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Abstract Iron deficiency anemia (IDA) is a global health

concern that is affecting all age groups significantly.

Among many of the existing methods, the fortification of

foods with iron salts is the best and most cost-effective

strategy for targeting large-scale populations to provide

nutritional security. The fortification of foods with iron

salts is a challenging task because most iron complexes

(ferrous sulfate, ferrous chloride) used in fortification are

highly water-soluble, which impart unaccept-

able organoleptic changes in food vehicles and also causes

gastrointestinal problems. However, insoluble iron salts

(ferric pyrophosphate) do not cause unacceptable taste or

color in food vehicles but low bioavailable. Nanosized iron

salts can overcome these concerns. The particle size of iron

salts has been reported to play an important role in the

absorption of iron. Reduction in the particle size of iron

compounds increases its surface area, which in turn

improves its solubility in the gastric juice leading to higher

absorption. Nanosized iron compound produces minimal

organoleptic changes in food vehicles compared to water-

soluble iron complexes. Thus nanosized iron salts find

potential applications in food fortification to reduce IDA.

This paper focuses on providing a complete review of the

various iron salts used in IDA, including their bioavail-

ability, the challenges to food fortification, the effects of

nanosized iron salts on IDA, and their applications in food

fortification.
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Graphic abstract Fortification of foods with water-soluble

Fe salts imparts unacceptable organoleptic changes in food

vehicle and adverse impact on health. However, insoluble

iron salts do not cause unacceptable taste or color in food

vehicles but low bioavailable. Using Nano-sized iron

compound produces minimal organoleptic changes in food

vehicles compared to changes produced by water-soluble

iron complexes, improves Fe absorption in the gastroin-

testinal tract and does not cause any health issues.

Keywords Iron deficient anemia � Iron fortification �
Water soluble iron salts � Iron nanoparticles

Abbreviations

IDA Iron deficiency anemia

TEM Transmission electron microscopy

XRD X-ray diffraction

RBV Relative bioavailability value

NPs Nanoparticles

IONPs Iron oxide nanoparticles

Introduction

Anemia is viewed as a global public health problem in

which the number of red blood cells or their oxygen-car-

rying capacity is insufficient to meet physiological

requirements of the body. The severity of anemia varies by

age group, sex categories, altitude, smoking habits, and

during the gestation period. In 2015, the World Health

Organization (WHO) estimated that approximately 1.62

billion (24.8%) people of the world’s population are ane-

mic. It impacts all stages of the life cycle. Still, higher

cases of anemia have a 38% (32.4 million) in pregnant

ladies, 29% (496 million) in non-pregnant women, and

43% (273 million) in children (Stevens et al. 2013). Ane-

mia may have multiple causes, but according to WHO

(2015), 50% of the cases of anemia are due to insufficient

iron (Fe) intake (Fig. 1a). So, anemia and iron deficiency

are often used synonymously. Other nutritional deficiencies

can also cause anemia, including deficiencies of vitamins

B12, B6, A, C, D, and E, folate, riboflavin, copper, and zinc

(Wieringa et al. 2016). Heavy menstrual losses, parasite

infections hookworms, roundworms, acute and chronic

infections, malaria, cancer, tuberculosis, and HIV can also

lower blood hemoglobin (Hb) concentrations (Chaparro

and Suchdev 2019). Anemia is expressed as a challenge by

many countries despite the implementation of several

schemes for decades. In compliance, WHO has included

anemia as the 2nd global goal of nutrition target for the

year 2025, targeting to 50% reduction of anemia in girls

and reproductive-age women. In March 2018, the

Government of India launched the Anemia Mukt Bharat

Abhiyan, which aims to reduce the prevalence of anemia

among children, adolescents, and women of reproductive

age (15–49 years) by three percentage points between the

year 2018 and 2022.
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Iron deficiency anemia and health concerns

The main biological function of iron is oxygen transport, as

it forms part of the haem nucleus in the proteins hemo-

globin and myoglobin. However, small quantities of iron

participate in more than 200 enzymatic systems that are

essential for cellular functions, including energy utilization

by cells, DNA, RNA, and protein synthesis, as well as

participating in a redox reaction, which is beneficial for

exchange between ferrous (Fe?2) and ferric (Fe?3) states.

Iron participates in enzyme systems such as those involved

in neurotransmitter metabolism, vitamin D activation,

collagen metabolism, and cholesterol catabolism. There-

fore, iron is essential for oxygen transport and storage and

many other metabolic functions related to growth, mus-

cular activity, immunity, bone strength, and the nervous

system (Toxqui and Vaquero 2015; Blanco-Rojo and

Vaquero 2019).

Although there is an equilibrium between iron loss and

absorption but several milligrams of iron loss in a day

cannot be overcome by the gut’s absorption capacity and

cause iron deficiency, and once iron stores deplete, iron

Fig. 1 a Worldwide prevalence of anemia in humans and different

factors responsible for anemia, based on WHO report 2001.

b Symptoms, physiological and pathological disorders that can

promote Iron deficency anemia. c Role of iron in innate and adaptive

immune system in COVID-19
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Fig. 1 continued
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deficiency anemia ensues (Rockey, 2010; Camaschella,

2019). Symptoms, physiological and pathological disorders

that can promote IDA are shown in Fig. 1b. Children aged

0–5 years, women of childbearing age, and pregnant

women are particularly at risk. Several chronic diseases are

frequently associated with iron deficiency anemia (chronic

kidney disease, chronic heart failure, cancer, and inflam-

matory bowel disease) (Lopez et al. 2016). Obesity-asso-

ciated inflammation is tightly linked to iron deficiency

(Aigner et al. 2014). A small study was carried out in 20

obese premenopausal females to examine the relationship

between obesity and anemia and found that after weight

loss, iron status improved (Tussing-Humphreys et al.

