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1. Introduction 

 

Iron is an essential mineral that is required by all human cells 

and is a component of nearly all living cells. Iron plays a vital 

role in transporting oxygen to tissues, promoting cell growth 

and regulating immune function and energy metabolism. Iron 

absorption is also affected by the form of iron consumed. 

Heme iron, which is found in animal-based foods such as meat, 

poultry, and fish, is more readily absorbed than non-heme iron, 

which is found in plant-based foods such as grains, vegetables, 

and legumes. However, consuming non-heme iron with 

vitamin C-rich foods can increase its absorption. The body has 

mechanisms for adjusting iron absorption based on 

physiological demands, which allows for appropriate increases 

or decreases in iron absorption as needed. Iron deficiency can 

occur when the body's iron stores become depleted, which can 

lead to anemia and other negative health outcomes. Adequate 

intake of dietary iron, along with proper absorption and 

utilization of iron, is crucial for maintaining good health. Iron-

rich foods include red meat, poultry, fish, beans, lentils, 

spinach, and fortified cereals. In some cases, iron supplements 

may be necessary to correct deficiencies [1]. Iron is crucial for 

meeting the physiological needs of infants, especially during 

the first six months of life. Adequate intake of iron through 

breast milk, formula, and iron-rich foods is essential to support 

the rapid growth and development that occurs during this 
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critical period. The average daily dietary requirement for iron 

in infants between the ages of 7 and 12 months is 

approximately 0.69 mg. Iron-rich foods, such as meats, 

fortified cereals, and legumes, can help meet the iron needs of 

infants. Breastfeeding is also an excellent source of iron and 

provides other essential nutrients and immune-boosting factors 

to support infant growth and development. Iron deficiency in 

infants can lead to anemia, impaired growth, and delayed 

cognitive development. It is essential to monitor infant iron 

status and provide appropriate iron supplementation or dietary 

adjustments if necessary to ensure optimal health and 

development. Iron requirements decrease after 12 months of 

age, with an average daily requirement of 0.63 mg/day for an 

18-month-old child who is breastfed and has adequate weight. 

Infants who are exclusively breastfed and have a suitable birth 

weight rarely experience iron deficiency before the age of 6 

months. there is a rapid increase in the risk of iron deficiency 

for infants who continue to be breastfed beyond six months of 

age if there is no adequate supply of iron from other dietary 

sources. Therefore, it is important to introduce iron-rich foods 

into an infant's diet between the ages of 4 to 6 months and to 

provide age-appropriate iron supplements if recommended by 

a healthcare professional. [2]. Iron in food can be classified 

into two types: heme and non-heme. Heme iron is found only 

in animal products, such as meat, poultry, and fish, while non-

heme iron is present in plant-based foods, including 

vegetables, fruits, grains, nuts, and meat. Heme iron is 

absorbed more efficiently from the gut than non-heme iron. 

Proper regulation of dietary iron absorption is crucial to 

maintain normal iron levels in the body and minimize the risk 

of iron deficiency. Factors such as the presence of other 

nutrients, such as vitamin C, in the diet can enhance the 

absorption of non-heme iron. Cooking in cast iron pots can also 

increase the iron content of food. However, excessive iron 

intake can be harmful, particularly in individuals with certain 

genetic disorders that increase the risk of iron overload. 

Therefore, it is essential to maintain a balanced and varied diet 

to ensure adequate iron intake [3,4].  

  

2. Absorption of iron from foods and supplements 
 

 Is facilitated by heme-carrier protein 1 (HCP1) in the small 

intestine, while absorption of non-heme iron is influenced by a 

variety of factors, such as the presence of other dietary 

components, pH, and the form of iron. In addition, the 

bioavailability of iron from different sources can vary greatly, 

with heme iron being generally more bioavailable than non-

heme iron. iron deficiency can result from inadequate dietary 

intake, poor absorption of iron, or excessive loss of iron from 

the body. Certain groups, such as pregnant women, young 

children, and individuals following vegetarian or vegan diets, 

are at a higher risk of iron deficiency and need to ensure they 

are meeting their iron needs through diet or supplementation. 

