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ABSTRACT: Iron deficiency anemia is one of the most common nutritional disorders, impacting more than 30% of the world. 
IDA is extremely prevalent, especially in third-world countries. Some leading causes of IDA are poor diet intake and heavy blood 
loss. Many conventional medications include oral ferrous sulfate, ferrous gluconate, and intravenous injections. However, IDA 
still persists as a leading deficiency. This is due to the severe gastrointestinal side effects, which impact patient compliance. New 
emerging nanoformulations can mitigate side effects while maintaining or even increasing absorption. In this literature review, this 
paper examines numerous studies on conventional therapies and nanoformulations. Comparing dosages, efficiency, and general 
reception, it was found that nanoformulations are superior to traditional medications. Specifically, nanoferric pyrophosphate was 
found to be superior to other nanoformulations. This is beneficial for IDA in both first and third-world countries. However, more 
clinical research needs to be done in order to better understand the full range of nanoformulations on humans. 

KEYWORDS: Biomedical and Health Sciences, Nanomaterials, Iron Oxide Nanoparticles, Iron Deficiency Anemia, Iron 
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�   Introduction
Iron deficiency anemia (IDA) is one of the most common 

blood conditions that impacts one’s red blood cells. Accord-
ing to the World Health Organization (WHO), IDA is one 
of the most common dietary deficiencies in the world, with 
over 30% of the population being affected by this condition.1 
In the United States, around one in four adults suffers from 
inadequate iron absorption or intake.2 Without enough iron, 
the human body cannot produce sufficient hemoglobin. He-
moglobin is the protein contained in red blood cells that is 
responsible for the delivery of oxygen to the tissues.3 Symptoms 
associated with IDA include, but are not limited to, excessive 
tiredness, dizziness, fatigue, lethargy, hair loss, and lighthead-
edness.4,5 Iron deficiency anemia has shown outcomes of poor 
pregnancy outcomes, poor motor and mental performance 
in children, and low work productivity in adults.5 On society 
as a whole, this impacts several factors, including significant 
economic losses, reduced quality of life, and impaired human 
development. Impaired human development is one of the most 
critical impacts of IDA. Due to the cognitive losses, the work 
capacity of adults also significantly decreased.6

In order to treat IDA, traditional medication includes oral 
iron supplements and intravenous iron injections.5 However, 
these traditional routes are associated with major gastrointesti-
nal (GI) side effects such as nausea, constipation, and diarrhea, 
which impact up to 50% of patient compliance.5 New tech-
nologies, such as nanoformulated technologies, aim to mitigate 
risks. Nanoscience is an emerging field in science with many 
new opportunities for applications, especially in medicine. It 
can be defined as the science involving the design of materials 
on a nanometer scale, or one billionth of a meter. Nanoformu-
lated iron is hypothesized to be a better approach compared to 
conventional iron due to its larger surface area, which enhances 
absorption.7

Conventional oral iron supplements, like ferrous sulfate, are 
effective and commonly used in increasing iron levels. How-
ever, the absorption of iron is dependent on food intake and 
dosage. While an empty stomach is optimal for iron absorp-
tion, many side effects are present: gastrointestinal side effects 
such as nausea, constipation, and diarrhea are common.5 In 
comparison, nanoformulated iron supplements such as liposo-
mal iron, sucrosomial iron, and iron oxide nanoparticles, when 
used properly, address traditional concerns. These formulations 
enhance iron bioavailability by increasing its solubility and us-
ing alternatives.5

There are many conventional medications meant to treat 
IDA. Yet, IDA remains the largest nutritional deficiency in 
the world. Nanotechnology is an emerging field that can re-
duce the significant number of patients with IDA. The close 
evaluation between nanoformulated iron supplements and 
conventional therapies is crucial for advancing both science 
and public health sectors. Addressing this topic allows for 
new mechanisms in iron absorption. Additionally, it allows 
physicians a broader scale of pharmaceuticals to address iron 
deficiency anemia, reduce the side effects, especially in areas 
with populations with histories of low immunity or tolerance, 
which has led to poor adherence. Widespread use of solutions 
in high-risk groups like young children or pregnant women 
can reshape policy decisions regarding iron supplementation 
protocols in resource-poor areas. This bridges the gap in nutri-
tional health worldwide, making therapies more accessible and 
acceptable worldwide.