2010). In contrast, excess iron is another vicinity of the

subject since it has been related to several diseases, such as

cirrhosis, cardiovascular disease, type II diabetes, and

cancer (Raju and Venkataramappa 2018).

Diagnosis of iron deficiency anemia

Hemoglobin concentration is often used as an indicator of

IDA, which varies with age, sex, and physiological status.

In iron deficiency, hemoglobin concentration is\ 13 g/dL

in adult men,\ 12 g/dL in non-pregnant, and\ 11 g/dL in

reproductive-age women. The more severe stage of anemia

is defined as hemoglobin\ 8 g/dL in men and non-preg-

nant women,\ 7 g/dL if pregnant. Meanwhile, measure-

ment of serum transferrin and ferritin saturation, soluble

transferrin receptor (STfR), and STfR-ferritin index are

more accurate than classical hemoglobin tests in the IDA

evaluation. In iron homeostasis, hepcidin plays a key role,

so it is identified as a new diagnostic and therapeutic target

(Lopez et al. 2016).

Possible link between iron deficiency anemia
and COVID-19

According to World Health Organization (WHO), severe

acute respiratory syndrome coronavirus- 2 (SARS-CoV-2)

continues to wreak havoc all over the world, which affects

all age groups but chances of infection is high in the

geriatric population, pregnant women, and people with pre-

existing medical conditions (IDA, diabetes and cardiovas-

cular disease). While there is no particular medicine or

vaccine for COVID-19 till now, it will be necessary to take

preventive measures and immunity booster (Arshad et al.

2020). Iron and immunity are closely linked with each

other as it is the fundamental element for the development

of the immune system. Inadequate intake of iron (Fe) may

lead to suppressed immunity by affecting innate, T cell-

mediated, and adaptive antibody responses. Beneficial

effects induced by iron includes enhances neutrophil

function such as increase myeloperoxidase activity (MPO)

and possibly paired with intracellular bacteriocidal activity,

which strengthens the body’s defense system against

infections. Iron also helps increase T-lymphocyte counts,

natural killer cell activity, and help in the production of

macrophage inhibition factor and interleukin-2, which are

essential to immunity development (Fig. 1c) (Ward et al.

2011). Therefore, it may be hypothesized that supplemen-

tation of iron could boost the immunity against COVID-19.

Dietary factor responsible for iron deficiency

Iron is an essential mineral present naturally in many

foodstuffs in two forms: haem and non-haem iron. Iron

absorption generally starts from the first part of the intes-

tine (duodenum) by diverse mechanisms according to the

form of iron present in food. Animal food such as meat,

liver, seafood, or black pudding is the only source that

provides heam iron, and its absorption is unaffected by

dietary factors (Thompson and Amoroso 2011). Plant-

based foodstuff contains non-haem iron complex that

commonly exists in two oxidative states ferrous or ferric

form. Most non-haem iron is present in the ferric (Fe3?)

form, which has low bioavailability and solubility (Han,

2011). Non-beam iron is digested in the digestive system

by the action of pepsin enzymes and HCl and exhibits

different absorption rates (2–10%) depending on the pres-

ence of iron enhancers and inhibitors in food. Commonly,

ascorbic acid (Vitamin C), folic acid, b-carotenoids,
organic acids, and amino acids rich in the peptide are

enhancers of iron absorption that can reduce ferric (Fe3?)

to ferrous (Fe2?) from (Hurrell and Egli 2010). By contrast,

antinutritional factors such as phytic acid, polyphenols,

calcium (Ca), magnesium(Mg), phosphorus(P), and casein

have a negative impact on iron absorption (Martınez-
Navarrete et al. 2002). Vegetarian diets have a large

number of antinutritional factors that reduce the bioavail-

ability of iron. So, IDA can be eradicated by fortifying food

and food product with iron salts.

Strategies for eradicating iron fortification

Several methods have been used to eliminate IDA for the

last several years, but an effective method is needed that

runs for a long-time and cost-effective. In this context, food

and food products fortified with iron are the most common

and cost-effective strategies to alleviate iron deficiency

among humans being (Garcı́a-Bañuelos et al. 2014).

Recently, dual and quadruple fortification strategies have

been used for ensuring the delivery of multiple micronu-

trients such as iron and iodine. For fortification, those food
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products have been selected as the food carrier, which is

widely and commonly consumed by the target groups.

According to WHO, the most common staple food (salt,

sugar, flours, rice, oil, and dairy products) can be selected

as a carrier for food fortification to control iron deficiency.

However, fortification of food and food products with iron

(Fe) salt that is more bioavailable, does not alter the

characteristics of the food and cost effective is a challenge

(Hurrell, 2002). This paper focuses on providing a com-

plete review of the various iron salts used, including

bioavailability, the challenges of food fortification, the

effects of nano-iron salts on IDA, their applications in food

fortification, and safety concerns of iron nanoparticles.

Iron fortificant for food fortification

In the design of iron-fortified food, it is necessary to select

a suitable combination of food vehicle and iron fortificant.

