen, 2006; Mannar & Wesley, 

2017). Despite different past successes in several countries, very few impact evaluations of fortification programs on 

nutritional status were done. The main concern of fortification is to use the ideal fortificant that is highly soluble in water, 

in a form that it does not interact with the food matrix; so the continuous searching for new inventions to overcome these 

limitations. Chelates, like iron-casein complexes, and encapsulation are emerging technologies promising in coping with 

these problems (Henare et al., 2019; Hurrell, 1984).  

3. Innovative methods for food fortification 

3.1.Encapsulated Compounds 

Are micronutrient compounds coated by edible materials as a coating, acting as a physical barrier between the 

micronutrient and the food matrix. This has two benefits, first it protects the nutrient from interacting with the food matrix 

especially its oxidation by creating an impermeable membrane for oxygen. Second it prevents the unwanted sensory 

characteristics and changes due to fortification. Encapsulation could be a key strategy for developing food formulations, 

in which it is able to mask the undesirable taste of the added compounds. But studies on different encapsulated fortificants 

showed that the stability and bioaccessibility of the used minerals are significantly reduced during storage. This is due to 

the fact that the bioavailability of these compounds depends on the thickness and material of the capsule. Heat instability 

of the capsule is still a technological problem facing this method and limiting it to foods not requiring heat. Thus the choice 

of the wall material, its physiochemical properties as well as its increased cost which must be well evaluated, are critical 

in determining the functionality and practicality of the microcapsule systems (Gharibzahedi & Jafari, 2017; Gupta et al., 

2015; Hurrell, 2002). Polysaccharides like gums, alginate, carrageenan, tragacanth and others which have extensive uses 

in the food sector due to their diverse good properties, are extensively used as wall material in encapsulation techniques. 

Their hydrocolloid characteristics, low cost, and gelation and emulsification properties favor their use (Pourashouri et al., 

2021). Moreover, Šeregelj et al., (2021) study about fortifying yogurt by beta carotene encapsulated in alginate using 

electrostatic extrusion technique, showed that it is possible to take part of the recommended daily intake of beta carotene 

from yogurt especially that the microbiological and physic-chemical properties were maintained during storage. But the 

color of fortified yogurt was significantly different from that of the control despite the encapsulation. 



  

13 | P a g e  

 

CHAPTER 2: LITERATURE REVIEW 

3.2. Nanoparticles 

These particles could be obtained by one of the two methods: top-down - fragmentation of a bulk solid into smaller 

particles - or bottom-up - building up of nanoparticles from individual atoms or molecules that aggregate in liquid or gas 

phase - (Knijnenburg et al., 2019).  It is known to be a promising trend in food fortification since nanoparticulation 

combines high bioavailability due to the particle size with superior sensory performance. But its safety is still a concern 

particularly for orally ingested nanoparticles causing adverse effects, in which its application in the food sector was tied 

up (von Moos et al., 2017). Agglomeration or dissolution of these particles occur according to their own properties and the 

media of food, so their characteristics change with time, but this is frequently ignored in research. The fate of nanoparticles 

after intake is still not clear (Knijnenburg et al., 2019), moreover, Hilty et al. (2010) found that certain nanoparticles do not 

dissolve completely and may accumulate or cause oxidative damage. An important concern about nanoparticles, is the 

pulmonary exposure that must be avoided since it is the most critical exposure pathway, thus reduction of dustiness by an 

additional process step is necessary during processing; not to forget their expensive cost (Knijnenburg et al., 2019).   

3.3. Chelated Compounds 

 Are complexes of polyvalent metals and sequestrants (chelating agents), famous for holding the metal and protecting 

it. The term “chelate” refers to the Greek word “claw” since they resemble a claw where the metal is hold between the 

pincers of the organic molecule. Sequestrants have been used in food industry for more than 75 years to protect food from 

chemical, enzymatic and oxidative reactions, but their use as food fortifiers is still negligible. Most used sequestrants are 

of natural origin, so once safety and efficacy are proven, their effect on product quality and organoleptic properties indicates 

their usefulness. Sequestrants provide food processors with a valuable tool in the toolbox of food additives due to their 

extensive uses. Some of these uses are preserving food quality and fat stability even after long periods of storage, delaying 

lipid oxidation and protecting unstable lipid soluble vitamins, and controlling enzymatic browning in fruits, etc. The 

synergy between sequestrants and antioxidants has been established long time ago.  Two conditions must be met to ensure 

the effectiveness of a sequestrant; first, it must have the proper steric and electronic configuration with respect to the metal 

ion acting with, and second the conditions of the medium (pH, solubility, ionic strength, etc.) must be favorable for the 

metal complex formation (Bohrer, 2019).  

Metal ion + ligand (sequestrant)  newly formed metal complex (chelated compound)  

4. Chelation is the promising Track in Food Fortification  

Chelation chemistry has gained a great interest due to its possibility in forming complexes having much higher 

stabilities than other complexes that are unable to form the chelate structure. It might be defined as an equilibrium reaction 

between a metal ion and a complexing agent characterized by the formation of more than one bond between both reactants; 

resulting in a ring structure formation where the metal ion being incorporated. Chelation reactions are significantly affected 

by the factors of the medium including ionic strength, pH, temperature, and dielectric constant of the solvent (Lehman, 

1963). Among the different types of iron supplements and food fortification techniques, it is proposed that metal complexes 

especially iron-peptide complexes combat deficiencies with the advantages of high absorbability, good bioavailability, 

excellent stability and high safety. They are considered carriers having the ability to form complexes with metals 

encountering to improving their solubility by counteracting the effects of inhibitors granting beneficial effects on the 

absorption (Wu et al., 2020). 
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4.1.Comparison between the three innovative methods 

 The new approaches of fortification technology development were investigated by Mehansho (2006), in which 

encapsulation, chelation and redox modulation were studied as alternatives for conventional fortification. Increasing 

mineral content of food to ensure reliable levels of bioavailability without compromising taste, appearance, stability and 

shelf-life remains the main purpose, since these factors are considered as the unsolved problems of fortification. To solve 

these problems, the aspect of stabilizing the mineral particularly iron was the point of concern in that study. Hemoglobin 

depletion– repletion assay, Hunter colorimetry, and a home-use test with anthropologic study were used in order to 

determine the bioavailability, color change and detrimental effects on taste respectively. These tests were conducted on 

powder and fruit beverage fortified by three different techniques. Lecithin-encapsulated iron, ferrous bisglycinate (glycine 

chelated iron) and redox stabilized ferrous bisglycinate were compared with the blank (no added iron) for sensory 

characterizations and with the standard iron forms used in fortification (ferrous sulphate and ferrous fumerate) for the 

analysis related to bioavailability determination. It was concluded that the three new technics used are able to overcome 

the challenge of alterations of sensory attributes while maintaining good levels of bioavailability, but with some differences 

between the three methods and limitations for each. For example encapsulated iron which is compatible with products that 

have a pH greater than 5 is unstable and can cause off-flavours when used in food that will be heated to about 45℃ or 

more. It can also cause undesirable appearance if stored in a relatively humid environment thus it is not yet demonstrated 

as a solid technique especially during scaling up, storing, processing, distribution and consumption. On the other hand the 

importance of stabilizing glycine chelated iron (ferrous bisglycinate) by redox means was found essential in order to 

overcome the oxidation of iron and thus the prevention of appearance of off-flavours and metallic taste. The limitation of 

the stabilized ferrous bisglycinate is found to be, their compatibility only with products having pH lower than 5. But their 

advantages are solving the problems related to sensory changes, delivering clinically proven bioavailability, good stability 

and no interference with other minerals already present in food as well as  proving its durability during manufacturing, 

storage, distribution, and consumption (Mehansho, 2006). 

4.2. Chelation by amino acids  

Milk is the first food for human beings and the optimal source of essential nutrients for infants, it is famous in being a 

very nutritious food rich in proteins, different vitamins and calcium. About 40% to 74% of daily calcium is provided to 

human from dairy products in addition to other nutrients but these products do not add or add a very little amount of iron 

(0.6mg Fe/kg of milk) to human diets. Nonetheless, milk is widely consumed by all age groups and it is affordable by 

target populations giving it more advantages to be considered as a carrier vehicle (Gerhart & Schottenheimer, 2013; 

Kaushik et al., 2015; Rice & McMahon, 1998; Zhang & Mahoney, 1991). The major approach was fortifying milk with 

iron, and this fortification is of special interest since adding iron directly into milk will result in reactions with its 

constituents and reduced bioavailability along with the adverse effects on the organoleptic properties of milk (Gaucheron, 

2000; Gupta et al., 2015). The latest approaches in this domain are the use of encapsulated iron but with the issue of its 

stability during high temperature processes (Gupta et al., 2015), and the use of chelation especially through the milk protein 

casein (Henare et al., 2019; Mittal et al., 2016; Rice & McMahon, 1998; Sun et al., 2016; Zhang & Mahoney, 1991).  

Chelation by casein is a novel technology in iron fortification characterized by its high solubility in water yet its stability 

in the food matrix. Iron-casein complex is formed by the interaction of iron with casein in the presence of orthophosphates, 

producing ferric phosphate clusters stabilized by casein molecules in the solution.  This results in a yellowish-white powder 

of a colloidal complex preventing iron and caseinate precipitation in aqueous systems. The binding ability of iron and 

casein depends on many factors like pH, ionic strength, temperature, and phosphate amount present in the solution (Henare 
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et al., 2019; Mittal et al., 2016). It was found by Henare et al. (2019) that the bioavailability of iron-casein complex is 

significantly similar to that of ferrous sulfate when young women consume both forificants along with milk. The iron-

casein chelate is found to be less reactive to lipid oxidation in model systems, but the protection of iron in the casein chelate 

from the effect of inhibitors like polyphenols or phytic acid will be the scope of future studies (Henare et al., 2019). 

Yunarti, Zulys, Harahap, & Pramukti, (2013) have studied the “Effectiveness of Iron Fortification on Soy-Based Foods 

Using Ferrous Bisglycinate in the Presence of Phytic Acid”. Three different soy samples (soy milk, tofu, and tempeh) were 

prepared to be fortified by iron and to study the impact of this fortification. The fortificant was ferrous bisglycinate chelate 

where it was produced by mixing ferrous sulfate heptahydrate with glycine in water and citric acid added as pH regulator. 

The effectiveness of fortification was determined by conducting variations of the amounts of FeSO4.7H2O, its addition was 

also aimed to compare between the chelate and another fortificant (Na-glycine+FeSO4). The highest effectiveness was 

recorded for ferrous bisglycinate due to its resistance against phytic acid since iron was protected in the chelate (L. H. 

Allen, 2002; Yunarti et al., 2013).   

Regarding the same topic, another study discussing the chelated amino acid complexes by Henriksen et al. (2016) was 

about the synthesis of these chelates by the use of amino acids that are physiologically relevant and chemically diverse 

with metals that are either monovalent or divalent followed by their characterization using different analytical methods. 

The different types of amino acids represent amino acids with polar side chains (charged/uncharged) like glutamic acid 

and glutamine, with nonpolar side chains (branched/straight) like valine and alanine, and without a side chain like glycine 

which is the simplest amino acid with prototypical chemical properties. This diversity helps in better evaluation and 

characterization of the complexes. Moreover, the reaction parameters including the amino acid to metal molar ratio, pH, 

temperature and the duration of the reaction have a significant effect on the synthesis of amino acid- metal complexes. To 

ensure that the carboxylate and amine groups have the suitable charge for the occurrence of the amino acid-metal 

complexation, pH must be kept alkaline but in a moderate way to avoid excess metal precipitation and preserve the complex 

from breaking down. These chelates were produced by mixing a ratio of 1:1 for amino acid: monovalent metal whereas for 

divalent metals the ratio used was 1:2 dispersed in deionized water refluxed at temperature ranging from 55 to 65 for a 

specific period of time. The resulting solutions were cooled and the sample fractions were dried by freeze drying for further 

analysis and testing. 

 The yield was calculated to be higher for amino acids with polar side chains than those with aliphatic side chains due 

to the tendency of higher association of charged and polar metal ions with polar amino acids. The formation of amino acid 

complexes was confirmed by both the yield results and the m/z peaks of the complexes. The purity of the produced 

complexes was estimated by determining the ratio of amino acid: metal ion in the formed complex. Values ranged from 

40% to 72% with the complexes of the divalent metals having higher purity than the monovalent ones due to the fact that 

the latter form weaker complexes leading to lower purity. The ratios for both monovalent and divalent minerals were higher 

than the calculated theoretical values of the obtained complexes thus suggesting the interpretation of excess free amino 

acids. HPLC was used to determine and quantify these free amino acids. (Henriksen et al., 2016).  

To further prove that these associations are not just co-locations between the amino acids and the metal ions, the FTIR 

spectra of the complexes were recorded and compared with those of the free amino acids, results showed differences 

between the complexes and their respective amino acids. Moreover, amino acids react through their amino group and 

carboxylate group, in the complexes, peaks assigned for NH₃⁺ were replaced by broad -NH₂ stretch as were shown in the 

FTIR spectra while the stretching of -COO⁻ in the spectra of the complexes experienced a slight shift towards shorter 

wavenumber. Thus complex formation was indicated by the fact that all these changes existed similarly in all the amino 

acid complexes (Henriksen et al., 2016).  
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The strength of the interaction between the amino acid and the metal ions could be measured by the calculation of the 

stability constant, the complex is more stable if the interaction is stronger. The thermodynamic stability constant influences 

the metal bioavailability. Nonetheless the stability constant was determined from the pH differences recorded during the 

titration of the different amino acids with and without metal ions. A significant difference was observed in the titration 

curves of the amino acids alone and with metals. Results indicated the ability of these complexes to survive the 

gastrointestinal tract and still promote absorption despite their low stability weakness of the association. The stability was 

not affected by the side chain since it did not participate in the complexation (Henriksen et al., 2016).  

4.3. Chelation by NaFeEDTA  

A hexadentate chelator known to virtually chelate every mineral present in the periodic table called ethylene diamine 

tetraacetic acid (EDTA). It showed promising applications in the field of food fortification especially when used as an iron 

fortificant in the form of NaFeEDTA. It is a pale-yellow product which when used with some food vehicles like cereals 

causes fewer organoleptic changes than other soluble iron salts traditionally used for this purpose. The acidic medium of 

the stomach favors the binding of EDTA and iron whereas the duodenum medium that is more alkaline leads to the 

exchange of bounded iron with other minerals and the absorption of this iron by the normal physiological mechanism. 

Nonetheless, when NaFeEDTA is present in food, iron could be exchanged with iron already present in the meal thus the 

partial protection of iron by EDTA present in the non-heme iron pool from the effect of substances like phytates and 

polyphenols working as inhibitors of iron absorption. The absorption of iron from chelates of EDTA in a meal containing 

inhibitors, cereal- and legume-based diet, was found to be two to three times better than that from ferrous sulphate. But 

NaFeEDTA has no added advantages over other fortificants if used in a meal that is originally highly bioavailable. 

Moreover this iron chelate could be considered safe when used in supervised fortification programs as concluded by the 

Joint FAO/WHO Expert Committee on Food Additives in 1999. There is no evidence of its direct toxicity in the proposed 

dose range (5 to 10 mg iron daily) used in food fortification. But further studies in this field are still needed especially 

regarding the potential of this type of fortification to cause iron overload when used on long-term bases. Even though the 

available evidences in this topic suggest that excess iron accumulation would be prevented in the normal population through 

homeostatic controls (Bothwell & MacPhail, 2004).  

Double fortification method has shown convenient results especially through iron and iodine fortification, in order to 

further study the effectiveness of this fortification method, Chavasit et al. (2003) have tested seven iron compounds and 

two iodine compounds to fortify pure fish sauce, mixed fish sauce and salt brine for cooking. The seven iron forms used 

were ferrous sulphate, ferrous fumarate, sodium iron ethylenediaminetetraacetic acid (NaFeEDTA), ferric ammonium 

citrate, ferrous lactate, ferrous bisglycinate, and ferrous gluconate, whereas the iodine sources were from potassium iodate 

and potassium iodide. The two types of fish sauce and the salt brine were fortified individually (each mineral alone) and 

in combination (iron and iodine). Sensory analyses for the fortified products were done and it was obvious that the occurring 

change in the appearance of the double fortified and fortified with only iron was due to the iron compounds with no 

observable effect for iodine compounds in which the change was in color and the incidence of precipitation. The color of 

the products fortified by NaFeEDTA was only slightly different and precipitation occurred after one month and a half as 

compared to three months as the shelf-life of non-fortified ones. Precipitation is thought to be the result of the reaction of 

the protein present in fish sauce and its related products with the iron fortificant. Trying to solve this issue, a modification 

of the process took place where acidification of fish sauce by either acetic acid or citric acid; it was observed that this 

precipitation could be prevented only by the use of citric acid as appeared in a preliminary study but the importance of 

monitoring the amount of citric acid in order not to affect the sensory quality. The addition of citric acid to fortified products 
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resulted in overcoming the issue of precipitation in only four iron forms -NaFeEDTA, ferrous sulphate, ferrous lactate, and 

ferric ammonium citrate- the remaining three iron forms caused unpreventable changes in appearance. It is worth noticing 

that NaFeEDTA fortified product needed the least amount of citric acid (0.1%) while the others needed higher amounts 

(0.3%), nonetheless acidifying was not practical in products where iodine forms were present since in that case darker color 

and precipitation were observed, in addition to the loss of the fortified nutrients (Chavasit et al., 2003).   

Kruger (2016) has mentioned that the excess of iron and zinc that are not absorbed by the body is associated with the 

modification of the microbiome present in the gut and the increase of the pathogenic bacteria growth and virulence in 

addition to induced intestinal inflammation in infants (Jaeggi et al., 2015) whereas iron is not required by most of beneficial 

barrier bacteria (Zimmermann et al., 2010). This excess of unabsorbed iron or zinc was due to the use of high amounts of 

low cost electrolytic iron and zinc oxide in fortification mixes where due to their low solubility their effects on sensory 

quality are minor. However, the use of ferric sodium ethylene diamine tetraacetate (NaFeEDTA) in food fortification is 

believed to be a solution to this problem due to its higher bioavailability, even in foods with high phytate content, and thus 

little amounts will be needed for attaining the desired levels of iron. Moreover, the ability of NaFeEDTA to increase the 

availability of zinc as well was also mentioned but due to limited research results, it is still not assured and varies depending 

on the used food vehicle and sometimes leading to contradictory outcomes (Bothwell & MacPhail, 2004).  

5. Methods of analysis for chelation  

Development of technology in science field lead to the appearance of many quantitative and qualitative methods that 

caused a real success in research and contributed to overcoming methodological limitations. Methods used in the study of 

chelates are classified into qualitative, quantitative and separation/purification. Chemical identification method, infrared 

spectrum analysis, ultraviolet spectroscopy and X-ray diffraction (XRD) are used to qualitatively analyse the produced 

chelates. While to quantitatively measure the rate and extent of chelation, EDTA titration method, chemical titration 

analysis, atomic absorption spectrometry, fourier transform infrared spectroscopy (FTIR), chemical modification electrode 

method, spectrophotometric method, inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively 

coupled plasma mass spectrometry (ICP-MS) are most commonly used. Nonetheless, gel filtration chromatography, 

organic solvent precipitation method, ion exchange resin method, membrane separation method, and high pressure liquid 

chromatograph (HPLC) are the used separation and purification methods when dealing with chelates (Bai et al., 2020; 

Miller et al., 2015).  

6. Bioavailability 

The term “bioavailability” first appeared in pharmacology and toxicology, where it was defined as the amount of orally 

taken drugs present in plasma. Then many other definitions where assigned according to the domain of interest; 

bioavailability in terms of biodegradation is different than that of microorganisms, plants or higher groups like human 

(Blanco-Rojo & Vaquero, 2019; Naidu et al., 2008). The definition of bioavailability in human could be the degree of 

absorption of the taken dose across the gastrointestinal tract and that reaches the central compartment (blood). It could be 

also defined as the accessibility of a nutrient to physiologic and metabolic processes. It influences both the beneficial 

effects at physiologic levels and the toxic effects of a given nutrient when taken in excess (Hambidge, 2010; Naidu et al., 

2008). The term mineral bioavailability and especially iron bioavailability was first synonymous with absorption which in 

turn was determined from the solubility studied by in vitro methods. The higher the solubility of an iron compound is, the 

greater is its potential absorption and therefore its bioavailability or dialysability. The term dialysability is used when iron 
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availability is measured through the simulation of the digestion process by using a semipermeable membrane to be 

transported through (Blanco-Rojo & Vaquero, 2019; Rebellato et al., 2015).  

Bioavailability of a micronutrient could not be known from the total concentration of this nutrient present in food but 

it is a prerequisite for having bioavailable micronutrient. The key factors to understand and estimate the availability of a 

micronutrient to absorption are its speciation, its chemical form and its behaviour in both the food and the gastrointestinal 

tract. Bioavailability has usually been estimated and predicted by in vivo human studies but results’ variations were present 

due to the inability of controlling all physiological factors. Moreover, this method had the disadvantages of being very 

expensive and time consuming, so it was then modified to become in vivo laboratory experiments on animals to be used 

as models for humans. This method had the advantage over the first in being less expensive but it is limited by the 

uncertainties regarding differences in animal and human metabolisms and leading to animal death or surgical approaches 

thus being ethically unjustified. The in vitro methods appeared then to be alternatives to in vivo methods where they were 

of great interest and gained popularity due to their simplicity, precision, analysis speed, and relative low cost (Blanco-Rojo 

& Vaquero, 2019; Brodkorb et al., 2019; Rebellato et al., 2015; Shiowatana et al., 2006). In vitro digestion methods are 

divided into either static or dynamic, in which the latter proved to be able to give better perception of in vivo methods. 

Since they take into account the pH gradients, the gradual addition of enzymes and gastric fluid, as well as the continuous 

gastric emptying occurring during gastrointestinal digestion. In contrast the static methods have some limitations in this 

aspect including pH being constant, gastric fluid not gradually added, and constant enzymatic activity regardless of the 

substrate. But the comparison of the outcomes at endpoint of each digestion phase with in vivo data showed good 

correlation, thus static type of simulation should only be used to assess digestion endpoints but not kinetics. Nonetheless, 

the static simulation methods are widely used due to their simplicity, ability to predict the outcomes of in vivo digestion 

and lower cost compared to dynamic methods. Which may not be available for all researchers due to their complexity, their 

need for fundamental software and hardware, and their higher cost to set up and maintain. In order to cope with this 

problem, a low cost semi-dynamic method was established using parameters equivalent to those from in vivo data and the 

gradual addition of simulated gastric fluid and enzymes is done manually (Brodkorb et al., 2019).  

In vitro determination of mineral bioavailability is done through different methods, each having a distinctive mode and 

giving specific results. Cell models (Caco-2 and HT-29) method, haemoglobin repletion method, chemical balance method, 

solubility and dialyzability are all used to give estimations on the bioavailability of a given mineral. The main differences 

among them are in their mode and the precision of the obtained results (Diego Quintaes et al., 2015; Frontela et al., 2011; 

Perego et al., 2015; Shiowatana et al., 2006; Shubham et al., 2020).  

Solubility was first believed to be able to give predictions of the bioavailability (Blanco-Rojo & Vaquero, 2019) but 

Fairweather-Tait et al. (2007) have showed that solubility could not be used as an adequate indicator of bioavailability. 

Since contradictory results were obtained when compared with the monitoring of Hb status; but it could be used as an 

indicator of bioaccessibility. It is defined as the amount of nutrients that under gastrointestinal conditions are converted 

into soluble forms (Rebellato et al., 2015). In order to calculate the solubility of a given micronutrient, the conditions of 

the gastric phase and intestinal phase were performed. In the gastric phase, HCl and HCl-pepsin were used under fixed pH 

(1-2) and temperature (37℃) conditions for a specific period of time (1-3 hours). While in the intestinal phase, (NaOH or 

NaHCO₃) were used for the subsequent neutralization (pH 7) followed by incubation with pancreatic enzymes with or 

without bile salts at 37 ℃ for 1-5 hours. After gastric and intestinal phase modelling centrifugation is done and the amount 

of the mineral in the supernatant is determined giving the soluble fraction thus the fraction available to be absorbed (Diego 

Quintaes et al., 2015). For obtaining more reliable results to be comparable with the in vivo studies, an improved approach 

of the solubility method was developed. This improved technique known as dialyzability where levels of dialyzable mineral 
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are measured instead of the soluble levels. A process similar to that of solubility determination is followed but after gastric 

phase is finished, a dialysis bag that is a semipermeable membrane of specific pore size simulating the intestinal wall 

containing NaHCO₃ was added. This leads to a gradual raise in pH before and during the pancreatic digestion; this method 

simulates what happens in the human body when food leaves the stomach and enters the duodenum. The food digest is 

incubated then pancreatin-bile is added to this digest, followed by another incubation in which at the end, analysis of iron 

in the dialysate is done. This method is better than that of solubility since it introduces equilibrium dialysis but the dialyzed 

components must be continuously removed not to face lower dialysability (Diego Quintaes et al., 2015; Rebellato et al., 

2015; Shiowatana et al., 2006; Shubham et al., 2020).  

Chemical balanced method is another tool to determine mineral bioavailability, it is based on measuring the amount of 

mineral retained in the body after consumption of food. The result is the difference between iron intake and amount of 

fecal iron giving an idea of mineral metabolism characterization but it has some disadvantages in being time consuming, 

insensitive and poorly precise. Due to the inability of evaluating the bioavailability of each meal but rather that of the whole 

diet, in addition to the possible error in calculating the intake and excretion balance (Shubham et al., 2020).  

Haemoglobin repletion method is mainly for iron bioavailability and it is applied on rats in which they are fed with an iron 

deficient diet for a known period of time and then fed with the iron rich diet containing the form of iron to be studied for a 

known period of time. Haemoglobin levels from drawn blood samples are recorded in the two stages of the experiment and 

then the bioavailability is quantitatively measured from the slop of the plot between Hb and dietary iron concentration 

(Shubham et al., 2020).  

Cell model method is the most widely used method that gives results well correlated with the in vivo absorption of 

micronutrients. The incorporation of human intestinal cell models especially human colon carcinoma cell line (Caco-2 cells 

and HT-29 cells) is considered an improvement in the methodology. These cells are distinguished in manifesting similar 

features to those of the small intestinal microvilli. The beginning of the procedure is similar to that of the solubility and 

dialysability studies where after the mineral get dialyzed from the food sample, it becomes available to be absorbed by 

Caco-2 cells. These cells can take up iron and synthesize the iron storage protein known as ferritin in proportion to iron 

amount and bioavailability. This model has showed a good correlation with the absorption patterns in human (Cockell, 

2007; Diego Quintaes et al., 2015; Fairweather-Tait et al., 2007; Frontela et al., 2011; Perego et al., 2015; Shubham et al., 

2020). It is proved that CaCo-2cell method is the most useful experimental approach for iron bioavailability in vitro giving 

valuable results to be used for the prediction of this bioavailability in vivo (Fairweather-Tait et al., 2007). Another reason 

for its popular use is its advantage over other human bioavailability and/or animal absorption studies by its ability to analyse 

a large number of samples in a short period of time and at a low cost (Diego Quintaes et al., 2015; Fairweather-Tait, 2001). 

In order to simplify the quantification of iron bioavailability, Colins et al. (2017) have worked on creating a mathematical 

model from the Caco-2 cell outputs to give better predictions than classic biochemical models due to the fact that this 

mathematical model takes into consideration the estimation of the generalisation error and the parameter optimization.  

6.1. Study of the absorption of chelates  

Although food fortification is a well-researched area, the bioavailability of the fortificants used still needs more 

researches to be attained. A study entitled “Replacing electrolytic iron in a fortification-mix with NaFeEDTA increases 

both iron and zinc availabilities in traditional African maize porridges” compares the two sources of iron (NaFeEDTA and 

electrolytic iron) and their effect on both iron and zinc bioavailability in a multi-micronutrient fortification mix using caco-

2 cell (Kruger, 2016). Maize meals were classified into three different multi-fortified mixes, all of which were fortified by 

the same mix of vitamins and zinc but varying in the iron source used. Meals fortified by electrolytic iron, meals fortified 
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by NaFeEDTA, and meals with no added iron. It was concluded that the bioavailability of iron from NaFeEDTA was 

higher than that from electrolytic iron and that zinc bioavailability was higher as well, this could be interpreted that EDTA 

has protected the minerals in the process of simulated digestion. Taking into consideration the high EDTA stability 

constants with both ferric iron and zinc resulting in bioavailable complexes (Kruger, 2016). Moreover this stability is pH 

dependant, where the pH value between 1 and 4 is optimum for complexing iron and zinc respectively (Bothwell & 

MacPhail, 2004). So the possibility of the dissociation of NaFeEDTA and the exchange of iron and zinc at the time where 

pH changes from 2 at stomach digestion level to 7 at intestinal digestion level giving further explanation for the effect of 

EDTA on zinc absorption (Kruger, 2016). 

6.2. Effect of Enhancers and inhibitors on Bioavailability 

The constituents of the food matrix highly affect the bioavailability of the present micronutrient. Some constituents 

play the role of absorption enhancers increasing its bioavailability while others known as absorption inhibitors bind with 

the micronutrient preventing it from being absorbed into the blood. These inhibitors are widely present in plant-based food 

especially cereals and legumes. Phytic acid and its derivatives and inositol phosphates especially penta- and hexa-

phosphates are the most potent inhibitors particularly for iron and are highly present in cereals and legumes. Nonetheless 

polyphenols, oxalate, carbonate, specific vegetable proteins and competition with other minerals have also the inhibition 

effect. Some of the inhibitor rich foods are tea, coffee, chocolate, wine, herbs, spices, and seeds (Blanco-Rojo & Vaquero, 

2019; Cockell, 2007; Egli et al., 2004; Watzke, 1998). On the other hand, ascorbic acid, citric acid, folic acid, other organic 

acids, MFD animal tissues (from meat, fish and poultry), amino acids, sugars, inulin, fatty acids and vitamin A are 

characterized by their ability to enhance mineral absorption. Ascorbic acid being the most powerful iron enhancer working 

by the mode of chelation at the stomach level at low pH to protect iron from binding to inhibitors and thus protecting it to 

be absorbed at the intestinal level. Vitamin A has the ability to prevent the inhibitory effect resulting from consuming tea, 

coffee or phytates. While MFD animal tissues have unidentified factors that enhance iron absorption, some authors claim 

that iron is bound to histidine or cysteine residues leading to increased absorption, but the mechanism needs better 

explanation. Citric fruits, vegetables, meat, fish and poultry are some food rich in absorption enhancers (Blanco-Rojo & 

Vaquero, 2019; Shubham et al., 2020; Sun et al., 2016; Watzke, 1998; Welling et al., 2014). It is well known that the 

bioavailability of minerals especially iron and zinc is decreased in the presence of flavonoids due to the formation of 

unavailable mineral-polyphenol chelates in the lumen. Similarly this effect was vice versa, since the co-ingestion of 

polyphenols with either iron or zinc, significantly decreased the phenolic content and antioxidant capacity of these 

polyphenols in human plasma by 13-60% according to studies done using red wine, white tea infusion, green tea, and fruit 

beverages by both in vitro gastrointestinal digestion model and in vivo methods (Kamiloglu et al., 2020). 