�   Methodology
The primary aim of this study was to examine the recent 

advancements in nanoformulations in IDA. The objective of 
this literature review was to explore how nanoformulated iron 
delivery systems enhance iron bioavailability and absorption 
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while reducing gastrointestinal side effects compared with 
conventional medications. Specifically, this literature review 
aims to synthesize existing research studies in clinical studies 
to identify both technological innovations and gaps in cur-
rent studies addressing iron absorption challenges in anemic 
patients. Through this synthesis of the literature, this paper 
aims to understand nanoformulations, such as different iron 
particles, and how they compare to conventional medications. 
The research relied on digital tools and databases to gather 
data. PubMed served as a primary search engine for gathering 
biomedical papers due to its vast collection of data. Supple-
mentary databases such as Google Scholar and ScienceDirect 
were used in limited cases to ensure comprehensive coverage. 
The search strategy was carefully refined through specific key-
words such as “Nanomedicine,” “Nanotechnology,” “Iron oxide 
nanoparticles,” and “Bioavailability enhancement.” Data gath-
ering was organized through a filtered approach. An initial 
screening stage eliminated duplicates and irrelevant studies by 
assessing titles and abstracts. The remaining articles were as-
sessed through a full-text read. Studies with insufficient data 
and unclear methodologies were excluded. Literature from 
PubMed from 2015 to 2025 was filtered. Focusing on studies 
with strong clinical or animal evidence, we gathered around 
41 sources for our main consideration. Using several sources 
and their patient data, quantitative comparisons between con-
ventional treatments and nanoformulated medications were 
conducted. Both primary and secondary sources were included 
in this review. The primary sources consisted of peer-reviewed 
experimental research articles, clinical trial publications, and 
animal studies. These sources provided both qualitative and 
quantitative data. The inclusion of secondary sources provided 
additional, deeper insight. Data on iron absorption levels, dose 
equivalencies, and side effects were explored. Throughout the 
entire process, no physical tools or materials were used in this 
study.

Biological Importance of Iron:
Biologically, life relies on many different metals, and iron is 

one of them. Iron is needed by most species. Iron is essential 
for many important cellular processes, including gene regula-
tion, metabolism, bioenergetics, and hormone synthesis. Both 
deficiency and overload can disrupt these functions and can 
lead to serious diseases.4 About 60-70% of iron in the body is 
incorporated into the main circulating protein hemoglobin in 
red blood cells. This binds and transports from the lungs to the 
tissue. Another portion of the iron is then stored in myoglobin 
in the muscle, where it stores oxygen to support muscle con-
traction. Without enough iron in the body, hemoglobin levels 
fall, resulting in IDA with symptoms ranging from weakness 
and fatigue to hair loss.4,8

Iron is the metal in active sites of redox enzymes, enzymes 
that can catalyze a reduction or oxidation of their substrate, in 
the mitochondrial electron transport chain. This is critical for 
ATP production.9 It is part of heme and non-heme enzymes 
in oxidative metabolism. Iron absorption uses heme iron from 
meats such as poultry and seafood. Heme iron is readily avail-
able for iron absorption rather than non-heme iron. Nonheme 

iron can be found in plants, and only about 17% or less is ab-
sorbed. When there is a lack of heme iron, IDA can impair 
metabolism, impacting physical health.4,10