Numerous iron salts are available to enrich foodstuffs with

iron. Table 1 shows some iron salts that are commonly used

in food and food products fortification. Based on solubility,

iron salts are categorized into three types (a) high water-

soluble, (b) poorly water-soluble but soluble in dilute acid,

(c) water-insoluble but poorly soluble in acid. Generally,

the high water-soluble iron compound is more bioavailable

except ferrous chloride (Preedy et al. 2013). Ferrous

chloride is very quickly oxidized just after solubilization

which easily observed by the rapid appearance of orange

coloring. It explains why ferrous chloride less bioavailable

as predicted by its solubility. In the human metabolic

process, form of iron fortificant (Fe2?, Fe3?) plays an

important role in iron absorption. Water-soluble iron

compound affects the taste, color, and overall acceptability

of food products (Preedy et al. 2013; Ward and Crichton

2016). So, the biggest concern is to find an iron compound

that is stable, more bioavailable, not alter pH and

organoleptic properties of food.

Challenges in iron fortification

According to food technologists, iron is the most chal-

lenging micronutrient to produce fortified food because the

reaction rate of the iron with the different active substances

of the food matrix is very high, and it may produce adverse

organoleptic changes. Many iron complexes had been tried

and incorporated into food vehicles to obtain ideal iron

fortificant according to the needs of the anemic population

(Dary and Hurrell 2006). However, these problems were

not yet completely solved. The problem is related to its

chemistry. In food fortification, two forms of iron are

commonly used: ferrous and ferric. Both forms of iron have

empty d-block and tried to obtain a stable position, so they

form complexes with anthocyanins, flavonoids, tannins,

and phenolic compounds present in food. Due to this

reaction, several common problems formed that is an

adverse impact on texture and color, metallic aftertaste,

off-flavor due to peroxidation of lipids, degradation of

vitamins (ascorbic acid and carotenoid), and reduce the

absorption of iron, as shown in Fig. 2 (Mellican et al. 2003;

Mehansho 2006). Tolkien et al. (2015) studied the impact

of ferrous sulphate on human health. The result shows that

ferrous sulphate severely affects the GI tract and natural

microflora of the gut in all the population groups investi-

gated. Chelation-redox modulation-based technology may

overcome metallic aftertaste but then marked enhancement

of colon cancer risk is seen in rodent models using chelates

of iron(III) citrate or iron(III) EDTA. Allen (2002) used

amino acid–chelated ferrous bis-glycinate as an iron source

in whole maize meal and found that the bisglycinate has

higher redox potential and subsequently greater tendency

to cause lipid oxidation which causes adverse organoleptic

changes. Iron(III) pyrophosphate and reduced iron are

water-insoluble and more suitable for food fortification

because they do not alter organoleptic properties of food

but poorly bioavailable. Haem iron also attempted to pre-

vent IDA but was not proved to be safe, as excessive intake

causes colorectal and prostate cancer (Blanco-Rojo and

Vaquero 2019). These types of problems significantly limit

the use of iron salts to prevent IDA. So, researchers are

very active in finding ideal iron fortificant that added in

sufficient quantity, adequately absorbed, stable, and does

not alter the appearance or taste of the food vehicle.

Nanotechnology for iron deficiency anemia

As stated earlier, food fortification is the most cost-effec-

tive strategy for reducing the prevalence of iron deficiency

in the population group without dependency on pharma-

ceutical tablets or capsules. As alternatives to the soluble

iron salts, which might be highly bioavailable but lead to

an undesirable flavor, color, as well as affects the gas-

trointestinal tract, insoluble iron salts can be used which

include elemental iron, ferric pyrophosphate and ferric

phosphate. Insoluble iron salts do not impart sensory

changes to the food matrix. Although the poor solubility of

iron salt in gastric acids leads to lower bioavailability and

thereby reduces its nutritional value (Hurrell 2002). Fig-

ure 3 shows the important factors that play a role in

developing an effective iron food fortification technique,

and nanotechnology can fulfill all its criteria. Over the past

few decades, nanotechnology has increasingly been con-

sidered as to be attractive technology that has revolution-

ized the medical, agricultural, and food sectors. Typically
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the length of the synthesized nanoparticle is between

1–100 nm (Chaudhry et al. 2008). In the food industry,

nanoparticles have been used as a food additive, anti-cak-

ing agents, carriers for smart delivery of nutrients,

antimicrobial agents, fillers for improving mechanical

strength and durability of the packaging material (McCle-

ments and Xiao 2017; Shukla et al. 2017). Among many

nanotechnology applications, one is to increase nutrient

bioavailability and delivery of minerals, nutrients, mole-

cules, and drugs to their target. Researchers found that

when some of the materials are prepared in nanometer size,

their bioavailability increases (Shafie et al. 2016; Foujdar

et al. 2020). For these details, food technologists and

researchers are now involved in employing nanotechnol-

ogy, which is emergent as a promising strategy for the

efficient iron food fortification and delivery of drugs for the

treatment of anemia. This statement has been validated by

the findings of Verma et al. (1977) that decreasing the

particle size of elemental iron powder by 50–60% to a

mean particle size of 7–10 mm increases iron absorption

by 50% in rats. Harrison et al. (1976) did another study

using five commercial samples of ferric orthophosphate

based on particle size distribution (1–15 lm) and solubility

in 0.1 N HCl(11.6–63.4%), result data showed that the

finer and higher solubility in HCl has more relative

bioavailability value (RBV). In the case of Fe(III)

pyrophosphate, Hurrell et al. (2004) reported that by

decreasing the particle size of ferric pyrophosphate from 8

to 4 lm, absorption of iron increased 2–4 times in adults.