6.3. Effect of Different Processing Techniques on Bioavailability  

Different processing techniques affect the whole food constituents; micronutrients as well as enhancers and inhibitors 

are influenced either positively or negatively according to their type and the used technique, thus rationally bioavailability 

will vary (Watzke, 1998). For example fermentation reduced phytates present in maize meal in which it could give evidence 

about the efficiency of fermentation in increasing the nutrient availability (Kruger, 2016). Egli et al. (2004) have studied 

the ability of the degradation of phytic acid present in cereals using the phytase enzyme, a process known as dephytinization 

in which its positive effect on zinc absorption was clearly demonstrated and no detectable phytic acid was obtained in the 

dephytinized food. It was believed that minerals are lost during processing, but it might be possible that they were not lost 

rather they became unavailable due to their interactions and combination with co-nutrients or non-food components; the 
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opposite may also occur thus increased bioavailability because of processing and destruction of the inhibitors especially 

phytates is also possible. (Watzke, 1998). Table 1, shows an overview on the effect of some of the processing techniques 

on the mineral content or their bioavailability. 

Table 1. Effect of different processing techniques on mineral content or bioavailability 

 

7. Technical issues to be considered when fortifying especially when using chelates as fortificants  

The food to be fortified must be consumed in sufficient amounts by populations, so it is important to study the food 

pattern of each society before choosing the suitable carrier. Moreover, the chosen food vehicle must be processed centrally 

in units that are large enough to facilitate controlled fortification that in turn should be compatible within the existing 

Processing Technique Effect on Mineral Content or 

Bioavailability 

Reason Reference 

Fermentation Increase 2 times for Iron 

Increase by 6.3- 12.5% for zinc 

Reduces phytates 

Produces lactic acid 

(Kruger, 2016; Reddy & 

Love, 1999; Watzke, 1998) 

Germination and Soaking Increase 2 times Reduce phytates (Reddy & Love, 1999; 

Watzke, 1998) 

Malting and Roasting  Increase by 16-32%  Reduce phytates (Reddy & Love, 1999) 

 

 

Milling  

Decrease of mineral content by 16-

86%  

 

Removal of the mineral-rich bran 

 

(Reddy & Love, 1999; 

Watzke, 1998) 

Increase in absorption by 20% Reduces of phytic acid content 

present in the bran 

 

 

 

Conventional cooking 

Decrease of content by 10-40%  

 

Leaching  

 

(Cilla et al., 2018; Reddy & 

Love, 1999; Watzke, 1998) 

Increase in bioavailability by 200% Increase in solubility due to cell 

wall disruption, release of organic 

acid and denaturation of protein 

 

Radiation  Increase in bioavailability  Decrease in tannins, phytate, and 

insoluble fiber content 

(Reddy & Love, 1999) 

Baking  Decrease in bioavailability 

Loss of 20% of major minerals 

Losses in ascorbic acid and 

production of Maillard reaction 

products that bind minerals 

(Ghidurus et al., 2010; 

Reddy & Love, 1999; 

Watzke, 1998) 

Deep Frying  Decrease in content by 1-26% Losses in ascorbic acid and 

production of Maillard reaction 

products that bind minerals 

(Ghidurus et al., 2010; 

Watzke, 1998) 

Extrusion  Increase by 1.3 to 3 fold 

extractability  

Decrease in phytic acid content  (Reddy & Love, 1999; 

Watzke, 1998) 

Storage 

(freezing of cooked food, 

storage of canned food) 

 

No effect   (Reddy & Love, 1999; 

Watzke, 1998) 
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systems of food processing and distribution. No change in color, taste or appearance of the fortified food should be noticed 

and it must be affordable so that low income groups can consume it especially that they are more vulnerable to 

micronutrient deficiencies (Mannar & Wesley, 2017).  

When using chelates as fortificants, some problems are solved especially the reduction of the adverse effects on 

organoleptic properties along with the increased bioavailability of these forms as compared to the insoluble ones. But some 

limitations especially the higher cost of chelates than ferrous sulphate or other form of cheap iron are still present in addition 

to a specific challenge for each type of chelate (L. H. Allen, 2002). For example Amino acid chelates are considered 

excellent fortificants specifically when used in media rich in absorption inhibitors, but their high cost and instability during 

processing remain as a problem. Whereas ferrous bisglycinate has  both technical and economical disadvantages, it 

promotes fat oxidation in cereals and off colors in a way similar to other soluble iron compounds, besides being expensive 

(L. H. Allen, 2002; Henare et al., 2019; Hurrell, 2002; Mittal et al., 2016). Sodium iron ethylenediaminetetraacetic acid 

(NaFeEDTA), also solves the problem of changes in organoleptic properties as compared to soluble iron forms except for 

the claim that it might cause discoloration. But published and trusted evidences on its stability during the different 

processing steps, storage and household cooking as well as studying consumers’ acceptance of each vehicle fortified are 

still not available. Similar to amino acid chelates, NaFeEDTA’s cost is higher than other iron forms; it is six to eight times 

more expensive than ferrous sulphate for the same amount of iron. If one takes into consideration its better absorption than 

ferrous sulphate, with an increase by a factor of 2 or 3, it might introduce the possibility of using half the amount of 

NaFeEDTA, however its cost remains higher and the need for more affordable food grade NaFeEDTA (Bothwell & 

MacPhail, 2004; Dary & Mora, 2013).  

The cost of fortificants attributes to 90% or more of the total cost of fortification, except in rice fortification where 50% 

or more of the cost is due to the process of producing fortified kernels (Dary & Mora, 2013). Dividing fortification across 

multiple vehicles of food may lead to a better reach by targeted population and to avoid excess intakes with impact 

reduction on organoleptic characteristics of fortified food (Bruins et al., 2015; Klassen-Wigger & Barclay, 2018).  

8. Vulnerable Populations  

All human beings need micronutrients, but some people within the population need them more than others and are at 

higher risk of suffering from micronutrient deficiency. Pregnant women, breastfeeding, children under the age of five and 

people suffering from certain diseases are within the high risk group and usually targeted to have access to fortified food 

(Bailey et al., 2015). Women are more vulnerable to micronutrient deficiency especially in several developing countries 

due to the fact that these women give priority to their family members over their own health and nutritional needs. Adding 

to this the lack of available food, lack of knowledge and awareness about the significance of a diversified diet and the 

occurrence of infectious diseases. Moreover, due to societal norms and gender discrimination, unfair food distribution 

within the same family members, and insufficient dietary intake occur. Micronutrient deficiencies in women specifically 

in their reproductive age affect their health, the outcomes of pregnancy as well as the growth and development of their 

babies (Bailey et al., 2015; Harika et al., 2017). Poverty, poor feeding practices, lack of diversity in diets, and rural 

residence contribute to micronutrient deficiencies and make these populations more vulnerable (Friesen et al., 2017). Figure 

2 shows the effects of these deficiencies on the different age groups and pregnant women within the population. Refugees 

and internally displaced people are also vulnerable to micronutrient deficiencies due to the poor life conditions. These 

include no or little access to local markets, or reduced purchasing power preventing them from obtaining food rich in 

micronutrients. Thus their inability to enhance the quality of their diets especially that water and land availability limits 

the growing of fruits and vegetables in their area (Prinzo & de Benoist, 2002). 
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Figure 2. Effect of micronutrient deficiencies in diet on babies, adolescents, adults, and pregnant women 

(Wakeel et al., 2018). 

 

9. Conclusion  

It is well known that micronutrient deficiency is prevalent in developed as well as developing countries and contributing 

in both economic losses and disease burdening. Food fortification is found to be a favourable and cost-effective tool to 

combat these deficiencies particularly in vulnerable populations; but the search for the ideal fortificant to be used with the 

optimum vehicle is still ongoing. The form of mineral used must be bioavailable and affordable but without compromising 

the organoleptic properties of the food to be fortified and respecting the processing techniques already used in 

manufacturing. Mineral-chelated complexes are believed to be the promising fortificants. They have the ability to protect 

the mineral from the effect of inhibitors until absorption in the intestines and the possible interactions with food constituents 

avoiding any unfavorable changes. Amino acid chelates and sodium ethylenediaminetetraacetic acid chelates are now 

present but their higher cost as compared to other forms and their uncertain stability are still points of concern.  Thus, 

researches are still ongoing to find complexes that could overcome these limitations. Different quantitative, qualitative and 

separation/purification techniques are used to characterize chelates, measure the extent and rate of chelation as well as 

obtaining of pure forms of chelate complexes. AAS, ICP-MS, EDTA titration method, FTIR, XRD, UV spectroscopy, 

HPLC, and gel filtration chromatography are some of these methods.  Bioavailability of the used fortificant is a key factor 

and it is influenced by intrinsic and extrinsic factors. Food constituents may inhibit or enhance the absorption of these 

mineral forms as well as the manufacturing processes applied in the food production also have positive or negative impacts 

on the bioavailability. The main technical issues to be considered when fortifying are divided into issues related to the 

fortificant and other related to the process of fortification. Specific properties of the fortificant must be present mainly 

affordable cost, bioavailability, stability and the inability to cause adverse effects. Regarding the process, the main point is 

its ability to be simply integrated into the manufacturing techniques already present in the factory. So the need for more 

research studies in order to improve currently available fortificants or innovate an ideal one.  
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CHAPTER 3: OBJECTIVES 

The main purpose of this thesis was to produce mineral complexes using different ligands, to prove them as chelates, 

to determine the optimum conditions for the chelation, to estimate the bioavailability and correlate the structural differences 

with bioavailability values as well as to compare the different complexes obtained and the effect of their interaction on the 

bioavailability. In order to achieve the main purpose, the following particular objectives were developed: 

1. Producing citric acid iron complexes in different molar ratios, proving chelation and determining the best ratio using 

infrared spectroscopy techniques (Chapter 5). 

2.Studying the bioavailability of the different citric acid iron complexes through an in vitro continuous dynamic dialysis 

method, correlating the structural characteristics with bioavailability, as well as studying the bioavailability of the proved 

chelate in four different beverages and comparing the results with those of ferrous sulfate (Chapter 6). 

3.Producing citric acid zinc complexes in the same molar ratios, proving chelation, determining the best ratio, comparing 

iron to zinc chelation by citric acid and studying the bioavailability of the different ratios (Chapter 7).  

4.Producing citric acid magnesium complexes in the same ratios, characterizing them, comparing the chelation of the three 

minerals, studying their bioavailability as well as studying the effect of interaction of the three minerals on the 

bioavailability of each (Chapter 8). 

5.Producing glycine iron complexes at different pH values and in different molar ratios, determining the best conditions 

for iron chelation, as well as comparing iron chelation through the two ligands (Chapter 9).  
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CHAPTER 4: EXPERIMENTAL SETUP 

This chapter presents an overview of the tasks conducted in the different chapters, a separate section describing in 

details the materials and methods is present in each chapter. 

Tasks Materials Used Methods Used Parameters Tackled 

Task 1: Production and 

characterization of citric 

acid:iron/zinc/ magnesium 

complexes 

Objectives 1,3 and 4 

Chapters 5,7 and 8 

Citric acid, ferrous sulfate, 

zinc sulfate, magnesium 

sulfate, hotplate with agitator 

FTIR, NIR, HPLC, UV-Vis 

spectroscopy, FAAS 

Free citric acid, functional 

groups of citric acid, mineral 

amount, sulfate amount 

Task 2: Studying the 

oxidation state of iron present 

in the complexes 

Objective 2 

Chapter 6 

Quartz cuvette, sulfuric acid, 

hydroxylamine, 1,10-

phenanthroline, sodium 

fluoride and sodium acetate 

UV-Vis Spectroscopy Amount of total Fe and Fe2+ 

Task 3: Studying the in vitro 

Bioavailability of obtained 

complexes 

Objectives 2, 3, and 4 

Chapters 6, 7 and 8 

Dialysis bags, peristaltic 

pump, regular and circulating 

water bath 

Continuous Dynamic Dialysis 

and FAAS 

Percentage of mineral after 

dialysis 

Task 4: Studying the in vitro 

bioavailability of iron in four 

different beverages  

Objective 2 

Chapter 6 

Orange juice, cocoa 

milkshake, whole milk, 

skimmed milk, dialysis bags, 

peristaltic pump, regular and 

circulating water bath 

Continuous Dynamic Dialysis 

and FAAS 

Percentage of mineral after 

dialysis 

Task 5: Studying the effect of 

interaction of minerals on the 

in vitro bioavailability of each 

Objective 4 

Chapter 8 

Dialysis bags, peristaltic 

pump, regular and circulating 

water bath 

Continuous Dynamic Dialysis 

and FAAS 

Percentage of mineral after 

dialysis 

Task 6: Production and 

characterization of glycine 

iron complexes in different 

molar ratios at different pH 

values 

Objective 5 

Chapter 9 

Glycine, ferrous sulfate, 

NaOH, HCl, hotplate with 

agitator 

NIR, HPLC, UV-Vis 

spectroscopy, FAAS 

Free glycine, functional 

groups of glycine, amount of 

iron, peak of chelation 
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Abstract 

Although mineral chelates are widely produced to be used as food fortifiers, the proof that these complexes are chelates 

is still missing.  In our present work iron II complexes using citric acid in different ratios are produced, the occurrence of 

chelation is investigated besides the behavior according to molar ratio between the ligand and the mineral. HPLC, FAAS, 

UV-Vis, FTIR and NIR were used for non-structural characterization of these complexes. In contrast to published work, 

our findings show that chelation of citric acid is achieved in the liquid form and at a low pH, and that the molar ratio is 

very important in setting the direction of the reaction either towards chelation or towards dimer formation. The ratio citric 

acid:iron 1:4 seems to be the most convenient ratio in which no free citric acid remaining in the solution while 1:3 ratio is 

behaving differently requiring further investigations by techniques like EXAFS among others in order to deeply know the 

structural organization occurring in this ratio. NIR extensively used in industries, proved to be very useful in the 

demonstration and characterization of chelates. These findings are particularly advantageous for pharmaceutical and food 

industries in offering an innovative competent fortifying agent to be used in combatting iron deficiency.  

Keywords: Chelation; citric acid; iron chelates; NIR; HPLC; molar ratio 

1. Introduction 

Food insecurity is increasing worldwide despite the continuous efforts of governments and organizations to combat it. 

A non-covid19 scenario was assumed in the projection of undernourishment in 2030, in which the number of 

undernourished is expected to be 841.4 million whereas when taking covid-19 pandemic into consideration, the optimistic 

scenario will be 860.3 million undernourished and 909 million in the case of the pessimistic scenario (FAO et al., 2020, 

2021). Food fortification was found to be a valuable and practical technique to reduce micronutrient deficiencies. 

Nonetheless researchers are still extensively investigating in developing new food fortificants with improved properties 

able to overcome the limitations of conventional fortifiers. Mineral chelates are considered to be one of the innovative 

solutions for food fortification problems detailed in a previous review (Mattar et al., 2022).  

Although mineral chelates using different sequestrants (EDTA, amino acids, etc.) were widely produced to be used in 

food fortification, their chemical structure and characteristics are still not clearly presented. The solid proof that these 

combinations are truly chelates is still missing and most publications suppose the obtained products to be chelates due to 

the well-known fact of mineral chelation. Indeed, these products might be just physical mixtures of reactants or unreacted 

dry blends (M. E. Miller et al., 2015). Yunarti et al. (Yunarti et al., 2013) have produced iron chelates using glycine, and 

have used the FTIR spectrum of the obtained chelate to prove chelation through assigning some peaks for Fe-OC (511/cm) 

and Fe-N (3000-3200/cm) already present in glycine alone. Thus the evidence relied on to prove chelation does not seem 

to be solid enough. Whereas Henriksen et al. (Henriksen et al., 2016) have used both HPLC and MS techniques to prove 

chelation of minerals to amino acids. In HPLC analysis they intended to extend the time of the analyses so that a third peak 

corresponding to the complex appeared on higher retention time. Similarly in mass spectrometry, m/z peaks corresponding 

to the molecular weight of the amino acid complexes were identified. But the authors mentioned that free amino acids were 

still present with the chelates and were quantified by HPLC also. Although these techniques are highly appreciated for 
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their accuracy and sensitivity, they still have some limitations in chelate analyses. HPLC is well-known for its accuracy, 

the need for harsh chemical treatments and the use of strong solvents in the mobile phase may affect the complex formed 

or lead to its dissociation. Mass spectrometry especially ICP-MS remains to be one of the most reliable methods to prove 

chelation, characterize and quantify the chelates due to its high sensitivity, but its equipment, operating and laboratory 

setup costs limit its use especially on industrial scale. Nonetheless, this technique requires high levels of staff expertise and 

interferences to be controlled. To be used quantitatively, purification and separation of the chelates must be done prior to 

analyses; the presence of free metal ions could reduce the accuracy of the analytical method. Moreover, high temperature 

ionization destroys the stability of chelates (Bai et al., 2020; Wilschefski & Baxter, 2019). The use of spectral methods like 

FTIR and NIR has gained great interest and is being favored especially in industries. This is due to the fact that most 

factories nowadays have these instruments and use them for many purposes specifically in quality control. Moreover, these 

methods are famous for being rapid, easy to use, non-destructive, able to be incorporated in-line or off-line and practical 

in analyzing the sample without any pre-treatment that may affect the results. Finding a solid evidence from FTIR and NIR 

on the occurrence of chelation will greatly help researchers and industries and will enable them to shift towards these 

feasible techniques. 

Citric acid is a weak organic acid present naturally in citrus fruits and it plays the role of an intermediate in citric acid 

cycle. It has the structure of carboxylic acids with three carboxyl groups. Its use in everyday life is very often and it is a 

valuable tool for food processors (Kalaimani. et al., 2019; Martínez et al., 2018). Its use in this field is extensive as a food 

additive so it could be also used as a fortifier in combination with minerals able to reach at-risk populations. Famous for 

its sequestering ability, citric acid was chosen to produce citric-iron II chelates in this study instead of iron III citric 

complexes already present as ferric citrate due to the better assimilation of Fe2+ in the human body. Our research aims to 

prove that chelation has taken place in the produced citric acid-iron compounds, as well as to characterize them 

quantitatively and qualitatively to be used as innovative food fortificants having optimum characteristics.  

2. Materials and Methods 

2.1. Chemicals and Reagents  

Citric acid (99.5%) and ferrous sulfate heptahydrate (min. 99.0%) were bought from Panreac Quimica SA. 

For sulfate determination, Barium chloride di-hydrate (min. 99%) was bought from POCH, sodium sulfate anhydrous 

(99.0-100.5%) and iso-amyl acetate (99.0%) were bought from Panreac, 2-propanol (≥ 99.5%) was bought from JT Baker, 

and NaCl (99%) from Panreac Quimica SA.  

2.2. Preparation of the chelates 

Citric acid-iron chelates were prepared following a protocol similar to that of the production of ferrous bisglycinate 

followed by Yunarti et al. (2013); where anhydrous citric acid and FeSO₄.7H₂O were mixed in heat resistant bottles with 

100ml water, flushed with nitrogen gas and tightly closed. The bottles were then kept at temperature about 50℃ with 

continuous agitation for 24 hours. After, they were transferred to the refrigerator for crystallization to take place. Due to 

the fact that, citric acid chelates were not produced before following this manufacturing technique, we have done an 

optimization step, for the molar ratios as well as the solute to solvent ratio, four different molar ratios of citric acid/iron 

solutions were chosen to be prepared and studied.  The first ratio 1:1 was chosen to allow us to study the interaction between 

citric acid and iron when present in equal amounts; whereas 1:2 and 2:1 were used to study respectively the effect of having 

the double amount of iron or of citric acid. The last ratio 2:3 was added to be studied as the ratio in between. The bottles 

were monitored daily until crystallization occurred.  Green crystals were obtained after 5 days. Iron crystals were then 
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separated from solutions and left in open air to dry. The same amount of citric acid, and of ferrous sulfate were prepared 

separately in water following the same procedure.  

After conducting quantitative and qualitative analyses, it was found that other molar ratios within the solubility range 

of ferrous sulfate are needed to better understand the effect of the molar ratio on chelation and in order to be able to find 

the most optimum ratio to be used in citric acid- iron chelation. The same procedure as for the previous samples was 

followed but with a concentration between 0.3M - 0.75M  and a vast range of ratios Citric acid: iron (1:1, 2:1, 3:1, 4:1, 1:2, 

1:3, and 1:4) in the first four samples the amount of ferrous sulfate was fixed and the amount of citric acid was increased 

proportionally whereas the opposite applies for the last three samples where citric acid amount was fixed as in 1:1 sample 

and that of ferrous sulfate was increased. In this case we can better compare the samples and the findings will be just due 

to the reaction occurring without having the effect of concentration leading to the precipitation and crystallization. In these 

seven samples no crystallization occurred, so the solution was used for analyses. 

Part of the solutions of all the samples was dried in the oven at 50℃ (same reaction temperature) until the mass became 

stable. Further analyses were done for the resulting dried parts.  

2.3. Physicochemical Analyses 

- The pH value of each solution was recorded before flushing with nitrogen and then after removing from refrigerator.   

- The mass of each iron crystal was recorded before and after drying 

- The volume of each solution was also measured.  

- Melting point measurement was done for the commercial products and for all the solid samples obtained using Stuart™ 

SMP10 melting point apparatus from Sigma Aldrich. The samples were pulverized and loaded to the closed end capillary 

tubes then placed in the instrument to be heated gradually (2℃/min.); the temperatures were recorded at first drop and 

when the sample had turned totally into liquid (Dent, 2006). Analysis was done in triplicates. 

2.4. Spectral and Chromatographic Analysis: 

 2.4.1. Flame Atomic absorption spectroscopy (FAAS) 

FAAS was done for the solutions remaining after crystallization and for solutions of iron crystals dissolved in distilled 

water. These analyses were done to quantify the amount of iron in each sample. Varian SpectrAA-110 Atomic Absorption 

Spectrophotometer (Chicago, USA) equipped with deuterium lamp background correction, hallow cathode lamps (HCL) 

and oxygen-rich air-acetylene flame was used; the conditions to be applied for Fe detection are a wavelength of 248.3nm, 

a flow rate of acetylene 1.5 l/min., and 3.5l/min. air flow. HCL lamp current of 10 mA, slit width of 0.2nm and a 

measurement time of 8 sec (Niedzielski et al., 2014). All the samples were diluted to meet the detection limit of the 

spectroscope and analysis was done in triplicates. 

2.4.2. UV-Vis spectroscopy: 

UV-Vis spectroscopy was done for the solutions remaining after crystallization and for a solution of each iron crystal 

dissolved in distilled water. This technique was used to quantify the amount of sulfates in each sample through the 

measurement of turbidity following a protocol obtained from (American public health association et al., 2012) and followed 

by (Thakre & Nizamuddin, 2021) using Thermo Electron Corporation Spectrophotometer type Evolution 300 (England, 

UK), at 420 nm in 1cm quartz cuvette. Analysis was done in triplicates. 
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2.4.3. High performance liquid chromatography (HPLC): 

HPLC was done for the same samples as FAAS, in order to quantify the respective amounts of citric acid in each 

sample. This measurement was done using Beckman (110B, 156 Refractive Index Detector, and C18 columns (Luna 5µm, 

25cm x 0.4cm), Krefeld, Germany ) following the protocol described by Mcfeeters et al. (1984). Stock standard solution 

of citric acid was prepared by deionized water, then the various standard solutions were obtained from appropriate dilutions 

of the stock. Figure 1 and Table 1 show the standard calibration curve and the % recovery respectively. Analysis was done 

in triplicates.   

 

  

                            

 

 

 

 

 

Infra-Red Spectroscopy 

In order to prove chelation through structural changes, NIR and FTIR were done for samples containing only citric 

acid or only ferrous sulfate and for the samples containing both. Due to the high sensitivity of water in the infrared 

region, the obtained dried parts of the solutions and the respective obtained crystals were measured through these 

techniques. 

2.4.4. Near Infrared Spectroscopy (NIR) 

Thermo Scientific™ Antaris™ II FT-NIR Analyzer (Madison WI, US) was used qualitatively in order to detect any 

changes in the structure. The solid sample was loaded in the sample holder and spectra were recorded from 4000 to 10000 

cm⁻¹ with 8 cm-1 spectral resolution and 32 scans were accumulated every time to improve signal to noise ratio (Frost et 

al., 2005). Background data were collected every half an hour. All spectra were acquired at room temperature.  

2.4.5. Fourier-transform infrared spectroscopy (FTIR) 

JASCO FTIR6300 spectrometer (Tokyo, Japan) was used for iron crystals with 0.07 cm-1 resolution in which the 

samples were pulverized, then mixed with KBr and pressed into tablets before measurement; the spectra were recorded 

from 400 till 4000 cm⁻¹ (Luo et al., 2010; Zhang et al., 2017).  

2.5. Statistical Analyses 

Statistical analyses for the quantitative results were done using IBM SPSS Statistics version 23.0. The primary outcome 

of the analyses was to check if the difference between the samples is statistically significant. One-Way ANOVA was used 

to determine whether there are significant differences between the means of the four samples having different ratios. Post 

Standard % Recovery 

0.1 124.08 

0.5 100.1 

2 98.16 

5 99.05 

10 100.3 

Figure 1. Citric acid standard calibration curve 

Table 1. Percentage recovery values of citric acid standard 
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hoc test (Tukey HSDᵃ) was conducted after getting significant difference to know where this difference truly came from. 

Values of P < 0.05 were taken as being statistically significant. 

3. Results and Discussion 

3.1. Observations and Melting Point Results 

Ferrous sulfate alone and all citric acid iron samples crystallized, whereas citric acid alone did not crystallize in the 

same conditions of the other samples.  

Melting point for all the crystals and the dried solutions was not achieved within the 300℃ range. All the samples did not 

melt in the 300℃ range; only the color changed until it became black. Whereas, in the case of dried solution of the citric 

–iron sample of ratio 2:1, it melted within 150-153℃, the same range where the commercial citric acid alone melted, 

knowing that this range is recognized for pure citric acid (Kusumah et al., 2017). This indicates the presence of free citric 

acid as opposed to the other samples in which citric acid is in the chelate form. Since citric acid alone did not crystallize, 

and due to its very high solubility in water, the excess citric acid is remaining soluble in the solution as in the case of the 

sample 2:1. 

3.2. Quantitative Analyses (HPLC, FAAS, and UV-Vis Spectroscopy) 

Figure 2 shows the results obtained from HPLC, FAAS, and UV-Vis spectroscopy for both the crystal and the remaining 

solution of each. Quantification of citric acid by HPLC has shown that the amount of citric acid in all the crystals is very 

low compared to the amount in the remaining solutions. The highest amount of citric acid in solutions is found to be in the 

2:1 sample which is significantly different (p (2:1,1:1) = 0.001, and p (2:1,1:2) and p (2:1,2:3) = 0.002) from the other three 

samples that have comparable amounts (p (1:1,1:2) = 0.703, p (1:2,2:3) = 0.742, and p (1:1,2:3) =  0.958). In crystals, 2:1 

sample also contains the highest amount of citric acid, whereas the 1:1 and 2:3 have the lowest.  Moreover, FAAS results 

showed that the major part of iron is in the crystals and that the amount of iron in all the solutions is lower. The lowest 

amount of iron per ml was found in the sample 2:1 significantly different from the other three samples which contain 

similar amount of iron per ml of solution (p (2:1,1:1), p (2:1,1:2) and p (2:1,2:3) = 0.00). Nonetheless, UV spectroscopy 

has revealed that sulfates are mainly present in the crystals. The solutions have a lower amount with 2:1 sample containing 

the lowest amount compared to the other three samples that have equal amounts per ml (p (2:1,1:1) =0.013, p (2:1,1:2) 

=0.002 and p (2:1,2:3) = 0.007).  

From these results we can consider that these crystals are impure crystals of FeSO₄. This is further supported by the 

crystallization of pure ferrous sulfate without citric acid when following the same protocol, whereas citric acid alone did 

not crystallize.  

Nonetheless due to the fact that the solutions contain both citric acid and iron, chelation could have been achieved in 

the liquid form. The sample 2:1 contains the highest amount of citric acid but the lowest amount of iron per ml solution if 

compared with the other three solutions. This indicates that incase of higher amount of citric acid, chelation is limited and 

instead, citric-citric interactions are favored since excess ferrous sulfate has crystallized in this sample too. So chelation 

here is limited not due to lack of iron but due to the preference of citric acid to form dimers (Ciriminna et al., 2017). This 

verifies the melting point analyses in which all the samples did not melt in the 300℃ range except the dried part of the 

solution 2:1 which has melted within the 150-153 range indicating the presence of free citric acid.  

In the other three solutions, the molar proportionality between citric acid and iron in the solution is the same regardless 

of the initial ratio (p citric acid =0.881 and p iron =0.878), in which approximately for each three moles of citric acid 

present there is one mole of iron. This proves that the relation between citric acid and iron is not affected by the initial 
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amounts except in case of higher amount of citric acid as in the 2:1 sample in which eleven moles of citric acid are found 

with one mole of iron. To further prove and validate this finding, new citric acid – iron samples were produced with 

significantly different molar ratios but in less concentrated form to avoid the precipitation of iron that could have happened 

as a matter of solubility; the new trial is detailed below. 

 

 

 

 

 

 

 

 

 

3.3. Spectral Analyses 

3.3.1. Fourier Transform Infrared Analyses (FTIR) 

The importance of FTIR spectra in assigning peaks to functional groups is very well-known. Our finding that the 

obtained crystals are not chelates as supposed by (Yunarti et al., 2013), rather are excess ferrous sulfates is further supported 

by the results of FTIR. In which the spectra of all the four crystals coincided with the pure form of FeSO₄ in which all the 

peaks present in the crystal are also found in the commercial FeSO₄. Thus the absence of citric acid in the crystals proved 

by HPLC is further enhanced through the absence of any peak corresponding to its functional group (C=O, O-H) or its 

structural chain (C-C, C-H) in the FTIR spectra of the crystals (Kalaimani. et al., 2019). Moreover the peak at 511 cm-1 

assigned to Fe-O by (Yunarti et al., 2013) and used to prove chelation of iron to the carboxyl group, is appearing in the 

spectra of the pure form of FeSO4. Nonetheless, (Eniu et al., 2015) have showed that the peaks in this region are linked to 

Fe-O vibrations in magnetite and hematite. Further demonstrating the inaccuracy of relying on this peak to prove iron 

chelation (figure 3a).  

 3.3.2. Near Infrared Analyses 

Similar to the FTIR results mentioned before, NIR spectra of ferrous sulfate and the citric –iron crystals also coincide, 

further proving them as excess ferrous sulfate (figure 3b). NIR spectra of commercial citric acid and the dried solution of 

citric acid that has undergone the same treatment as the other samples show important differences (figure 4a). This could 

be due to the structural differences between the two and the formation of inter and intra bonding (figure 4b). Whereas the 

spectra of commercial ferrous sulfates and that from the dried solution are the same. This could be due to their inorganic 

nature and to their ionic bonding not detected in the NIR region. In contrast to the organic nature of citric acid and the 

covalent bonding tending to form different conformations detected by near infrared (Beć et al., 2021; Frost et al., 2005). 
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Thus the spectra of the dried solution of citric acid will be used in the present analyses to eliminate any external variable 

and to be able to do a well-established comparison.  
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Figure 5a shows the corresponding NIR spectra of dried solutions of citric acid alone, ferrous sulfate alone and that of 

the sample citric-iron in 1:1 ratio. It is obvious that the spectrum of the sample solution is different from those of both citric 

acid and ferrous sulfate alone. The spectrum of ferrous sulfate alone is totally different from the others presented with two 

peaks only at about 5138 cm⁻¹ and 6920 cm⁻¹. Whereas the sample and citric acid alone show some similarities in specific 

regions of the spectra; this is necessary and could be due to skeletal structure that they both incorporate.  Nonetheless 

significant changes are observed in different regions. 