[5]. Iron deficiency anemia is a common consequence of 

severe iron deficiency and can lead to fatigue, weakness, and 

impaired cognitive function. Iron supplements and iron-

fortified foods are commonly used to treat and prevent iron 

deficiency, but it is important to balance the risks and benefits 

of these interventions, especially in populations with a high 

risk of iron overload. Iron deficiency is one of the most 

common nutrient deficiencies worldwide, and it can have 

serious consequences for health. Iron is an essential nutrient 

that plays a key role in many biological processes in the body, 

including the transport of oxygen in the blood. Iron is found in 

both heme and non-heme forms in the diet. Heme iron is found 

in animal-based foods, such as meat, poultry, and seafood, and 

is generally more easily absorbed by the body than non-heme 

iron, which is found in plant-based foods, such as beans, 

lentils, spinach, and fortified cereals [5]. Absorption of iron as 

heme in the gut takes place via special pathways relying on the 

kind of iron present. It is worth noting that the absorption of 

non-heme iron is influenced by various factors, such as dietary 

factors (e.g., the presence of enhancers or inhibitors of iron 

absorption in the diet), the individual's iron status, and the 

presence of other nutrients (e.g., vitamin C) that can enhance 

or inhibit iron absorption. Non-heme iron in the intestinal 

lumen is reduced to Fe2+ by the ferric reductase CYBRD1 

(DCYTB), which is located on the apical membrane of the 

enterocyte. Once reduced, Fe2+ can then be transported into 

the enterocyte via divalent metal transporter 1 (DMT1). Inside 

the enterocyte, the Fe2+ can either be stored as ferritin or be 

transported across the basolateral membrane into the 

bloodstream by ferroportin (FPN1), which is the only known 

iron exporter in mammals. However, the export of iron by 

ferroportin is regulated by a hormone called hepcidin. 

Hepcidin binds to ferroportin and causes its internalization and 

degradation, which decreases iron export from the enterocyte 

into the bloodstream. In contrast, low levels of hepcidin 

increase iron export from the enterocyte into the bloodstream 

It is worth noting that the regulation of iron absorption and 

metabolism is complex and involves various factors such as 

iron status, erythropoiesis, inflammation, and other hormones 

besides hepcidin. The expression of ferroportin (FPN1) is 

regulated by hepcidin, a hormone produced by the liver. When 

iron levels are high, hepcidin binds to FPN1 on the basolateral 

membrane of the enterocyte, causing internalization and 

degradation of FPN1. This leads to decreased iron export from 

the enterocyte into the bloodstream, which helps to prevent 

iron overload. In contrast, when iron levels are low, hepcidin 

levels decrease, allowing FPN1 to be expressed on the 

basolateral membrane of the enterocyte, which leads to 

increased iron export from the enterocyte into the bloodstream. 

Hephaestin is an enzyme that is involved in iron metabolism 

and is primarily found in the small intestine. It plays a role in 

the conversion of Fe2+ to Fe3+ and in the binding of apo-

transferrin to iron to form transferrin. Transferrin is a plasma 

protein that binds and transports iron throughout the body. 

There are several options available for treating iron deficiency, 

including oral iron supplements. Iron supplements are often 

recommended to increase iron intake in individuals with iron 

deficiency anemia. Oral iron supplements are usually in the 

form of ferrous iron (Fe2+) salts, such as ferrous sulfate, which 

can be efficiently absorbed in the gut, especially in the 

duodenum. The absorption of iron supplements can be 
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enhanced by consuming them with vitamin C, which can 

improve the solubility and absorption of non-heme iron. It is 

important to note that excessive iron intake can be toxic and 

can cause gastrointestinal upset, so it is essential to take iron 

supplements as directed by a healthcare professional. You are 

correct! Research has shown that combining juices that are rich 

in ascorbic acid with legumes and meat can increase the 

absorption of non-heme iron, which is present in vegetables, 

legumes, and grains. This is because ascorbic acid (vitamin C) 