Additionally, iron interacts in DNA replication and repair. 
DNA replication initially starts with the unwinding of the 
DNA helicase, which includes iron-dependent DNA. The 
iron-sulfur (Fe-S) cluster of DNA is used for DNA binding 
and helicase activity. After the DNA unwinds, the RNA prim-
er is deposited for DNA replication initiation. Primase, which 
contains 2 units that are iron-dependent. DNA polymerases 
and then combine complementary DNA strands. Iron-con-
taining enzymes supply the iron-containing DNA strands. An 
Fe-S protein (PPAT) starts purine synthesis.11 Ribonucleotide 
reductase (RNR), an enzyme used for DNA synthesis, uses 
an iron-based cofactor that converts ribonucleotides to deoxy-
ribonucleotides.12 This is then used by polymerases.4 Many 
DNA replications and protein repair depend on iron clusters. 
A deficiency of iron can slow DNA replication and cellular 
division. Iron is essential for human life because even small 
disruptions of iron levels can severely impact oxygen transpor-
tation, metabolism, and DNA replication.4,13

Diagnostic criteria for Iron Def iciency Anemia:
The diagnosis of IDA is established by assessing hemato-

logical and iron biomarkers. In a healthy individual, ferritin 
can show iron levels. However, they are rarely beneficial in or-
der to find the actual iron availability for erythropoiesis. For 
this reason, additional criteria are evaluated. Transferrin satu-
ration (TSAT), soluble transferrin receptor (sTfR), percentage 
of hypochromic erythrocytes (%HYPO), and reticulocyte he-
moglobin content (CHr) are all used to identify IDA.14 The 
World Health Organization explains that IDA is standardized 
by a hemoglobin level of less than 130 g/L in men, less than 
120 g/L in nonpregnant women, and less than 110 g/L in both 
pregnancy and children less than 5 years of age.14

Global Epidemiology of IDA:
Iron Deficiency Anemia is the leading cause of worldwide 

anemia, affecting up to 30% of the world. Women of repro-
ductive age and children are the highest risk groups of IDA 
due to the increased need for iron, blood loss due to menstrua-
tion, and, most often, an inadequate diet.15 The most common 
regions impacted by IDA are South Asia and sub‑Saharan 
Africa. Many countries report anemia in more than half of 
women and children. Additionally, tropical Latin America 
and part of Oceania exhibit high anemia rates, though slightly 
lower than South Asia and sub-Saharan Africa.16 Especially 
in South Asia, anemia in women of reproductive age is highly 
prevalent, and rates frequently exceed 50% with particularly 
high rates in countries such as India, Pakistan, and Bangla-
desh. Low dietary nutrients, menstrual and pregnancy‑related 
blood loss, and cereal-based diets with low iron bioavailabil-
ity drive these high rates of IDA. Sub-Saharan Africa also 
shows similar patterns of IDA, especially among children and 
women. With rates surpassing 60%, IDA often overlaps with 
malaria and other inflammatory conditions that cause blood 
loss and increase the need for iron.17 In comparison, higher 
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income areas such as North America, Western Europe, and 
parts of East Asia have overall lower rates of anemia; still, IDA 
remains prevalent in the same high-risk groups of young chil-
dren, menstruating, and pregnant women.18 In high-income 
settings, the main cause of IDA surrounds heavy menstrual 
bleeding, poor diet choices, bariatric surgery, and gastrointesti-
nal disorders such as celiac disease. Instead of widespread food 
insecurity, these criteria cause bleeding.5 Globally, IDA still 
progresses as a nutritional barrier and causes many burdens, 
especially for women and young children. Although there are 
many conventional therapies aimed at decreasing IDA rates, it 
remains prevalent in third-world countries. Nanoformulations 
of iron can improve bioavailability without the gastrointestinal 
side effects. Novel nano-iron systems hope to overcome the 
limitations of conventional medications and provide scalable 
solutions for food fortification.

�   Discussion 
Iron Deficiency Anemia Overview:
Johns Hopkins Medicine defines Iron Deficiency Anemia 

(IDA) as low hemoglobin levels due to insufficient iron levels. 
This can result from diets low in iron, body changes, growth 
spurts in children and adolescents, gastrointestinal tract abnor-
malities, and blood loss.19

As shown in Figure 1, the human body absorbs iron through 
the stomach and duodenum. Iron absorption and regulation 
involve the hormone hepcidin and the iron transporter ferro-
portin. During this process, oxygen combines with iron and 
is transported into the plasma portion of blood by binding to 
transferrin.