 In the region 10000 - 6000 cm⁻¹ most peaks are present in both spectra with changes in their intensities. The intensity 

of all the peaks significantly decreased in the Citric:Fe 1:1 sample except for a shoulder at about 7020 cm⁻¹ and a broad 

peak centered at around 6370 cm⁻¹ newly formed in the spectra of citric acid with iron.  This shoulder could be due to the 

effect of the peak present in ferrous sulfate at 6920 cm⁻¹. The region (10000 - 6000 cm⁻¹) is normally known for C-H 

combinations 1st overtone, C-H 2nd overtone (10000 - 7100 cm⁻¹) and O-H 1st overtone (7100 - 6000 cm⁻¹) (Guide for 

Infrared Spectroscopy, 2009). Hence the main differences could be in the structure of citric acid affecting C-H and C-H 

combinations. The peak at around 6800 cm⁻¹ is very intense and sharp in citric acid, in the sample it remained sharp but 

the intensity decreased. This peak corresponds to O-H 1st overtone indicating the change that occurred on the functional 

group of citric acid due to the presence of iron. The broad peak centered at around 6370 cm⁻¹ is neither present in the dried 

solution of citric acid alone nor in that of ferrous sulfate. Gandara et al. (Gandara et al., 2018) mentioned that this peak is 

assigned to a charge transfer transition associated with the radical moiety. And that in samples possessing this peak, the 

donor and acceptor orbitals are principally developed on the peripheral rings of the ligand. It was also mentioned that this 

peak corresponds to ligand-to-ligand charge transfer. Thus, this peak could show important information regarding the 

occurrence of citric acid-iron chelation. 

 The region 6000 - 4000 cm⁻¹ in the spectra represents the region of noticeable changes, this region is 1st overtone 

region for C – H and S – H (6000 – 5650 cm⁻¹), 2nd overtone for C=O stretching (5556 – 5263 cm⁻¹) and the combination 

region of O - H (5263 – 4762 cm⁻¹), C–H + C–H (4545 – 4200 cm⁻¹) and C–H + C–C (4200 – 4000 cm⁻¹). In the region 

6000 – 5500 cm⁻¹, the four peaks present in citric acid at about 5960, 5916, 5835 and 5754 cm⁻¹ referring to CH₂ (1st 

overtone) (Guide for Infrared Spectroscopy, 2009), also appear in the sample of citric – iron and are the same. These peaks 

must refer to a part that remains intact; this means that they are indicating the skeleton of citric acid not participating in the 
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chelation. The clearest differences could be seen in the region between 5500 – 4000 cm⁻¹. It is known that the peak centered 

at 5190 cm⁻¹ corresponds to water, mainly bound water (Kong et al., 2011; Padalkar, 2011), but in our spectra citric acid 

alone has a peak centered at 5020 cm⁻¹ with the lowest intensity, ferrous sulfate alone has the highest intensity peak centered 

at 5138 cm⁻¹, whereas the citric-iron sample has a peak with medium intensity at 5200 cm⁻¹. If this peak is assigned to 

water then it must be at the same wavenumber, and this was mentioned by Padalkar (2011), as no shift was observed for 

this peak. These changes in both the intensities and position are especially important in this region since within this 

wavenumber range, there are C=O stretching (2nd overtone), and the combination of OH; thus it is where the functional 

group of citric acid appears through NIR and where reaction occurs; this fits well with previous researches and is in 

agreement with published literature (Beć et al., 2021; C. E. Miller, 1991). Moreover, (Frost et al., 2005) have used NIR to 

differentiate between Fe(II) and Fe(III), and have found that the peaks around 5150 cm-1 correspond to linkages with 

Fe(II); thus confirming that the iron chelated is still in its ferrous state.  

Moreover, many sharp small peaks could be observed in the region 4900 – 4300 cm⁻¹. Peaks of citric-iron spectra are 

sharper and more pronounced. This region is known mainly for C-H+C-H, C-H+C-C and OH combinations(Guide for 

Infrared Spectroscopy, 2009; Krongtaew et al., 2010; M. Cavaco et al., 2021). Thus, these peaks show that structural 

organization has occurred inside the molecule changing the conformation of citric acid. Nonetheless peaks at 4822 

corresponding to in phase bending of OH, at 4777 to OH combination, 4635 and 4584 to C-C combination, 4542 to CHO 

combination, and 4347, 4300, 4262 and 4163 cm⁻¹ to CH are all sharper and more pronounced in the spectra of the citric-

iron sample as compared with citric acid alone thus further indicating changes in citric acid in the functional group and the 

neighboring atoms.  The peaks at 4723, 4495 and 4464 cm⁻¹ are similar in both spectra, correspond to CH₂ combination 

further indicating the skeleton of citric acid being unaltered (Grabska et al., 2017; Guide for Infrared Spectroscopy, 2009; 

Krongtaew et al., 2010).   

Figure 5b shows the NIR spectra of the dried solution of citric acid and the dried solutions of citric acid-iron samples 

in different ratios. It is clear that the spectra of those of the ratios 1:1, 1:2, and 2:3 are very similar and coinciding in mostly 

all the regions with the only observed changes could be in the slight increase or decrease in the intensities. This fits well 

with the previously mentioned quantitative results stating that the three solutions contain equal amounts of citric acid, iron 

and sulfates. In contrast when comparing these three with the spectra of the sample 2:1 some similarities appear but 

differences are also observed. In which this latter sample shows more similarities with the spectra of the dried solution of 

citric acid than the other three. It appears as a mixture of a region similar to the dried solutions of the other ratios and 

another region similar to that of citric acid alone. The region between 10000 and 6750 cm⁻¹ in the spectrum of the sample 

2:1 resembles that of citric acid. Whereas in the other part of spectrum it is similar to the other ratios but having the highest 

intensity for the peak at 6370 cm⁻¹ assigned before for ligand-to-ligand charge transfer (Gandara et al., 2018). This indicates 

that the formation of dimers in this sample is more, compared to the other samples and this could validate our suggestions 

in the explanation that this sample has the lowest amount of iron remaining in the solution based on the quantitative results 

due to the preference of citric acid dimer formation. Thus, from all the above findings and based on the comparison of 

peaks in the present work with those in the investigations of other authors, we can confirm that three peaks at 6800, 6370, 

and 5150 cm⁻¹ can be used to know the direction of the reaction and to prove iron chelation. Moreover, NIR which is 

already extensively used in food and pharmaceutical industries proved to be very useful in proving chelation.  
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3.4. Study of Molar Ratio  

In order to understand the effect of molar ratio on chelation and to prove or not the fixed ratio of 3:1 obtained from the 

quantitative analyses, new citric acid – iron samples were produced. These samples have significantly different molar ratios 

but in less concentrated form. In these samples, crystallization did not occur, this further proves that precipitation of iron 

has happened as a matter of its low solubility. Moreover, this trial might help us indicate the presence of free citric acid 

remaining in the solution due to its high solubility and to find the optimum ratio for citric acid – iron chelation. Figure 6a 

shows the NIR spectra of the dried solution of the samples (1:1, 2:1, 3:1, and 4:1) with the spectrum of dried citric acid 

solution. The overall spectra share similar peaks with the dried solutions of the concentrated samples discussed before. In 

these spectra, three important peaks at 6800, 6370, and 5150 cm⁻¹ are our main concern. The intensity of the peak 

corresponding to O-H 1st overtone at 6800 cm⁻¹, increased with citric acid in which the sample 4:1 has the highest intensity 

whereas 1:1 sample has the lowest intensity. This indicates the presence of free citric acid and free O-H sites. Similarly, 

the peak at 6370 cm⁻¹ increased in the same order when adding more citric acid. This peak was assigned to the ligand-to-

ligand radical charge transfer transition by (Gandara et al., 2018), and it is most intense in the sample containing the highest 

amount of citric acid. This validates that citric-citric interactions are occurring through transfer of charge. The more the 

amount of citric acid is, the more interactions occurring.  The third peak at about 5150 cm⁻¹ is in the region corresponding 

to stretching of C=O and combination of O-H mainly for water. A significant decrease for this peak is observed between 

the spectrum of sample 1:1 and the other three samples (2:1, 3:1, and 4:1). The three samples were dried the same, so this 

difference must be interpreted for something other than water amount. Since this region is also for C=O, upon having 

higher amounts of citric acid, the carbonyl group might have been appearing more. Nonetheless, this peak could be assigned 
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to the free O-H in which in the sample 1:1 is high whereas in the other samples and due to the possibility of dimer formation 

between citric acid molecules its intensity decreased. This fits well with the interpretation of the peak at 6370 cm⁻¹ of the 

ligand-to-ligand charge transfer described by (Gandara et al., 2018) where the least intense peak is for 1:1 sample revealing 

that dimer formation is enhanced in the other three samples having higher amounts of citric acid.  

 In contrast Figure 6b shows the spectra of the samples where citric acid amount is fixed and the amount of ferrous 

sulfate was increased as (1:1, 1:2, 1:3 and 1:4). The same three peaks will be focused on, since the other peaks are more 

related to the structure and are similar in most samples. In these samples the only difference is the amount of ferrous sulfate, 

the peak at 6800 cm⁻¹ decreased remarkably showing the decrease in the free O-H bonds and giving a proof of iron chelation 

this decrease could be well described by the findings of (Francis & Dodge, 2009) who stated that citric acid chelates iron 

not only by its carboxylic groups but also by involving its hydroxyl group. Thus, the decrease in the free OH is clearly 

interpreted. The sample 1:4 has the lowest intensity in both this peak and the peak corresponding to ligand-ligand 

interactions at 6370 cm⁻¹ (almost disappearing), further validating the occurrence of chelation and the interaction of iron 

with citric acid as opposed to citric-citric interactions occurring in all the other samples in a different scale according to 

each.  Similarly, this sample has the lowest intensity also for the peak at 5150 cm⁻¹ corresponding to free O-H bonds and 

stretching of C=O, the other samples have higher intensities with the sample 1:3 acquiring the highest intensity. The sample 

1:2 has lower intensity than 1:1 but 1:3 has higher than both, this difference in the order could be due to the effect of the 

ratio forcing some configurations different from the other two samples. Especially that this peak is for the in phase bending 

of O-H  and C=O stretching (Kirchler et al., 2017), so this ratio is the only odd ratio which might have been causing O-H 

and C=O to respectively bend and stretch more as compared to the other ratios. Moreover, (Francis & Dodge, 2009) has 

validated that the mode of citric acid chelation varies with the form of iron  in which it behaves as a tridentate with ferrous 

involving its hydroxyl group also and a bidentate with ferric through its carboxylic groups only. This inference goes in the 

same direction with the interpretation of the peaks assigned to the functional groups of citric acid.    Therefore, from all 

these findings we can state that the ratio 1:4 has no free citric acid remaining in the solution and no dimer formation has 

taken place whereas the 1:3 ratio is behaving differently needing further investigations. It is worth mentioning that chelation 

of iron by citric acid has taken place even at low pH (around 1), this goes well with the study conducted by (Sousa & Silva, 

2005) in which they found that citric acid at pH 1 is the best for chelation compared to EDTA, EGTA, and CDTA and 

citric acid at higher pH values. These results are highly valuable if adopted to produce a new stable and affordable food 

fortifier to be either added to food in order to increase its iron content or to be formulated into iron supplements.  
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4. Conclusion 

A new stable food fortifier based on chelation of iron by citric acid is produced. The molar ratio appeared to be 

fundamental in determining the reaction. NIR which is present in almost every industry has proved to be a very useful 

technique to confirm the occurrence of chelation. Three peaks from NIR spectra at 6800, 6370 and 5150 cm⁻¹ 

(corresponding to O-H 1st overtone, ligand-to-ligand radical charge transfer transition, and stretching of C=O and 

combination of O-H respectively) could be used to characterize the obtained chelates. It is important to produce the chelates 

within the solubility range to avoid any unnecessary crystallization of the excess. The molar ratio Citric:Fe 1:4 proved to 

be the most optimum one. These findings are especially important for food and pharmaceutical industries in which they 

could be applied to produce an iron fortificant to be either added to food or formulated into supplements. This fortifier is 

stable, easy to produce within the industry, and affordable, thus increasing the iron content without a huge increase in the 

price of the respective fortified components. Future studies should focus on studying the structure of these chelates and to 

know the exact conformation between citric acid and iron, XRD and EXAFS among others are needed so that we can 

confirm whether iron is being chelated by the same citric acid molecule or more than one. Investigations about the 

bioavailability of these citric acid - iron chelates as well as the behavior of other minerals like zinc and magnesium with 

citric acid or different ligands are now in progress and will be published in the near future. 
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Comparing the Bioavailability of Citric Acid – Iron II Chelate in Water and Four Different Beverages by in vitro 

Method 

 

 

Abstract  

The prevalence of iron deficiency urges researchers to find an affordable, stable, and highly bioavailable iron source to 

act as food fortifier. The oxidation state of iron present in different molar ratios of the citric-iron complexes produced 

previously was determined by Ultraviolet-Visible spectroscopy, whereas in vitro continuous dynamic dialysis was chosen 

to determine their bioavailability, to compare them with ferrous sulfate and ferric citrate, and to correlate bioavailability 

with the structure previously characterized. The bioavailability of Cit:Fe chelate (1:4) was compared to that of ferrous 

sulfate in water, orange juice, cocoa milkshake, skimmed, and whole milk. Results showed that Cit:Fe (1:4) has the highest 

Fe2+ and deliverable iron values. High amounts of free citric acid increased bioavailability but did not prevent oxidation. 

Whereas little amounts did not increase bioavailability and antioxidant capacity decreased with increasing iron. Cit:Fe 

(1:4) excelled ferrous sulfate bioavailability in water, cocoa milkshake, and both milk types with relative values of 2.3, 

1.5, 1.64, and 1.57 respectively, but both were similar in orange juice (0.99).   

Keywords: Chelation; citric acid; iron; Bioavailability; Continuous Dynamic Dialysis 

 

1. Introduction 

 Micronutrient deficiencies known as “hidden hunger” continue to increasingly prevail in both developed and 

developing countries despite the excessive interference of governments and health organizations to combat these 

deficiencies. Iron deficiency remains the most common widespread nutritional disorder, and the only one prevailing in 

both developing and developed countries with variation in the average blood hemoglobin concentration between regions 

(Blanco-Rojo & Vaquero, 2019). According to the World Health Organization by the year 2019, about 800 million children 

and women were suffering from anemia mainly due to iron deficiency, and in 2014 WHO recommended daily oral iron 

supplementation as anemia has been one of the most significant current illnesses in the world (Blanco-Rojo & Vaquero, 

2019; World Health Organization, 2014). 

Food fortification has proved to be a successful tool in decreasing micronutrient deficiencies, but not all of its problems 

have been solved yet. The main limitation of food fortification is in finding a fortifier that is highly bioavailable without 

causing undesired organoleptic changes to food, besides being affordable not to raise the price of the fortified food, 

especially that the cost of the fortifier contributes to around 90% of the total cost of the fortification process. Mineral 

chelates have gained researchers’ interest due to their ability in offering high bioavailability with minor undesired 

organoleptic changes but their high cost is still a point of concern (Allen et al., 2006; Ikuli et al., 2019; Rosell, 2016).   

The chemical form, the speciation, and the behavior of the nutrient in both the food and the gastrointestinal tract are 

key factors in determining its bioavailability. Bioavailability determination could be achieved through either in vivo or in 

vitro methods. At first, in vivo human studies were conducted but the inability to control all physiological factors has led 

to variations in the results. Moreover, this kind of studies was very expensive and time-consuming, thus in vivo laboratory 
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experiments on animals were then used instead. This has decreased the cost of research, but the uncertainties of these 

methods due to differences in human and animal metabolisms as well as the resulting animal death or surgical approaches 

made this type ethically unjustified. Thereafter, the in vitro studies with their various approaches gained popularity and 

appeared to be of great interest in being rapid, simple, and precise besides their relatively low cost, making them good 

alternatives to in vivo methods (Blanco-Rojo & Vaquero, 2019; Brodkorb et al., 2019; Rebellato et al., 2015; Shiowatana 

et al., 2006).  There are two types of in vitro methods, static and dynamic. The latter has an advantage over the first since 

it can better simulate human digestion giving better perception to in vivo methods. This is achieved by taking into account 

the pH gradients, the gradual addition of gastric fluid and enzymes besides the continuous gastric emptying during 

gastrointestinal digestion as opposed to the static methods that lack these attributes. Nonetheless, dynamic methods are 

more expensive than static ones so semi-dynamic methods then arose to cope with the limitations of previous ones 

(Brodkorb et al., 2019; Diego Quintaes et al., 2015; Fairweather-Tait et al., 2007; Mattar et al., 2022; Shiowatana et al., 

2006).  

Iron bioavailability has been a point of concern since it is affected by different factors including the form of iron itself, 

the food matrix in which it is found and the processing techniques it has undergone. It is well known that the constituents 

of the meal highly affect the bioavailability of iron. The presence of absorption enhancers like ascorbic acid, citric acid, 

vitamin A, fatty acids, amino acids, animal tissues, and sugars in the food being fortified highly increases the bioavailability 

of iron. Some of the foods rich in enhancers are citric fruits, fish, meat, poultry, fruits, and vegetables (Blanco-Rojo & 

Vaquero, 2019; Shubham et al., 2020; Sun et al., 2016; Welling et al., 2014). On the contrary, the presence of polyphenols, 

phytic acid and its derivatives, specific vegetable proteins, competition with other minerals as well as caffeine mainly 

present in plant-based and known as absorption inhibitors affect the bioavailability of iron negatively. Coffee, chocolate, 

tea, wine herbs, cereals, and legumes are among the common foods rich in these substances.  Moreover, due to the 

distinctive color of iron, it is challenging to add it to any food (Blanco-Rojo & Vaquero, 2019; Cockell, 2007; Egli et al., 

2004). Thus the need to find a competent fortifier possessing high bioavailability, and stability but causing the least adverse 

effects on the organoleptic properties of food.  

In our previous study (Mattar et al., 2023), we produced a novel stable cheap fortifier from citric acid, proved that it as 

an iron II chelate, characterized it, and found that NIR could be used as a method to prove chelation. Furthermore, we 

found that the molar ratio between citric acid and iron is very important in setting the direction of the reaction towards 

either chelation or dimerization of citric acid. We concluded that the optimum ratio between citric acid and iron is 1:4 with 

no excess free citric acid. In this work, we aim to study the bioavailability of the already produced citric-iron chelates 

having different molar ratios through in vitro continuous dynamic dialysis simulating peptic and intestinal digestions and 

to correlate the bioavailability with the structural characteristics of the chelates. Moreover, the bioavailability of the 

commercial form of ferrous sulfate, which is widely regarded as the reference, is compared with that of sample 1:4, in four 

different beverages so that the effect of the food matrix on the bioavailability could be conferred. Finally, the oxidation 

state of iron in the chelates was also determined.  

2. Materials and Methods 

2.1. Chemicals and Reagents  

The citric acid–iron chelates produced previously (Mattar et al., 2023) in different molar ratios (1:1; 1:2; 1:3; 1:4; 2:1; 

3:1; and 4:1) were used in their liquid form. Ferrous sulfate heptahydrate (min.99.0%) was bought from Panreac Quimica 

SA.  
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For the determination of the oxidation state of iron, hydroxylamine hydrochloride (NH2OH×HCl, 99+%) was bought 

from thermo scientific, sodium acetate (NaAc) from Quimivita S.A, sulfuric acid 2M, sodium fluoride (NaF >99%), and 

1,10-phenanthroline (99.0%) were bought from Panreac Quimica SA.  

For the bioavailability assay, sodium hydroxide (98%), hydrochloric acid (37% and 0.1N), Ethylenedinitrilotetraacetic 

acid disodium salt (Na₂EDTA, 99%), and absolute ethanol (99.5%) were purchased from Panreac Quimica SA. Pancreatin 

from porcine, Bile extract porcine, and ferric citrate were bought from Sigma Aldrich; whereas pepsin from hog stomach 

was bought from Fluka. Sodium bicarbonate was bought from Quimivita S.A. Cocoa milkshake, fresh orange juice, whole 

milk, and skimmed milk were bought from the local supermarket.  

The dialysis bags with a pore size (MWCO) of 12000-14000 Da (Visking 3-20/32 in.) were purchased from Medicell 

Membranes Ltd, London, U.K. MilliQ water was used throughout the experiment. All the used glassware were soaked in 

nitric acid 69%. 

2.2. Determination of the oxidation state of iron in the chelates 

UV-Vis spectroscopy using Thermo Electron Corporation Spectrophotometer type Evolution 300 (England, UK), and 

following a protocol described by (Naviglio et al., 2018) was used to determine the oxidation state of iron (Fe2+ or Fe3+) in 

the produced chelates. Iron (II) is detected through the colorimetric method where 3 molecules of 1,10-phenanthroline 

complex 1 ion of iron (II) causing the eventual appearance of red color in the solution (Reaction A).  

Fe2+ + 3Phen ⇋ Fe (Phen)3
2+               (Eq. A) 

Quantitative spectrophotometric analyses were performed at wavelength 520 nm, the maximum absorption value of 1,10-

phenanthroline.  

A standard solution of known iron (II) concentration, 100mg/l, was prepared by dissolving 0.5g FeSO4.7H2O in 

deaerated water up to a volume of 1 liter. This solution was used in the preparation of the ten calibrating solutions, with 

fixed volumes of sulfuric acid, hydroxylamine, 1,10-phenanthroline, and sodium acetate presented in table 1.  

Hydroxylamine, known for its ability to reduce iron (III) into iron (II) according to reaction B, was added in excess to 

completely keep iron in its +2 oxidation state.  

2NH2OH + 4Fe3+ →N2O + 4Fe2+ + H2O + 4H+                 (Eq. B) 

Using a 1.00 cm quartz cuvette, the spectrophotometer was calibrated by measuring the absorbance of the ten 

calibrating solutions (Table 1) at 520nm, against a blank that contained all the reagents except the standard solution of iron.  

In order to quantify total iron in the samples, the same procedure done for the standard solutions was followed, having 

hydroxylamine in excess so that even if Fe (III) is present in the sample, it will be reduced by hydroxylamine to Fe (II) to 

be quantified. Analysis was done in triplicates.  

Another portion of the samples was used to determine the actual amount of Fe (II) present, following the exact steps 

except that hydroxylamine was not added, and sodium fluoride known for its ability to mask iron (III) was added instead 

(Table 1).  During this step, exceptional care was taken to avoid any contact with the atmosphere in which a very short 

delay was present between preparation and measurement through spectroscopy. Nonetheless, all the solutions were purged 

by nitrogen flux before use in order to expel oxygen. Analysis was done in triplicates.  
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Table 1. Amounts of reagents to prepare standard solutions and samples for the quantification of total iron and iron II 

 

Solution to be studied 

H2SO4 

2M 

 (ml) 

NH2OHxHCl 

10% w/w 

 (ml) 

1,10-Phenanthroline 

0.25% w/w 

 (ml) 

NaAc 

2M  

(ml) 

NaF 

10%w/w 

(ml) 

Total Volume 

(with H2O)  

(ml) 

Calibrating solutions 

[Fe(II) 100mg/l] 

(0.2-2 ml) 

0.2 0.1 0.5 0.5 - 
10 

For Total Iron 

(0.05ml from each sample) 
0.2 0.1 0.5 0.5 - 

10 

For Iron II 

(0.05ml from each sample) 
0.2 - 0.5 0.5 0.1 

10 

 

2.3. Determination of the bioavailability of the produced chelates 

2.3.1.Description of the method 

Continuous dynamic dialysis simulating peptic and intestinal digestions was chosen as an in vitro method to estimate 

the bioavailability of the produced iron chelates. The method developed and optimized by (Shiowatana et al., 2006) was 

followed since it better simulates digestion when compared with static dialysis due to the fact of reaching equilibrium in 

the later affecting the dialysis. This method comprises 2 steps, peptic digestion (stomach) and pancreatic intestinal 

digestion. The continuous-flow dialysis system designed by (Shiowatana et al., 2006) serves three objectives: a gradual pH 

change at the early stage of dialysis, a convenient means of the addition of enzymes at will, and continuous removal of 

dialyzable components during dialysis giving this method more resemblance to the human digestion. 

2.3.2.Peptic Digestion 

Peptic digestion samples were prepared by the addition of 2ml of each of ferrous sulfate (104.2g/l) solution or ferric 

citrate (52.1g/l) solution prepared by dissolving the respective amount in Milli Q water, or 2ml of each of the prepared 

liquid Cit:Fe samples. Each sample was mixed with Milli Q water until reaching a final volume of 18ml (i.e. 16ml), and 

the pH was adjusted to 2 with diluted HCl. To each sample suspension, 0.3 ml of pepsin solution was added and the pH 

was adjusted again to 2, after which the total volume was adjusted to 20 ml with Milli Q water. Then the sample was 

incubated in a shaking water bath at 37 ◦C for 2 h. Every 30 min. the pH was checked and adjusted again to 2. 

Pepsin solution was prepared by mixing 1.2g of pepsin with 10 ml HCl (0.1N). 

2.3.3.Pancreatic Intestinal through in vitro continuous flow dialysis  

A continuous flow setup was prepared as the compartment of dialysis. Figure1 shows the setup where a Liebig 

condenser tube was connected from outside to a circulating water bath. A prewashed dialysis bag, tightly closed from both 

ends but connected to a silicon tube having a syringe from one end, was put inside the Liebig condenser in a way that part 

of the silicon tube and the syringe were outside. The same inside opening of the Liebig condenser having the silicon tube, 

was connected to the peristaltic pump to allow pumping of the dialysis solution (NaHCO3), and the other one was closed 

with parafilm, then punctured to allow the flow of the dialysate to be collected in a beaker.  
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Prewashing of dialysis bags was done by boiling the bags for 10 min in a 40% ethanol solution, then washed with 

ultrapure water and re-washed with a mixture of 0.01 M EDTA-Na2 and 2% NaHCO3 to remove trace element impurities. 

A final wash was done with ultrapure water.  

To prepare the dialysis solution (NaHCO3), the titratable acidity for peptic digest samples was determined by titrating 

2.5 ml aliquot with 625 µl of PBE mixture using standard 0.01 M NaOH as a titrant until reaching a pH of 7.5. The value 

of the titratable acidity obtained was used in the determination of the concentration of NaHCO3 solution. The concentration 

is then adjusted through dilutions in a way that after 30 min. of dialysis (point of PBE injection), the pH must be changed 

from 2 to 7.  

PBE solution was prepared by mixing 0.004g pancreatin with 0.025g bile extract in 5 ml of 0.001M NaHCO3. This low 

concentration of NaHCO3 was used so that the addition of PBE will not affect the pH already adjusted.  

After the end of the peptic digestion, the prepared dialysis bag in the setup previously described was flattened through the 

syringe to remove any water or air remaining. After which, 2.5ml of sample aliquot was transferred to the dialysis bag 

using a 3ml syringe connected to the silicone tube. NaHCO3 solution with the proper concentration was flowed at 1ml/min. 

and dialysis was started. Thirty minutes after, 625µl of PBE solution was added and the dialysis continues for 2 hours 

more.  

 

 

 

 

 

 

 

 

 

 

 

2.3.4.Determination of the amount of dialyzed iron by FAAS 

The peptic digest and the obtained dialyzed samples were then analyzed by flame atomic absorption spectroscopy 

(FAAS) in order to quantify the amount of iron present in each so that the respective bioavailability could be calculated. 

Varian SpectrAA-110 Atomic Absorption Spectrophotometer from Agilent Technologies (Chicago, USA) equipped with 

deuterium lamp background correction, hollow cathode lamps (HCL), and oxygen-rich air-acetylene flame was used; the 

conditions applied for Fe detection are a wavelength of 248.3nm, a flow rate of acetylene 1.5 l/min., and 3.5l/min. airflow. 

HCL lamp current of 10 mA, slit width of 0.2nm, and a measurement time of 8 sec (Niedzielski et al., 2014). All the 

samples were diluted to meet the detection limit of the spectroscope and analysis was done in triplicates. Percentage 

bioavailability (%) = 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑟𝑜𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (

𝑚𝑔

𝑙
)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑟𝑜𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (
𝑚𝑔

𝑙
)

× 100 

2.3.5.Studying bioavailability of citric:iron 1:4 with 4 different beverages 

The same procedure followed to study the bioavailability of the samples in water was followed but replacing the 16ml 

of Milli Q water with the respective beverage. Control samples of each beverage without adding any iron form were also 

Figure 1. Intestinal pancreatic digestion setup scheme 
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studied, in order to determine the exact amount of iron initially present so to prevent any misinterpretation. Analysis was 

done in triplicates. 

2.4. Statistical Analyses 

All statistical analyses were done using IBM SPSS Statistics version 23.0. The principal aim of these analyses is to 

compare the means of the different samples studied and to check whether a significant difference is present in both the 

oxidation state assessment and the bioavailability determination. One-Way ANOVA was used throughout the study and 

after getting a significant difference (p<0.05), Post-hoc (Tukey HSDa) was carried out to know which sample(s) caused 

this difference and to be able to group similar samples in categories. Samples having the same letter presented in figures 

and tables are considered similar. For the difference to be statistically significant values of p < 0.05 were regarded.  

In the oxidation state assessment, only the difference in the percentage of Fe2+ between the different samples was studied. 

Whereas, in the bioavailability analyses, different comparisons were done. The first one was done for ferrous sulfate, ferric 

citrate, and the seven samples of citric-iron having different molar ratios in water. The second analysis was done for each 

of ferrous sulfate and Cit:Fe (1:4) in water and the four different food matrices (orange juice, cocoa-milk shake, skimmed 

milk, and whole milk). The third one was done the same as the second but removing the comparison with water in order to 

study the effect of the food matrix on each iron source. The fourth analysis was done for ferrous sulfate and Cit:Fe (1:4) in 

water and each of the four different matrices to check whether the two iron sources have different bioavailability when 

present in the same medium. Post-hoc test was not done for the fourth study since only two variables are being compared 

(FeSO4 and Cit:Fe (1:4)) thus p values are enough). 

p values of all the studies are reported throughout the text.  

3. Results and Discussion 

3.1. Oxidation state of iron in the chelates 

The data of the standard solutions (Absorbance at 520nm; iron concentration) were well interpolated by a least square 

regression line with R2= 0.9994 and equation y = 0.018x + 0.0117, having slope a= 0.018 l/mg, intercept b= 0.0117, slope 

standard deviation Sa= 0.000151 and intercept standard deviation Sb= 0.001876. The standard deviation of the points 

around the trendline (Sy/x) =0.0016 is used in the standard deviation evaluation of iron concentration through interpolation. 

The limit of detection (LOD) of this method is 0.343 mg/l (calculated as 3.3× Sb/a) (Naviglio et al., 2018).  

The total amount of iron as well as the amount of iron in its ferrous state (Fe2+) were calculated from their respective 

absorbance values using the above equation. The amount of iron in the ferric state (Fe3+) was deduced from the subtraction 

of (Fe2+) amount from the total amount of iron previously validated by (Naviglio et al., 2018). Results are presented in 

Table 2. 