These studies prove that particle size reduction is an

effective strategy for improving iron bioavailability. Par-

ticle size reduction techniques increase the surface area of

iron compound which improves its solubility in the gastric

acid leading to higher absorption.

Metabolic pathway of the iron nanoparticles

A major barrier to the treatment of IDA via conventional

water-soluble iron fortification is adverse effects on the

gastrointestinal tract, harmful effects to the oesophagus,

and the microflora present in the gut. These problems are

arises due to redox cycling of water-soluble iron fortificant.

Oral administration of conventional iron supplements only

small part is absorbed in the upper intestinal tract and the

remaining reaches the low tract where reacts with hydrogen

peroxide and superoxide producing free radicals and

unfavorable effects. Nano-sized iron salts are considered

Table 1 Solubility, bioavailability and problem of different iron complexes in food fortification

Iron complexes Solubility (Water/Acid) Relative

bioavailability

Sensibility to

peroxidation

(Rancidity)

Organoleptic changes and

gastrointestinal problems (Yes/No)

Ferrous sulfate hepta

hydrate (Fe-20%)

Highly water soluble 100 High Yes

Ferrous lactate (Fe-19%) Highly water soluble 106 High Yes

Ferrous chloride (Fe-44%) Highly water soluble 50 High Yes

Ferrous gluconate (Fe-

12%)

Water soluble 85–95 Moderate Yes

Ferrous bisglycinate (Fe-

20%)

Water soluble [ 100 Moderate Yes

Ferric ammonium citrate

(Fe-17%)

Water soluble 51 Moderate Yes

Sodium iron EDTA (Fe-

13%)

Water soluble [ 100 Moderate Yes

Iron (II) taurate (Fe-18%) Water soluble – Moderate Yes

Iron L-pidolate (Fe-18%) Water soluble – Moderate Yes

Ferrous fumarate (Fe-

33%)

Poorly water soluble, soluble

in gastric juice

100 Moderate Yes

Ferric pyrophosphate (Fe-

25%)

Water insoluble, poorly

soluble in dilute acid

21–74 Relatively low No

Elemental electrolytic

iron (Fe-97–99%)

Water insoluble, poorly

soluble in dilute acid

75 Relatively low No

Encapsulated iron Encapsulation dependent – Relatively low No but high cost

Preedy et al. (2013); Ward and Crichton (2016); Blanco-Rojo and Vaquero (2019)
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safer, better tolerated in the gut lumen and more

bioavailable than conventional iron fortificant. Reduction

in the particle size of iron compounds saves oesophagus

and gastrointestinal tract from the harsh effects and

increases the surface area of iron salts, improving its sol-

ubility in the gastric juice leading to higher absorption

(Shukla et al. 2017). Figure 4 gives a diagrammatic rep-

resentation of the metabolic pathway of the iron nanopar-

ticle’s, which involved the whole physiology of iron

nanoparticle from intake up to storage and recycling. In

brief, iron present in the duodenum as ferric(Fe3?) form

that will be reduced to the ferrous(Fe?2) state by Dcyt

B(Duodenal cytochrome B) enzyme that is ferrireductase,

then reduced ferrous(Fe?2) transported across the entero-

cyte apical membrane by the divalent metal transporter1

(DMT1). Fenton reaction is the source of free ferrous ion in

enterocytes, which need to be converted or export imme-

diately. So, reduced ferrous(Fe?2) is released at the ente-

rocytes serosal membrane via ferroportin (export protein)

and oxidized to the ferric(Fe?3) form by hephaestin pro-

tein. Apotransferrin bound to ferric and makes a complex

called iron-transferrin, and transported to the site where it

is required (Shubham et al. 2020).

Fig. 2 Pictorial presentation of multiple challenges in the iron food fortification technique

Fig. 3 Diagrammatic representation of the important factors that play

a role effective iron food fortification technique
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Types of iron nanoparticle used to prevent IDA

Table 2 shows various types of iron nanoparticles such as

iron oxide, ferric phosphate, iron oxo hydroxide and ferric

pyrophosphate that used for the treatment of IDA rather

than the frequently used iron salts. These nanoparticles are

synthesized mainly by the co-precipitation method, flame

spray pyrolysis, or titration method. The shapes of

nanoparticles (NPs) exert a remarkable impact on their

properties. TEM, XRD and zeta potential analysis help in

determination of the shape, size and nature (crystalline or

amorphous) of nanoparticles (Ali et al. 2016). So, the

properties of nanoparticles depend on the method of syn-

thesis and their preparation conditions.

Iron oxide nanoparticle (IONPs)

Iron oxide nanoparticles is the most investigated nanopar-

ticles due to their unique properties, such as superparam-

agnetism, surface-to-volume ratio, greater surface area,

easy separation methodology, biocompatibility and

bioavailability. It can be prepared by physical, chemical,

and biological methods. Figure 5a showed the synthesis of

iron oxide nanoparticle in which co-precipitation of iron

salt with a hydroxide base. The co-precipitation method is

the most common, well-known conventional iron oxide

synthesis method (Ali et al. 2016). Synthesized iron oxide

nanoparticles can be encapsulated with a polymer such as

dextran, polyethylene glycol (PEG), starch, and chitosan to

increase stability. Iron oxide nanoparticles have a wide

range of applications, one of which is a supplement for the

patient having anemia (Arami et al. 2015). Elshemy (2018)

conducted a study to investigate the effect of IONPs

(0.4 mg/kg body weight per 10 days) in male albino rats

via drinking water in the treatment of IDA. The result

shows that IONPs significantly increases red blood cells

(RBCs) count, hemoglobin concentration, red blood cells

indices (mean cell volume and mean corpuscular Hb con-

centration), ferritin, hematocrit (Hct), transferrin saturation

(TS) and total iron binding capacity (TIBC) compared to

FeSO4 group. It may be due to nanosized iron oxide

increased the bioavailability and absorption rate. These

effects matched with Hashem et al. (2018), who designed

in vivo study in female wistar rats to study the effect of

iron oxide nanoparticle in the treatment of IDA and the

result was compared with frequently used ferrous sulfate.