From there, iron and transferrin are used in the production 
of hemoglobin, stored in the liver, spleen, and bone marrow, 
and utilized as needed by all body cells. Disruptions in this 
process can result in anemia.20

Heme Vs. Non-Heme Iron:
There are two types of iron: Heme and non-heme iron, 

which differ significantly in their absorption from dietary 

sources. Heme iron is found in animal products and is ab-
sorbed more efficiently. About 25% of heme iron is absorbed. 
In comparison, non-heme iron is from plant-based foods such 
as beans, nuts, dark chocolate, legumes, spinach, and fortified 
grains. Less than 17% of non-heme iron is absorbed. Non-
heme iron is regulated by the body, so the bioabsorption tends 
to be less. Other foods can influence absorption. For instance, 
foods with vitamin C can enhance absorption. However, there 
are iron absorption inhibitors, such as calcium in dairy prod-
ucts. On the other hand, heme iron is absorbed regardless of 
the body’s iron status, which can potentially lead to iron over-
load. Vegetarians rely solely on non-heme iron, so they need 
to consume more iron than an omnivore. Failure to meet iron 
requirements leads to IDA.10

Conventional Overview:
Conventional supplements such as ferrous sulfate and fer-

rous gluconate are used for the management and treatment 
of iron deficiency anemia. Iron supplements are available 
and cost-effective for the general population.5 Oral iron sup-
plements replace iron stores and encourage erythropoiesis: 
formation of red blood cells, which is essential for oxygen 
transport throughout the body.22

Oral Iron Supplementation:
Iron supplements such as ferrous sulfate (20% elemental 

Fe), ferrous gluconate (12% elemental Fe), and ferrous fuma-
rate (33% elemental Fe) are the most common prescriptions 
for IDA.20 Many formulations, such as ferrous sulfate, ferrous 
gluconate, and ferrous fumarate, are readily available over the 
counter.5 For the best absorption, it is recommended to take Fe 
at least 30 minutes before a meal or 2 hours before taking other 
medications. Iron transportation occurs through the process 
of divalent metal transporter 1 (DMT1) across the basolateral 
membrane through the protein ferroportin, where it is stored 
as ferritin in the M1 macrophages. Then it is converted to 
absorbable Fe2+ ions. Before finally being separated by trans-
ferrin to various sites in the body, including the bone marrow 
for RBC synthesis. The absorbed iron is then incorporated 
with other components, such as porphyrin and globin chains, 
to form hemoglobin, which transports oxygen from the lungs 
to other organs in the body, entering systemic circulation.20

Intravenous Iron Injections:
Intravenous iron injections are effective in the treatment of 

IDA and are considered when oral supplementation fails. Sit-
uations where IV is preferable are patients who cannot tolerate 
oral iron due to side effects, pregnant women who already have 
significant nausea and vomiting, patients who have a gastric 
bypass, where reduced gastric secretion impairs iron absorp-
tion, and patients who have malabsorption conditions that 
prevent adequate absorption into the body (such as Whipple's 
disease, SIBO, celiac disease, pernicious anemia).20 Intravenous 
iron injections are useful when there are substantial iron losses, 
such as menstrual bleeding, chronic gastrointestinal bleeding, 
and impaired intestinal absorption (such as celiac disease, in-
flammatory bowel disease, or after gastric/duodenal surgery).5 
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Figure 1: Iron Absorption. This image reflects iron absorption. Iron can be 
found in food; particularly, heme iron is found in poultry and seafood. During 
digestion, iron travels through the stomach to the duodenum, where it is 
absorbed into the bloodstream and used by cells as needed. Iron is oxidized to 
the Fe3+ state. Molecules like transferrin facilitate the absorption of iron, while 
phytates, tannins, and antacids block absorption.21 Created using BioRender.
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activity may occur.5 Thus, conventional medications are only 
effective when intestinal absorption is not impaired by con-
ditions such as celiac disease, autoimmune gastritis, duodenal 
resection, or menorrhagia.