The increasing order of the percentage of Fe3+ is 1:4, 1:1, 1:2, 1:3, 2:1, 3:1, and 4:1; which is the same as the decreasing 

order of the percentage of Fe2+. Aside from the first sample 1:4, it is clear that the amount of Fe3+ in the samples containing 

the same amount of citric acid increased with increasing the amount of iron, thus the known antioxidant capacity of citric 

acid  decreasing with higher amounts of iron (Rostamzad et al., 2011). But also this capacity was diminishing when noticing 

samples containing the same amount of iron and increased amount of citric acid (1:1, 2:1, 3:1, and 4:1) in which the 

percentage of Fe3+ was the highest in sample 4:1 containing the highest amount of citric acid. These outcomes are tightly 

correlated with our previous findings (Mattar et al., 2023) where NIR showed that samples 4:1, 3:1, and 2:1 have the 

respective highest amount of dimers and lowest iron chelation capacity. It is worth noticing that due to the dimer formation, 

in these samples, the antioxidant capability was reduced respectively. Rostamzad et al., (2011) have revealed that ascorbic 
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acid has better antioxidative activity than citric acid, so this could be due to the dimerization of citric acid especially since 

antioxidants act as electron donors and this could not be achieved when in dimers. Moreover, the hydroxyl groups can act 

as proton donors or acceptors while the carbonyl ones only act as proton acceptors (Tu et al., 2017) further validating the 

reduction of antioxidant activity because of dimerization.  

Regarding the sample with a molar ratio of 1:4 and which was previously proved to be the chelate (Mattar et al., 2023), 

it shows that 97.5% of its iron content is in the ferrous form Fe2+, which are known to have better assimilation in the human 

body than the ferric one Fe3+. This fits well with NIR results where the peak centered at 5150 cm-1 and that was assigned 

by (Frost et al., 2005) to be specific for Fe2+ is clearly present in the spectra of the samples (1:1, 1:2, 1:3, and 1:4) whereas 

its shape was changed and was shifted in the samples (2:1, 3:1, and 4:1) due to the presence of Fe3+ and the interference 

with the peak assigned to it. The different NIR spectrum of sample 1:3 from (1:1, 1:2, and 1:4) that was characterized 

before (Mattar et al., 2023) could now be understood as the different structural conformation of citric acid occurring due 

to the oxidation state of iron. This fits well with what was shown by (Francis & Dodge, 2009) where ferrous is chelated by 

citric acid in a tridentate form involving its hydroxyl group also whereas ferric in a bidentate form through carboxylic 

groups only. Therefore, sample 1:4 could be regarded as the one having the highest potential in both the structural 

characteristics and the type of iron it incorporates.  

These results are specifically important for both industrial and economic aspects since adding more citric acid will not 

result in higher prevention of iron oxidation. Thus, when using citric acid for this purpose, its amount must be critically 

quantified in accordance with iron content.  

 

Table 2. Amounts and percentages of total iron, iron II, and iron III present in the seven different samples (samples having the same letter are 

statistically similar) 

 

Sample 
Total amount of Fe 

(ppm) 

Amount of Fe2+ 

(ppm) 

Amount of Fe3+ 

(ppm) 
% Fe2+ % Fe3+ 

1:1 3.655 ±0.001 3.498 ±0.001 0.157 ±0.001 95.69 a 4.31 

1:2 7.387 ±0.001 6.812 ±0.001 0.574 ±0.001 92.22 a 7.77 

1:3 13.275 ±0.001 11.442 ±0.001 1.833 ±0.001 86.19 ab 13.80 

1:4 15.590 ±0.001 15.201 ±0.001 0.388 ±0.001 97.50 a 2.49 

2:1 4.053 ±0.001 3.127 ±0.001 0.925 ±0.001 77.15 bc 22.84 

3:1 3.868 ±0.001 2.868 ±0.001 1.000 ±0.001 74.15 bc 25.84 

4:1 4.387 ±0.001 3.035 ±0.001 1.351 ±0.001 69.18 c 30.81 

 

3.2. Determination of the Bioavailability of Iron Chelates in Water and Correlating the Values with their Different 

Structures 

Figure 2a shows the percentage bioavailability of ferrous sulfate, ferric citrate as well as the seven different samples of 

citric acid-iron. Ferrous sulfate, considered as the universal reference for iron bioavailability (Ferreira da Silva et al., 2004; 

Henare et al., 2019), possesses a bioavailability of 26.9%, the lowest percentage compared to the other samples. Whereas 

the highest one of 98.49% is for sample cit:Fe 4:1. Ferric citrate on the other hand shows a significantly higher 

bioavailability (45.82%) than ferrous sulfate (p=0.013) but is non-significant when compared with the three cit:Fe samples 

of ratios 1:1, 1:2, and 1:3 (p=0.732). Nonetheless, Cit:Fe 1:4 proved before as the optimum ratio for chelation (Mattar et 

al., 2023), shows significantly higher bioavailability than all the previously mentioned samples but lower than the samples 
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having 2:1, 3:1, and 4:1 ratios with (p<0.05) in both cases. The presence of excess free citric acid in the last three samples 

has significantly increased their bioavailability by 2-2.5 times from the other samples (1:1, 1:2, and 1:3) and about 3.5 

times more than ferrous sulfate. This fits well with the known role of citric acid in enhancing mineral bioavailability and 

with the previous literature (Blanco-Rojo & Vaquero, 2019; Shubham et al., 2020; Watzke, 1998), where citric acid was 

found to enhance the bioavailability of iron when present in high amounts but had no effect in lower amounts as mentioned 

by (Walczyk et al., 2005). In this study samples 1:1, 1:2, and 1:3 have similar bioavailability to FeSO4 (p=0.117), thus 

validating the negligible effect of citric acid in increasing iron bioavailability when present in small amounts, and its 

impressive effect when present in higher amounts like in samples 2:1, 3:1, and 4:1. Even though sample 1:4 contains the 

same amount of citric acid as 1:1, 1:2, and 1:3, it shows significantly higher bioavailability (p<0.05), which is interpreted 

due to the chelated form of iron in this sample (Mattar et al., 2023). In addition, (Capuano & Pellegrini, 2019; Evans et al., 

2015; Walters et al., 2018) reported that the bioavailability of a mineral is highly influenced by its structure, thus our 

findings further highlight the effect of the structure of the iron form on its respective bioavailability regardless of the 

amount of either iron or citric acid. Nonetheless, it was mentioned by (Wu et al., 2020) that the molecular weight, 

composition as well as arrangement affect the activity of chelates, additionally validating these results and correlating 

bioavailability with structural characteristics.  

An in vivo human study on people with moderate to severe chronic kidney disease (CKD) has shown through values 

of transferrin saturation (TSAT), ferritin, and hemoglobin that ferric citrate has higher relative bioavailability to ferrous 

sulfate (Womack et al., 2020), similar to the results revealed in our present study but contradictory to a study by (Yokoi et 

al., 2008) on rats using HRE (Hb regeneration efficiency) method where ferric citrate showed lower HRE compared to 

FeSO4. It is worth mentioning that, iron in its ferrous Fe2+ form is better assimilated than in its ferric Fe3+ form in the 

human body (Abbaspour et al., 2014). This difference in the relative bioavailability of ferric citrate could be due to the 

variability in the methods used and values measured as well as the differences of subjects under study. Having results 

comparable to those inferred from human studies further validates the advantage of using continuous dynamic dialysis 

method in determining the bioavailability. Furthermore, values of FeSO4 similar to or lower than the previously published 

ones, imply that this method does not feature overestimation or exaggeration.  

Cit:Fe samples with ratios 1:1, 1:2, and 1:3 have similar bioavailability (p=0.732), similarly 2:1, 3:1 and 4:1 samples also 

have comparable bioavailability values (p=0.11) significantly higher than the first three (p=0.00). While Cit:Fe sample 1:4 

has a distinct bioavailability value lying in between significantly different from all the other samples (p<0.05). When taking 

the absolute value of bioavailable iron from the same volume of solution, sample 1:4 shows to acquire the highest amount 

of iron to be delivered. Moreover, when considering the oxidation state of iron discussed above, this sample contains the 

lowest amount of Fe3+, whereas the samples 2:1, 3:1, and 4:1 comprise the highest amounts of Fe3+. This was also proved 

in our previous work through NIR and by the peak at 5150 cm-1 discussed above in section 3.1. 

Thus with all these properties of Cit:Fe 1:4, we can further validate it as the most optimum sample in chelation, 

bioavailability, and form of iron. Nonetheless, it has higher relative bioavailability than the already present ferric citrate 

and ferrous sulfate (in this study), as well as Fe(III)-EDTA and Fe-Gly (Ferreira da Silva et al., 2004), nanostructured 2:1 

molar mixture (FePO4/Fe2O3) (Hilty et al., 2010) and iron microcapsules (Gupta et al., 2015); thus nominating it as the 

new cheap, bioavailable, and easy to produce ferrous form of iron to be used in food fortification (Figure 2b and Table 3). 
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3.3. Studying the Bioavailability of Citric Acid:Iron II chelate 1:4 in Four Different Foods (orange juice, cocoa 

milkshake, skimmed milk, and whole milk)  

All the control samples of the four foods (orange juice, cocoa milkshake, skimmed milk, and whole milk) were also 

analyzed, but the results were below the limit of detection of FAAS; thus, proving no or negligible amount of iron present 

initially.  

Figure 3a shows the percentage of iron bioavailability when added to orange juice and cocoa milkshake in the form of 

FeSO4 and the chelate form Cit:Fe 1:4. Taking each value separately and comparing it with the obtained bioavailability 

when studied in water, it is noticed that the percentage bioavailability of FeSO4 has considerably increased in orange juice 

from 26.9% to 65.57% whereas it decreased in cocoa milkshake to 20.63%. The increase in the first case is due to the 

presence of absorption enhancers in the orange juice mainly ascorbic acid and citric acid. This agrees with the different 

studies that proved the increase in bioavailability of ferrous sulfate when added to a meal rich in ascorbic or citric acid 
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Figure 2. (a) Bioavailability values of ferrous sulfate, ferric citrate, and Cit:Fe samples having different molar ratios; (b) relative 

bioavailability values of the different samples to ferrous sulfate 
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(Perales et al., 2007a). On the other hand, the decrease of this bioavailability in cocoa milkshake by around 1.3 times is 

due to the presence of iron inhibitors mainly casein and calcium from milk as well as phytates and polyphenols from cocoa 

(Gharibzahedi & Jafari, 2017). Similarly, (Blanco-Rojo & Vaquero, 2019) reported the inhibition of iron absorption due 

to the aforementioned factors. The same scenario applies to the chelate form Cit:Fe 1:4 but with a different instinct in 

which with orange juice, iron bioavailability slightly increased from 61.83% to 65.39% and decreased to 31.12% with 

cocoa milkshake. The increase that occurred in orange juice, canceled the difference in bioavailability between ferrous 

sulfate and the chelate form that was present in water, where in this case the chelate form has the same value as ferrous 

sulfate (p=0.982). It is worth noticing that the effect of enhancers in orange juice on the chelate form is negligible compared 

to that on FeSO4. Contrary to the effect of inhibitors of cocoa milkshake where the bioavailability was reduced by a factor 

of 2 in the chelate and a factor of 1.3 in ferrous sulfate.  

Now, comparing the bioavailability of the chelate form to that of ferrous sulfate in the respective vehicle, we get a 

relative bioavailability for cit:Fe of 0.99 for orange juice and 1.5 for cocoa milkshake. Thus, this form of iron when present 

in a medium rich in enhancers, is similar to ferrous sulfate (p=0.982) thus other factors could be assessed for its preference 

or not in such media like the price and its effect on the organoleptic properties among others.  Whereas, when fortifying a 

medium rich in inhibitors, the chelate form is 1.5 times more bioavailable than ferrous sulfate (p=0.01), hence excelling it 

in the fortification of challenging media. Similar findings were found for NaFeEDTA in which its bioavailability was 

higher than that of ferrous sulfate only in media rich in inhibitors while in food containing ascorbic acid no real advantage 

was found (Bothwell & MacPhail, 2004).  

Milk, the first food of human beings, known to contain various important nutrients, is poor in iron and is considered 

the most challenging medium to be fortified by iron mainly due to iron´s effect on its color and flavor. Figure 3b shows 

the percentage bioavailability of iron from ferrous sulfate and Cit:Fe 1:4 in skimmed and whole milk. Interestingly, the 

bioavailability of ferrous sulfate had a non-significant higher value in whole milk when compared to its value in water 

(p=0.19) but significantly higher in skimmed milk (p=0.02) although the bioavailability of FeSO4 in both types of milk is 

not significantly different (p=0.6). These findings are contradictory to the literature (Blanco-Rojo & Vaquero, 2019; 

Jackson & Lee, 1992) where milk is counted as a medium containing inhibitors. Though they agree with (Perales et al., 

2007b) who reported the increase of iron bioavailability in milk due to the presence of casein-phosphopeptides with the 

cluster sequence SpSpSpEE. Whereas, Cit:Fe 1:4 has comparable values in both milk types when compared to its 

bioavailability in water (p water, skimmed milk=1, p water, whole milk=0.52, p skimmed milk, whole milk =0.55) demonstrating that milk 

induces neither a positive nor a negative effect on the bioavailability of the chelate. (Grinder-Pedersen et al., 2004; Henare 

et al., 2019; Pérez-Expósito et al., 2005) reported similar findings in which, no effect on iron bioavailability was induced 

by milk. Nonetheless, (Jackson & Lee, 1992; Kibangou et al., 2005) investigated the conflicting and contrasting effects of 

milk and its constituents on iron absorption and bioavailability. In a related context, (Gaucheron, 2000) discussed in a 

detailed review entitled “ Iron Fortification in Dairy Industry”, the reason behind these contrasting results which could be 

due to the proportion of the different types of casein (αs1-, αs2-, β- and κ-CN) where each acts differently. These results 

could interpret the decrease in bioavailability values of FeSO4 in cocoa milkshake to be due to the inhibitors of cocoa 

(phytates and polyphenols) instead of those present in milk (casein and calcium). Nevertheless, the bioavailability of cit:Fe 

1:4 in both types of milk did not differ that much from its value in water recording 61.48% in skimmed milk and 52.71% 

in whole milk compared to 61.83% in water.  
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Now comparing Cit:Fe with FeSO4 in each milk type, we obtain a similar relative bioavailability of 1.64 and 1.57 in 

skimmed milk and whole milk respectively. In both types, the chelate form was more bioavailable than ferrous sulfate by 

more than one and a half times slightly higher than iron microcapsules studied by (Gupta et al., 2015) and about two times 

higher than iron casein complex by (Henare et al., 2019) both added to whole milk (Table 3). The enhancing effect of 

saturated fat on iron bioavailability was previously investigated by (Blanco-Rojo & Vaquero, 2019; Pabón & Lönnerdal, 

2001).  Whereas in our study and even though milk fat contains an important portion of saturated fat when observing the 

amounts of each mineral in the different types of milk, similar values appear. Where the ratio of bioavailable ferrous sulfate 

in whole milk to that in skimmed milk is 0.89 while that of the chelate is 0.85. This difference from 1 was statistically 

insignificant (pFeSO4 (skimmed milk, whole milk) = 0.6, pCit:Fe 1:4 (skimmed milk, whole milk)=0.55), thus the bioavailability of each of ferrous 

sulfate and the chelate form is similar in both milk samples showing no effect of fat on the bioavailability in our study. 

Similar results were revealed by (Pabón & Lönnerdal, 2001) where the defatted human milk also showed non-significant 

higher bioavailability than the one containing fat. Likely (Park et al., 1986) studied the bioavailability of iron in whole and 

skimmed goat and cow milk and their results showed no difference between whole and skimmed cow milk whereas whole 

goat milk incorporated higher bioavailability than all the other samples including skimmed goat milk. 

37.44

61.4833.44

52.71

3b

Skimmed Milk with FeSO₄

Skimmed Milk with Cit:Fe 1:4

Whole Milk with FeSO₄

Whole Milk with Cit:Fe 1:4

Figure 3. Percentage Bioavailability of Cit:Fe 1:4 and Ferrous sulfate in (a) orange juice and cocoa-milk shake (b) skimmed and whole 

milk 
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Cocoa milkshake with Cit:Fe 1:4
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Table 3. Comparison of different relative bioavailability results of iron in different meals with the results of this research 

Form Meal Method Used 

Relative 

bioavailability to 

ferrous sulfate 

Reference 

Iron-casein complex Whole milk 
in vivo human study 

Blood samples 
0.87 (Henare et al., 2019) 

Iron microcapsules Whole milk in vitro digestion model 1.17 (Gupta et al., 2015) 

Ferric citrate Regular diet 
in vivo human study 

Blood samples 
1 (Womack et al., 2020) 

Fe(III)-EDTA 
Corn starch 

tablets 

in vivo human study 

Serum analysis 
0.55 

(Ferreira da Silva et al., 

2004) 

Fe-Gly 
Corn starch 

tablets 

in vivo human study 

Serum analysis 
0.59 

(Ferreira da Silva et al., 

2004) 

FePO4 nanoparticles Rodent diet 
in vivo animal study 

Blood samples 
1 (von Moos et al., 2017) 

Nanostructured 2:1 molar 

mixture 

(FePO4/Fe2O3) 

Regular diet 
in vivo animal study 

Blood samples 
0.78 (Hilty et al., 2010) 

Electrolytic Fe Regular diet 
in vivo animal study 

Blood samples 
0.6 (Hilty et al., 2010) 

Ferrous fumarate Regular diet 
in vivo animal study 

Blood samples 
1.07 (Mehansho, 2006) 

Lecithin-encapsulated Ferrous 

Fumarate 
Regular diet 

in vivo animal study 

Blood samples 
0.98 (Mehansho, 2006) 

ferrous lactate Thai Fish Sauce 
in vivo human study 

Blood samples 
0.67 (Walczyk et al., 2005) 

ferric ammonium citrate Thai Fish Sauce 
in vivo human study 

Blood samples 
0.51 (Walczyk et al., 2005) 

Cit:Fe 1:4 Orange juice 

in vitro  

Continuous dynamic 

dialysis 

0.99 This study 

Cit:Fe 1:4 
Cocoa 

milkshake 

in vitro  

Continuous dynamic 

dialysis 

1.5 This study 

Cit:Fe 1:4 Skimmed Milk 

in vitro  

Continuous dynamic 

dialysis 

1.64 This study 

Cit:Fe 1:4 Whole milk  

in vitro  

Continuous dynamic 

dialysis 

1.57 This study 
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4. Conclusion 

The different structures of citric acid-iron forms showed a significant impact on iron bioavailability. Citric acid 

enhances the bioavailability of iron only when present in high amounts whereas its antioxidant capacity when in excess is 

lost due to dimerization. The amount of citric acid to be added to avoid oxidation is critical and tightly linked to the iron 

amount.  The citric iron II chelate (1:4) proved to have 97% of its iron content as Fe2+. It exceeds the bioavailability of 

ferrous sulfate and ferric citrate in water by 2.3 and 1.3, and that of ferrous sulfate in cocoa milkshake skimmed milk as 

well as whole milk by a factor of 1.5, 1.64, and 1.57 respectively. In a medium rich in enhancers (orange juice), the 

bioavailability of the chelate remained intact whereas that of ferrous sulfate increased more than twice making both iron 

sources similar. Milk did not affect the bioavailability of iron from both the chelate and ferrous sulfate, whereas it was 

significantly decreased in cocoa milkshake to half in the chelate form and third in ferrous sulfate. The bioavailability of 

the new promising iron II chelate outperforms most of the new and conventional iron fortifiers including nanoparticles and 

microcapsules. Thus, citric iron II (1:4), an affordable natural chelate containing iron in the ferrous form, produced from 

safe components and having outstanding bioavailability, has a great potential to be used in food fortification as well as in 

the formulation of iron supplements. 
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Production, Chemical Characterization and Studying the in vitro Bioavailability of Citric Acid - Zinc Chelates 

and Comparing them with Citric Acid – Iron Chelates 

 

Abstract  

The vital role of zinc as well as the high percentage of zinc-deficient people worldwide, induced investigators to 

produce a stable, affordable, and highly bioavailable zinc fortifier are still ongoing. In this research, citric:zinc complexes 

were produced in seven different molar ratios, near-infrared spectroscopy (NIR) was used to characterize these complexes 

and prove chelation. Moreover, the bioavailability of the seven samples was evaluated by continuous dynamic dialysis and 

compared to that of zinc sulfate, results were correlated with NIR findings. These results were compared with those of 

citric:iron complexes produced previously. Results revealed that zinc chelation is occurring in chains of citric acid and the 

optimum ratio is Cit:Zn 1:2 opposed to 1:4 in iron. Zinc chelate 1:2 has significantly higher bioavailability than zinc sulfate 

and samples containing same amount of citric acid due to its chelate structure. Dimerization of citric acid has reduced its 

enhancing capacity.      

Keywords: Chelation; zinc; NIR; Bioavailability; continuous dynamic dialysis 

 

1. Introduction 

Zinc deficiency is spread worldwide approximately 17 % of the world population is zinc deficient (Knijnenburg et al., 

2019). It is considered by WHO to be the main contributor to the load of diseases in developing countries, specifically 

those with high mortality rates. Its deficiency is very common in children of developing countries which appears clear by 

negatively affecting their physical and neural development, immunity, and reproductive outcomes (de Romaña et al., 2003; 

Wegmüller et al., 2014). 

Due to its vital role in the human body, food is fortified by zinc either directly or indirectly through either the addition 

to animal feed or the biofortification of plant crops (Evans et al., 2015; Ikuli et al., 2019; Wegmüller et al., 2014). Moreover, 

its bioavailability is tightly controlled with the constituents of the food matrix where it could be enhanced or inhibited. 

Ironically, legumes and plant-based food contain good amounts of zinc but also contain antinutritional factors like phytates, 

oxalate, and tannins negatively affecting the bioavailability of zinc (Sahuquillo et al., 2003). Nonetheless, the effect of the 

mineral form and its structure on the bioavailability of the respective mineral was reported by (Wu et al., 2020). Zinc 

sulfate, zinc picolinate, zinc gluconate, zinc chloride, zinc oxide, zinc acetate, zinc citrate, zinc ascorbate, zinc aspartate, 

as well as zinc amino acid chelates are the most used forms in zinc fortification. However, due to their reduced effect on 

organoleptic properties especially the taste, zinc gluconate and zinc amino acid chelates are particularly preferred 

(Mohammadi et al., 2016) but their price remains a concern.  

Mineral complexes with amino acids, proteins, or EDTA are considered innovative fortifiers and are widely produced 

to solve the problems of conventional fortifiers. Their high bioavailability and decreased effect on food matrices’ 

organoleptic properties have gained much interest. In contrast, their higher cost of 6 to 8 times than mineral sulfates 

provoked scientists to try to find cheaper alternatives because the cost of the fortifier attributes to 90% of the total cost of 

fortification (Bothwell & MacPhail, 2004; Dary & Mora, 2013). Different production methods are followed, and thus many 
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various mineral chelates are available in the market, but from a scientific point of view, the solid evidence of chelation is 

still not yet established especially since their molecular structure is not well studied. Thus the presence of non-chelate 

complexes marketed as chelates are just unreacted dry blends (Miller et al., 2015; Souri, 2016). Due to its extensive use in 

the food industry and its low cost, citric acid was chosen to produce zinc chelates to be used in food fortification. In our 

previous work (Mattar et al., 2023) citric acid-iron complexes were produced, proved as chelates, characterized, and it was 

found that NIR could be used as a method to prove chelation. Furthermore, it was revealed that the molar ratio between 

citric acid and iron is very important in setting the direction of the reaction towards either chelation or dimerization of citric 

acid. Derived conclusions were: the most optimum ratio between citric acid and iron is 1:4 in which no excess free citric 

acid is present. The objective of the present work, is to produce citric acid complexes with zinc, prove them as chelates, 

find the optimum ratio and compare their behavior with that of iron when chelated with citric acid. Another aim is to study 

the bioavailability of the produced zinc chelates through continuous dynamic dialysis simulating peptic and intestinal 

digestions and to correlate the bioavailability with the structural characteristics of the chelates.    

2. Materials and Methods 

2.1. Chemicals and Reagents  

Citric acid (99.5%) and zinc sulfate heptahydrate (min.99.0%) were bought from Panreac Quimica SA. 

For the bioavailability assay, sodium hydroxide (98%), hydrochloric acid (37% and 0.1N), Ethylenedinitrilotetraacetic acid 

disodium salt (Na₂EDTA, 99%), absolute ethanol (99.5%), and nitric acid (69%) were purchased from Panreac Quimica 

SA. Pancreatin from porcine and Bile extract porcine were bought from Sigma Aldrich; whereas pepsin from hog stomach 

was bought from Fluka. Sodium bicarbonate was bought from Quimivita S.A. 

The dialysis bags with a pore size (MWCO) of 12000-14000 Da (Visking 3-20/32 in.) were purchased from Medicell 

Membranes Ltd, London, U.K. MilliQ water was used throughout the experiment. All the used glassware were soaked in 

nitric acid 69%.  

2.2. Preparation of the chelates 

Citric acid-zinc chelates were prepared following the same protocol used in our previous work where citric-iron chelates 

were produced (Mattar et al., 2023). Citric acid was mixed with zinc sulfate in ultrapure water and then heated with agitation 

at 50℃ for 24 hours. The same number of moles and molar ratios (1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and 4:1) were reproduced so 

that a comparison between the two minerals could be addressed. Part of all the samples’ solutions was dried in the oven at 

50℃ (same reaction temperature) until the mass became stable. Further analyses were done for the resulting dried parts. 

2.3. Spectral Analysis: 

2.3.1. Near Infrared Spectroscopy (NIR) 

NIR was done for samples containing only citric acid, and only zinc sulfate and for the samples containing citric acid 

and zinc sulfate so that we can compare the structural changes in order to prove chelation. The obtained solutions were 

dried and the resulting part was analyzed since NIR is highly sensitive to water. To detect any changes in the structure 

Thermo Scientific™ Antaris™ II FT-NIR Analyzer (Madison, WI, USA) was qualitatively used. The spectra of the samples 

were recorded from 4000 to 10000 cm⁻¹ with 8 cm-1 spectral resolution and 32 scans were accumulated every time. To 

improve the signal-to-noise ratio, background data were collected every half an hour. All spectra were acquired at room 

temperature (Frost et al., 2005).  
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2.4. Determination of the bioavailability of the produced chelates 

Continuous dynamic dialysis simulating peptic and intestinal digestions was chosen as an in vitro method to estimate 

the bioavailability of the produced zinc chelates. Continuous dynamic dialysis was chosen over static dialysis since it better 

simulates digestion due to the fact of overcoming the equilibrium reached in the later affecting the dialysis outcomes. The 

method, developed and optimized by (Shiowatana et al., 2006) comprising of two steps the peptic digestion (stomach) and 

the pancreatic intestinal digestion, was followed. The three objectives served by the continuous-flow dialysis system 

designed by (Shiowatana et al., 2006) are a gradual pH change at the early phase of dialysis, suitable means of the addition 

of enzymes at will, and continuous elimination of dialyzable components during dialysis giving this method more 

resemblance to the human digestion. 

2.4.1.Peptic Digestion 

Peptic digestion samples were prepared by the addition of 2ml of 0.6M zinc sulfate solution (reference sample) and 

2ml of each of citric acid zinc samples. Each sample was mixed with Milli Q water until reaching 18 ml, the pH was 

adjusted to 2 with diluted HCl. To each sample suspension, 0.3 ml of pepsin solution was added and pH was adjusted again 

to 2, after which the total volume was adjusted to 20 ml with Milli Q water. Then the sample was incubated in a shaking 

water bath at 37 ◦C for 2 h. Every 30 min. the pH was checked and adjusted again to 2. 

Pepsin solution was prepared by mixing 1.2g of pepsin with 10 ml HCl (0.1N). 

2.4.2.Pancreatic Intestinal through in vitro dialysis with continuous flow 

A continuous flow setup was prepared as the compartment of dialysis. A Liebig condenser tube was connected to a 

circulating water bath. A prewashed dialysis bag, tightly sealed from both ends but connected to a silicon tube having 

syringe from one end, was inserted inside the Liebig condenser in a way that part of the silicon tube and the syringe were 

outside to allow us to add the enzymes at the appropriate time. The inside opening of the Liebig condenser having the 

silicon tube was connected to the peristaltic pump to allow the pumping of the dialysis solution (NaHCO3). The other end 

was closed with parafilm and punctured for the dialysate to flow to be collected in a beaker (figure1).  

 

 

 

 

 

 

 

 

 

 

 

The preparation of dialysis bags was done by boiling for 10 min in a 40% ethanol solution after they were washed 

with ultrapure water and re-washed with a mixture of 0.01 M EDTA-Na2 and 2% NaHCO3 to remove trace element 

impurities. A final wash with ultrapure water was done.  

To know the concentration of the dialysis solution (NaHCO3), the titratable acidity for peptic digest samples was 

determined by titrating a mixture of 2.5 ml aliquot from the digest sample and 625 µl of PBE mixture against standard 0.01 

Figure 1. Intestinal pancreatic digestion setup scheme 
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M NaOH until reaching pH of 7.5. Dilutions were done to adjust the concentration in a way that after 30 min. of dialysis 

(point of PBE injection), the pH must be changed from 2 to 7.  

Preparation of pancreatin bile extract (PBE) solution was done by mixing 0.004g pancreatin with 0.025g bile extract in 5 

ml of 0.001M NaHCO3. The very low concentration of NaHCO3 was used so that the addition of PBE will not affect the 

pH already adjusted.  

After the end of the peptic digestion, the prepared dialysis bag in the setup previously described was flattened through 

the syringe to remove any water or air remaining. After which, 2.5ml of sample aliquot was transferred to the dialysis bag 

using a 3ml syringe connected to the silicone tube. NaHCO3 solution with the proper concentration for each sample was 

flowed at 1ml/min. and dialysis was started. 30 minutes after, 625µl of PBE solution was added and the dialysis continued 

for 2 more hours.  

2.4.3.Determination of the amount of dialyzed zinc by FAAS 

The peptic digest and the obtained dialyzed samples were then analyzed by FAAS to quantify the amount of zinc 

present in each so that the respective bioavailability could be calculated. Varian SpectrAA-110 Atomic Absorption 

Spectrophotometer equipped with deuterium lamp background correction, hollow cathode lamps (HCL), and oxygen-rich 

air-acetylene flame was used. Conditions applied for Zn detection were a wavelength of 213.9nm, a flow rate of 1.5 l/min, 

an HCL lamp current of 5 mA, a slit width of 1nm, and a measurement time of 8 sec. All the samples were diluted to meet 

the detection limit of the spectroscope and analysis was done in triplicates. Percentage bioavailability (%) 

= 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑧𝑖𝑛𝑐 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (

𝑚𝑔

𝑙
)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑧𝑖𝑛𝑐 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (
𝑚𝑔

𝑙
)

× 100 

2.5. Statistical Analyses 

IBM SPSS Statistics version 23.0 was used for all the statistical analyses. The main purpose of these analyses is to 

compare the means of the different samples studied and to check whether a significant difference is present between zinc 

sulfate and the seven different samples or within these samples in the percentage bioavailability. One-Way ANOVA was 

used throughout the study and after getting a significant difference (p<0.05), Post-hoc (Tukey HSDa) was carried out to 

know where the difference comes from and to form categories of similar samples. Samples having the same letter presented 

in figure 4a are considered similar. Values of p < 0.05 were regarded as statistically significant, and are reported through 

the text.  

3. Results and Discussion 

3.1. Spectral Analyses (Near Infrared NIR) 

3.1.1.Citric Acid Zinc Samples 

Due to the organic nature of citric acid, it was found that the NIR spectra of commercial citric acid differ from that of 

the dried solution of citric acid that has undergone the same treatment as the citric acid zinc samples but without zinc 

sulfate. This is due to the different conformations caused by the covalent bonding of citric acid that were detected by NIR 

(Beć et al., 2021; Frost et al., 2005). So to remove any factors affecting the structure, the NIR spectra of citric acid that 

was treated the same are used in the analyses. Figure 2a shows the corresponding NIR spectra of dried solutions of citric 

acid alone, zinc sulfate alone, and the sample citric-zinc in a 1:1 ratio. Obviously, the spectrum of the sample solution has 

some differences when compared with those of citric acid and zinc sulfate alone. The spectrum of zinc sulfate alone has 

four peaks at about 5130cm⁻¹, 5707cm⁻¹, 6867cm⁻¹, and 8450cm⁻¹ making it different from the others. Whereas the sample 
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and citric acid alone show some similarities in specific regions of the spectra; this is necessary and could be due to the 

skeletal structure that they both incorporate.  Nonetheless, significant changes are observed in different regions. 