can reduce Fe3+ to Fe2+ and enhance the solubility and 

absorption of non-heme iron. However, it is important to note 

that excessive intake of ascorbic acid may cause 

gastrointestinal upset, and it is recommended to consume it in 

moderation. On the other hand, milk has a low iron absorption 

rate because it contains calcium, which can inhibit iron 

absorption. The calcium in milk competes with iron for binding 

to the same transporters in the intestinal cells. Therefore, it is 

recommended that children and pregnant women avoid 

consuming milk or dairy products together with iron-rich foods 

to enhance iron absorption. It is also important to note that iron 

absorption can be influenced by other dietary factors, such as 

phytates, tannins, and polyphenols, which can inhibit iron 

absorption. Phytates, for example, are present in whole grains 

and legumes and can form complexes with iron, reducing its 

availability for absorption. However, soaking, fermenting, or 

sprouting these foods can reduce the phytate content and 

increase iron availability. Therefore, it is important to consume 

a balanced diet that includes a variety of iron-rich foods and to 

consider dietary factors that can affect iron absorption.  

[6]. A study conducted on mice found that neither black tea nor 

green tea had a negative impact on the growth or metabolism 

of the mice, and they did not pose a risk to iron bioavailability. 

In fact, the study found that black tea and green tea increased 

the absorption of iron from iron-fortified diets in mice. 

However, it is important to note that the results from animal 

studies cannot always be generalized to humans.  

Several studies have examined the effect of tea consumption 

on iron absorption in humans, but the results have been 

inconsistent. Some studies have reported a decrease in iron 

absorption with tea consumption, while others have found no 

effect or even an increase in iron absorption. The exact 

mechanisms underlying the interaction between tea 

compounds and iron absorption in humans are not well 

understood and require further investigation. It is also 

important to note that the type and preparation of tea may 

affect its interaction with iron absorption. For example, black 

tea, which is fully oxidized, may have a different effect on iron 

absorption compared to green tea, which is unoxidized. 

Additionally, the addition of milk to tea may also affect iron 

absorption, as mentioned earlier. While the results from animal 

studies suggest that tea consumption may not negatively 

impact iron absorption, further research is needed to 

understand the potential effects of tea compounds on iron 

bioavailability in humans [7]. Iron is an essential nutrient that 

is required for a variety of important physiological processes, 

such as oxygen transport, energy production, and immune 

function. Iron deficiency can lead to a range of negative health 

outcomes, particularly in infants and young children, including 

developmental delays, impaired cognitive function, and an 

increased risk of infections. Breast milk is naturally rich in 

iron, and the iron in breast milk is highly bioavailable and 

easily absorbed by the infant's body. However, the iron content 

of breast milk is relatively low compared to that of iron-

fortified formula, which contains added iron in a form that is 

also easily absorbed. The studies suggest that iron-fortified 

formula and breast milk may provide similar amounts of iron 

to infants in the first 3-6 months of life, as measured by 

hemoglobin-bound iron levels. However, it is important to note 

that these studies only evaluated iron status and did not assess 

other aspects of infant health or development. Additionally, as 

you mentioned, there are several compounds that can enhance 

iron absorption in the intestine, and these compounds are 

present in varying amounts in different foods. For example, 

vitamin C can enhance iron absorption from plant-based foods, 

while animal-based foods tend to contain heme iron, which is 

more easily absorbed than non-heme iron from plant-based 

sources. Therefore, it is important for infants and young 

children to consume a varied and balanced diet that includes a 

variety of iron-rich foods, as well as foods that enhance iron 

absorption [8–11]. Phytates are naturally occurring compounds 

found in many plant-based foods, such as grains, legumes, 

nuts, and seeds. Phytates can bind to minerals, including iron, 

in the intestinal tract, reducing their absorption. However, 

compounds such as citric acid, ascorbic acid (vitamin C), and 

polyphenols found in fruits, vegetables, and some beverages 

can reduce the inhibitory effects of phytates on iron absorption. 

Polyphenols are a class of compounds that are found in many 

plant-based foods, including fruits, vegetables, and beverages 

such as tea and coffee. Some polyphenols have been shown to 

inhibit the absorption of non-heme iron from food, while others 

may enhance it. The effects of polyphenols on iron absorption 

can vary depending on the type and amount of polyphenols 

consumed, as well as the iron source. Alcohol consumption can 

also affect iron absorption. Research has shown that alcohol 

can reduce the absorption of ferrous iron, which is the more 

easily absorbed form of iron found in some iron supplements 

and fortified foods. However, alcohol may increase the 

absorption of ferric iron, which is the form of iron found in 

many plant-based foods. Prebiotics and probiotics are types of 

dietary fibers and microorganisms, respectively, that can 

promote the growth and activity of beneficial gut bacteria. 