Intravenous (IV) Injections, such as iron sucrose and ferric 
carboxymaltose, are used when oral medications fail. IV iron 
injections have their own set of side effects. With IV, there is 
a potential for iron overload, which can occur from repeated 
infusions. Additionally, there are rare risks of severe allergic re-
actions, such as anaphylactic reactions with dextran-containing 
formulations. More common side effects of IV include bloating 
or swelling of the body, blurred vision, chest pain or tightness in 
the chest, confusion, headache, and dizziness.30 Overall, there 
are many pitfalls of conventional iron medications that lim-
it patient compliance and reduce efficacy in patients with GI 
disorders. These challenges underscore the need for emerging 
innovative solutions, such as nano-iron, that reduce side effects 
while improving absorption.

Nanoformulations of Iron Deficiency Anemia:
Recent innovations in the field of nanotechnology have re-

sulted in a wide array of new nanoformulated IDA solutions, 
such as iron oxide, ferric phosphate, iron oxo hydroxide, and 
ferric pyrophosphate. These nanoformulations are used for the 
treatment of IDA rather than the frequently used iron salts due 
to their efficiency. Research has been ongoing to increase the 
efficacy of Iron Nanoparticles (IONPs) based treatments, and 
these nanoformulations aim to close the gap of IDA. These 
tiny nanosized iron oxide particles have proven to increase 
bioavailability and absorption in addition to lowering the risk 
of gastrointestinal side effects.31 For example, nanoformulat-
ed ferric phosphate demonstrates more than 72% increase in 
absorption rates compared to conventional ferrous sulfate. Ad-
ditionally, the nanoformulation demonstrates better safety in 
both mice and human subjects.32

There are many types of IV iron injections, which include iron 
sucrose and ferric carboxymaltose. All IVs can differ in doses 
and infusion time.23

Table 1 demonstrates the comparative efficacy of two types 
of IV iron formulation and how they vary in dose, infusion 
time, and safety.

Iron sucrose is a type of IV that is made up of a complex of 
ferric oxyhydroxide and sucrose. During transfusion, it releases 
iron that binds with transferrin. Then it’s transported through 
target cells, such as erythroid precursors, which are located in 
the bone marrow. There, it is incorporated into hemoglobin.26 
The iron is rapidly absorbed in the bloodstream with peak se-
rum levels within around 10 minutes.24 However, iron sucrose 
is less stable than other complexes, so it releases iron more 
quickly. This means it is generally well tolerated and can be 
used in patients with chronic diseases.26

Studies have shown that pharmacologically relevant 
concentrations of iron sucrose can significantly inhibit phago-
cytic function in neutrophils. This impact can be facilitated 
by elemental Fe rather than the carbohydrate shell.27 Ferric 
carboxymaltose is another type of IV that is made up of a 
macromolecular complex of ferric hydroxide and carboxymalt-
ose.28 Ferric carboxymaltose is used in symptomatic patients 
to help reduce HF symptoms and improve quality of life. The 
high molecular weight allows for slow and controlled release. 
Ferric carboxymaltose is taken up by endocytosis by the M1 
macrophages of the reticuloendothelial system. Since this 
slow release has larger doses, there are lower risks of infusion 
reactions, but it is associated with a higher risk of hypophos-
phatemia, defined as an adult serum phosphate level of fewer 
than 2.5 milligrams per deciliter (mg/dL).29