In the region 10000 - 6000 cm⁻¹ there is a peak present in citric acid at around 8590 cm⁻¹ near the peak of zinc sulfate 

at 8450 cm⁻¹, but it has nearly disappeared in the sample citric-Zn 1:1. This peak is known for CH2 second overtone. 

Moreover, the three peaks between 7350 cm⁻¹ and 7150 cm⁻¹ present in citric acid also corresponding to the second 

overtone of CH2, became less pronounced in the sample. This indicates a change occurring in the complex’s structure 

(Guide for Infrared Spectroscopy, 2009). The peak at around 6800 cm⁻¹ which was previously assigned to free OH is very 

intense and sharp in citric acid, in the sample it remained sharp but the intensity decreased. This peak corresponds to O-H 

first overtone indicating the change that occurred on the functional group of citric acid due to the presence of zinc. The 

broad peak present in the sample 1:1 centered at around 6370 cm⁻¹ is neither present in the dried solution of citric acid 

alone nor in that of zinc sulfate. This peak was assigned to a charge transfer transition associated with the radical moiety 

by (Gandara et al., 2018) where he mentioned that in samples possessing this peak, the donor and acceptor orbitals are 

principally developed on the peripheral rings of the ligand. More precisely, they allotted this peak to ligand-to-ligand 

charge transfer. Thus, these observations fit well with the findings of (Gandara et al., 2018) and with the assignment of this 

peak to the dimer formation in citric acid previously described in the work regarding iron chelates (Mattar et al., 2023). 

The region 6000 - 4000 cm⁻¹ contains some noticeable changes, this region contains the first overtone region for C – 

H and S – H (6000 – 5650 cm⁻¹), the second overtone for C=O stretching (5556 – 5263 cm⁻¹), and the combination region 

of O - H (5263 – 4762 cm⁻¹), C–H + C–H (4545 – 4200 cm⁻¹) and C–H + C–C (4200 – 4000 cm⁻¹). The four peaks present 

in citric acid at about 5960, 5916, 5835, and 5754 cm⁻¹ referring to CH₂ (first overtone) (Guide for Infrared Spectroscopy, 

2009), also appear in the sample of citric–zinc with a little decrease in the intensity.  A part of the skeleton of citric acid 

has not participated in the chelation. The clearest differences could be seen in the region between 5500 – 4000 cm⁻¹. Citric 

acid alone has a peak centered at 5020 cm⁻¹ with medium intensity, ferrous sulfate alone has the highest intensity peak 

centered at 5130 cm⁻¹, whereas the citric-zinc sample has a peak with medium intensity at 5059 cm⁻¹ and a shoulder at 

5184 cm⁻¹. These changes in both the intensities and position are especially important in this region since within this 

wavenumber range, there are C=O stretching (second overtone), and the combination of OH; thus, the functional group of 

citric acid appears in this region through NIR.  

Moreover, many sharp small peaks could be observed in the region 4900 – 4300 cm⁻¹. The sample citric-zinc has 

sharper and more pronounced peaks than citric acid alone. This region is known mainly for combinations of C-H+C-H, C-

H+C-C, and OH (Guide for Infrared Spectroscopy, 2009; Krongtaew et al., 2010). Thus, these peaks show that structural 

organization has occurred inside the molecule changing the conformation of citric acid. Nonetheless, peaks at 4822 

corresponding to in-phase bending of OH, at 4777 to OH combination, 4635 and 4584 to C-C combination, 4542 to CHO 

combination, and 4347, 4300, 4262, and 4163 cm⁻¹ to CH are also sharper and more pronounced in the spectra of the citric-

zinc sample thus indicating changes in the functional group and the neighboring atoms of citric acid (Guide for Infrared 

Spectroscopy, 2009). Similar results were found by (Grabska et al., 2017) and (Krongtaew et al., 2010) in their 

investigations regarding correlating the structure of different carboxylic acids and characterization of key parameters of 

biotechnological conversion with NIR respectively.   

Figure 2b shows the NIR spectra of the dried solution of the samples (1:1, 2:1, 3:1, and 4:1) where the amount of zinc 

sulfate is fixed and the amount of citric acid is increased. The four samples share similar peaks with a little difference in 

intensities. In these spectra, the three important peaks at 6800, 6370, and 5150 cm⁻¹, demonstrated before to be able to 

prove chelation in the case of iron, are our main concern. The intensity of the peak corresponding to O-H first overtone at 

6800 cm⁻¹, increased with citric acid in which the samples 2:1, 3:1, and 4:1 have a higher intensity than the 1:1 sample 
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which possesses the lowest intensity. This indicates the presence of free citric acid and free O-H sites. The peak at 6370 

cm⁻¹ is present in the four samples. This peak was assigned to the ligand-to-ligand radical charge transfer transition 

(Gandara et al., 2018). This shows that citric-citric interactions are occurring through the transfer of charge, the peak is 

similar in all these samples with a slight decrease in sample 4:1. Thus dimerization occurred more in samples 1:1, 2:1, and 

3:1 but was slightly limited upon increasing the amount of citric acid in 4:1 sample. Contrary to what was found in iron 

samples where the highest dimerization occurred in the sample containing the highest amount of citric acid (Mattar et al., 

2023). The third peak at about 5150 cm⁻¹ is in the region corresponding to stretching of C=O and combination of O-H 

mainly for water. A significant increase for this peak is observed between the spectrum of sample 4:1 and the other three 

samples (1:1, 2:1, and 3:1). The three samples are dried the same, so this difference must be interpreted for something other 

than water amount. Since this region is also for C=O, upon having higher amounts of citric acid, the carbonyl group might 

have been appearing more. Nonetheless, this peak could be assigned to the free O-H in which in sample 4:1 is high whereas 

in the other samples and due to the possibility of dimer formation between citric acid molecules its intensity decreased. 

This goes in the same direction as the interpretation of the peak at 6370 cm⁻¹ of the ligand-to-ligand charge transfer where 

the least intense peak is for the 4:1 sample revealing that dimer formation is enhanced in the other three samples even 

though this sample has higher amounts of citric acid thus revealing the possibility of differences in the chelation behavior 

of citric acid with each divalent minerals, i.e. iron and zinc.   

In contrast Figure 2c shows the spectra of the samples where the citric acid amount is fixed and the amount of zinc 

sulfate was increased as (1:1, 1:2, 1:3, and 1:4). The same three peaks will be focused on since the other peaks are more 

related to the skeletal structure and are similar in most samples. In these samples even though the only difference is in the 

amount of zinc sulfate, it has led to a remarkable decrease in the peak at 6800 cm⁻¹ showing the decrease in the free O-H 

bonds and giving proof of zinc chelation. Although it does not have the highest amount of zinc, sample 1:2 has the lowest 

intensity in both this peak and the peak corresponding to ligand-ligand interactions at 6370 cm⁻¹ (Gandara et al., 2018; 

Guide for Infrared Spectroscopy, 2009; Liu et al., 2021). This validates the occurrence of chelation and the interaction of 

zinc with citric acid as opposed to citric-citric interactions occurring in all the other samples in a different scale according 

to each.  Similarly, the 1:2 sample has the lowest intensity also for the peak at 5150 cm⁻¹ corresponding to free O-H bonds 

and stretching of C=O, compared to the other samples having higher intensities. For the two peaks (6800 cm⁻¹ and 6370 

cm⁻¹) the other samples follow the same order 1:1, 1:3, and 1:4 with 1:1 acquiring the highest intensities. Whereas for the 

peak at 5150 cm⁻¹, the 1:3 sample has a higher intensity than 1:1 and 1:4.  This peak is for the in-phase bending of O-H  

and C=O stretching (Kirchler et al., 2017), so this ratio is the only odd ratio which might have been causing O-H and C=O 

to respectively bend and stretch more as compared to the other ratios similar to what was demonstrated in the iron sample 

having the same odd ratio and forcing structural conformations (Mattar et al., 2023). Therefore, from all these findings we 

can state that the ratio 1:2 has the least free citric acid remaining in the solution and the least dimer formation making it 

the optimum ratio for zinc chelation. It is worth mentioning that the chelation of zinc by citric acid is similar to that of iron 

and takes place in the liquid state and even at low pH (around 1), thus going in the same direction as the study conducted 

by Sousa & Silva, (2005) in which they reported that the best mineral chelation was obtained by citric acid at pH 1 compared 

to CDTA, EGTA, and EDTA as well as citric acid at higher pH values.  
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Figure 2. NIR spectra of (a) citric acid, zinc sulfate and Cit:Zn 1:1; (b) Cit:Zn (1:1, 2:1, 3:1, and 4:1); (c) Cit:Zn (1:1, 1:2, 1:3,and 1:4) 

3.1.2.Comparison between zinc and iron chelates 

The NIR spectra of the overlay of all iron samples (obtained from our previous work (Mattar et al., 2023)) and all zinc 

samples will not be clear to analyze due to the number of samples. Thus, for clarity, figure 3a shows only the spectra of 

the samples comprising distinctive information. The peak at 5150cm-1 is higher in iron samples, especially sample 1:3 

possessing the highest intensity. This peak corresponds to the stretching of C=O and combination of O-H mainly for water. 

Whereas in zinc this peak was of medium intensity in all samples with sample 4:1 having the highest intensity, this is 
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interpreted as the appearance of the C=O group when present in high amounts (Grabska et al., 2017; Guide for Infrared 

Spectroscopy, 2009).  

In contrast, the peak at 6370 is higher in all zinc chelates, when compared with iron, where the highest intensity is for 

the 2:1 sample. This peak was previously used as an indication of citric acid dimers, its higher intensity in zinc could be 

interpreted due to the formation of dimers independent of the molar ratio. Contrary to iron in which dimer formation 

increased with increasing citric acid (Mattar et al., 2023). The presence of this peak that is assigned to ligand-to-ligand in 

the spectra of sample 1:2 which is found to be the optimum ratio for chelation, indicates that the zinc chelates are formed 

in chains of citric acid. Opposed to iron chelates in which the peak at 6370cm-1 nearly disappeared in the optimum ratio of 

1:4.  

The peaks corresponding to CH2 and CH in the region 5750-6000 cm-1 show some changes when compared to citric 

acid alone, thus indicating changes in the skeleton of citric acid. On the other hand, the skeleton of citric acid appeared to 

be unaltered in the case of iron. It is worth noticing that iron and zinc are both divalent minerals having the same number 

of shells and are present in the same group. Chemically speaking, these two minerals differ in the level of saturation of the 

3d shell where zinc has a fully saturated shell (3d10) whereas iron lacks four electrons in this same shell (3d6) making the 

first a poor metal and the second a transition metal (Eszter et al., 2022; Pandharpure, 2007). These differences were 

pronounced in the different NIR spectra of their respective citric acid chelate.  Moreover, the optimum ratio for the 

chelation of iron by citric acid was found to be 1:4, whereas, in the zinc chelation, it appeared to be 1:2. This indicates that 

iron and zinc behave differently even though both are divalent atoms. Zinc needs more citric acid than iron to be well-

chelated. The increase in the amount of citric acid needed per zinc ion is interpreted as the formation of chains of zinc 

chelates.    

Comparing the samples having the optimum ratio of chelation in both minerals (Cit:Zn 1:2 and Cit:Fe 1:4), the peak at 

6800 cm-1 corresponding to free OH diminished in the iron chelate but remained clear in the zinc chelate. Thus, proving 

the non-important participation of the hydroxyl group in chelation in the case of zinc opposite to its indispensable role in 

iron. In contrast, the peak at 5150 cm-1 previously assigned to the C=O group, is way less intense in zinc than in iron, 

additionally proving the involvement of the two carboxyl groups in zinc chelation and the third one in forming citric acid 

chains whereas in iron only two carboxyl groups out of three were involved only in chelation without forming chains. 

These findings fit well with the profound study by (Francis & Dodge, 2009) on the difference in the chelation mode of 

citric acid with iron and zinc where they revealed that chelation of citric acid with iron when it is in its +2 oxidation state 

occurs as tridentate chelation involving two carboxyl groups and one hydroxyl group of citric acid. Whereas with zinc, it 

occurs as bidentate chelation involving only two carboxyl groups (figure 3b).      
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Figure 3. NIR spectra of Citric acid alone and (a) Different Citric iron samples and citric zinc samples; 

(b) Chelates of citric acid with iron and zinc 

 

3.2. Bioavailability of zinc chelates 

Figure 4a shows the percentage bioavailability of zinc sulfate and the seven different samples of citric acid-zinc. 

Clearly, the sample of ratio 4:1 has the highest bioavailability of 96.55% whereas the other ratios have lower bioavailability 

with the ratio 1:1 conquering the lowest of 34.46%. ZnSO4 taken as a reference (Solomons et al., 2011) has a bioavailability 

of 36.68%, and samples 1:1, 1:3, and 1:4 have values near to that of ZnSO4 (p>0.05). While the samples that have higher 

amounts of citric acid compared to zinc show higher percentages of bioavailability. This fits well with the role of citric 

acid as an enhancer in mineral absorption. In which the samples having more free citric acid have higher bioavailability. 

Nonetheless, sample 1:2 proved to be the chelate has good bioavailability (59.64%) lying in the middle, significantly higher 

than that of 1:1, 1:3, 1:4 (p=0.00), and 3:1 (p=0.014) but similar to 2:1 sample (p=0.843) and significantly lower than 4:1 

sample (p=0.00). Besides, it is behaving differently when compared with the others in the sense of the increasing or 

decreasing order of bioavailability relative to the molar ratios. For samples containing the same amount of citric acid, the 

bioavailability is similar to that of zinc sulfate regardless of the amount of zinc except for the 1:2 sample. Thus revealing 

that neither the presence of citric acid nor increasing the amount of zinc has affected the bioavailability contrary to the 

literature and the known role of citric acid in bioavailability enhancement (Blanco-Rojo & Vaquero, 2019; Shubham et al., 

2020; Watzke, 1998). Whereas the samples that have the same amount of zinc and citric acid is present in excess, show 

higher bioavailability than all the others except for the 1:2 sample that has similar bioavailability to the 2:1 sample and 

higher than 3:1 sample. Thus high amounts of citric acid increased zinc bioavailability by 1.4-2.7 times, going in the same 
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direction as (Walczyk et al., 2005) who showed that only when present in high amounts does citric acid enhance the 

bioavailability of the mineral present. But these findings could not interpret the lower bioavailability of sample 3:1 than 

2:1 despite having higher amounts of citric acid. Whereas, samples containing the same amount of citric acid, exhibit 

different relative bioavailability, where 1:1, 1:3, and 1:4 are relatively similar; but sample 1:2 has significantly higher 

bioavailability than the previous (p=0.00) despite having the same amount of citric acid as all and a lower amount of zinc 

than 1:3 and 1:4. Similarly (Hambidge, 2010) reported that the efficiency of zinc absorption decreases with the increase in 

the quantity of bioavailable zinc ingested. Thus, the increase in the bioavailability of sample 1:2 is not a matter of the 

amounts since it increased with doubling the amount of zinc comparing it with 1:1 sample, rather is due to the chelation 

that occurred and specifically due to the structure of the zinc complex making it more stable. Moreover, when calculating 

the absolute value of the bioavailable amount of zinc taking into consideration that the chelate has double the amount of 

samples having a ratio of 1 for zinc, it appears to be the sample able to deliver the highest amount of zinc. Whereas, when 

comparing sample 1:2 with the other samples having three and four portions of zinc it appears to deliver a similar to a 

slightly lower amount of zinc. Taking into consideration that sample 1:2 has a lower amount than 1:3 and 1:4 in its 

preparation and has an equivalent bioavailable amount besides being in the chelate form, we can interpret it as the optimum 

ratio in bioavailability also, especially from stability and economic points of view. 

When observing the relative bioavailability of each sample to zinc sulfate (figure 4b), sample 4:1 conquers the highest 

value of 2.63, followed by sample 2:1 and 1:2 having values of 1.69 and 1.62 respectively. The relative bioavailability of 

the chelate 1:2 is similar to that of 2-hydroxy-4-(methylthio) butanoic acid (HMB) zinc chelate (Evans et al., 2015) and 

higher than the organic and inorganic salts of zinc (citrate, sulfate, oxide, and gluconate) (de Romaña et al., 2003; 

Wegmüller et al., 2014) as well as the whey protein complexes (Shilpashree et al., 2020).  Taking into consideration the 

high cost of HMB compared to that of citric acid, we can nominate this new chelate as an innovative easy to produce, 

bioavailable, stable, and cheap form of zinc to be added to food. (Figure 4b and Table 1). 
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Figure 4. (a) Percentage Bioavailability of zinc sulfate and the seven different citric zinc samples;  

(b) Relative bioavailability of citric zinc to that of zinc sulfate 

Table 1. Comparison of relative bioavailability of different zinc forms with Cit:Zn 1:2 sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Correlation of bioavailability with structural characteristics 

The high influence of the structure of the mineral used on its bioavailability is a topic of interest for many researchers 

(Capuano & Pellegrini, 2019; Evans et al., 2015; Walters et al., 2018) especially that of the chelates due to the different 

conformations that could be formed. Besides, the activity of the formed chelates is highly affected by their composition, 

molecular weight as well as their arrangement (Wu et al., 2020). Thus, when considering the differences in the structure 

and correlating them with the bioavailability results, the lower bioavailability percentage of sample 3:1 than 2:1 despite 

the presence of more citric acid in the first could only be interpreted by NIR spectra of both samples. Where the peak 
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Plasma zinc concentration 

(radioactive isotopes) 
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1.61 (Evans et al., 

2015) 

Zinc citrate Gelatin 
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0.86~1 (Wegmüller et 
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assigned to dimer formation at 6370 cm-1 is higher in the spectra of sample 3:1 compared to that in 2:1, therefore citric acid 

formed more dimers in sample 3:1 reducing its enhancing capacity. Nonetheless, when observing the higher bioavailability 

of sample 1:2 compared to samples 1:3 and 1:4 even with lower zinc amount and after proving this ratio as the optimum 

ratio that formed the chelate, we can infer that this increase in the bioavailability is due to the chelation that occurred in 

this sample resulting in a more bioavailable arrangement similar to (Ikuli et al., 2019) findings in the use of zinc chelates 

by EDTA and other organic chelates for cassava biofortification.  

4. Conclusion 

One mole of citric acid to two moles of zinc sulfate was proved as the optimum ratio of citric zinc chelation. Opposite 

to citric acid iron chelation, citric acid chelates zinc in the form of chains. The structural characteristics of the complex 

formed highly affect the bioavailability where Cit:Zn 1:2 showed higher bioavailability than zinc sulfate and all the other 

samples containing the same amount of citric acid with less or more zinc content due to its chelate structure. Citric acid 

enhances bioavailability only when present in high amounts and its enhancing capacity decreases if citric acid dimerization 

takes place. Despite being divalent elements and having common characteristics, zinc and iron act differently when chelated 

with citric acid. The new affordable, stable citric acid zinc chelate has higher relative bioavailability than inorganic zinc 

forms and other forms of chelates granting it the capability to replace already present zinc fortifiers.  
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Abstract  

Although magnesium levels in the blood are often sufficient, and since it is mainly intracellular magnesium deficiency 

could reach 80-90% of a population. Moreover, the bioavailability of different minerals is reduced when present together 

thus limiting double fortification. In the present study, citric acid magnesium complexes were produced in seven different 

molar ratios, in order to characterize these complexes and prove chelation, near-infrared spectroscopy (NIR) was used and 

results were compared with those of iron and zinc from previous formulations. Nonetheless, the bioavailability of 

magnesium samples was evaluated by continuous dynamic dialysis. The effect of mineral interaction (Fe, Zn, and Mg) on 

bioavailability was also assessed. Results revealed that 1:4 is the optimum ratio of citric acid magnesium chelation which 

is similar to iron but different from zinc (1:2). Bioavailability was similar to that of magnesium sulfate. Inhibition due to 

mineral interaction was reduced in the chelate form.   

Keywords: Chelation; magnesium; NIR; Bioavailability; mineral interaction 

 

1. Introduction 

Although magnesium deficiency or better known as the quiet deficiency could reach 80-90% of a population, its 

research quota compared to other minerals remains quite little in which it is considered the least investigated macro mineral. 

This is mainly because its deficiency is anonymous due to the lack of clinically validated diagnostic assays able to 

accurately describe the status of magnesium as is the case of iron and calcium (DiNicolantonio & O’Keefe, 2021; 

Workinger et al., 2018). Ninety nine percent of the total magnesium in the body is intracellular with 90% 

compartmentalized in muscles and bones, and less than 1% is in the blood being distributed in the plasma and erythrocytes. 

For this reason, the blood level of magnesium could not be considered as an indicator of the magnesium status in the body 

and is usually an inaccurate determinant (Case et al., 2021; Workinger et al., 2018). However, magnesium deficiency has 

been tightly correlated with many diseases including heart failure, insulin resistance, polycystic ovary syndrome, obsessive-

compulsory disorder, Alzheimer’s as well as attention deficit hyperactivity disorder especially in kids (DiNicolantonio et 

al., 2018; Effatpanah et al., 2019; Glasdam et al., 2016). Nonetheless, (Tian et al., 2022) have reported in a recent study 

that the average COVID-19 cumulative incidence was significantly higher in low-magnesium area compared to control 

areas. (DiNicolantonio & O’Keefe, 2021) have mentioned that magnesium deficiency is a potential cause for cytokine 

storm during COVID-19.      

Magnesium is mainly present in leafy greens nuts and whole grains, but due to increased demand for food, the change 

in historical farming practices influenced the soil’s ability to restore natural minerals like magnesium. In addition the use 

of phosphate based fertilizers lead to the production of insoluble magnesium phosphate complexes. Many fruits and 

vegetables have lost around 80-90% of their magnesium content over the past 100 years, adding to this the modern diet, 
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thus the prevalence of magnesium deficiency. In order to compensate for this deficiency, different kinds of magnesium 

supplements including magnesium oxide, magnesium sulfate, and magnesium citrate as well as magnesium glycinate are 

present and widely used (Kappeler et al., 2017; Workinger et al., 2018). Magnesium oxide has low solubility and thus low 

bioavailability whereas magnesium sulfate and magnesium chloride have higher solubility resulting in rapid dissociation 

and leaving available sites on Mg2+ sites making it more susceptible to precipitation by bioagents like phytates leading to 

laxation (Case et al., 2021). Mineral chelates are considered innovative fortificants due to their ability to occupy these 

reactive sites and thus increase bioavailability with subsequent decrease in laxation (Case et al., 2021; Kappeler et al., 

2017).    

Despite the importance of magnesium chelates, their molecular structure is not well studied yet and the proof that these 

complexes are true chelates is still missing (Miller et al., 2015). Due to its extensive use in food industry and its low cost, 

citric acid was chosen to produce magnesium chelates to be used in food fortification. In the previous chapters, we have 

produced citric acid complexes with iron and zinc, proved them as chelates, characterized them and found that NIR could 

be used as a method to prove chelation. Furthermore, we have studied the optimum ratio and its effect on setting the 

direction of the reaction towards either chelation or dimerization of citric acid. In this work, our objective is to produce 

citric acid complexes with magnesium, prove them as chelates, find the optimum ratio and compare their behavior with 

that of iron and zinc when chelated with citric acid. Moreover, the bioavailability of citric acid magnesium chelates through 

continuous dynamic dialysis simulating peptic and intestinal digestions was also determined and bioavailability results 

were correlated with the structural characteristics of the chelates. Nonetheless, determining the effect of the interaction of 

three minerals (iron, zinc and magnesium) in their sulfate salt as well as in their chelate form with citric acid on the 

bioavailability of each is among the objectives of this study.   

2. Materials and Methods 

2.1. Chemicals and Reagents  

Citric acid (99.5%) was bought from Panreac Quimica SA (Barcelona, Spain). Magnesium sulfate heptahydrate (99.0 

– 100.5%) from Scharlau (Barcelona, Spain).   

The proved optimum ratio of citric-iron chelates (1:4) produced and characterized in our previous work (Mattar et al., 

2023), as well as that of citric-zinc chelates (1:2) soon to be published were used in their liquid form in the interaction 

assay, in order to compare the interaction within the commercial forms and the chelated minerals and their effect on the 

bioavailability of each.   

For the bioavailability assay, sodium hydroxide (98%), hydrochloric acid (37% and 0.1N), Ethylenedinitrilotetraacetic 

acid disodium salt (Na₂EDTA, 99%), absolute ethanol (99.5%), and nitric acid (69%) were purchased from Panreac 

Quimica SA. Pancreatin from porcine and Bile extract porcine were bought from Sigma Aldrich; whereas pepsin from hog 

stomach was bought from Fluka. Sodium bicarbonate was bought from Quimivita S.A. 

The dialysis bags with a pore size (MWCO) of 12000-14000 Da (Visking 3-20/32 in.) were purchased from Medicell 

Membranes Ltd, London, U.K. MilliQ water was used throughout the experiment. All the used glassware were soaked in 

nitric acid 69%.  

2.2. Preparation of the chelates 

The same protocol used in our previous work where citric-iron chelates were produced (Mattar et al., 2023) was used 

in the production of citric acid-magnesium chelates. Citric acid was mixed with magnesium sulfate heptahydrate in 

ultrapure water and then agitated while heating at 50℃ for 24 hours. The same number of moles and molar ratios (1:1, 1:2, 
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1:3, 1:4, 2:1, 3:1, and 4:1) were reproduced so that a comparison between the minerals could be addressed. Moreover, the 

same study was conducted with zinc, soon to be published. Part of all the samples’ solutions was dried in the oven at 50℃ 

(same reaction temperature) until the mass became stable. Further analyses were done for the resulting dried parts.  

2.3. Near Infrared Spectroscopy (NIR) 

Samples containing only citric acid, and only magnesium sulfate as well as the samples containing citric acid and 

magnesium sulfate were analyzed through NIR in order to compare the structural changes occurring and prove chelation. 

The resulting dried part of the solutions was analyzed since NIR is highly sensitive to water. To detect any changes in the 

structure Thermo Scientific™ Antaris™ II FT-NIR Analyzer (Madison, WI, USA) was qualitatively used. The spectra of 

the samples were recorded from 4000 to 10000 cm⁻¹ with 8 cm-1 spectral resolution and 32 scans were accumulated every 

time. To improve the signal-to-noise ratio, background data were collected every half an hour. All spectra were acquired 

at room temperature (Frost et al., 2005).  

2.4. Determination of the bioavailability of the produced chelates 

An in vitro method comprising of continuous dynamic dialysis simulating peptic and intestinal digestions was chosen 

to estimate the bioavailability of the produced magnesium chelates. Magnesium sulfate was also analyzed since it acts as 

a reference. Continuous dynamic dialysis was chosen over static dialysis since it better simulates digestion because of its 

ability in overcoming the equilibrium reached in the later affecting the dialysis outcomes. The method, developed and 

optimized by (Shiowatana et al., 2006) including two steps the peptic digestion (stomach) and the pancreatic intestinal 

digestion, was followed. The continuous-flow dialysis system designed by (Shiowatana et al., 2006) serves three objectives: 

a gradual pH change at the early stage of dialysis, proper means of the addition of enzymes at will, and continuous 

elimination of dialyzable components during dialysis giving this method more similarity to the human digestion. 

2.4.1.Peptic Digestion 

Peptic digestion samples were prepared by the addition of 2ml of 0.6mol/l magnesium sulfate solution for the reference 

and 2ml of each of the magnesium-citric samples. Each sample was mixed with Milli Q water until reaching 18 ml, diluted 

HCl was used to adjust the pH to 2. To each sample suspension, 0.3 ml of pepsin solution was added and pH was adjusted 

again to 2, after which the total volume was adjusted to 20 ml with Milli Q water. Then the sample was kept in a shaking 

water bath at 37 ◦C for 2 h. Every 30 min. the pH was checked and readjusted to 2. 

Pepsin solution was prepared by mixing 1.2g of pepsin in 10 ml HCl (0.1N). 

2.4.2.Pancreatic Intestinal through in vitro dialysis with continuous flow 

A continuous flow setup was prepared as the compartment of dialysis. A Liebig condenser tube was associated to a 

circulating water bath. A prewashed dialysis bag, tightly sealed from both ends but connected to a silicon tube having 

syringe from one end, was inserted inside the Liebig condenser in a way that part of the silicon tube and the syringe were 

outside in order to allow us to add the enzymes at the appropriate time. The inside opening of the Liebig condenser having 

the silicon tube was connected to the peristaltic pump to allow the pumping of the dialysis solution (NaHCO3). The other 

end was closed with parafilm and pierced for the dialysate to flow and be collected in a beaker (figure1). 
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The dialysis bags were prepared by boiling for 10 min in a 40% ethanol solution after which the bags were washed 

with ultrapure water and re-washed with a mixture of 0.01 M EDTA-Na2 and 2% NaHCO3 to remove trace element 

impurities. A final wash with ultrapure water was done.  

To know the concentration of the dialysis solution (NaHCO3), the titratable acidity for peptic digest samples was 

determined through the titration of a mixture of 2.5 ml aliquot from the digest sample and 625 µl of PBE against standard 

0.01 M NaOH until reaching pH of 7.5. Dilutions were done to adjust the concentration in a way that after 30 min. of 

dialysis (point of PBE injection), the pH must be changed from 2 to 7.  

Preparation of pancreatin bile extract (PBE) solution was done by mixing 0.004g pancreatin with 0.025g bile extract 

in 5 ml of 0.001M NaHCO3. The very low concentration of NaHCO3 was used so that the addition of PBE will not affect 

the pH already adjusted.  

After the end of the peptic digestion, the prepared dialysis bag in the setup previously described was flattened through 

the syringe to remove any water or air remaining. After which, 2.5ml of sample aliquot was transferred to the dialysis bag 

using a 3ml syringe connected to the silicone tube. NaHCO3 solution with the proper concentration for each sample was 

flowed at 1ml/min. and dialysis was started. Six hundred twenty five µl of PBE solution was added after 30 minutes, and 

the dialysis continued for 2 more hours.  

2.4.3.Determination of the amount of dialyzed magnesium by FAAS 

The peptic digest and the obtained dialyzed samples were then analyzed by FAAS to quantify the amount of magnesium 

present in each so that the respective bioavailability could be calculated. Varian SpectrAA-110 Atomic Absorption 

Spectrophotometer from Agilent Technologies (Chicago, IL, USA) equipped with deuterium lamp background correction, 

hollow cathode lamps (HCL), and oxygen-rich air-acetylene flame was used. Conditions applied for Mg detection were a 

wavelength of 285.2nm, a flow rate of 1.5 l/min for acetylene, and 3.5 l/min airflow, an HCL lamp current of 7 mA, a slit 

width of 0.5nm, and a measurement time of 8 sec. All the samples were diluted to meet the detection limit of the 

spectroscope. For each sample of volume 10ml, 100µl of 200g/l strontium nitrate (Sr[NO3]2) was added before analyses. 