Some studies have suggested that the consumption of 

prebiotics and probiotics can enhance iron absorption by 

improving gut health and increasing the production of 

compounds that promote iron uptake. However, more research 

is needed to fully understand the effects of prebiotics and 

probiotics on iron absorption and their potential benefits for 

iron status [12,13].  

 

3. Management of iron-deficiency anemia 

 

Oral iron supplements can be effective in treating iron 

deficiency anemia, but they can also have side effects that limit 

their use and compliance. These side effects can include 
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gastrointestinal symptoms such as constipation, dyspepsia, 

nausea, stomach discomfort, diarrhea, and vomiting. In some 

cases, these side effects can be severe enough to cause patients 

to discontinue treatment. Intravenous (IV) iron therapy is an 

alternative option for treating iron deficiency anemia, 

particularly in cases where oral iron supplements are 

ineffective, not well tolerated, or cannot be used due to 

underlying medical conditions such as inflammatory bowel 

disease or celiac disease. IV iron therapy can also be beneficial 

in cases of severe iron deficiency anemia where a rapid 

increase in hemoglobin levels is needed. IV iron therapy 

involves the administration of iron directly into the 

bloodstream through a vein, typically in a hospital or clinic 

setting. This allows for the precise calculation and prescription 

of the appropriate iron dose needed for the regulation of 

hemoglobin levels and restoration of iron reserves. IV iron 

therapy has been shown to be effective in treating iron 

deficiency anemia with fewer gastrointestinal side effects 

compared to oral iron supplements. However, like any medical 

treatment, IV iron therapy has potential risks and side effects, 

such as allergic reactions, hypotension, and infection. 

Therefore, it is important for patients to discuss the potential 

benefits and risks of IV iron therapy with their healthcare 

provider to determine if it is a suitable treatment option for 

their individual needs [14]. Additionally, intravenous iron 

therapy may also be preferred in cases where oral iron 

supplementation is not effective or feasible, such as in patients 

with malabsorption syndromes or those who cannot tolerate 

oral iron due to adverse effects. It is important to note that 

intravenous iron therapy may also have potential side effects, 

including allergic reactions and hypotension, and should be 

administered under close medical supervision. The choice of 

iron therapy for the treatment of iron deficiency anemia should 

be made on an individual basis, considering the patient's 

medical history, underlying conditions, and preferences. In 

some cases, oral iron supplements may be sufficient to correct 

iron deficiency anemia, while in others, IV iron therapy may 

be necessary. When considering oral iron therapy, the 

healthcare provider should consider factors such as the 

patient's ability to tolerate oral iron supplements, the severity 

of anemia, and any underlying conditions that may affect the 

absorption of oral iron. For example, patients with 

inflammatory bowel disease or celiac disease may have 

impaired absorption of oral iron and may require higher doses 

or longer treatment durations. In cases where oral iron therapy 

is not effective or not well tolerated, IV iron therapy may be a 

suitable option. However, the healthcare provider should also 

consider the potential risks and side effects associated with IV 

iron therapy, such as allergic reactions, hypotension, and 

infection. Patients should be fully informed of the potential 

benefits and risks of each treatment option to make an 

informed decision about their care. Ultimately, the goal of iron 

therapy is to effectively treat iron deficiency anemia while 

minimizing potential risks and side effects. The healthcare 

provider and patient should work together to determine the 

most appropriate treatment approach based on the individual's 

unique circumstances. [15]. Figure 1 indicates the essential 

causes, manifestations, and contemporary remedies for iron-

deficiency in humans.

 

Figure 1: Main causes, manifestations, and modern redress for iron-deficiency in humans [16]. 

 

In recent decades, there has been growing interest in 

hydrolysates derived from the proteolytic digestion of various 

food sources. Protein hydrolysates are often used as a source 

of peptides that can bind metal ions, such as iron, and improve 

their stability, solubility, and bioavailability. Peptides are 

chains of amino acids that can chelate or bind metal ions 

through functional groups, such as carboxyl, amino, and 

imidazole groups. The spatial configuration and various 

residue chains of peptides allow them to donate electrons and 

form coordination complexes with metal ions. This can result 
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in the stabilization and solubilization of metal ions, making 

them more available for absorption and utilization by the body. 