Pitfalls of Conventional Medications:
While conventional medications are widely used, they pose 

side effects for the patient. These side effects hinder patient 
compliance and overall effectiveness of the treatment. The 
most common oral medications, such as ferrous sulfate, ferrous 
gluconate, and ferrous fumarate, have GI side effects of nausea, 
abdominal pain, vomiting, heartburn, diarrhea, constipation, 
and discolored stools. All of these side effects inhibit patient 
compliance. Up to 50% of patients have reported experienc-
ing discomfort leading to poor adherence to treatment plans.5 
There are many adverse effects as intestinal iron absorption is 
limited. For example, the maximum absorption of 100mg of 
oral iron only leads to up to 20% to 25% absorption rates and is 
reached in the late stage of iron deficiency.5 This rate can even 
decrease further depending on certain foods that inhibit iron 
absorption. Additionally, uptake may be impaired in a disease 
setting, such as celiac disease, anemia of chronic disease, or au-
toimmune gastritis. Within patients with inflammatory bowel 
disease, mucosal injury and possible exacerbation of disease 
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side effects, including nausea, constipation, and diarrhea. These 
side effects have led to poor compliance from patients.34 In 
comparison, nanoformulations require fewer doses but achieve 
better tolerability.

Nano-Ferric Pyrophosphate:
Nano-ferric pyrophosphate is an especially small-sized iron 

nanoparticle developed as a food fortificant. The particles are 
typically 10-30 nanometers. It is used to address IDA through-
out daily dietary intake rather than high-dose medicinal 
supplementation. Nanosizing Ferric Phyrophosphate, which is 
usually poorly soluble (Fe³⁺) salt, allows the water-insoluble 
iron salt to sharply increase solubility in acidic environments, 
which improves gastrointestinal absorption and hemoglobin 
regeneration. In bulk form, ferric pyrophosphate is white and 
almost tasteless, which makes it convenient for adding it to ce-
reals, dairy, and other foods without it causing a metallic taste 
or dark discoloration.31 In the rat model, nano-ferric pyro-
phosphate achieved a relative bioavailability of roughly 103% 
when compared with ferrous sulfate.31 This indicates that na-
no-ferric pyrophosphate can match or even surpass standard 
oral iron salt while avoiding many of the GI side effects that 
limit use of other fortificants in food products.35 On a func-
tional level, nano-ferric pyrophosphate is more of a “stealth” 
nutritional fortification than a high-dose drug. For example, 
it can be blended into foods such as infant cereals, dairy prod-
ucts, and other daily staples so that populations at risk of IDA 
can receive repeated doses of highly bioavailable iron without 
noticeable changes in taste or appearance and side effects.35, 36 
Past preclinical work indicates that at a nutritionally relevant 
dosage, nano-ferric pyrophosphate can replenish hemoglobin 
levels with minimal toxicity through proteomic changes such 
as shifts in proteins like Fetuin-B.35

In a recent randomized controlled trial in children ages 
2-12, Liposomal SunActive was compared with convention-
al iron for the treatment of IDA. Liposomal iron is a novel 
oral formulation of ferric pyrophosphate. After one month of 
therapy, 96 pediatric patients demonstrated higher hemoglo-
bin levels. After six months of oral iron therapy, the patients on 
the liposomal iron still showed greater HB levels.37 Liposomal 
iron and nano-ferric pyrophosphate are both similar, and their 
efficacy is comparable if not superior to traditional iron salts. 
Both can be used as a food fortification for children, as there 
are undetectable changes in taste and easy incorporation due 
to their size.35, 37

Side Effects and Tolerability:
Nanoformulations have consistently outperformed con-

ventional medications, while maintaining superior safety and 
tolerability. Compared to traditional iron salts, nano-iron sup-
plements have shown fewer gastrointestinal side effects, with 
lower rates of nausea, constipation, diarrhea, and abdominal 
discomfort; these being the most common side effects report-
ed with conventional medications such as ferrous sulfate and 
ferrous gluconate.38, 39 However, the field of nano-iron is rela-
tively new, so there are some potential side effects and safety 
concerns to consider.37

Table 2 summarizes the comparative efficacy of various 
nanoformulated treatments relative to the most commonly 
used conventional iron salts for the treatment of iron deficiency 
anemia (IDA). The table highlights key studies that compare 
different iron nanoparticles, including hybrid iron nanopar-
ticles alongside conventional iron salts such as ferrous sulfate 
and gluconate. For each formulation, the dosage and animal 
model are listed. The relative efficiency of the formulation and 
its results are compared with conventional medications, and 
the main findings regarding hemoglobin levels, side effects, 
and overall absorption are presented. The data demonstrate 
that nanoformulated iron treatments are often superior to con-
ventional medications. This table serves as a concise reference 
for evaluating the advantages of Iron NPs in IDA treatment.