Analysis was done in triplicates. Percentage bioavailability (%) = 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑢𝑚 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (
𝑚𝑔

𝑙
)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑢𝑚 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (
𝑚𝑔

𝑙
)

× 100 

2.4.4.Studying the effect of the interaction of iron, zinc and magnesium on the bioavailability of each 

The same procedure described in sections 2.3.1 and 2.3.2 was followed to study the effect of interaction on each mineral 

bioavailability, each mineral was studied alone and in different combinations with other minerals in the form of sulfate 

Figure 1. Intestinal pancreatic digestion setup scheme 
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salts as well as the chelate form using the optimum ratio. The samples were prepared so that the same number of moles is 

present in all samples. Solutions of each mineral having concentration 0.6 M were prepared and the equivalent amount was 

added for the chelates. Amounts are presented in table 1. Analysis was done in triplicates. Percentage bioavailability (%) 

= 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (

𝑚𝑔

𝑙
)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 (
𝑚𝑔

𝑙
)

× 100 

 

Table 1. Amounts added of each mineral form 

 

sample Mg Zn Fe FeMg ZnMg ZnFe ZnFeMg 

Amounts 

of sulfate 

form 

2ml of 0.6M 2ml of 0.6M 2ml of 0.6M 

2ml of 0.6M 

(Fe) 

+ 

2ml of 0.6M 

(Mg) 

2ml of 0.6M 

(Zn) 

+ 

2ml of 0.6M 

(Mg) 

2ml of 0.6M 

(Zn) 

+ 

2ml of 0.6M 

(Fe) 

2ml of 0.6M (Fe) 

+ 

2ml of 0.6M 

(Mg) 

+ 

2ml of 0.6M (Zn) 

Amounts 

of chelate 

form 

2ml (1:4) 

{1:4}=0.6M 

4ml (1:2) 

{1:2}=0.3M 

2ml (1:4) 

{1:4}=0.6M 

2ml of 1:4 (Fe) 

+ 

2ml of 1:4 (Mg) 

4ml of 1:2 (Zn) 

+ 

2ml of 1:4 (Mg) 

4ml of 1:2 (Zn) 

+ 

2ml of 1:4 (Fe) 

2ml of 1:4 (Fe) 

+ 

2ml of 1:4 (Mg) 

+ 

4ml of 1:2 (Zn) 

 

2.5. Statistical Analyses 

IBM SPSS Statistics version 23.0 was used for all the statistical analyses. The main purpose of these analyses is to 

compare the means of the bioavailability values of the different samples studied and to check whether a significant 

difference is present between magnesium sulfate and the samples produced with citric acid or within these samples in the 

percentage bioavailability. For the interaction assay, the difference in the bioavailability of each mineral was studied and 

compared between the two forms used (sulfate salt or chelate form).  One-Way ANOVA was used throughout the study 

and after getting a significant difference (p<0.05), Post-hoc (Tukey HSDa) was carried out to know where the difference 

comes from and to form categories of similar samples. Samples having the same letter presented in figure 4a and table 2 

are considered similar. Values of p < 0.05 were regarded as statistically significant.   

3. Results and Discussion 

3.1. Near Infrared Spectroscopy (NIR) 

3.1.1.Magnesium Chelates  

Figure 2a shows the corresponding NIR spectra of dried solutions of citric acid alone, magnesium sulfate alone and 

that of the sample citric-magnesium in 1:1 ratio. A first look at the spectra infers that there are differences between the 

three samples. Magnesium sulfate has two major peaks at 6970 and 5206 cm-1 and two broad minor peaks at 8446 and 

5828 cm-1. These regions correspond mainly to the first and second overtones of OH (Guide for Infrared Spectroscopy, 

2009). (Kauffman et al., 2008) have found similar results for magnesium stearate samples, thus these peaks are related to 

magnesium and appear in these regions due to the presence of water molecules. Whereas citric acid spectra contain more 
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peaks but the most important two and that possess the highest intensities are at 6800 and 5020 cm-1 with other minor peaks 

present at 8600, and in the regions 8200-7000, 6000-5600, and 4800-4000 cm-1. The region 9000-6000 cm-1 corresponds 

to OH first overtone, CH combinations first overtone as well as CH second overtone; moreover the region 6000-4000 cm-

1 is the region where OH combinations and C=O stretching second overtone appear beside the combinations of the structural 

groups C-C+CH and CH+CH (Guide for Infrared Spectroscopy, 2009; Krongtaew et al., 2010; M. Cavaco et al., 2021). 

Thus, the present peaks in the spectra of citric acid are both the ones related to its functional groups and to its skeleton and 

indicating that it is in its protonated state. Comparing the spectra of the sample containing citric acid and magnesium 

(Cit:Mg 1:1),  some differences as well as some similarities with those of citric acid alone and magnesium sulfate alone 

are observed. But more similarities are found between the spectra of the sample and that of citric acid especially in the 

region 6000-4000 cm-1 expressing the skeletal structure that they both incorporate.  Nonetheless significant changes are 

observed mainly in the region where the functional groups of citric acid are expressed by NIR. The intensity of the peak 

present in citric acid at 6800 cm-1 assigned to free OH has significantly decreased in Cit:Mg 1:1, thus indicating that 

magnesium has occupied a major part of the free OH sites of citric acid and thus the formation of the chelate (Martínez et 

al., 2018; Mattar et al., 2023). Nonetheless, the peak at 5020 cm-1 is shifted in the sample Cit:Mg 1:1 towards 5120 cm-1 

and its intensity was increased, this could be explained by the interference of the highly intense peak present in magnesium 

sulfate at 5206 cm-1 causing the shift and the increased intensity due to overlapping of these two peaks. This peak is 

specifically important since it is in the region of OH combinations and second overtone of C=O stretching. Thus any change 

in this area expresses the changes occurring on the functional groups of citric acid due to the presence of magnesium and 

further proving the occurrence of chelation (Guide for Infrared Spectroscopy, 2009; Kong et al., 2011; Mattar et al., 2023; 

Padalkar, 2011).The four small sharp peaks present in citric acid between 6000 and 5500 cm-1 were also found in the 

spectra of Cit:Mg 1:1, since these peaks correspond to CH2 first overtone, indicating a part of citric acid structure not 

participating in the chelation and remaining intact whereas in the region 5000-4000 cm-1 some changes were detected. The 

peaks in this region present in the chelate sample are sharper and more intense, since this region is mainly for structural 

groups, this could indicate a better organization occurring in the presence of magnesium (Grabska et al., 2017; Krongtaew 

et al., 2010).  A broad small peak is observed only in the spectra of Cit:Mg 1:1 at  6370 cm-1, (Gandara et al., 2018) have 

deduced that this peak correspond to ligand-to-ligand charge transfer and also in our previous work (Mattar et al., 2023), 

this peak was assigned to citric-citric interactions known as citric acid dimers. Thus, the presence of this peak reveals that 

dimerization of citric acid has also occurred beside chelation of magnesium. Moreover, for citric-iron chelation, it was 

proved that three peaks at 6800, 6370 and 5150 cm-1 could be used to prove chelation (Mattar et al., 2023). Interestingly, 

from the above analyses we can say that these same peaks are specifically important in the case of magnesium also. In 

order to find the optimum ratio of chelation different molar ratios were produced.  

Figure 2b shows the corresponding NIR spectra of dried solutions of citric acid alone, magnesium sulfate alone and 

that of the samples citric-magnesium in 1:1, 2:1, 3:1 and 4:1 ratio where the amount of magnesium sulfate is fixed and the 

amount of citric acid is increased proportionally.  

In these spectra, the three major peaks at 6800, 6370, and 5150 cm⁻¹ will be highlighted. The intensity of the peak at 

6800 cm⁻¹corresponding to O-H 1st overtone, is lowest in sample 1:1 and highest in 4:1 sample. Thus, it has proportionally 

increased upon increasing the amount of citric acid. This peak shows the presence of free citric acid and free O-H sites 

thus more free citric acid is present in samples 2:1, 3:1 and 4:1. It is worth noticing that a small shoulder adjacent to this 

sharp peak has formed in sample 1:1 and diminished with increasing citric acid. Its appearance is tightly linked to the peak 

present in the spectra of magnesium sulfate at around 6970 cm-1 and which was masked by the OH peak of citric acid in 

samples containing higher amounts of citric acid. The same increase occurred in the intensity of the peak located at 6370 
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cm⁻¹ corresponding to the ligand-to-ligand radical charge transfer transition (Gandara et al., 2018); where it is most intense 

in the samples having molar ratios 4:1, 3:1 and 2:1 and the least intensity is observed for 1:1 sample.  This reveals that 

citric acid dimers are produced through transfer of charge in which more interactions are occurring where more citric acid 

is present. In contrast, the third peak at about 5120 cm⁻¹ is in the region assigned to stretching of C=O and combination of 

O-H shows similar intensity in all the samples, regardless of the amount of citric acid. This peak reflects the stretching of 

C=O and free O-H, being the same in all the samples could reveal that the stretching occurred is the same in the case of 

chelation (1:1 sample) and in the case of dimerization (2:1, 3:1 and 4:1 samples). The same applies to OH where in the 

first sample a part was occupied by magnesium while in the others, OH groups participated in dimer formation. 

Nonetheless, this peak is highly influenced by the intense peak of magnesium sulfate present in this region, and all these 

samples have equal amount of magnesium in their preparation (Kauffman et al., 2008).  

In contrast Figure 2c shows the spectra of the samples where the amount of citric acid is fixed and the amount of 

magnesium sulfate is increased as (1:1, 1:2, 1:3 and 1:4) thus the only difference is the amount of magnesium sulfate. The 

same three peaks discussed before will be focused on since the other peaks represent the skeletal structure and that appears 

to be nearly similar in most samples. The sharpness of the peak at 6800 cm⁻¹ decreased remarkably with the increase in 

magnesium sulfate showing the decrease in the free O-H bonds and giving a proof of magnesium chelation. Nonetheless, 

the shoulder appearing directly beside this peak is due to the peak present in magnesium sulfate at 6970 cm-1 thus affecting 

the shape and intensity of the peak at 6800 cm-1.  The sample 1:4 has the lowest intensity in this peak but also the highest 

intensity for the formed shoulder. Thus, indicating that the free OH sites are mostly occupied by magnesium and therefore 

signifying the occurrence of chelation. In addition, the highest intensity in the newly formed shoulder is because this sample 

has the highest amount of magnesium. Whereas in sample 1:1, the peak at 6800 cm-1 is still pronounced compared to all 

the other spectra and the shoulder is the least intense.  On the other hand, the peak at 6370 cm-1 corresponding to dimer 

formation (Gandara et al., 2018) is present in sample 1:1 but is flattened and shifted in all the other samples towards 6200 

cm-1. This could indicate a change in dimerization and this is mainly due to higher amounts of magnesium interfering with 

the citric-citric interactions.   

 Similarly a clear shift is observed in the peak at 5150 cm⁻¹ in samples (1:2, 1:3 and 1:4) compared to sample 1:1. This 

peak corresponds to free O-H bonds and stretching of C=O (Kirchler et al., 2017). Sample 1:1 has the lowest intensity for 

this peak, whereas the other samples have similar higher intensities. Since this peak corresponds to citric acid functional 

group, it is tightly linked to the peak at 6800 cm-1, they both increase or decrease. The increase shown in samples (1:2, 1:3 

and 1:4) in this peak while the peak at around 6800 cm-1 is almost disappearing, adding to it the occurred shift in these 

samples to 5200 cm-1 indicate that this peak in these samples is not expressing the functional groups of citric acid. Rather 

it is related to the intense peak present in magnesium sulfate at 5206 cm-1 and masking the peak corresponding to citric 

acid at 5120 cm-1 (Frost et al., 2009; Kauffman et al., 2008) . Whereas in sample 1:1, and due to the lower amount of 

magnesium, this peak was expressed at 5150 cm-1. (Kauffman et al., 2008) have faced the same shift in this peak in 

magnesium samples and their interpretation was that the dihydrate form is expressed at around 5150 cm-1 whereas the 

monohydrate form shifts towards 5200cm-1.   

From all these findings we can state that chelation has occurred in the four samples (1:1, 1:2, 1:3, and 1:4), but free 

citric acid was still present in sample 1:1 besides citric acid dimers whereas in the other samples (1:2 and 1:3) less free 

citric acid was found (peak at 6800 cm-1). Sample 1:4 showed to be the sample containing the least amount of free citric 

acid, and bearing in mind that it contains the highest amount of magnesium, thus we can consider it to be the sample having 

the most amount of magnesium in the chelate form. A study conducted by (Case et al., 2021), about the production of 
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magnesium triglycine complexes in the presence of citric acid, reported similar results where it was found that lower citric 

acid amounts specifically quarter equivalents proved to be ideal. 

 

 

 

 

Figure 2. NIR Spectra of citric acid, MgSO4, and (a) Cit:Mg 1:1; (b) Cit:Mg different ratios (1:1, 2:1, 3:1, 4:1); and (c) Cit:Mg different ratios 

(1:1, 1:2, 1:3, 1:4) 
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3.1.2.Comparison between Magnesium, Iron and zinc chelates 

The same study was conducted on iron (Mattar et al., 2023) and zinc using the same number of moles and molar ratios, 

it was proved that the optimum ratio for citric acid iron chelation is 1:4 whereas that of zinc was proved to be 1:2. Thus we 

can say that iron and magnesium behaved the same with citric acid whereas zinc needed more citric acid for the chelation 

of one mole. This difference between zinc and both minerals (iron and magnesium) fits well with the findings of (Francis 

& Dodge, 2009), where they reported that citric acid chelates Fe2+ and Mg2+ forming tridentate complexes involving two 

carboxyl groups and one hydroxyl group of citric acid while with zinc, a bidentate complex is formed involving only two 

carboxyl groups.  

Figure 3 shows the NIR spectra of the optimum ratios of each of citric acid magnesium (1:4), citric acid iron chelate 

(1:4) obtained from a previous work (Mattar et al., 2023), as well as citric acid zinc chelate (1:2) from a study to be 

published. The spectra of magnesium is slightly different from that of iron and zinc especially in its two intense peaks at 

6900 and 5200 cm-1 inherited from magnesium sulfate. Nonetheless, it has the lowest intensity of the peak corresponding 

to free OH at 6800 cm-1 thus containing the least amount of free citric acid followed by iron. On the other hand, zinc chelate 

has the highest amount of free citric acid compared to magnesium and iron. Moreover, the peak at 6370 cm-1 assigned to 

citric acid dimers (Gandara et al., 2018; Mattar et al., 2023) is present in zinc chelate revealing the formation of chelate in 

the presence of citric acid dimers. Finally, observing the peaks corresponding to the skeletal structure, we can say that zinc 

chelate is the one with the most organized structure since it has the sharpest peak, followed by iron and magnesium.  

 

 

 

 

 

 

 

 

3.2. Bioavailability of magnesium chelates 

Figure 4a shows the percentage bioavailability of each of magnesium sulfate and the citric magnesium samples. The 

lowest percentage was recorded for sample 1:3 (85.03%) while the highest was for magnesium sulfate (98.64%) followed 

by sample 1:1 (97.22%), however no significant difference (p>0.05) was found upon conducting the statistical analyses. 

Therefore, making all the samples similar despite their different values. Samples 2:1, 3:1 and 4:1 for example contain high 

amounts of citric acid, well known for its enhancing abilities (Blanco-Rojo & Vaquero, 2019; Shubham et al., 2020) 

especially at higher amounts (Walczyk et al., 2005), but did not show any increase compared to 1:1 or magnesium sulfate.  
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Figure 3. NIR spectra of the optimum ratios of each of citric acid magnesium chelate (1:4), citric acid iron chelate (1:4), and citric acid zinc 

chelate (1:2) 
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On the other hand, samples 1:2, 1:3 and 1:4 containing magnesium in the chelate form proved by many previous studies 

to have better bioavailability (Case et al., 2021; Kappeler et al., 2017; Pardo et al., 2021), yet showed no increase also. 

These findings could be explained by the outcomes of (Civitelli et al., 2018; Workinger et al., 2018) where it was shown 

that magnesium was highly bioavailable with values reaching 80-90% in the blood but then up to 70% was lost through 

renal filtration. Another study by (Case et al., 2021) showed that the cellular uptake of magnesium from the chelate was 

faster than from inorganic forms but after some time it plateaued. Thus similar to what was discussed by (Case et al., 2021; 

Pardo et al., 2021; Workinger et al., 2018), and due to all the above findings, it could be concluded that studying the 

bioavailability of magnesium as other minerals (iron and zinc) through measuring the amount that will be transferred to 

the blood will not give accurate results and cannot be used as an indicator to estimate the potential of magnesium form. 

Therefore development of new innovative methods able to estimate the amount of magnesium that would be transported 

from the blood to the tissues is needed especially that magnesium is mainly present intracellular (~99%) and less than 1% 

of total magnesium is present in the blood (DiNicolantonio et al., 2018). 

3.3. Studying the Effect of the Interaction Between Iron, Zinc and Magnesium on the Bioavailability of Each 

It is widely known that competition of minerals acts as inhibition in which some minerals affect the bioavailability of 

others negatively when present in the same medium (Pardo et al., 2021; Sandström, 2001; Yetley, 2007). In order to study 

the effect of interaction of iron, zinc and magnesium on the bioavailability of each and to investigate if this interaction will 

be the same whether the minerals are used in their sulfate form or in their chelate form, each two minerals were mixed 

together (FeMg, ZnMg, and ZnFe) and then the three minerals (ZnFeMg) all together were mixed in both the commercial 

and the chelate form. Due to the fact that minerals are protected in the chelate form, we suppose less interaction compared 

to the sulfate form. To better understand this aspect, a detailed structural study is needed in the future but due to time 

limitation and comprehensiveness of this thesis, it is difficult to cover all the aspects in one study.  

Figure 4b represents the percentage bioavailability of each of iron, zinc and magnesium in each sample having different 

combination both in the sulfate salts and the chelate form and table 2 shows these values compared with the percentage 

bioavailability of each mineral in both forms when studied alone in water. In the sulfate form, magnesium almost totally 

inhibited both iron and zinc. While iron had no effect on magnesium, zinc on the contrary exhibited an inhibitory effect. 

(Spencer et al., 1994) showed that zinc decreased the bioavailability of magnesium even though their primary absorption 

sites differ. In the sample where the three minerals are present together, magnesium also inhibited both iron and zinc but 

worth noticing that zinc was less inhibited compared to the sample containing only magnesium and zinc. Thus, the presence 

of iron with magnesium slightly increased the bioavailability of zinc in the presence of magnesium. In contrast (Hilty et 

al., 2010) showed that the presence of magnesium with both iron and zinc in a mixture of nanostructured minerals lead to 

increased bioavailability of both. On the other hand,  (Yetley, 2007) reported similar results where magnesium inhibited 

iron. Moreover it was shown by (Glasdam et al., 2016) that magnesium helps regulate the levels of zinc in the body. Now 

considering the sample that contains only iron and zinc, we can say that both minerals were inhibited, in which the 

bioavailability of both was low, similar to the findings of (Domı́nguez et al., 2004; Hilty et al., 2010). This is due to the 

competition occurring between both, this was also featured and explained by (Domı́nguez et al., 2004) to be due to the 

common pathway of absorption shared by both. On the other hand, the samples containing these minerals in the citric 

chelate form show different values of bioavailability and specifically higher values except for magnesium. The same 

inhibition effect of magnesium on iron and zinc is observed in the samples containing the chelates when compared to the 

percentage bioavailability of each of iron and zinc chelates alone in water, but it is not a complete inhibition as it was 

observed in the sulfate salts.  In the sample containing the three chelates, the bioavailability of all the minerals decreased 

a 
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when compared to the values of each mineral alone. But the inhibition effect was the least in this combination for all the 

three when taking the values of each of the two minerals together. The inhibitory effect exhibited by both iron on zinc on 

the bioavailability of one another one present in the same medium is also observed in the chelate form but with a reduced 

extent in sample Cit:ZnFe than ZnFe in the sulfate form. These outcomes fit well with the findings of (Domı́nguez et al., 

2004) where the reduced bioavailability due to mineral interactions was reduced upon using mineral chelated with EDTA 

(Figure 4b).   

All these findings are specifically important, since when comparing the bioavailability values of all the minerals found 

in the different mixtures, it is revealed that these values are significantly higher for all the minerals in all the different 

combinations when present in the chelate form. Thus citric acid mineral chelates are more resistant to the inhibition effect 

exhibited due to the interaction of minerals. Therefore, allowing practicing double fortification procedures and more 

importantly triple fortification without the total inhibition of one mineral by the other especially that iron and zinc 

deficiencies often affect the same populations (Hilty et al., 2010), hence being able to simultaneously fortify food with the 

two minerals will be highly advantageous.  

 

 
Figure 4. (a) Percentage Bioavailability of magnesium from magnesium sulfate and citric acid magnesium samples at different 

ratios; (b) percentage bioavailability of each of iron, zinc and magnesium in the different combinations 
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Table 2. Percentage Bioavailability of each mineral in the different combinations 

(samples having same character are considered statistically similar) 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

Magnesium chelation occurred at different ratios (1:1, 1:2, 1:3 and 1:4) thus at equimolar and in samples where 

magnesium was present in excess. Free citric acid was present in these samples except for 1:4 ratio. Thus, the optimum 

ratio for citric magnesium chelation is 1:4. The three peaks in NIR at 6800, 6370 and 5150 cm⁻¹ which were useful in 

proving citric iron chelation, showed to be also convenient in the case of magnesium also. Bioavailability analyses of the 

samples showed no significant difference (p>0.05) between them and magnesium sulfate and among each other. Citric acid 

has no enhancing effect on magnesium. Thus, development of methods able to study the fraction of magnesium transported 

to the tissues is needed to better estimate the potential benefits of each used form instead of just studying its bioavailability. 

In the interaction assay, magnesium inhibited iron and zinc in both the sulfate form and the chelate form. Similarly, iron 

and zinc affected the bioavailability of each other negatively in both cases. However, the extent of inhibition was 

significantly lower in the chelate form in all samples when compared with the sulfate form.  The bioavailability of 

magnesium on the other hand was reduced in the sulfate form only in the presence of zinc whereas in the chelate form, 

even though not significantly different but both iron and zinc decreased its bioavailability. Inhibition of magnesium due to 

iron and zinc was more pronounced in the chelate form. Therefore, the use of chelates is highly beneficial when double or 

triple fortification are needed. 
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Studying the Effect of pH and Molar ratio on Glycine-Iron Chelation 

 

Abstract 

Glycine iron chelates are widely produced with various methods to be used as iron supplements, however the optimum 

conditions for chelation are not yet established. In this study, we have studied the effect of pH and molar ratio on glycine 

iron chelation using high performance liquid chromatography (HPLC), flame atomic absorption spectroscopy (FAAS) as 

well as near-infrared spectroscopy (NIR). Results show that crystallization and precipitation cannot be used for chelation 

since the obtained solid is just the unreacted part. In contrast, chelation occurs in the solution with a great impact of the pH 

and molar ratio. The optimal conditions for glycine iron chelation are an equimolar ratio at initial pH of the sample (around 

4.5) where the chelate consisted 72% of the sample followed by 70% for the sample having molar ratio Gly:Fe 1:4 at 

isoelectric pH (around 6). NIR has demonstrated to be beneficial in proving chelation.   

Keywords: glycine; chelation; iron deficiency; pH; molar ratio 

 

1. Introduction 

Anemia is a medical issue where the number of red blood cells or the concentration of hemoglobin is lower than the 

specified limit. According to the latest reports of the world health organization (WHO), 1.6 billion people are anemic 

worldwide, with more than 6 million having iron deficiency anemia (IDA), in addition to 570.8 million women of 

reproductive age and 269 million children suffering from anemia (Kumar et al., 2022; WHO, 2021, 2022). Undoubtedly, 

covid-19 diverted the plans and programs of organizations and caused a delay in achieving one of the sustainable 

development goals (SDGs) targets “the elimination of malnutrition in all its forms”(WHO, 2022). IDA is a type of anemia 

caused by a lack of iron either due to insufficient intake, or absorption of iron from the diet or due to blood loss or 

pregnancy. IDA could be reduced through the intake of iron tablets as supplements or the consumption of iron-fortified 

food (Kumar et al., 2022).  Food fortification with iron has proved to be a valuable and practical tool to combat iron 

deficiency, but its limitation is adding the optimum bioavailable iron source without affecting the organoleptic properties 

of the food. One of the innovative fortifiers produced is iron chelates, especially through amino acids more precisely 

glycine (Mattar et al., 2022). The simplest amino acid, glycine, which does not have a side chain, is commonly chosen for 

its prototypical chemical properties, with low molecular weight, and ability to form chelate rings with wide range of metal 

ions. All these properties beside having a low price make it a popular pharmaceutical excipient (Chen et al., 2007; 

Henriksen et al., 2016; Yu & Ng, 2002; Zhang et al., 2017).  

Different methods for the production of glycine-iron complexes were developed. (Yunarti et al., 2013) have produced 

glycine iron chelates by crystallization method of a mixture of glycine and iron with a molar ratio of 10:1 and a pH of 

around 4, the obtained crystals were considered the chelates. Whereas (Zhang et al., 2017) have prepared Fe-glycine 

complexes through a novel method where a mixture of glycine and iron in a 2:1 ratio and a pH value of 6 was treated with 

pulsed electric field and the chelate was the precipitate separated by the addition of ethanol and centrifugation. To our 

knowledge and reviewing the published research regarding the preparation of glycine-iron complexes, until now, neither a 
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fixed molar ratio nor a specific pH value was assigned to be considered as the optimum conditions needed to produce these 

chelates. These factors highly influence the chelation reaction, especially that in our previous work (Mattar et al., 2023), 

the molar ratio shifted the reaction of citric acid and iron towards either formation of citric acid-iron chelates or citric acid 

dimers. Thus, our current research aims to study the effect of molar ratio and pH on the chelation of iron by glycine to be 

used as an iron fortifier, as well as to find the optimum conditions to produce these chelates and to investigate the ability 

to use an easy and rapid method like NIR to prove chelation as an alternative to HPLC and ICP-MS. Besides comparing 

glycine-iron chelates to citric acid-iron chelates obtained in our previous work (Mattar et al., 2023).  

2. Materials and Methods 

2.1. Chemicals and Reagents  

Glycine (100%) was bought from VWR International whereas ferrous sulfate heptahydrate (min. 99.0%), sodium 

hydroxide NaOH (98%), and hydrochloric acid HCl (37%), were bought from Panreac Quimica SA. 

2.2. Preparation of the chelates, Optimization Step 

Glycine-iron chelates were prepared following the same protocol of the production of ferrous bis-glycinate described 

by (Yunarti et al., 2013); where glycine and FeSO₄.7H₂O were mixed in heat-resistant bottles with 100ml water, flushed 

with nitrogen gas and tightly closed. The bottles were continuously agitated for 24 hours at a temperature of about 50℃. 

After, they were transferred to the refrigerator for crystallization to take place. The bottles were monitored daily until 

crystallization occurred. Crystals were obtained after 10 days. Crystals were then separated from the solutions and left in 

open air to dry. Analyses were done for both the crystals obtained and the remaining solutions. The same amount of glycine 

and ferrous sulfate were prepared separately in water following the same procedure. In the protocol described by Yunart 

et. al., a molar ratio of glycine:iron of 10:1 and pH of 4 was prepared, however in our study, we aimed to investigate the 

effect of the molar ratio and the pH on glycine iron chelation. So at first, samples having three different molar ratios (10:1, 

10:3, and 1:1) at four different pH values (0.9, 2, 4, and 6) were prepared. The first molar ratio was reproduced as the 

protocol, the second (10:3) was chosen to study the ability to increase the iron content of the chelates, and 1:1 was chosen 

as the equimolar ratio. Whereas, the first pH value is less than the first pKa of glycine where all the carboxylic groups are 

protonated. pH 2 was chosen as the one near pKa1, to have a part of the carboxylic groups are deprotonated. Nonetheless, 

pH 4 between pKa1 and the isoelectric point of glycine was chosen in which the major part of the carboxylic groups will 

be deprotonated. pH 6 is where a slight increase in the pH from the isoelectric point was achieved to have all carboxylic 

groups deprotonated and all glycine molecules in the zwitter ion form. 

HCl and NaOH were used to adjust the pH to the required value. 

After conducting quantitative and qualitative analyses, it was found that new samples within the solubility range of 

glycine and ferrous sulfate need to be prepared to better comprehend the influence of the molar ratio on chelation and in 

order to be able to find the optimum ratio for glycine-iron chelation. The same procedure as for the previous samples was 

followed but with a concentration between 0.3M - 0.75M and a set of samples having molar ratios (1:1, 2:1, 3:1, 4:1, 1:2, 

1:3, and 1:4) at three different pH values were prepared. The three different pH values were chosen as follows, pH0 which 

is the original pH of the sample (between 3.5 and 4.5) and two modified pH values, pHa as the acidic pH of around 1 and 

pHl as the isoelectric pH of around 6. In the first four samples, the amount of ferrous sulfate was fixed and the amount of 

glycine was increased proportionally contrary to the last three samples where the glycine amount was fixed as in the 1:1 

sample and that of ferrous sulfate was increased. In this case, we can better compare the samples and the findings will be 
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just due to the reaction occurring not due to solubility or concentration leading to the precipitation and crystallization. In 

all these new samples no crystallization occurred, so the solution was used for analyses. These molar ratios were chosen 

with the same number of moles as for citric-iron samples produced in our previous study (Mattar et al., 2023) so that a 

comparison between the two ligands could be addressed. 

Part of the liquid samples was dried in the oven at 50℃ (same reaction temperature) until the mass became stable. Further 

analyses were done for the resulting dried parts.  

2.3. Spectral and Chromatographic Analysis: 

2.3.1.Flame Atomic absorption spectroscopy (FAAS)  

In order to quantify the amount of iron present in each part of the sample in the first set of glycine iron samples, FAAS 

was done for the solutions of the obtained crystals dissolved in distilled water and for the solutions remaining after 

crystallization. Varian SpectrAA-110 Atomic Absorption Spectrophotometer (Chicago, USA) equipped with deuterium 

lamp background correction, hollow cathode lamps (HCL), and oxygen-rich air-acetylene flame was used; the conditions 

applied for Fe detection were a wavelength of 248.3nm, a flow rate of acetylene 1.5 l/min., and 3.5l/min. airflow. HCL 

lamp current of 10 mA, slit width of 0.2nm, and a measurement time of 8 sec (Niedzielski et al., 2014). All the samples 

were diluted to meet the detection limit of the spectroscope and analysis was done in triplicates. 

2.3.2.High performance liquid chromatography (HPLC) 

HPLC was used for two distinct purposes. The first was to quantify the respective amounts of glycine in the crystal and 

in the remaining solution of each sample where analysis was done for the same samples as with FAAS. The second purpose 

was to prove chelation through the presence of a third peak corresponding to the complex as it was proved by (Henriksen 

et al., 2016), and to quantify the amount of free glycine remaining after chelation. This measurement was done using 

Beckman (Krefeld, Germany ) (110B, 156 Refractive Index Detector, and columns Nucleosil 120 C18 (125 x 4 mm, 3 μm) 

Scharlab (Sentmenat, Spain) following the protocol developed and validated by (Henriksen et al., 2016). Stock standard 

solution of glycine was prepared by deionized water, then the various standard solutions were obtained from appropriate 

dilutions of the stock. The unknown free glycine concentration in the samples was determined from the area of the peak, 

correlated with that of the peak obtained from the set of standard solutions. Analysis was done in triplicates. 

Calibration curve: y = 262.067x – 12.666, R2 = 0.996, LOD = 1.28g/l and LOQ= 3.88g/l.  