The study shows that spherical-shaped Fe3O4 nanoparticles

with an average size in the range of 65.95–295.3 nm

Fig. 4 Possible metabolic pathways of the iron nanoparticles uptake, transport and storage
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significantly increase RBCs compared to ferrous sulfate

groups. These results revealed that iron oxide nanoparticles

proved as an effective supplement for the treatment of iron

deficiency anemia.

Effect of enhancer on IONPS

Vitamins C, Vitamin B9 (folic acid) and vitamin B3 (ni-

cotine) enhance iron absorption. To study the impact of

enhancer on iron fortificant, Mahmoud and Helmy (2016)

conducted a study in which iron oxide nanoparticle coated

Table 2 Recent research work that has proposed different type iron nanoparticle for treatment of iron deficiency anemia

Type of iron nanoparticle and

coating material

Method of

synthesis

Model Doses Finding of research Reference

Iron oxide nanoparticle capped with

a mixture of multivitamin (folic,

nicotinic and ascorbic acids)

Co precipitation Rat 2.5 mg/Fe NPs

Kg, 5.0 mg Fe

NPs Kg,

10 mg Fe NPs

Kg

The single dose of iron oxides-

multivitamin nano-composite

containing 2.57 elemental iron/kg rat

body weights sufficient to increase the

Hb level from 4.4 to 14.6 g/dl within

four days

Mahmoud

and Helmy

(2016)

Nanosized iron oxide coated with

folic acid

Co-precipitation Rat 2 mg/kg and

4 mg/kg

In both doses folic acid-coated iron oxide

nanoparticles with particle size

220.2 ± 12 nm significantly increase

red blood cells indices and Hb

concentration when compared to

ferrous sulfate group

Hashem

et al.

(2018)

Maghemite nanoparticles grafted

with lactobacillus acidophilus and
streptococcus thermophilus
bacteria as yoghurt fortificant

Co precipitation – 7 mg of grafted

MNPs per each

mL of milk

The nanoparticles’ (NPs) presence did

not affect the bacteria capacity to

ferment milk and produce magnetic

yogurts which is the perfect food

vehicle to prevent IDA

Garcés et al.

(2020)

Iron nanoparticles (Fe3O4) capped

with vitamin C as biscuit fortificant

Co precipitation Rat 10 ppm,

30 ppm, and

60 ppm iron

Biscuit fortified with 10 ppm magnetic

NPs is suitable for mild IDA and

30 ppm magnetic NPs control more

severe IDA

Salaheldin

and

Regheb

(2016)

Iron-and zinc-containing

nanostructured powders as banana

milk, chocolate milk, and cassis-

red currant yogurt fortificant

Flame spray

pyrolysis

– 10 mg Fe/100 g Iron-and zinc-containing nanostructured

powders produce minimal organoleptic

and color changes in food vehicles

particularly in color-sensitive foods

such milk-based drinks

Hilty et al.

(2009)

Iron phosphate nanoparticles

(FePO4NPs)

Flame spray

pyrolysis

Rat 10–20 mg Fe/kg Relative bioavailability of iron phosphate

is increased in the nano-form, since a

reduction in size makes it more soluble

Rohner et al.

(2007)

Nano-sized ferric pyrophosphate-

NPs–Fe4(P2O7)3 as a food

fortificant

Titrating sodium

pyrophosphate

against ferric

chloride

Rat 10, 20 and

30 mg/kg

Relative bioavailability of ferric

pyrophosphate in nano-form is

103.02% with respect to FeSO4

Srinivasu

et al.

(2015)

Nano sized iron oxo-hydroxide with

tartaric and adipic acid

Co precipitation Rat 20 mg Fe/kg Tartaric and adipic acid modified, nano-

iron oxo hydroxide with 5–10 nm

particles size delivers safe iron in

gastrointestinal system and relative

bioavailability is equal to ferrous

sulfate

Pereira et al.

(2014)

Tartrate-modified 57Fe oxo-

hydroxide nanoparticles for

formula milk

Co precipitation

using

stable iron

isotope(57 Fe)

Rat 16 ug 57FeNPs/g

milk powder

Fast iron turnover of the analyzed 57Fe-

NPs become an efficient alternative to

be used in formula milk fortification

with higher bioavailability than that of

the conventional FeSO4

Fernández-

Menéndez

et al.

(2018)

Nanosized iron–amyloid fibril

hybrids

In situ chemical

reduction of

FeCl3�6H2O

Rat 2.5 mg Fe/100 g

food product

Hybrid iron nanoparticle is reported to

have high iron bioavailability with less

organoleptic changes in solid and liquid

foods than ferrous sulfate

Shen et al.

(2017)
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with a mixture of vitamins such as vitamin B9, B3, and L-

ascorbic acid. This coated mixture feed-in an iron-deficient

rat for one week. Animal trials studies reveal that intro-

ducing a single dose of iron oxide- vitamin nano-com-

posites containing 2.57 mg elemental iron/kg rat body

weight is sufficient to correct the Hb level from 2.73 mmol/

L to 9.06 mmol/L within four days and cure anemia

without any apparent toxicity in comparison with ferric

chloride treated group. It can be used as a new formula for

food fortification in the treatment of IDA.