Among the various solutions, iron oxide nanoparticles have 
been widely studied. Oftentimes, iron (Fe) NPs are encapsu-
lated with multivitamins or coated with folic acid to improve 
bioavailability and minimize toxicity. These NPs are synthe-
sized through co-precipitation and are designed to rapidly 
correct IDA (Iron Deficiency Anemia). Several reports, spe-
cifically in rats, have shown fast hemoglobin recovery with 
minimal side effects. The multivitamin model demonstrates 
enhanced iron metabolism, and the folic acid coating reduc-
es direct contact with the intestinal lining, therefore reducing 
gastrointestinal side effects.33

Magnetite nanoparticles, especially when capped with 
vitamin C, can demonstrate higher absorption rates than con-
ventional medications while maintaining minimal side effects 
and no cytotoxic effects. Vitamin C enhances iron solubility, 
and experiments in albino rats have shown that this formu-
lation corrects IDA faster than most commercially available 
solutions, such as ferrous sulfate.33

Iron oxo-hydroxide NPs (nanoparticles), which are modi-
fied with tartaric and adipic acids, can mimic the structure of 
ferritin, which is the body’s natural iron storage protein. This 
NP has been shown to reduce toxicity and enhance bioavail-
ability. Tests from both human and animal clinical studies 
have demonstrated having a greater bioavailability and being 
approximately 80% as efficient as ferrous sulfate in terms of 
absorption.33

Nanoformulated ferric pyrophosphate, synthesized through 
titration, is shown to have superior bioavailability and ab-
sorption. Studies have indicated it is more than 103.2% more 
efficient than ferrous sulfate.31 Nano-ferric pyrophosphate is 
designed for the rapid correction of IDA, while maintaining 
minimal side effects. Hybrid iron nanoparticles have shown 
a high level of bioavailability, making them effective for food 
fortification. These NPs have proven stable tolerability, but 
long-term data are still limited.31

Iron phosphate NPs are synthesized through flame spray py-
rolysis. These NPs have shown improved absorption compared 
to conventional iron salts, while still maintaining minimal side 
effects, making them a good option for food fortification. 
However, other nanoformulations are superior, as they require 
less dosage in comparison for an optimal effect.31 Commercial 
iron salts such as ferrous sulfate remain the standard medica-
tion for IDA; they come with many significant gastrointestinal 

DOI: 10.36838/IJHSR813.81

	 ijhighschoolresearch.org



	 86	

One notable side effect that was seen was the risk of local 
reactions at the site of administration, especially with intrave-
nous nano-iron products. Leakage of the solution outside of 
the vein can lead to discoloration of the skin, which can persist 
over several months but usually resolves over time. Rapid infu-
sion of some nano-iron formulations can trigger complement 
activation-related pseudoallergy (CARPA). CARPA can be 
shown as flushing, back/chest pressure, or itching. However, 
these reactions are more common with older formulations or 
those that release more free iron and are not usually life-threat-
ening, unlike true anaphylaxis, which is extremely rare with 
modern formulations.40

Oral Nano-Iron supplements are less likely to cause systemic 
side effects. However, some individuals may experience mild 
gastrointestinal side effects, such as a change of color in stool or 
a metallic taste in the mouth. Typically, these effects are less se-
vere compared to conventional medications. In extremely rare 
cases, extravasated iron products lead to granulomas, dermati-
tis, or local fibrosis. There is still ongoing research about the 
long-term side effects of nano-iron accumulation in tissues, but 
current evidence shows nano-iron is generally safe. Compared 
to conventional medications, nanoformulations have signifi-
cantly better tolerability due to fewer GI side effects.41