2.3.3.Near Infrared Spectroscopy (NIR) 

Thermo Scientific™ Antaris™ II FT-NIR Analyzer (Madison WI, US) was used qualitatively in order to detect any 

changes in the structure. The solid sample was loaded in the sample holder and spectra were recorded from 4000 to 10000 

cm⁻¹ with 8 cm-1 spectral resolution and 32 scans were accumulated every time to improve the signal-to-noise ratio (Frost 

et al., 2005). Background data were collected every half an hour. All spectra were acquired at room temperature. In order 

to prove chelation through structural changes, NIR was done for samples containing only glycine or only ferrous sulfate 

and for the samples containing both. Due to the high sensitivity of water in the infrared region, the obtained dried parts of 

the solutions and the respective obtained crystals were measured through these techniques. 

2.4. Statistical Analyses 

Statistical analyses for the quantitative results were done using IBM SPSS Statistics version 23.0. The main purpose of 

the analyses was to check if the difference between the samples is statistically significant. One-Way ANOVA was used to 
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determine whether there are significant differences between the means of the samples having different ratios at different 

pH values. Post hoc test (Tukey HSDᵃ) was conducted after getting significant difference to know where this difference 

truly came from. Values of P < 0.05 were taken as being statistically significant. Samples having same letter in the figures 

were proven statistically similar.  

3. Results and Discussion 

3.1. Analyses of the first set of samples (10:1, 10:3, and 1:1) at pH (0.9, 2, 4, and 6) 

3.1.1.Observations 

Table 1 shows which samples have crystallized and the color of the crystals obtained. Glycine alone as well as glycine 

iron in the three different ratios did not crystallize at the first pH of 0.9 (Row 1). At this pH all the carboxylic groups are 

protonated and also the presence of high amounts of HCl might have interfered with the structure of glycine especially that 

the presence of high amounts of HCl increases the solubility of glycine (Pradhan & Vera, 1998). Moreover, at pH 2 (Row 

2) which is the pH where a part of the carboxyl group of glycine is deprotonated, all the samples crystallized but the color 

of the crystal was noticeably different. Glycine alone and the sample Gly:Fe 10:1 formed white crystals whereas, Gly:Fe 

1:1 formed green crystals and Gly:Fe 10:3 formed heterogeneous white and green crystals. The three samples containing 

iron (Row 3) had initial pH of 4, so in these samples neither HCl nor NaOH was added, but only 10:1 sample crystallized, 

Gly:Fe 1:1 and 10:3 did not crystallize. The only difference between these samples is the amount of iron, so the absence 

of crystal formation in 1:1 and 10:3 is due to the presence of more iron relative to glycine thus interfering in its physical 

properties. Moreover, sample Gly:Fe 1:1 had initially pH 4 so neither HCl nor NaOH was added whereas at pH 2 HCl was 

added, thus crystallization could be interpreted due to the presence of small amounts of HCl leading to the formation of 

diglycine HCl and iron chloride (Yu & Ng, 2002). At pH 6 (Row 4), all samples except Gly:Fe 10:3 crystallized. NaOH 

was added to the samples containing iron in order to reach this pH. Thus the crystallization of Gly:Fe 1:1 at this pH could 

be due to the presence of NaOH. But Gly:Fe 10:1 has crystallized at all pH values except 0.9 so this crystallization could 

be due to the ratio and content of the sample since Gly:Fe 10:3 did not crystallize at pH 4 and 6. The only difference 

between Gly:Fe 10:1 and 10:3 is that the later contains triple the amount of iron. Therefore, if the obtained crystals of 10:1 

are the chelates, then adding more iron must either produce chelates having more iron content or at least produce the same 

chelate of 10:1 while leaving the excess iron in the remaining solution. Not obtaining any of these precipitates, opens to 

doubts regarding the formed crystals.          

 

Table 1. State of crystallization and color of crystal for each sample (shaded cells correspond to samples where neither NaOH nor HCl was added 

to reach the respective pH value)  

 

       Sample 

       pH 
Glycine alone 

Gly:Fe 

1:1 

Gly:Fe 

10:1 

Gly:Fe 

10:3 

0.9 No No No No 

2 Yes (white) Yes (green) Yes (white) 
Yes (heterogeneous 

green and white) 

4 Yes (white) No Yes (tinted white) No 

6 Yes (white) 
Yes (brownish 

green) 
Yes (white)  No 
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3.1.2.Quantitative Analyses of glycine and iron in both the crystals and the remaining solutions 

Figure 1 shows the average amount of iron and glycine in both the crystals and the solutions as w/w and w/v 

respectively. It is clear that the proportion of glycine is higher in the crystals than in the solutions. Moreover, when 

comparing glycine amount in the solutions, it is also higher than iron in all the samples. Whereas variability is detected 

when observing the amount of iron in either the crystal or the solution. Samples 1:1pH 2, 1:1 pH 6 and 10:3 pH 2 have the 

major part of iron and glycine in the crystals. Contrary to the three samples of 10:1 at pH 2, 4 and 6 where the major part 

of iron is in the solution but that of glycine in the crystal. This fits well with the color of crystals described in Table 1, 

where in the first three samples, the green and brown colors correspond to the color of iron depending on its oxidation 

state. Whereas in the last three samples, the crystals were white indicating the dominance of glycine, fitting well with the 

negligible amounts of iron in their respective crystals. Thus, we can say that the crystals of 10:1 at the three different pH 

values are mainly glycine with some traces of iron. In contrast, to the crystals of 1:1 at pH 2 and 6 as well as 10:3 at pH 2 

which are a mixture of iron and glycine. Considering the quantitative results of the solutions, it is clear that all the samples 

contain both glycine and iron but the respective amounts are influenced by either the pH, the ratio or both.  

(Akers et al., 1995; Yu & Ng, 2002) have deeply studied the effect of pH and ionic strength on the crystallization of glycine 

and the formation of different glycine salt. It was found that minor changes in formulation conditions have profound effects 

on the physical chemistry of glycine. Moreover, (Yu & Ng, 2002) have found that adjusting the pH of glycine solutions by 

either HCl or NaOH (pH range 1.7-10) has caused the crystallization of glycine as two polymorphs of neutral glycine (α 

and γ) and three glycine salts (diglycine HCl, glycine HCl, and sodium glycinate). Besides, glycine crystallized as α-glycine 

from solutions without pH adjustments. These outcomes are specifically important in understanding the reason behind the 

crystallization of each sample and the differences shown within different ratios or different pH values.  

All these findings could allow us to comprehend that the crystals obtained could be just impure crystals of either iron, 

glycine or both that have precipitated as a matter of solubility or pH changes rather than the formed chelates especially that 

ferrous sulfate alone and glycine alone may precipitate. This assumption, contradicts the findings of (Chen et al., 2007; 

Jacob et al., 2022; Qadir et al., 2014; Yunarti et al., 2013)  where either the crystal or the precipitate was considered the 

chelate, whereas similar results were found in our previous work (Mattar et al., 2023) with citric acid where the obtained 

precipitates were impure crystals of ferrous sulfate. In order to confirm these findings and to prove or not whether these 

crystals are chelates or impure precipitates of iron and glycine, NIR spectroscopy was done in addition to using HPLC 

qualitatively to check for a third peak at an extended retention time corresponding to the chelate as was proved by 

(Henriksen et al., 2016). 

Crystals 
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Figure 1. Amount of iron (from FAAS) and glycine (from HPLC) in both solutions and obtained crystals of the different samples 

3.1.3.Qualitative Analyses using HPLC 

(Henriksen et al., 2016) have developed and validated a method to prove chelation through HPLC, where they found 

that the retention time of glycine is 2.89 min., that of the chelate is in the range 8-10 min., whereas that of the metal ion 

was found to be in the range 14-16 min.. This method was applied to all samples, the solutions and the obtained crystals, 

results are presented in Table 2. A slight shift in the retention time was noticed. Samples containing only glycine, both the 

obtained crystals and the remaining solutions showed 2 peaks at around 2.5 min. and between 8-9 min. corresponding to 

free glycine and to either the dimers of glycine or glycine HCl. The same peaks were obtained for the crystal of 10:1 at pH 

2, further validating that the obtained crystal is glycine. In the same context, the crystals of 10:1 at pH 4 and 6 exhibited 

only one peak at 2.5 min. corresponding to glycine. Thus, all the obtained crystals from 10:1 ratio are just crystals of 

glycine, fitting well with the observed color (white) and with quantitative results of FAAS and HPLC where the amount 

of iron was found to be negligible whereas glycine amount was around 1g/g of crystal. On the other hand, the crystals of 

1:1 at pH 2 and 6, and of 10:3 at pH 2 showed three peaks at 2.5, between 8-9 min. and another peak at around 14.5 min. 

revealing the presence of glycine, dimer of glycine or glycine HCl and the excess metal which is iron here (Henriksen et 

al., 2016).  The presence of the peak at 14.5 min. shows the presence of excess iron that has crystallized with glycine 

without forming a chelate, further validating the quantitative results discussed in section 3.1.2 and the observed colors in 

Table 1 proving these crystals as physical mixtures of glycine and ferrous sulfate. (Miller et al., 2015) mentioned that 

unreacted dry blends of metals and ligands are sometimes misinterpreted as chelates where in reality they are only mixtures 

of the used reactants. 

Now considering the remaining solutions of all glycine iron samples, samples 10:1 at the four pH values, as well as 

10:3 at pH 2 and 4 comprise also the three peaks at 2.5 for free glycine, within 8-9 min. for dimers or glycine HCl as well 

as the metal peak between 13 and 16 min. denying the occurrence of chelation in these samples and showing that they are 

just mixtures of dissolved glycine and ferrous sulfate in aqueous solutions. Only 10:1 at pH 6 has additional peak at around 

4.5 min. corresponding to sodium glycinate due to the presence of NaOH in this sample. Interestingly, Gly:Fe 1:1 at pH 6 

includes these same four peaks but also a  large fifth peak at 11.76 min., which could be correlated to the glycine iron 
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chelate. This indicates that this sample contains the chelate together with free glycine, glycine dimers or glycine HCl, 

sodium glycinate and free iron. The range 8-10 min. assigned by (Henriksen et al., 2016) is shifted to be 11 -13 min in the 

present study. A shift in the retention time of HPLC is common and the use of different apparatus, column or flow among 

others could cause this change. Remarkably, the remaining solutions of samples 1:1 at pH 0.9, 2, and 4 all encompass only 

three peaks at 2.5, 8-9, and at around 11.5 min. the first two corresponding to glycine whereas the last one corresponds to 

the chelate. Moreover, 10:3 at pH 0.9 and 6, have the same peaks, but the chelate peak is shifted to around 12.7 min. and 

the peak at 4.5 min. corresponding to sodium glycinate is also present in the chromatogram of 10:3 pH 6. This shows that 

these samples do not contain unreacted metal either since the excess has crystallized like in 1:1 pH 2 and 6 or since the 

conditions were favorable to chelate all the iron present like in samples 1:1 pH 0.9 and 4 as well as 10:3 at pH 0.9 and 6. 

The slight shift in the retention time is noticed where the values were 11.5, 11.7 and 12.7 thus in the range of 11-13 min. 

This change in the retention time could be due to differences in the chelates. So in these 6 samples where the chelate peak 

is present, we can conclude that chelation has occurred. Taking the area of this peak into consideration we can say that 

sample 1:1 at pH 4 has the largest area, followed by 1:1 at pH 6, 10:3 at pH 6, 10:3 at pH 0.9, 1:1 at pH 2 and 1:1 at pH 

0.9 having the smallest peak area.  

In the samples where crystallization has occurred, the amounts of glycine and iron present in the remaining solution 

are different from the initial amounts, thus another set of samples discussed below (section 3.2) was prepared in amounts 

within solubility range to avoid precipitation. 

Table 2. Peaks obtained by HPLC and their retention time for all samples with different molar ratios at different pH values 

 

Sample Retention time of the obtained peaks (min.) 

pH=0.9 Glycine alone  2.49   9.02   

pH=2 Glycine alone 2.52  8.92    

pH=2 Glycine alone 

crystal 
2.55  8.94    

pH=4 Glycine alone 2.55      

pH=4 Glycine alone 

crystal 
2.55  8.47    

pH=6 Glycine alone 2.55  8.25    

pH=6 Glycine alone 

crystal 
2.55  8.10    

pH=0.9 (1:1) 2.27  8.92  11.74  

pH=0.9 (10:1) 2.37   9.14  14.21 

pH=0.9 (10:3) 2.36   9.11 12.75  

pH=2 (1:1) 2.36  8.94  11.43  

pH=2 (1:1)  

crystal 
2.64   9.01  14.68 

pH=2 (10:1) 2.41   9.06  14.41 

pH=2  (10:1)  

crystal 
2.58  8.64 8.96   

pH=2 (10:3) 2.42   9.08  13.64 

pH=2 (10:3) 

 crystal 
2.62  8.99   14.86 

pH=4 (1:1) 2.37  8.92  11.33  
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pH=4 (10:1) 2.42  8.38 9.07  14.25 

pH=4 (10:1) 

 crystal 
2.55      

pH=4 (10:3) 2.36  8.18 9.02  14.29 

pH=6 (1:1) 2.41 4.54 8.95  11.76 14.85 

pH=6 (1:1)  

crystal 
2.65   9.00  14.48 

pH=6 (10:1) 2.43 4.72 8.33 8.91  14.39 

pH=6 (10:1)  

crystal 
2.55      

pH=6 (10:3) 2.35 4.66 8.97  12.88  

3.1.4.Qualitative Analyses using NIR 

Figure 2a shows the NIR spectra of glycine crystals at the three different pH values (2, 4, and 6). The effect of pH is 

clearly expressed in the corresponding spectra, the peaks presented in the glycine spectra having pH values of 4 and 6 are 

similar with a notably increased intensity in the region 6800-4000 and decreased intensity in the region 6800-10000 with 

increasing pH. Whereas the spectra of glycine at pH 2 show differences when compared with the previous two, in which 

shifting of the peak at 6100 cm-1 and disappearance of peaks at 5970 and 5850 cm-1 are noticed.  The peaks in this region 

correspond to the first overtone of C-H stretching, and CH2 thus showing structural differences between the samples at pH 

4 and 6 and that at pH 2 (Grabska et al., 2017; Guide for Infrared Spectroscopy, 2009). Whereas the peak at 4770 cm-1 is 

intense at pH 6 but its intensity is reduced at 4 and 2. (Bai et al., 2004) assigned this peak to N-H stretching vibration in 

glycine, thus revealing the effect of pH on the amino group of glycine. Furthermore this region also corresponds to 

stretching of C=C and C=O, as well as to OH combination, thus both the carboxyl group and the amino group are expressed 

in this region and both are affected by the pH of the medium (Grabska et al., 2017; Krongtaew et al., 2010). Nonetheless, 

(Bai et al., 2004) showed that the peaks in the region 4400-4100 cm-1 and their intensities indicated the level of crystallinity 

of glycine, thus in this study glycine at pH 6 has the most crystalline structure whereas at pH 2 it has the least.  

Figure 2b shows the NIR spectra of the obtained crystals at pH 2. The spectra of the crystal obtained from sample 10:1 

shows the most similarities with that of glycine whereas the other two samples (1:1 and 10:3) are totally different. This fits 

well with the quantitative and qualitative results of HPLC where this crystal was proved to be an impure crystal of glycine. 

In the other two samples, the peaks present in the region 10000-7000 cm-1 are absent, these peaks are mainly for the skeletal 

structure of glycine. Moreover, the peaks in the region 7000-4000 cm-1 are highly influenced by the two peaks present in 

ferrous sulfate alone at 5138 and 6920 cm-1 (Frost et al., 2005; Mattar et al., 2023) in which only some peaks in the region 

4000-5000cm-1 resemble glycine. Thus, further validating these crystals as physical mixtures of glycine and ferrous sulfate 

especially that they have a green color.  

Figure 2c presents the NIR spectra of glyine and the crystal obtained from 10:1 at pH 4 as well as glycine and the 

crystals obtained from 1:1 and 10:1 at pH 6. It was discussed before that glycine alone at pH 4 and pH 6 are similar and 

that the only difference is in their level of crystallinity. Observing the spectra of the crystals obtained from the different 

glycine iron samples, we find that the spectra of crystals of 10:1 at pH 4 and 6, both have the same peaks that are also 

present in glycine alone and the only difference is in the intensity. Further validating the absence of iron from these crystals 

previously proved by FAAS and HPLC and confirming them as excess glycine that has crystallized. In contrast, the 

spectrum of the crystal obtained from 1:1 sample is different than the ones obtained from 10:1 at pH 4 and 6, but is similar 

to those obtained at pH 2 of samples 1:1 and 10:3 (Figure 2b), with two intense peaks highly resembling those present in 
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ferrous sulfate alone and some peaks in the region 5000-4000 cm-1 corresponding to the skeletal structure of glycine (Bai 

et al., 2004; Guide for Infrared Spectroscopy, 2009).  

The results of the different techniques used validate one another, confirming that the obtained crystals are not the chelates, 

but instead are just the precipitate of the excess reactants. Moreover, HPLC showed that chelation has occurred in the 

solutions of some samples similar what was obtained in our previous study for citric acid where chelation occurred in the 

solution and the obtained crystals were just impure forms of ferrous sulfate (Mattar et al., 2023). To our knowledge, similar 

results were obtained with (Henriksen et al., 2016) where they proved that the chelates are present in the solution and they 

considered the solid permeate as the unreacted part contrary to all the other methods where the obtained precipitate or 

crystal was considered as the chelate (Chen et al., 2007; Jacob et al., 2022; Qadir et al., 2014; Yunarti et al., 2013). (Ghasemi 

et al., 2012; Zhang et al., 2017) have also obtained the chelates in the liquid form but either dried the whole solution or 

used ethanol and centrifugation to precipitate them. Thus, suggesting the presence of excess free reactants or impurities 

with the produced chelates. 

 The remaining solutions could be dried and characterized by NIR, but due to the occurrence of precipitation of either 

glycine, iron or both, the present ratio will be different from the initial molar ratio; thus, the information inferred will not 

be relevant. For this purpose and due to all the above findings, a new set of samples within the solubility range was produced 

to prove the occurrence of chelation aside from crystallization due to solubility or any other physical parameter, and to 

accurately study the effect of pH and molar ratio on glycine chelation.  
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3.2. Analyses of the second set of samples Gly:Fe (1:1, 2:1, 3:1, 4:1, 1:2, 1:3, and 1:4) at (pHa= 0.9, pH0= 4 and pHl= 

6) 

The new samples were produced following the same procedure described above, however crystallization did not 

occur in any of the samples. Thus, the obtained solutions were used for HPLC analyses and part of these solutions was 

dried to be analyzed by NIR due to the sensitivity to water in the near infrared region.  

3.2.1. Determination of Chelation and free glycine by HPLC 

The same HPLC analyses done for the first set of samples were repeated with these new samples (Henriksen et al., 

2016), where free glycine was quantified and the obtained chromatogram was qualitatively analyzed for the presence of 

the chelate peak and any other constituents resulting from the reaction.  

Table 2 shows the retention time of all the peaks observed for the different samples. All the samples at the three different 

pH values possess the peak of the standard glycine at around 2.4 min. revealing the presence of free glycine in all the 

samples. Similar results were obtained by (Henriksen et al., 2016) in their pre-formulation of chelates of different amino 

acids (glycine, valine, alanine, glutamine, and glutamic acid) with either sodium, potassium, magnesium or calcium, where 

excess free amino acids were present in all samples. Nonetheless, peaks at retention time between 8.5 and 9.3 min. were 

also present in all samples, these peaks could correspond to oligomers of glycine (dimers or trimmers) or in the acidic pH 

and due to the presence of HCl these peaks could show also diglycine HCl. Moreover, only at pHl, a peak between 4 and 

4.6 min. is present beside the previous ones, this peak correspond to sodium glycinate and is formed due to the presence 

of NaOH to increase the pH exclusively in these samples. (Yu & Ng, 2002) found similar results when studied the effect 

of pH adjusted by HCl and NaOH on glycine where different forms of neutral glycine and glycine salts were formed. Thus, 

all these forms of glycine represented by these three peaks count to the fraction of glycine that was not involved in the 

chelation. Nevertheless, the peak between 11 and 13 min. described above and assigned to be the peak demonstrating 

chelation is present in some samples and absent in the rest. This signifies that chelation was not achieved in all ratios and 

at the three pH values. On the other hand, the peak between 13 and 16 min. assigned to free metals is also present in some 

samples and absent in the others. This peak is present in all the samples where the peak of chelation is absent, indicating 
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that these solutions are just physical mixtures of different forms of glycine with metals. Interestingly, some of the samples 

having the peak of chelation also exhibit this peak, implying the presence of excess free metals together with the chelate 

(Henriksen et al., 2016). Alternatively, the rest of the samples containing the chelation peak lack the peak between 13 and 

16 min. demonstrating that all the present iron is existing in the chelate form.   

The two samples at the acidic pH 1:1 and 1:2 as well as the six samples at initial pH and isoelectric pH containing 

higher proportion of glycine to iron 2:1, 3:1, and 4:1 did not form chelates, thus indicating that these molar ratios at the 

specified pH values are not favorable for chelation. Instead, glycine formed either different oligomers or salts leaving iron 

freely soluble in the solutions. It could be interpreted that at acidic pH, the low amounts of both glycine and iron did not 

induce chelation, however the higher amounts of glycine at both initial and isoelectric pH enforced oligomerization of 

glycine but not at acidic pH (around 1) fitting well with the outcomes of (Sakata et al., 2010) where dimerization rate of 

glycine was found to be the same in the pH range 3-7.   

Furthermore, at the acidic pH (pHa), glycine-iron chelates were formed in samples 1:3, 1:4, 2:1, 3:1, and 4:1 but also 

free iron was present. It was believed that chelation does not occur at acidic pH (Case et al., 2021) until it was shown to be 

possible through studies conducted by (Mattar et al., 2023; Sousa & Silva, 2005). Moreover, (Rega et al., 1998) reported 

that the neutral structure of glycine is preferred over the cationic one even at pH 1. Thus, these samples contain all the 

possible outcomes of the mixture of glycine and iron, the chelates, free glycine, free iron and different forms of glycine. In 

contrast, at initial pH (pH0), no free iron was present in all the samples where chelation occurred (1:1, 1:2, 1:3, and 1:4) 

therefore, all the added iron was chelated under these conditions.  At isoelectric pH (pHl) however, 1:3 and 1:4 were similar 

to those at initial pH where all the present iron was chelated, whereas 1:1, and 1:2 were similar to those at acidic pH 

containing part of iron that is chelated while the other is still free. It is worth mentioning that the samples 1:1 and 1:2 have 

lower amount of iron initially than 1:3 and 1:4, yet free iron was detected whereas in the latter two no. this could be 

interpreted to the preference of glycine to form oligomers and sodium glycinate besides chelation, while higher amounts 

of iron favored chelation and only the excess glycine was then involved in different arrangements.     

Quantitatively, the amount of free glycine was calculated from the peak area after interpolating it with that of standard 

glycine. The problem is that only the pure form of glycine was quantified, whereas the amount of glycine forming oligomers 

and other salts could not be known due to the lack of a standard where in fact all these forms of glycine are considered the 

unreacted part making it unfeasible to compute the exact amount of glycine participating in chelation in each sample. 

However, taking the average of the area of the peak assigned for chelation of the triplicates, the chelated samples were 

arranged from the one containing the highest chelate amount to the least as follows: pHl 1:4 > pHl 1:3 > pH0 1:1 > pHa 2:1 

> pHl 1:2 > pHl 1:1 > pH0 1:2 > pH0 1:4 > pH0 1:3 > pHa 3:1 > pHa 1:4 > pHa 1:3 > pHa 4:1. The decreasing order regarding 

chelate peak are presented as superscripts from 1 to 13 in table 2.  

Nonetheless, in order to know the proportion of the chelate present in each sample, the average of the area of chelation 

peak was divided by the average of the sum of the areas of all the other peaks. Results are shown as percentages in figure 

3, samples having the same letter are proved to be statistically similar. The sample 1:1 at pH0 has the highest chelate 

percentage (72.01%) followed by 1:3 at pHl (70.47%) which is statistically similar to 1:1 at pH0 and 1:4 at pHl (66.86%). 

The lowest chelate percentage is found in samples at acidic pH with the lowest is 4:1 (31.56%). Chelation yields are found 

in literature to be between 60-90%, whereas (Henriksen et al., 2016) reported 83% and 82% for glycine chelation with 

calcium and magnesium respectively. Though, (Zhang et al., 2017) got yields ranging from 34.1% to 81.2% for glycine 

iron chelation without heat and by PEF treatment respectively. Thus the yields obtained in the current study are in the same 

range with the samples at acidic pH having ratios 1:3, 1:4, 3:1 and 4:1 and the sample 1:2 at isoelctric pH where they 
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recorded lower percentages are equivalent to the yield obtained by (Zhang et al., 2017)  without heating and was considered 

as the control.  

From all the above findings we can say that the molar ratio 1:1 at the initial pH has the highest chelate proportion and 

lowest impurities, however the sample 1:4 at the isoelectric pH contain the highest iron amount in the chelate form per 

volume. But taking into consideration that this sample contains NaOH in its preparation resulting in sodium glycinate as 

well as having more free glycine and its oligomers, makes the sample 1:1 at the initial pH preferred due to several aspects 

like chelate purity, absence of NaOH thus making it more natural as well as from the economic point of view. Although 

glycine is considered a highly safe substance, (Eisenhut et al., 2007; Shibui et al., 2013) have reported the possible toxicity 

of glycine when taken in very high amounts or accumulated in the tissues with LD50 in rats= 7930mg/kg and NOAEL = 

2000mg/kg/day. Thus using a glycine-iron chelates containing less free glycine will be preferred especially that in all the 

previous studies these chelates were produced in a way that glycine was always added in excess to ensure the occurrence 

of chelation (Byrne et al., 2021; Jacob et al., 2022; Souri, 2016; Yunarti et al., 2013; Zhang et al., 2017).  

 

Table 3. Peaks obtained by HPLC and their retention time for all samples at acidic pH (pHa), initial pH (pH0) and isoelectric pH (pHl) 

 

Sample Retention time of the obtained peaks (min.) 

pHa 1:1 2.40  8.73 9.22  15.84 

pHa 1:2 2.39  8.53 9.14  15.97 

pHa 1:3 2.35   9.12 12.64 12 15.48 

pHa 1:4 2.33   9.10 12.38 11 15.69 

pHa 2:1 2.47   9.18 12.81 4 15.79 

pHa 3:1 2.40   9.18 12.06 10 15.73 

pHa 4:1 2.43   9.17 13.11 13 15.51 

pH0 1:1 2.47   9.00 12.35 3  

pH0 1:2 2.43  8.93  11.47 7  

pH0 1:3 2.37  8.95  11.45 9  

pH0 1:4 2.33  8.93  11.39 8  

pH0 2:1 2.51   9.10  13.51 

pH0 3:1 2.45   9.06  13.97 

pH0 4:1 2.49   9.01  14.71 

pHl 1:1 2.47 4.57  9.02 12.66 6 15.71 

pHl 1:2 2.42 4.32 8.96  11.61 5 16.13 

pHl 1:3 2.36 4.22 8.81  11.36 2  

pHl 1:4 2.33 4.06 8.82  11.32 1  

pHl 2:1 2.50 4.63 8.97   13.81 

pHl 3:1 2.45 4.63  9.01  14.36 

pHl 4:1 2.48 4.65  9.01  14.71 
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Figure 3. Percentage of chelate from total in each sample (samples having same letter are statistically similar) 

3.2.2. Near Infrared Analyses (NIR)  

Figure 4a shows the NIR spectra of the samples where chelation has occurred at initial pH and isoelectric pH, whereas 

Figure 4c represents those at acidic pH while Figure 4b denotes the samples where chelation has not taken place at the 

three different pH values. First, observing the spectra of samples containing chelates at initial and isoelectric pH, we can 

indicate two major peaks appearing at around 6830 cm-1 and 5150 cm-1, a low intensity wide peak at 6300 cm-1 and some 

minor peaks in the region 4700-4000 cm-1. These peaks are of great interest especially that the region around 6830 cm-1 

corresponds to the second overtone of ROH, CONH2, and CONHR, thus all the functional groups of glycine appear in this 

region. Moreover, the peak at 5150cm-1 lies in the first overtone region of both RCO2R and CONH2 (Guide for Infrared 

Spectroscopy, 2009; Krongtaew et al., 2010). Nonetheless, the peak at 6300cm-1 is the peak assigned for the ligand-to-

ligand charge transfer (Gandara et al., 2018), thus is the peak that gives information regarding dimerization and 

oligomerization. When comparing these spectra with those where chelation did not occur (figure 4b) the peak at 6830 cm-

1 was not expressed revealing that differences occurred on both the amino group and carboxyl group of glycine in the 

samples containing chelates. Furthermore, the peak at 5150 cm-1 (in figure 4a) was shifted to 5200 cm-1 (in figure 4b) and 

the highest intensity was for samples at acidic pH where the lowest for samples at isoelectric pH. Thus this peak which 

corresponds to first overtone of RCO2H mainly infers the presence of the protonated carboxyl groups (Guide for Infrared 

Spectroscopy, 2009). Moreover, (Kirchler et al., 2017) assigned the peak at 5150 cm-1 to the stretching of C=O and both 

the in phase bending and stretching of OH specifically in the carboxyl group; thus this shift explains the changes that 

occurred at these sites. Nonetheless, the peak at 6300 cm-1 is also present in all these samples (Figure 4b) but is more 

intense at acidic and initial pH than at isoelectric. This could be interpreted to the formation of more oligomers at the first 

two pH values whereas at the isoelectric pH and due to the presence of NaOH, glycine has participated in the formation of 

oligomers as well as sodium glycinate thus leading to decrease in the intensity of this peak. The region 5000-4000 cm-1 in 

the samples containing chelates is notably different from the samples where chelation did not occur. This region is mainly 

for the structural part of glycine. This change could be interpreted as the change occurring in the structure upon chelation, 

whereas the structure was preserved in the other samples. (Veettil & Wood, 2022) have reported the peak at around 2180nm 
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(~4587 cm-1) to the N-H bend second overtone and C-H stretch/C=O stretch combinations. Thus, the intense change 

observed in the spectra of the chelates further validates the changes occurring on the amino and carboxyl groups of glycine.  

In contrast the peaks corresponding to C-C, C-H and CH2 in this region, are more pronounced in samples lacking 

chelates and the highest intensities are for samples with ratios 3:1 and 4:1 at both pH values, this is expected since in these 

samples excess glycine is present and thus its structure should be expressed clearly. Now comparing the samples where 

chelation occurred at acidic pH (figure 4c), we can say that their spectra are different from those of samples containing 

chelates at initial and isoelectric pH (figure 4a) as well as those where chelation did not occur at the three pH values (figure 

4b) yet have some similarities with both. In these samples chelation has occurred but in a decreased fraction. Thus, the 

obtained spectra reflect their nature where chelates as well as all the other byproducts are present. The peak at 6830 cm-1 

is present in all the samples whereas the peak at 5150 cm-1 present in the chelated samples at the other pH values is shifted 

at acidic pH to become similar to that expressed in the samples where chelation did not take place. This is interpreted to 

the very low pH (1) as well as the presence of high fraction of protonated carboxyl groups due to the negligible amount of 

the chelate in these samples, thus being masked by the excess glycine and glycine HCl. This could also be confirmed by 

the highest intensity of peak at 6300 cm-1 in these samples compared to all the other samples; due to the presence of high 

amounts of glycine oligomers at acidic pH. (Sakata et al., 2010) have found that glycine oligomerization is constant within 

pH range 3-7 but increases at alkaline pH values, presence of  the ligand-to-ligand peak in high intensity at acidic pH of 1, 

is interpreted with the findings of (Yu & Ng, 2002) where they reported the production of diglycine HCl at pH 1.7.  