IONPs as food fortificant

Food fortification is an efficient technology to fight against

the disease, so the fortification of food and dairy products

with iron salts is deemed efficient in preventing IDA.

Dairy product Yogurt is the most popular fermented

dairy product with higher nutritional properties, low cost,

fantastic taste, and higher shelf-life than milk. It can be

used as a suitable vehicle for incorporating the iron com-

plex to treat anemic population. Garcés et al. (2020)

develop magnetic yogurts by incorporating iron oxide

nanoparticles. In this planning, IONPs is synthesized by the

co-precipitation method and grafting NPs to the mixture of

Lactobacillus acidophilus and Streptococcus thermophilus

bacteria. Magnetic yogurts were prepared by adding bac-

terial coated iron nanoparticles to fresh milk at a temper-

ature around (40–42 �C).TEM images reveals that most of

the magnetic nanoparticles were attached to the bacterial

exopolysaccharides (EPSs). The capacity of bacteria to

ferment the milk was not affected by the presence of

nanoparticles’ (NPS). The magnetic yogurts show a new

concept in functional foods and the perfect vehicle for the

treatment of IDA as well as used to cure injury of the

digestive system that causes by hyperthermia.

To study the effect of Fe/Zn nanoparticle on bioavail-

ability and color change in commercially available food

products (Banana and chocolate milk, and cassis red cur-

rant yogurt), Hilty et al. (2009) synthesized iron and zinc

containing nano-sized compounds by flame spray pyrolysis

(FSP). The new nanostructured iron powders produced

minimal color changes when added to dairy products

containing chocolate or fruit compared to the changes

produced by water-soluble iron. Thus, these synthesized

nanostructured powders can also be used for food and dairy

products fortification without organoleptic changes to

prevent iron and zinc deficiency.

Cereal products Biscuit is one of the globally consumed

baked products with higher calorific value and low cost,

and due to low moisture content, its shelf life is also high.

So biscuits are considered the right carrier for mineral

fortification and nutritional improvement (Manley and Vir

2011). Salaheldin and Regheb (2016) synthesize ascorbic

acid coated spherical shape iron oxide (Fe3O4) nanoparti-

cles with a size range of 20 ± 2 nm. Biscuits fortified with

three levels of IONPs (10, 30, and 60 mg/kg iron) and

result compared with iron(III) chloride fortified biscuits.

The result finding shows that as increasing the concentra-

tion of vitamin C coated iron oxide nanoparticles promoted

the growth rate, increased the nutritional quality of protein,

enhance the erythropoiesis process as well as increases Hb

concentration and RBC count without any toxicological

symptom and no mortality. Iron-fortified biscuit shows

complete recovery from the anemic state within five weeks.

The present result recommends the use of 10 mg/kg nano

iron-fortified biscuits for mild IDA and the 30 mg/kg level

for more severe ones to control IDA.

Ferric phosphate nanoparticle

Commercially available ferric phosphate (FePO4) is a

white-colored, insoluble iron salt with low nutritional value

(Hallberg et al. 1989). However, nanosized ferric phos-

phate is high bioavailable and almost the same sensory

score as control food sample. Hilty et al. (2010) fortified

chocolate and banana milk with nanosized FePO4/Zn3(-

PO4)2. These nanoparticles are synthesized by flame

aerosol technology with a specific surface area of approx-

imately 190 m2g-1. The sensory analysis shows that Fe/Zn

nanoparticle cause less colour change in reactive food

matrices than conventional iron fortificants.

Flame spray pyrolysis (FSP) is a quick, dry, and flexible

process for synthesizing nanoparticles with high specific

surface area (SSA) and low production fees. Therefore

Rohner et al. (2007) used the flame spray pyrolysis method

to synthesize ferric phosphate nanoparticle in which pre-

cursor Fe(III)-acetylacetonate, and tributylphosphate were

dissolved in xylene at an iron and phosphorus ion con-

centration of 0.2 mol/L each. The bioavailability of nano-

sized ferric phosphate was evaluated by the hemoglobin

(Hb) repletion method. This study shows that when the size

of ferric phosphate (FePO4) is reduced to the nanoscale, its

bioavailability increased and almost similar to ferrous

sulphate. In histological examinations and thiobarbituric

acid reactive substances (TBARS) analyses, there were no

indications of toxicity or necrosis found.

bFig. 5 Schematic diagram of synthesis of iron nanoparticle a Syn-

thesis of iron oxide nanoparticle by co precipitation method as food

fortificant b synthesis of ferric pyrophosphate by titration method as

food fortificant. c synthesis of iron BLG fibril nanocomposites
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Previous studies were not adequately investigated the

potential adverse effects of Fe(III)phosphate nanoparticle

on human cell line. So, Von Moos et al. (2017) investigated

the toxicological effects of different nanosized ferric

phosphate (FePO4) on human cell lines such as HCECs,

HT29 (colon cell), and HT29-MTX. Study shows that it

does not induce cytotoxicity and oxidative stress to cells.

Furthermore, Fe(III)PO4 nanoparticles enriched diets

feeding to rats did not show any toxicity signs, not gather

in tissues although when the amount of nanoparticle was

100 times higher than the daily requirement of iron for

women.