In addition to their metal-binding properties, protein 

hydrolysates, and peptides have been found to have other 

potential health benefits, such as antioxidant, 

antihypertensive, and antimicrobial properties. They are also 

generally well-tolerated and have a low risk of adverse effects. 

Overall, protein hydrolysates and peptides show promise as a 

means of improving the bioavailability and utilization of metal 

ions, such as iron, and may have other potential health benefits 

as well. Further research is needed to fully understand their 

mechanisms of action and potential applications in various 

health conditions [17].Evan and Gulec's research sounds 

interesting and promising. Lentils are a good source of protein 

and iron, and the hydrolyzed protein-iron complex derived 

from lentils may be an effective way to improve iron 

bioavailability in individuals with iron deficiency anemia. The 

fact that the complex was able to reduce the mRNA levels of 

DMT1, TFR, and ANKRD37 in the anemic caco-2 cell line 

suggests that it may help improve iron absorption and 

utilization in the body. DMT1 and TFR are important proteins 

involved in the absorption and transport of iron, while 

ANKRD37 is a gene that is upregulated in response to iron 

deficiency. However, it is important to note that in vitro 

studies like this one do not necessarily reflect what happens in 

the human body. Further research, including in vivo studies 

and clinical trials, would be needed to determine the safety and 

effectiveness of the hydrolyzed protein-iron complex derived 

from lentils in humans with iron deficiency anemia [18]. 

Gómez et al.'s research on using red tilapia viscera to produce 

a protein hydrolysate with iron-chelating activity is interesting 

and promising. The fact that the RTVH-B showed the highest 

iron-binding capacity and the Fe2+–RTVH-B complex 

demonstrated significantly higher iron bioavailability than free 

iron salts suggests that the protein hydrolysate could be an 

effective way to improve iron absorption and utilization in the 

body. Furthermore, the fact that iron bioavailability was 

indirectly measured by ferritin synthesis in a caco-2 cell model 

is a useful tool for assessing iron bioavailability in vitro. 

However, it is important to note that in vitro studies like this 

one do not necessarily reflect what happens in the human 

body. Further research, including in vivo studies and clinical 

trials, would be needed to determine the safety and 

effectiveness of the red tilapia viscera protein hydrolysate as a 

dietary supplement to improve iron absorption in humans [19]. 

Iron can form complexes with various compounds, including 

proteins, that can affect its bioavailability. Studies have shown 

that whey protein, which is a protein derived from milk, can 

form complexes with iron and enhance its absorption in the 

small intestine. Whey protein contains a peptide called 

lactoferrin, which has a high affinity for iron and can bind to 

it, forming a complex that is easily absorbed by the body. The 

complexation of iron with whey protein can increase its 

solubility and protect it from binding to other compounds that 

may inhibit its absorption, such as phytates and polyphenols. 

This can be particularly beneficial for individuals with iron 

deficiency or those who consume a plant-based diet that is 

high in phytates, which can bind to iron and reduce its 

bioavailability. However, it is important to note that excessive 

intake of iron can be toxic to the body, and individuals should 

not consume excessive amounts of iron or iron supplements 

without the guidance of a healthcare professional. 

Additionally, individuals who are allergic to milk or have 

lactose intolerance may not be able to tolerate whey protein 

and should explore other sources of iron or consult with a 

healthcare professional for alternative options. [20]. 

Shilpashree et al.'s study on the preparation of whey protein-

iron and whey protein-zinc complexes is interesting and 

suggests that the complexes may have potential benefits over 

free minerals. The fact that the complexes formed with whey 

protein had significantly lower pro-oxidant activity suggests 

that the complexes may be more stable and less likely to 

undergo oxidation, which could potentially reduce their 

effectiveness as dietary supplements. This is important 

because oxidation can reduce the bioavailability of minerals. 

Additionally, the fact that the complexes had higher 

bioaccessibility compared to free minerals suggests that the 

complexes may be better absorbed by the body. 