The findings of this literature review highlight the potential 
of the future of biomedical nanotechnology in iron supplemen-
tation for the management of iron deficiency anemia (IDA). 
By synthesizing multiple sources from recent clinical studies, 
this review demonstrates that nanoformulated iron supple-
ments consistently outperform conventional iron salts such as 
ferrous sulfate and ferrous gluconate in terms of bioavailability 
and patient compliance. The most notable formulation among 
the nanoformulations is nano-ferric pyrophosphate, as it is 
103.2% more effective than conventional salts.12 Nano-ferric 
pyrophosphate provides superior absorption rates as well as 
reduced gastrointestinal side effects compared to traditional 
therapies like ferrous sulfate and ferrous gluconate. These re-
sults are significant as they provide better solutions for weaker 
communities with persistent challenges associated with con-
ventional medications, including vulnerable populations such 
as children, pregnant women, and individuals with gastrointes-
tinal disorders.

One of the most interesting findings is the enhanced bio-
availability of nanoformulated iron supplements. Studies have 
shown that nano-ferric pyrophosphate achieves bioavailabili-
ty rates exceeding those of ferrous sulfate, with minimal side 
effects and rapid correction of anemia. This is due to the phys-
icochemical characteristics of nanoparticles, such as size and 
release mechanisms, which facilitate increased iron uptake. 
Similarly, iron oxide nanoparticles encapsulated with multivi-
tamins or coated with folic acid have shown rapid hemoglobin 
recovery while reducing toxicity, demonstrating the advantages 
of nanoformulations in clinical practices.

Additionally, another key finding was its increased tol-
erability. Conventional iron salts are notorious for their 
gastrointestinal side effects, such as nausea, constipation, or 
diarrhea, resulting in poor patient compliance. In compari-
son, nanoformulations are associated with reduced side effects, 

which can result in higher adherence rates as well as patient 
satisfaction. Nano-ferric pyrophosphate has been shown to 
have superior absorption rates. This is essential for the future. 
In order to close the nutritional gap between populations with 
a history of lower tolerability, the reduced side effects not only 
improve quality of life for patients but also enhance the effec-
tiveness of anemia management.

Future Directions and Limitations:
The implications of this finding are far-reaching for clin-

icals, future research, and public policy. Through a clinical 
perspective, nano-iron supplements can improve patient out-
comes in the management of iron deficiency anemia (IDA). 
As for public policy, the integration of nanoformulations both 
internationally and nationally could decrease the global burden 
of Iron Deficiency Anemia (IDA), especially in areas where 
access to conventional therapies is limited. The versatility of 
nanoformulations is suitable for not only individual treatment 
but also large-scale food fortification programs. This provides 
a practical solution for improving iron bioavailability in popu-
lations with limited access to healthcare.

Some theoretical implications show a deeper understand-
ing of the mechanisms of iron absorption and the role of 
nanotechnology in improving drug delivery. The success 
of nanoformulations shows the importance of particle size. 
These insights benefit the development of future nanomedi-
cine applications, not only for iron deficiency but also for other 
micronutrient deficiencies. Despite the promising findings, 
several limitations must be acknowledged. The majority of 
studies are from animal models such as rats and small-scale 
human trials. Additionally, the cost of these nanoformulations 
can pose barriers to their widespread adoption, especially in 
poorer communities. Further research is required to observe 
the immune response as well as the long-term effects of re-
peated exposure to iron nanoparticles.

�   Conclusion 
Based on current research, the field of nanotechnology can 

enhance iron absorption through nano-iron with significantly 
fewer gastrointestinal side effects. Notably, nano-ferric py-
rophosphate outshines conventional medications and has a 
promising impact on food fortification. Overall, Nanoformu-
lations offer greater bioavailability and absorption compared 
to conventional medications. However, current research mostly 
uses animal models. Future research needs to focus more on 
clinical trials on humans to see the full capacity of nanofor-
mulations. By addressing these gaps, nanoformulations of iron 
supplements can transform the global epidemiology of iron de-
ficiency anemia and maximize its accessibility.
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