Ferric pyrophosphate nanoparticle

Iron(III) pyrophosphate is creamish white water insoluble

iron salt which does not impart sensory changes to the food

matrix and used in food fortification to meet recommended

dietary allowance (RDA) of iron. The bioavailability of

ferric pyrophosphate is low due to the low solubility even

at high pH. Hurrell (2002) first time reported that its

bioavailability is about 30–50% of ferrous sulfate. As sta-

ted earlier that particle size is an essential factor for iron

absorption in the GI tract. Fidler et al. (2004) reported that

when the particle size of iron(III) pyrophosphate was about

0.3 mm, the relative bioavailability was 82% in human,

whereas Moretti et al. (2006) reported 62% relative

bioavailability when particle size of ferric pyrophosphate

was 0.77 mm. Therefore Srinivasu et al. (2015) synthe-

sized iron (III) pyrophosphate nanoparticles by titration

method in which FeCl3 was titrated against Na4P2O7

solution in the presence of ethane-1,2-diol at 65 �C. Vig-
orous stirring is done to prevent the accumulation of the

particles (Fig. 5b). The bioavailability of ferric pyrophos-

phate nanoparticle was assessed by in vivo study in rats by

nourishing them with Fe4(P2O3)3 nanoparticle rich diet.

The hemoglobin regeneration efficiency was calculated to

determine the relative bioavailability of ferric pyrophos-

phate. The relative bioavailability of ferric pyrophosphate

nanoparticle was found to be 103.2% with respect to fer-

rous sulfate. Histopathological studies of different organs

did not show any toxic symptoms. However, iron

nanoparticles have a high specific gravity (1.5 or higher) so

when nanoparticles were dispersed in a liquid product such

as milk, whose specific gravity is around 1.028–1.032, the

nanoparticle is suspended in a short period, thereby

adversely affecting the stability and appearance of the

liquid products. So, Marshman and Velikov (2009) used

whey protein, gum arabic as stabilizer to stabilized iron (II/

III) pyrophosphate nanoparticles. The synthesis was done

by titration method in which 1% whey protein isolate was

added to sodium pyrophosphate solution and titrated it

against ferric chloride. The synthesized biopolymer

stabilized iron nanoparticle can be used to fortify a liquid

food product without precipitation or changing the

organoleptic properties of food products.

Iron oxo hydroxide

Iron oxo-hydroxide nanoparticles are an iron complex of

iron, oxygen, and hydrogen, which have potential to treat

IDA population. They are more bioactive than conven-

tional iron salts, and their structure is similar to ferritin.

Ferritin is a protein that stores iron. Pereira et al. (2014)

synthesized 5–10 nm size of Fe(III) oxo-hydroxide and

made a similar structure like ferritin core by adding tartrate

and adipinic acid. Animal and cellular models were used to

check cellular uptake and utilization of iron oxo-hydroxide

nanomaterial. Results showed that iron-oxo-hydroxide

nanomaterial with adipinic and tartrate acid was 80% rel-

ative bioavailable to FeSO4 in humans, and in a rat model,

relative bioavailability is equal to ferrous sulfate. Unlike

ferrous sulfate, it does not affect natural microbiota and not

accumulate in the intestinal tract. Thus, adipinic and tar-

taric acid-coated iron-oxo-hydroxide nanoparticle is non-

toxic and more efficient than the commonly used iron salts.

Isotopic rich iron oxo hydroxide nanoparticles in formula

milk

In the neonate, the major source of iron (Fe) is maternal

milk. If maternal milk is not available or sufficient, formula

milk fortified with essential trace elements (e.g. Fe, Zn) are

used (American association, 1999). There is also a fact that

maternal milk has low iron content (0.4 mg/L) and is not

sufficient to fulfill daily iron requirements, so the neonate

is fed formula milk. Fernández-Menéndez et al. (2018) for

the first time, check the efficiency of tartaric acid-coated
57Fe oxo-hydroxide nanoparticles for formula milk fortifi-

cation. For this purpose, iron enriched powder of 57Fe was

firstly dissolved with concentrated hydrochloric acid, and

then the resulting solution was added to sodium tartrate

solution in a ratio of 2:1(Fe:tartrate ratio 2:1). Sodium

chloride was added to the solution until the pH reached 7.4.

The mixture was then centrifuged and precipitate was

washed by ultrafiltration by using a filter of 3000 Da cut-

off. The NPs were then left to dry for at least 24 h at 45 �C
under vacuum. The effectiveness of 57Fe(III) oxo-hydrox-

ide nanoparticle has been examined in two-week-old

Wistar rats having 16 lg iron nanoparticles/g milk powder.

It was found that serum level and red blood cell count

(RBCs) increased with feeding formula milk containing
57Fe(III)-NPs. On statistical analysis, synthesized

nanoparticles were not showing much differences com-

paring with commonly used ferrous sulfate at the same

dose. This study demonstrates the successful application of
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57Fe-NPs in formula milk, and it is an efficient option that

can fulfil the iron requirement in a neonate with higher

bioavailability than that of the commonly used iron salts

(FeSO4).

Hybrid iron nanoparticle

b -lactoglobulin amyloid fibrils are protein aggregates. It is

used as a reductant, and recently used for the synthesis of

gold crystal. b-lactoglobulin fibrils act as a reducing agent,

so when mixed with ferric form, it converts into ferrous

form that is more bioavailable. Using this technique, Shen

et al. (2017) discovered a new b-lactoglobulin fibrils–iron

nanoparticle hybrid material for use in iron fortification.