Bioaccessibility refers to the amount of a nutrient that is 

released from food during digestion and is available for 

absorption by the body. Higher bioaccessibility generally 

means better absorption and utilization by the body. However, 

it is important to note that these were in vitro studies, and 

further research, including in vivo studies and clinical trials, 

would be needed to determine the safety and effectiveness of 

whey protein-iron and whey protein-zinc complexes as dietary 

supplements in humans.  

The bioavailability of the minerals in the complexes was also 

found to be significantly increased compared to free minerals 

when tested on Caco-2 cells, which are a model for intestinal 

absorption. The study also suggested that complexing iron 

with whey protein may inhibit its catalytic activity, which can 

prevent oxidative damage in the body. These findings suggest 

that whey protein-bound minerals may have the potential as 

natural fortificants in various food products. It is important to 

note that while the study suggests potential benefits of these 

complexes, further research is needed to determine their safety 

and efficacy in humans, as well as their potential interactions 

with other nutrients or medications [21]. Caetano-Silva et al.'s 

study on whey protein-iron complexes using specific ligands 

and different iron sources is interesting and suggests that the 

complexes may have potential benefits for enhancing the 

bioavailability of iron. The fact that the complexes prepared 

with small molecular mass peptides and FeCl2 significantly 

enhanced the bioavailability of iron by approximately 70% 

compared to FeSO4 is noteworthy. This suggests that the use 

of specific ligands and iron sources can play an important role 

in enhancing the bioavailability of iron. However, it is 

important to note that the bioavailability was assessed 

indirectly by measuring ferritin synthesis in the caco-2 cell 

model. While this is a useful tool for assessing iron 

bioavailability in vitro, it does not necessarily reflect what 

happens in the human body. Further research, including in 

vivo studies and clinical trials, would be needed to determine 
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the safety and effectiveness of whey protein-iron complexes 

as dietary supplements in humans It is important to note that 

while Caetano-Silva et al. found that the whey protein-iron 

complexes prepared with small molecular mass peptides and 

FeCl2 significantly enhanced the bioavailability of iron, the 

bioaccessibility of the complexes after in vitro gastrointestinal 

digestion was not significantly different from that of the iron 

salts alone. This suggests that while the complexes may 

enhance the bioavailability of iron under certain conditions, 

their overall impact on iron status and health outcomes may be 

limited by their bioaccessibility. Furthermore, as you 

mentioned earlier, the study was carried out under in vitro 

conditions and further studies, including in vivo studies and 

clinical trials, would be needed to confirm these findings and 

to assess the safety and effectiveness of these complexes as 

dietary supplements in humans. The study by Caetano-Silva et 

al. on whey protein-iron complexes. The finding that the 

complexes prepared with small molecular mass peptides and 

FeCl2 significantly enhanced the bioavailability of iron by 

about 70% compared to FeSO4 is promising. Additionally, the 

improvement in the bioaccessibility rate to a level greater than 

85% for most of the complexes is noteworthy. However, as 

you mentioned, it is important to note that the bioavailability 

was assessed indirectly by measuring ferritin synthesis in a 

caco-2 cell model, and the impact of these complexes on iron 

status and overall health outcomes needs to be further 

investigated. In vivo studies and clinical trials would be 

needed to determine the safety and effectiveness of these 

complexes as dietary supplements in humans. Overall, the 

study by Caetano-Silva et al. provides valuable insights into 

the potential of whey protein-iron complexes as a strategy for 

improving the bioavailability of iron. However, further 

research is needed to confirm these findings and to determine 

the optimal conditions for preparing and using these 

complexes [22]. The study by Gandhi et al. assessed the 

bioavailability of iron from a spray-dried whey protein 

concentrate-iron (WPC-Fe) complex in weaning and anemic 

rats. It appears that the study by Alemán et al. showed 

promising results regarding the potential of whey protein-iron 

complexes to improve iron bioavailability and combat iron-

deficiency-related disorders in rats. The study by Shilpashree 

et al. on a succinylated sodium caseinate-iron complex also 

supports these findings. However, as with previous studies, it 

is important to note that further research is needed to confirm 

these results under in vivo conditions and to assess the overall 

impact of these complexes on human health outcomes.  