Moreover, the region 5000-4000 cm-1 confers the structural changes occurring in the excess glycine molecules due to 

the low pH. Thus in these samples the chelate is being masked by the impurities present. (Bai et al., 2004) have quantified 

the crystallinity of glycine through intensity of the peak at 2334 nm (~ 4285 cm-1), thus we can say that the samples 

containing free glycine and lacking chelates encompass higher crystallinity than the chelate structure. 

It is worth mentioning that these three peaks (6830, 6300, and 5150 cm-1) were highly useful in proving chelation of citric 

acid and iron in our previous work (Mattar et al., 2023), thus having these same peaks with glycine is highly important in 

validating the assignment of these peaks to prove the occurrence of chelation using a rapid, nondestructive and easy to use 

technique like NIR as an alternative to more complicated techniques like HPLC or ICP-MS. These findings could be 

especially beneficial for the development and validation of a PLS regression model to quantify the chelates using NIR.  
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3.3.Comparison between glycine-iron chelation and citric acid-iron chelation 

Comparing the chelates of iron with glycine to those with citric acid produced previously (Mattar et al., 2023), we can 

say that the optimum pH for both is the initial pH without the addition of any solution to adjust the pH but with glycine the 

initial pH is around 4.5 whereas with citric acid it is around 1. Nonetheless, the optimum molar ratio of glycine:iron at this 

initial pH is found to be 1:1 while for citric acid:iron it is 1:4. Nonetheless, chelation of iron by glycine at this ratio (1:4) 

together with 1:3 ratio was also achieved at isoelectric pH as well as initial and acidic pH but with less extent. Chelation 

of glycine was least at pHa and higher at initial and isoelectric pH but the level of chelation at the latter two pH values was 

dependent on the molar ratio. Similar to citric acid, glycine chelation was also determined by the molar ratio. From an 

industrial point of view, both citric acid chelates and glycine chelates are produced following the same method that is rapid 

and easy. However, citric acid is more widely used in the food industry as an additive compared to glycine and is cheaper. 

Another concern, could be adding both chelates to different food components and investigate the interactions and the 

compatibility of each to choose the best form for the optimum food vehicle. 
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4. Conclusion 

NIR and HPLC proved that glycine iron chelation has occurred in the liquid form and the obtained crystals or precipitate 

were just impure forms of the unreacted material. The pH and molar ratio highly affected the chelation of iron by glycine. 

The initial pH of each sample (around 4.5) as well as the isoelectric pH of glycine (6) were the values where the highest 

chelation has occurred whereas at acidic pH chelation was decreased and diglycine HCl were produced instead. Moreover, 

the molar ratios containing higher amounts of glycine, limited the chelation of iron and instead oligomers and glycine salts 

were produced. The best conditions for glycine iron chelation are either 1:1 ratio at initial pH or 1:4 ratio at isoelectric pH, 

providing equivalent amount of chelates, but taking into account the fraction of chelation in the sample and the absence of 

added NaOH in 1:1 at initial pH leads to excelling 1:4 at isoelectric pH. NIR spectroscopy proved to be highly beneficial 

in proving chelation. In vitro analyses for these samples are being conducted to study their bioavailability as well as to 

correlate bioavailability results with their structural characteristics.  
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Keywords: Mineral chelates; Crystallization; Dry blends; Excess unreacted part; Precipitates; Citric acid; Glycine 

Mineral chelates were produced since the 1950s and have gained great interest in recent years to be used as fortifiers 

due to their exceptional characteristics of being bioavailable, stable and with reduced effect on the organoleptic properties 

of food (Allen, 2002; Dary & Mora, 2013; Souri, 2016). Although they are widely produced and used, till now there is no 

unique protocol or production method to follow. Neither are there specific conditions that guarantee the occurrence of 

chelation nor the realization of the most stable chelate or the highest yield of the reaction. Nonetheless, the solid evidence 

that the obtained complexes produced using these different methods are real chelates or just physical mixtures of the ligand 

and the mineral or the unreacted dry blend is still missing (Miller et al., 2015; Souri, 2016).  

Therefore in this thesis iron chelates with citric acid and glycine were produced in different molar ratios (Cit:iron 1:1, 

1:2, 2:1 and 2:3; Gly:iron 1:1, 10:1, 10:3) in the same concentration range and following the method of crystallization used 

by (Yunarti et al., 2013). Citric acid complexes were only produced at initial pH (around 1) since huge amounts of sodium 

hydroxide were needed to increase the pH, due to the well-known buffer effect that citric acid incorporates, leading to the 

formation of iron hydroxide. On the contrary, glycine complexes were produced at four different pH values (1, 2, 4 and 6) 

in order to have different states of glycine according to its first pKa and its isoelectric point. Interestingly all citric iron 

samples and ferrous sulfate alone crystallized whereas citric acid alone did not crystallize at the same conditions. On the 

other hand at pH 1 neither the glycine iron samples nor glycine alone crystallized. (Pradhan & Vera, 1998) reported the 

increased solubility of glycine upon addition of high amounts of HCl. In contrast, at pH 2 all glycine iron samples and 

glycine alone crystallized. At pH values 4 and 6, glycine alone as well as the ratio 10:1 crystallized whereas ratio 1:1 only 

crystallized at pH 6 while 10:3 sample did not crystallize at these two pH values. From these observations and after 

conducting quantitative analyses using HPLC and FAAS to quantify either citric acid or glycine and the amount of iron 

respectively in both the obtained crystals and the remaining solutions (chapters 5 and 9), we found that these crystals are 

impure crystals of ferrous sulfate in the case of citric acid, and of glycine or both glycine and ferrous sulfate in the case of 

glycine. Moreover, qualitative analysis using NIR and FTIR confirmed these findings by the overlap of the spectra of these 

crystals when compared with the spectra of ferrous sulfate and glycine alone.  (Chen et al., 2007; Jacob et al., 2022; Qadir 

et al., 2014; Yunarti et al., 2013) have considered the obtained part from crystallization or precipitation as the mineral 

chelate where in fact they could be only obtained as a matter of insolubility similar to what our outcomes showed. To our 

knowledge, only (Henriksen et al., 2016) showed that the chelate was present in the solution while the permeate obtained 

from filtration was the unreacted part. Thus, crystallization occurred due to the high concentration of the solutions thus 

when crossing the solubility level, precipitation occurs. This could also be confirmed by the occurrence of crystallization 

only at specific pH values in glycine samples but not at the other values. In which it is due to the effect of either HCl and 

NaOH on the solubility of glycine and ferrous sulfate where minor changes in the conditions cause profound effects on the 

physical chemistry of glycine (Yu & Ng, 2002). 

Keywords: Iron chelation; Citric acid; Glycine; Molar ratio; pH; Functional groups; Oligomers; NIR; HPLC 

The remaining solutions could contain the chelates of iron by citric acid or glycine since it was proved by HPLC and 

FAAS that citric acid or glycine and iron were present in the solutions. But due to the crystallization of the excess glycine 

or ferrous sulfate, the amounts remaining in the solutions do not reflect the molar ratios prepared initially. Thus in order to 

be able to study the optimum conditions of chelation, new samples were prepared at different ratios (Cit:Fe or Gly:Fe 1:1, 
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2:1, 3:1, 4:1, 1:2, 1:3, 1:4) having concentration between 0.3M and 0.6M to assure that they are within the solubility range 

of all the reactants, thus eliminating any precipitation that could occur due to insolubility. These ratios were chosen in 

which the first one is the equimolar for the ligand and iron, then two sets with either increasing the ratio of the ligand or 

iron up to four times respectively. Glycine samples were studied at three different pH values (acidic pH 1, initial pH 4.5, 

and isoelectric pH 6). In the case of citric acid, results showed that chelation did occur at low pH and in the liquid form 

similar to the findings of (Sousa & Silva, 2005) where chelation capacity of citric acid at pH 1 proved to outperform EDTA, 

EGTA, CDTA as well as citric acid at higher pH values. The optimum ratio for citric acid iron chelation was proved to be 

1:4. At this ratio, NIR spectra presented in chapter 5, showed that no free citric acid is present through the intense decrease 

in the intensity of the peak at 6800 cm-1 corresponding to free OH bonds (Guide for Infrared Spectroscopy, 2009; 

Krongtaew et al., 2010) and in the peak at 5150 cm-1 assigned for in-phase bending of OH and C=O stretching (Grabska et 

al., 2017). Whereas in the samples where citric acid was in excess, dimerization was preferred over chelation, this was 

revealed via the formation of the broad peak at 6370 cm-1 assigned to ligand-to-ligand charge transfer (Gandara et al., 

2018). On the other hand, chelation also occurred in sample 1:3 but its NIR spectra showed different conformations 

especially regarding the peak at 5150 cm-1. These three peaks were found to be specifically important in proving chelation 

and giving information regarding the direction of the chelation occurring. 

 Alternatively, in chapter 9 it was shown that, glycine iron chelation occurred at the three different pH values, but was 

the least at acidic pH. At initial and isoelectric pH chelation was higher but highly depended on the molar ratio. HPLC 

results proved that the sample 1:1 at initial pH contained the highest fraction of chelates (72%) followed by sample 1:4 at 

isoelectric pH (70%). Free glycine was still present in all samples besides glycine salts in some samples (diglycine HCl 

and sodium glycinate) (Yu & Ng, 2002). In contrast to literature where excess glycine is always recommended in mineral 

chelation reactions (Byrne et al., 2021; Jacob et al., 2022; Souri, 2016; Yunarti et al., 2013; Zhang et al., 2017), our findings 

showed that in samples having molar ratios where glycine is higher than the mineral, chelation was limited and oligomers 

of glycine as well as different glycine salts were produced instead. Similar to what happened in citric acid samples where 

dimerization was favored over chelation in samples with higher amounts of citric acid. Thus, the conditions of the reaction 

in glycine iron chelation are interrelated in which different molar ratio was found to be optimum at different pH values. 

Taking into consideration that the sample at initial pH does not contain NaOH and has the least impurities, makes the ratio 

1:1 at this pH the optimum ratio for glycine iron chelation from safety, stability and economic aspects. Furthermore, the 

three peaks at 6800, 6370 and 5150 cm-1 appearing in NIR spectra and that were useful in proving chelation in the case of 

citric acid, were also present in glycine samples and implying useful information regarding chelation and oligomerization 

of glycine. Therefore NIR which is widely used in food and pharmaceutical industries and famous for being a rapid non-

destructive technique (Nagy et al., 2022) has proved to be convenient in proving the occurrence of chelation and 

characterization of the obtained chelates.     

Keywords: Zinc; Magnesium; Citric acid; Chelation; Molar ratio; Dimerization; NIR; 

Due to the importance of zinc and magnesium for humans and the increased deficiency percentages (Depciuch et al., 

2017; Effatpanah et al., 2019), citric acid chelates with these two minerals were also produced in the same manner as citric 

iron chelates and in the same molar ratios so that the optimum ratio for each mineral can be determine as well as a 

comparison between iron, zinc and magnesium could be addressed. Nonetheless, samples were prepared at their initial pH 

which was the same for the three minerals. NIR spectroscopy was used to study chelation and specifically the three 

aforementioned peaks. It was revealed from chapters 7 and 8 that the optimum ratios were 1:2 and 1:4 for zinc and 
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magnesium respectively where at these ratios the least amounts of both citric acid in the free and the dimer forms were 

obtained. Dimerization of citric acid occurred mostly in samples containing higher amounts of citric acid with both minerals 

zinc and magnesium similar to the case of iron. However, in zinc samples, dimerization also occurred in the optimum ratio 

of chelation where the peak at 6370 cm-1 was present in the spectra of sample 1:2 contrary to iron and magnesium where 

this peak disappeared in the samples having 1:4 ratio and proved to be the optimum ratio of chelation (chapter 5). Therefore, 

in zinc chelation occurred in chains of citric acid whereas in magnesium and iron no.  Furthermore, citric acid zinc chelate 

has the most organized structure among the other minerals due to having the sharpest peaks corresponding for the structural 

groups (C-C, C-H) in the region 6000-5500 cm-1 and 4800-4000 cm-1 (Guide for Infrared Spectroscopy, 2009; Krongtaew 

et al., 2010) . Nonetheless, the sharp peak corresponding to free OH at 6800 cm-1 diminished in iron and magnesium but 

remained clear in zinc chelate whereas the peak at 5150 cm-1 assigned to stretching of C=O bond has the lowest intensity 

in zinc chelate. Thus validating the outcomes of (Francis & Dodge, 2009) where it was revealed that zinc is chelated by 

citric acid as a bidentate involving only the carboxyl groups whereas with magnesium and iron citric acid behaves as a 

tridentate involving also its hydroxyl group. Thus, explaining the presence of free OH in zinc and its disappearance with 

the other two minerals. Similarly, the peak of C=O decreased the most in zinc due to the involvement of carboxyl groups 

in both chelation and dimerization.  

Keywords: Bioavailability; Chelates; Iron; Zinc; Magnesium; Enhancing capacity; 

Mineral chelates are famous for having higher bioavailability than other forms of minerals especially inorganic salts 

and citric acid is famous for its absorption enhancing capacity (Blanco-Rojo & Vaquero, 2019; Shubham et al., 2020). In 

order to estimate the bioavailability of each mineral, continuous dynamic dialysis was done for all the samples of the three 

minerals in the different ratios and also for the sulfate salts (FeSO4, ZnSO4, and MgSO4). In the case of iron, results in 

chapter 6 revealed that the highest bioavailability was for the sample having the highest amount of citric acid (4:1) whereas 

the proved chelate (1:4) had lower bioavailability than samples containing higher amounts of citric acid but had 

significantly higher bioavailability than ferrous sulfate, ferric citrate and all the other samples having the same amount of 

citric acid. This fits well with (Walczyk et al., 2005) who showed that citric acid can increase bioavailability only when 

present in high amounts and had no effect when its amount is low. But, it is worth mentioning that sample 1:4 contains 

four times more iron than the samples having higher amounts of citric acid (2:1, 3:1 and 4:1) thus calculating the amount 

of deliverable iron from bioavailability percentage and initial iron amount, we can say that sample 1:4 delivers the highest 

amount of iron and also in the chelate form. However, when analyzing the value of the relative bioavailability of the chelate 

1:4, it appears to be higher than ferric citrate (in the present study), EDTA and glycine iron chelates (Ferreira da Silva et 

al., 2004), iron microcapsules (Gupta et al., 2015), as well as a nanostructured mixture of ferric phosphate and ferric oxide 

(Hilty et al., 2010). Thus offering a stable highly bioavailable new iron fortificant that is cheap and easily produced. 

Similarly, in case of zinc studied in chapter 7, where the chelate (1:2) recorded significantly higher bioavailability than 

zinc sulfate and all the other ratios except 2:1 in which they have statistically similar values and 4:1 that had significantly 

higher values than all samples. But similar to iron and since the chelate 1:2 has double the content of zinc compared to 2:1 

and 4:1, it is able to deliver the highest zinc amount. Moreover, the relative bioavailability of citric zinc chelate 1:2 proved 

to be higher than zinc gluconate, zinc citrate (Wegmüller et al., 2014), zinc oxide (de Romaña et al., 2003), and whey 

protein zinc complexes (Shilpashree et al., 2020) and only similar to HMB-Zn chelates (Evans et al., 2015). Thus, this zinc 

chelate has the potential of replacing already present zinc fortifiers. On the contrary, the results of magnesium 

bioavailability presented in chapter 8 were totally different from iron and zinc, in which no statistically significant 
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difference was found neither among the samples having different ratios nor with magnesium sulfate. Moreover, the value 

of bioavailability was near 100% for all and thus the relative bioavailability was around 1. (DiNicolantonio & O’Keefe, 

2021) mentioned that the bioavailability of magnesium could be around 80-90% but magnesium is needed intracellular in 

the body and thus even if the blood levels are sufficient, this does not mean that the person is not deficient. Therefore, the 

need to develop other methods able to accurately assess the amount of magnesium available to be transported from the 

blood to tissues to be able to evaluate the potential of the magnesium form (Workinger et al., 2018).    

Keywords: Bioavailability; Chelate structural characteristics; Correlation; Iron; Zinc; Magnesium; Enhancing 

capacity  

Many researchers have studied the correlation between the structure of the mineral form and its bioavailability 

(Capuano & Pellegrini, 2019; Evans et al., 2015; Walters et al., 2018), with greater interest in investigating the effect of 

the chelate structure on the bioavailability due to the different conformations that could occur. Moreover (Wu et al., 2020) 

revealed that the chelate activity is highly influenced by its molecular weight, composition and its arrangement. In our 

study, it was shown in Chapters 6 and 7 that in the case of iron and zinc, the chelate was the one able to deliver the highest 

amount of mineral, even in the presence of high amounts of citric acid in the other samples acting as an enhancer. Therefore 

revealing the importance of the structural characteristics in determining the bioavailability, and thus validating that mineral 

chelates are more bioavailable than other forms of mineral fortifiers (Evans et al., 2015; Sun et al., 2016; Welling et al., 

2014). Furthermore, it was also revealed that the structure of citric acid highly affects its activity in which its enhancing 

capacity was decreased in the case of zinc upon the formation of dimers. In contrast, these outcomes were not shown in 

chapter 8 in the case of magnesium, where all the samples had statistically similar bioavailability among them and with 

magnesium sulfate. Thus, neither the chelate structure, nor the presence of citric acid had increased the bioavailability of 

magnesium. Therefore in the case of magnesium, different methods are needed to investigate the ability of the chelate to 

surplus magnesium salts in having higher percentage of transported magnesium (Workinger et al., 2018).    

Keywords: Bioavailability; Mineral interactions; Inhibitory effect; Mineral competition; Multi fortification 

Due to the well-known effect of the mineral interaction on the bioavailability of each especially in inhibiting each other 

due to competition (Pardo et al., 2021; Sandström, 2001; Yetley, 2007), we have investigated this effect in chapter 8 using 

mineral sulfates and the obtained mineral chelates in all the possible combinations of the three minerals. Results of 

bioavailability values quantified by FAAS after continuous dynamic dialysis, showed high decrease in the bioavailability 

of minerals. Comparing the bioavailability of each mineral alone and analyzing the samples used in the sulfate form, it is 

shown that magnesium has completely inhibited iron and zinc. In the presence of iron, zinc was less inhibited by 

magnesium compared to the sample that does not contain iron. On the other hand, contrary to iron, zinc exhibited an 

inhibition effect on magnesium even though they do not share the same absorption sites (Spencer et al., 1994). Similar 

results were shown with (Yetley, 2007) but contradictory to the results reported by (Hilty et al., 2010) where in a 

nanostructured mixture, magnesium increased the bioavailability of both iron and zinc. Nonetheless, in the sample where 

magnesium is absent, iron and zinc exerted a mutual inhibitory effect, this was also shown in the studies conducted by 

(Domı́nguez et al., 2004; Hilty et al., 2010) and where (Domı́nguez et al., 2004) explained this to be due to sharing common 

pathways of absorption. The same competition and inhibitory effect was revealed when analyzing the samples containing 

the chelate form of minerals. However, the extent of inhibition was highly different, in which it was significantly less for 
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the three minerals in the four combinations. Hence, the bioavailability of the chelates in the combinations is less than that 

of each mineral chelate alone, but it is still acceptable and significantly higher than the combinations of mineral sulfates. 

The percentage bioavailability of iron and zinc in the presence of magnesium in the sulfate form did not exceed 4% whereas 

in the chelate form it reached 52%. However, in the sample of iron and zinc alone, the percentage bioavailability was 

2.24% and 6.74% respectively in the sulfate form, but this percentage increased to 63.51% and 20.87% respectively when 

in the chelate form. Besides, the total inhibition exerted by magnesium sulfate was counteracted in the chelate form by 

both iron and zinc chelates. These findings are similar to (Domı́nguez et al., 2004) where using EDTA mineral chelates 

reduced the inhibitory effect due to mineral interactions. Furthermore, these outcomes are highly important, when double 

or triple fortifications are needed, especially that the same population often suffer from both iron and zinc deficiencies 

(Hilty et al., 2010). Therefore the produced chelates could be used simultaneously to fortify food with different minerals 

without facing the total inhibition that occurred in the case of mineral sulfates. All these findings give the produced chelates 

of iron, zinc and magnesium a high potential to be used as a competent form of mineral able to outstand outperform  

Keywords: Oxidation state; Fe2+; Antioxidant capacity; citric acid dimers; Chemical structure; Correlation  

Since iron in its ferrous form (Fe2+) is better assimilated by the body compared to ferric form (Fe3+), the oxidation state 

of iron was studied in chapter 6 through UV-Vis spectroscopy following a method developed and validated by (Naviglio 

et al., 2018). Even though citric acid is well known for its antioxidant capacity (Rostamzad et al., 2011), when noticing the 

percentage of Fe3+ in the different samples, it is revealed that the samples having higher amounts of citric acid contain 

significantly higher Fe3+ amounts than the samples (1:1, 1:2, and 1:4) and only sample 1:3 has similar Fe3+ amounts to 2:1 

and 3:1. Whereas the chelate 1:4 recorded the lowest ferric amount. From all these findings, we can conclude that the 

antioxidant capacity of citric acid was not proportional to its amount, on the contrary it decreased at higher amounts. 

Correlating these results with the NIR spectra of each sample, it is observed that the samples having the highest intensity 

for dimers peak at 6370 cm-1 exhibits the lowest anti-oxidation ability. Therefore, we can say that dimerization of citric 

acid reduced its capacity in preventing the oxidation of iron from its ferrous to its ferric state. Similar to the decrease in its 

enhancing capacity upon the formation of dimers. Therefore, the structure of citric acid highly influences the potential of 

its activities. In addition, antioxidants act as electron donors, thus the carbonyl or hydroxyl groups interacting to form 

dimers will not be able to accept protons, and thus antioxidant activity could not be achieved (Tu et al., 2017). Nonetheless, 

the increased amount of Fe3+ quantified in 1:3 sample, could interpret the differences shown in its respective spectra, in 

which this ratio was forcing different arrangements compared to the other samples. This fits well with the findings of 

(Francis & Dodge, 2009) where it was revealed that the mode of citric acid chelation differs with the oxidation state of iron 

in which it forms tridentate chelates with Fe2+ and bidentate ones with Fe3+. Furthermore, the amount of Fe3+ increased 

with increasing iron content in samples having the same amount of citric acid, except for the sample 1:4, in which it was 

the least among all the samples. This could only be explained due to the chelate structure, protecting iron against oxidation. 

These findings are specifically important, since citric acid is highly used in food industries as a food additive to prevent 

oxidation (Ciriminna et al., 2017; Rostamzad et al., 2011), thus its amounts must be carefully calculated related to those of 

iron present to achieve the target, since adding more citric acid will not result in higher prevention of oxidation. Besides 

its structure highly influences its antioxidant as well as its enhancing capacities.        
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Keywords: Bioavailability; Food matrix; Enhancers; Inhibitors; Relative bioavailability; Iron 

The interaction between iron and the food matrix added to it is highly investigated especially for the effect of food 

constituents on the bioavailability of iron. In which it is highly increased in the presence of enhancers mainly found in 

citric fruits, vegetables, fish, poultry, meat, etc. (Blanco-Rojo & Vaquero, 2019; Shubham et al., 2020; Sun et al., 2016); 

and highly decreased when present in medium rich in inhibitors like cereals, coffee, tea, wine, chocolate and other plant 

based food  (Blanco-Rojo & Vaquero, 2019; Cockell, 2007; Egli et al., 2004). In order to evaluate the effect of the 

constituents on the bioavailability of iron, four beverages (orange juice, cocoa milkshake, skimmed milk and whole milk) 

were chosen to act as the food vehicle. Nonetheless, this study was done using ferrous sulfate and citric acid chelate (1:4) 

to compare the effect exerted on iron when in the chelate form to that in the sulfate salt. Results presented in chapter 6 

revealed that the iron chelate excelled ferrous sulfate in cocoa milk shake, skimmed milk and whole milk by factors 1.5, 

1.64, and 1.57 respectively. However in orange juice, the bioavailability of the chelate was similar to that of ferrous sulfate 

with a factor 0.99. Therefore, in a medium rich in enhancers (ascorbic and citric acid) like orange juice, both forms 

exhibited similar bioavailability due to their effect on ferrous sulfate highly increasing its bioavailability but these 

enhancers exerted no effect on the chelate. Whereas in a medium containing inhibitors (phytates and polyphenols) like 

cocoa milkshake, the chelate was able to counteract their effect and recorded 1.5 times higher bioavailability than ferrous 

sulfate. When comparing the relative bioavailability in the different media of the chelate produced, it outperforms the 

different forms of iron already present in the market including the conventional and the innovative forms like microcapsules 

(Gupta et al., 2015), nanoparticles (Hilty et al., 2010; von Moos et al., 2017) and other available chelates (Ferreira da Silva 

et al., 2004; Henare et al., 2019). The structure of the citric acid iron chelate (1:4), the form of iron it incorporates (Fe2+) 

as well as its high bioavailability values in both assays (mineral interaction and food matrix) grant it a great potential to 

replace the present iron forms used in both food fortification and supplement formulation.  
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Conditions of Chelation  

o Quantitative analyses through HPLC, FAAS and UV-Vis showed that the obtained solid part from crystallization 

or precipitation is the unreacted part of the ligand, the mineral or both, due to solubility. FTIR and NIR further 

validated these findings, thus crystallization and precipitation could not produce chelates. 

o In citric acid, the obtained crystals from all concentrated samples (1:1, 1:2, 2:1 and 2:3) where impure ferrous 

sulfates. Whereas in glycine based on the ratio and pH, excess glycine (10:1 ratio at pH 2, 4 and 6), ferrous sulfate 

(1:1 ratio at pH 2 and 6) or a mixture of both (10:3 ratio at pH 2) crystallized. 

o Chelation of iron by glycine occurred at different pH values and different molar ratios, although it is recommended 

to have glycine in excess for chelation reaction, the optimum ratio was found to be Gly:Fe 1:1 at initial pH (4.5) 

followed by 1:4 at isoelectric pH (6). 

o   Chelation of Iron, Zinc and Magnesium by citric acid occurred in the liquid phase and at initial pH around 1. The 

optimum molar ratio for iron and magnesium is the same Cit:Fe/Mg 1:4 whereas for zinc is 1:2. Thus validating 

the tridentate complexation formed by citric acid with iron and magnesium opposed to bidentate with zinc.  

o Chelates of citric acid zinc were formed in chains of citric acid revealed by the presence of the dimer peak at 6370 

cm-1, whereas the absence of this peak in the case of iron and magnesium shows the opposite.  

o The molar ratio exhibits a high impact on the chelation reactions of both glycine (with iron) and citric acid (with 

iron, zinc and magnesium), where it determines the direction of the reaction towards chelation or ligand 

oligomerization. 

o Molar ratios with higher amounts of the ligands to the mineral, lead to the formation of citric acid dimers in the 

case of citric acid (with sample 4:1 encompassing the highest dimer formation) and to the formation of diglycine 

HCl, sodium glycinate as well as oligomers of glycine in the case of glycine depending on the pH of the medium. 

o Our work proved the usefulness of NIR spectroscopy in proving chelation by analyzing three peaks at 6800 cm-1 

(corresponding to free OH bonds), at 6370 cm-1 (corresponding to oligomerization of the ligand), and at 5150 cm-1 

(corresponding to C=O stretching and OH combination. 

 

Bioavailability of citric acid chelates with iron, zinc and magnesium  

 

o In the case of iron and zinc the different molar ratios showed different bioavailability values within the samples 

and from the mineral sulfate (p<0.05).Whereas in the case of magnesium all samples showed similar bioavailability 

(p=0.9).  

o The chelate structure notably increased bioavailability values where chelates of citric acid with iron and zinc (1:4 

and 1:2) showed relative bioavailability values (compared to ferrous sulfate and zinc sulfate) of 2.3 and 1.62 

respectively and were found to be able to deliver the highest amount of the respective mineral. Thus, the high impact 

of the structural characteristics of the mineral used on the bioavailability. 

o The presence of citric acid increased bioavailability only when present in high amounts, and exerted no effect when 

in low quantities. In the zinc samples, dimerization of citric acid reduced its enhancing capacity. 

o Iron chelate (1:4) as well as zinc chelate (1:2) possess higher relative bioavailability than the inorganic forms of 

iron and zinc already present as well as the innovative forms of these minerals including nanostructured compounds, 

encapsulated forms and mineral complexes and chelates already present in the market. Thus, the obtained citric 
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acid chelates encompass a great potential to replace already present mineral forms and are competent because they 

are stable, highly bioavailable, affordable and easy to produce.  

 

 

Effect of mineral competition and food matrix on the bioavailability 

 

o  Minerals used in the sulfate form showed complete inhibition of both iron and zinc in the presence of magnesium, 

however in the absence of magnesium, iron and zinc both exerted mutual inhibitions. 

o In the chelate form the same minerals inhibited one another but the intensity was much less compared to the sulfate 

form.  Moreover, magnesium inhibition was counteracted in the chelates but not in the sulfates.  

o In a medium having more than one mineral, the chelates still possess good bioavailability values (up to 52% for the 

chelates compared to up to 6.7% for sulfates) thus allowing their usage when double or triple fortification is needed. 

o Assessing the bioavailability, citric acid iron chelates (1:4) excelled ferrous sulfate in water, cocoa milkshake, 

skimmed milk and whole milk by a factor of 2.3, 1.5, 1.64, and 1.57 respectively, but were similar in orange juice 

which enhanced the bioavailability of ferrous sulfate but exhibited no enhancing effect on the chelate. 

o In contrast to ferrous sulfate, when added to challenging food matrices, citric acid chelate proved to be able to resist 

inhibitors present in the medium and maintain high bioavailability values thus making it favorable in media rich in 

inhibitors.  

Oxidation State of iron 

o The citric acid iron chelate (1:4) have almost all the iron in the ferrous state Fe2+ (97.5%), whereas the other samples 

contained both iron forms even though citric acid is present. Thus, the chelate structure protected iron against 

oxidation. 

o Although sample 4:1 contains the highest amount of citric acid known for its antioxidant capacity, it holds the least 

amount of Fe2+ (69.18%) and thus the highest ferric Fe3+ amount. Therefore, dimerization of citric acid reduced its 

antioxidant capacity similar to its enhancing ability.    

o Oxidation increased with increasing the amounts of iron regardless of the presence of citric acid. The quantity of 

citric acid must be critically calculated based on the amount of iron present and taking into account its dimerization 

when used for the purpose of preventing oxidation.   

Future perspectives 

o Bioavailability of glycine iron samples are now conducted to estimate their bioavailability and study the effect of 

chelation. 

o Different minerals could be used to study the chelation of glycine and compare the conditions of each. 

o Magnesium is needed in the tissues, thus the need to develop methods able to estimate the amount of magnesium 

that is transported into the tissues to accurately study the potential of each used form. 

o NIR findings are really important and could be used to develop a PLS model from the three peaks to prove chelation, 

quantify the amounts of the obtained chelates as well as their purity. 
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o Studying the effect of the addition of the produced chelates to different foods on sensory attributes to check if there 

is any difference between the fortified food compared to the control (unfortified) and to conventionally fortified 

one with the mineral sulfate. 

o Studying the effect of addition of these chelates to the different food constituents on the technological properties of 

each like the formation of gluten network if added to wheat flour, or the formation of casein in the production of 

cheese if using fortified milk among others.    

o Comparison between citric acid chelates and glycine chelates in different food components to study the 

compatibility of each and to choose the best fortifier for each food product.  

o In vivo bioavailability assays could also be carried out to accurately evaluate the bioavailability of the produced 

chelates.  

  

 

 

 

 

 

 