Hybrid material made of biodegradable amyloid fibril and

iron nanoparticle. Figure 5c shows the synthesis of iron-

BLG fibril. In brief, amyloid fibril was formed by dena-

turing native b-lactoglobulin protein by heating at 90 �C in

pH 2 for 5 h. Obtained amyloid fibril mixed with iron

chloride solution in the presence of sodium borohydride

(NaBH4), iron nanoparticles were nucleated onto the fibrils.

New iron nanoparticles were stable and did not clump

together in foods and drinks. In vivo analysis showed that

new supplement was easily digested and high bioavailable

without changing the organoleptic properties of food

vehicles. Toxicological studies in rats show that iron BLG

fibril nanocomposites did not show toxicity and necrosis in

cells. Therefore, these iron amyloid nanofibrils can be used

to fortify different types of solid and liquid food products

without affecting their sensory qualities.

Toxicity of iron nanoparticle

INPs have many safety concerns, especially with oral

exposure or as a fortificant. So, there is a need to study all

parameters of toxicity and clinical practice. In vivo and

in vitro toxic studies of iron nanoparticles usually need

long-term investigations and monitoring for months or

even years because it prolonged circulated in the body after

Table 3 In vivo and in vitro toxicity of iron nanoparticles that used in treatments iron deficiency anaemia

Type of IONPs Model organism

(in vitro or in vivo

test)

Result Reference

Amino dextran (AD) coated-c
Fe2O3 nanoparticles

Broiler chickens Animal observation, weight, and diet intake reveal no adverse signs,

symptoms, or mortality. No nanoparticle accumulation was observed

in spleen, liver, and duodenum

Chamorro

et al. (2015)

Multivitamin (folic, nicotinic

and ascorbic acids) coated

IONPs

Rat Histopathological examination of liver, spleen, duodenum, kidneys

and brain, iron oxide-vitamin nano-composites do not shows any

sight of toxicity

Mahmoud and

Helmy

(2016)

Carboxyl coated IONPs Mice Blood biochemistry, histological examination and hematological

analyses demonstrated that there was no apparent acute toxicity

caused by carboxyl coated IONPS in mice but smaller nanoparticles

showed more changes in the gene expression level and oxidative

stress in comparison to large sized nanoparticles

Yang et al.

(2015)

Dextran coated and uncoated

IONPs

Rats The size and surface chemistry of the INPs could affect the amino

acid, glucose, and lipid metabolism pathways by disturbance of

hepatic, cardiac, and renal performance

Feng et al.

(2010)

Iron nanoparticles (Fe3O4)

capped with vitamin C

Rat Histopathological analysis of liver, spleen, heart, lungs, kidneys and

intestine do not show toxicological sings with no mortality

Salaheldin and

Regheb

(2016)

Iron phosphate nanoparticles

(FePO4NPs)

Rat In the histological examinations and TBARS analysis, there were no

visible inflammatory changes or other adverse findings in the tissues

Rohner et al.

(2007)

Nano-sized ferric

pyrophosphate-NPs–

Fe4(P2O7)3

Rat Histopathological examinations of different organs did not show any

significant toxicity and necrosis.But, decreasing in Fetuin-B

concentration with increasing dose levels of NPs–Fe4(P2O7)3

Srinivasu et al.

(2015)

Nano sized iron oxo-hydroxide

with tartaric and adipic acid

Rat At therapeutically useful levels, nano Fe(III) oxo-hydroxide was not

cytotoxic and not detectable iron deposition in the mucosa of the

small intestine

Pereira et al.

(2014)

Nanosized iron–amyloid fibril

hybrids

Rat Nanosized iron–amyloid fibril hybrids materials did not show

abnormal Fe accumulation in any organs, or changes in whole blood

glutathione concentrations

Shen et al.

(2017)
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degradation (Arami et al. 2015). Different pharmacoki-

netics and degradation rates of the iron nanoparticle and

their coating molecules make the toxicity studies more

complicated. Table 3 summarizes the recent research work

that has proposed toxicity of iron nanoparticles for treat-

ments of IDA. Gastrointestinal effects such as nausea,

vomiting, abdominal pain, diarrhea and constipation were

among the most frequent adverse effects reported in a

clinical study. Overall, study found that orally intake of

iron nanoparticles is a safe way for drug delivery at a low

amount. However, some investigators still believe that the

possible long-term safety effects of these INPs have not

been fully evaluated.

Conclusion and future prospects

Anemia is a serious global health problem that affects all

age group but most prevalent in young children and preg-

nant women. Iron fortification of staple foods can be an

efficient and long-term strategy to improve the iron level of

the populace without changing their dietary habit, but

adding iron to foods that are well absorbed by the body is a

challenge. Conventional fortificants (FeSO4, FeCl3) caused

gastrointestinal problems, black stool, and other health-

related issues and changed the organoleptic properties of

food. Nanosized iron salts have the potential to overcome

the problem caused by the use of water-soluble iron com-

plexes. Synthesis of iron complexes in nanosize increases

iron bioavailability, and problems like unacceptable colour,

flavour, metallic taste, and rancidity in food vehicles by

using water-soluble iron salts are solved. Thus, the nano-

sized iron powder plays an important role in the fortifica-

tion of food and food products for the treatment of IDA.

Still, there is concern about their potential toxic effect. Due

to their small size, nanoparticles can cross physiological

barriers, damage cells or tissues and exposure to nanopar-

ticles might lead to health hazards. Therefore, various

technical aspects such as characterization, safety assess-

ments, and the impact of iron nanoparticles in the rheology

of food should be studied for their long-term applicability.
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