  

 
Figure 2:   Iron absorption with factors, limitations, and development methods [28]. 

 

These studies provide evidence for the potential use of protein-

iron complexes as a strategy for improving iron bioavailability 

and reducing the incidence of anemia and related disorders. 

However, further research is needed to confirm these findings 

under in vivo conditions in humans [23] and lactose–iron 

tricky (Sharma et al.) [24]. range of vitamins and minerals, 

including iron. For example, iron oxide nanoparticles have 

been shown to enhance the bioavailability of iron in food 

matrices by up to 12-fold [26]. Additionally, the encapsulation 

of iron within nanoparticles can protect it from degradation 

and improve its solubility, stability, and bioavailability. 

Several types of nanoparticles have been investigated for their 

potential use in iron fortification, including liposomes, solid 

lipid nanoparticles, and polymeric nanoparticles. These 
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nanoparticles can be loaded with iron and incorporated into 

food matrices, such as beverages, dairy products, and baked 

goods. The use of nanoparticles in food fortification has the 

potential to increase the efficiency and effectiveness of iron 

fortification programs, particularly in populations with high 

rates of iron deficiency and anemia [25]. Furthermore, 

nanotechnology has also been explored for the targeted 

delivery of iron supplements and drugs for the treatment of 

anemia. For example, iron-loaded nanoparticles can be 

designed to selectively accumulate in the bone marrow, where 

they can release iron to support erythropoiesis, the production 

of red blood cells [26]. The use of nanotechnology for the 

targeted delivery of iron supplements and drugs has the 

potential to increase their effectiveness while minimizing side 

effects and toxicity. In conclusion, the use of nanotechnology 

in iron fortification and anemia treatment is an emerging area 

of research that holds great promise for improving the 

nutritional status and health outcomes of populations affected 

by iron deficiency and anemia [26,27]. 

While nanotechnology-based approaches have shown promise 

in enhancing the bioavailability of iron, their safety, and 

potential adverse effects are still a concern. The formation and 

mechanism of action of ferritin-mimetic nanoparticles are not 

yet fully understood, and further research is needed to 

determine their safety and efficacy. Additionally, it is crucial 

to establish regulatory guidelines and standards for the use of 

nanoparticles in food fortification and drug delivery to ensure 

their safety for human consumption [29]. It is interesting to 

note that Li et al. have used negatively charged ferric 

hydroxide-polyphosphate nanoparticles (PolyP-FeONPs) to 

enhance iron bioavailability. Their findings suggest that 

PolyP-FeONPs may be a promising strategy for addressing 

iron-deficiency anemia. However, it is important to note that 

the study was carried out in vitro using rat-polarized human 

intestinal epithelial Caco-2 cells, and further research is needed 

to confirm these findings under in vivo conditions. However, 

further studies are needed to evaluate the safety and efficacy of 

these nanoparticles in vivo [30]. El-Saadony and colleagues 

used a bacterial supernatant to produce bio iron(II) 

nanoparticles that were combined with biodegradable amyloid 

fibrils to create a hybrid material. The resulting iron 

nanoparticles were stable and did not aggregate in foods or 

beverages. In vivo testing showed that the hybrid material was 

easily digested and provided bioavailable iron without 

negatively impacting the sensory characteristics of the food 

carriers. The researchers also supplemented yogurt with Bio-

Fe(II) nanoparticles and found them to be safe and effective 

sources of iron with improved sensory properties [31]. Iron 

absorption can be improved by consuming foods that contain 

vitamin C, such as citrus fruits, strawberries, and bell peppers. 

Additionally, avoiding calcium-rich foods and drinks, such as 

milk and cheese, during meals that are high in iron can also 

improve absorption. Polyphenols, which are found in tea, 

coffee, and certain fruits and vegetables, can inhibit iron 

absorption, so it's best to consume these foods in moderation 

or separately from iron-rich foods[32]. Additionally, iron 

supplements or fortified foods can be used to increase iron 

intake in people who are unable to get enough iron from their 

diet alone [33]. Heme iron is mainly found in animal products 

such as red meat, poultry, and seafood, while non-heme iron is 

found in both animal and plant-based foods such as beans, 

lentils, spinach, fortified cereals, and tofu. Heme iron is more 

easily absorbed by the body than non-heme iron, but both types 

of iron can contribute to meeting daily iron needs when 

consumed as part of a balanced diet. [34]. Including enhancers 

of non-heme iron absorption in meals can increase the 

bioavailability of non-heme iron. For example, vitamin C 

(ascorbic acid) can enhance non-heme iron absorption by up to 

six times, while citric acid can increase absorption by up to 

three times. Malic acid, found in fruits such as apples, can also 

enhance absorption. Food processing techniques such as 

fermentation, soaking, and germination can also increase the 

bioavailability of non-heme iron by reducing the presence of 

inhibitors and increasing the activity of enzymes that promote 

iron absorption [35]. Food fortification with iron is a widely 

implemented strategy to combat iron deficiency anemia. 

Adding iron to staple food products such as cereals and flour 

is an effective way to increase iron intake, especially in 

populations where the consumption of animal-derived foods is 

low. This approach has been successful in several countries, 

and it is cost-effective and has a broad reach. However, it is 

important to ensure that the added iron is bioavailable and does 

not alter the sensory characteristics of the fortified food 

product, as this may affect its acceptance and consumption by 

the target population. [36]. Studies have shown that women 

tend to consume less meat than men, which can lead to lower 

iron intake. This is due to various reasons, including cultural 

and social norms, dietary preferences, and concerns about 

weight gain. Therefore, it is important to promote a diverse diet 

that includes both animal and plant-based sources of iron to 

ensure adequate iron intake for all individuals, regardless of 

gender. Additionally, education and awareness campaigns can 

play a significant role in promoting the importance of iron-rich 

diets and the prevention of iron-deficient anemia. Vegetarian 

and vegan diets can be lower in heme iron and higher in 

inhibitors of non-heme iron absorption, such as phytates and 

polyphenols found in whole grains, legumes, nuts, and 

vegetables. However, by combining non-heme iron sources 

with enhancers of iron absorption, such as vitamin C, iron 

absorption can be improved. Individuals on plant-based diets 

need to pay attention to their iron intake and ensure they are 

consuming enough iron-rich foods and enhancers of iron 

absorption to prevent iron deficiency anemia. Vitamin C, also 

known as ascorbic acid, is a powerful enhancer of iron 

absorption. It can help to convert the non-heme iron present in 

plant-based foods into a more easily absorbed form, and can 

also increase the absorption of heme iron from meat and fish. 

As a result, consuming foods rich in vitamin C alongside iron-

rich foods can significantly enhance the bioavailability of 

dietary iron. Phytates, which are found in cereals, legumes, and 

some nuts, can form insoluble complexes with iron, making it 

unavailable for absorption. Calcium can also bind with iron to 

form insoluble complexes, thereby reducing iron 

bioavailability. Polyphenols, which are found in tea, coffee, 
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red wine, and some fruits and vegetables, can also inhibit iron 

absorption by forming complexes with iron and reducing the 

solubility of iron in the small intestine. Therefore, it is 

important to consider not only the amount of iron in a meal but 

also the presence of enhancers and inhibitors of iron absorption 

to ensure optimal iron bioavailability. While reducing phytate 

levels in foods can potentially increase iron bioavailability, it 

does not always translate to improved iron status in individuals 

with suboptimal iron stores. This may be due to the presence 

of other inhibitors of iron absorption or individual differences 

in iron metabolism. Therefore, it is important to consider a 

combination of dietary strategies, such as promoting iron-rich 

foods and enhancing their bioavailability, to effectively 

prevent and treat iron-deficiency anemia. [37].  

                                                                                                    

4. Conclusions 
 

It is important to focus on preventative measures, such as 

promoting a diet rich in iron-containing foods and enhancing 

the bioavailability of iron through dietary modifications. 

Education and awareness campaigns targeted toward 

vulnerable populations, including pregnant women, infants, 

and young children, can also help prevent and address iron 

deficiency anemia. Furthermore, efforts should be made to 

identify and address the underlying causes of anemia, such as 

chronic diseases and infections, to effectively manage and treat 

the condition. Overall, a multi-faceted approach is necessary 

to address the global burden of iron deficiency anemia. 
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