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Iron oxide nanoparticles were used in earlier searches to treat iron deficiency anemia; this 

search applied magnesium nanoparticles with iron to know what the occurrence is. 

 
Abstract 

Iron deficiency anemia (IDA) is a significant global public health issue. Herein, chemically 

synthesized iron oxide magnetic nanoparticles (IONPs) and magnesium oxide nanoparticles 

(MgO-NPs) were characterized and evaluated as treatments for IDA. For in vivo assessment, 

fifty Sprague-Dawley rats were divided into 5 groups: negative group, positive control or 

anemic rats, and four treated sets with different iron formulations (n = 10). IDA was induced 

by feeding rats a Fe-deficient diet, after which they were treated orally with different iron 

compounds for 4 weeks. Biological and hematological parameters were followed up during 

the treatment period. Results demonstrated that all examined groups had a positive curing 

impact, attaining normal values, while FeMgO-NPs exhibited the highest results in 

bioavailability (HRE ratio/day% and RBV HRE ratio/day %), hematological parameters, 

and transferrin saturation% among examined groups. Additionally, the histopathological 

structures revealed that the damage in the liver tissues of anemic rats persisted after feeding 

on FeSO4 and IONPs, except that FeMgO-NPs were better. While the spleen was normal in 

all repleted groups. This demonstrates that iron bioavailability rises when IONPs are used 

therapeutically to treat IDA, returning it to normal levels. However, it must be supported by 

other metals to increase its properties and minimize its adverse effects. 
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Introduction 

Iron deficiency anemia (IDA) is an essential worldwide health epidemic [1]. The 

prevalence of anemia in the world in 2019 was 39.8% in children aged 6 to 59 months, 

29.6% in non-pregnant women, and 36.5% in pregnant women [2]. While 25% of women 

were anemic, according to The Demographic and Health Survey of Egypt (2014) [3]. 

Women in rural Upper Egypt had the highest anemia rate (31%). Anemia is a blood 

condition characterized by a lack of sufficient RBC mass to adequately oxygenate peripheral 

tissues [4-7] and according to WHO, 2011 anemia is defined as a g/L level of less than 120 

in non-pregnant adult women and less than 110 in pregnant women [8]. Malnutrition, iron 

shortage in diet, insufficient iron absorption, and excessive iron absorption by the placenta 
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or fetus are the main causes of IDA, which happens when the synthesis of hemoglobin and 

iron-containing enzymes is inhibited by iron [9]. 

Iron is an essential trace element for sustaining basic cellular functions and promoting 

immunity in response to infections and immunizations. It also participates in numerous 

enzyme systems in the body and is necessary for oxygen transport [10, 11]. The most 

straightforward method of broadly and sustainably increasing iron intake is frequently 

through food fortification. It is one of the most economically advantageous global 

development initiatives [12]. The British Society of Gastroenterology advises using ferrous 

preparations, particularly ferrous sulphate, as the first line of treatment for iron depletion 

because they are affordable, have high bioavailability, are readily available in a variety of 

forms, and have been proven to effectively replenish iron stores and treat anemia [13]. 

However, there are also many limitations to their use, with the most common being the 

frequency and severity of side effects. 

Due to their physiochemical characteristics and small particle size (1-100 nm), 

magnetic nanoparticles (NPs) are receiving more interest in nanoscience and 

nanotechnology [14]. The solubility and in vivo bioavailability of iron compounds are 

increased to the level of FeSO4 without interacting with the food matrix by significantly 

increasing their specific surface area (SSA) about mass when reduced to the nanoscale [15- 

17]. Several authors have looked into the use of nanoparticles (NPs) as dietary supplements 

over the past few years They have used magnetic iron NPs [18], oxide iron NPs [16,19,20] 

or iron phosphate NPs [15,21,22] they use nano iron supplements, iron hydroxide adipate 

tartrate (IHAT), to treat IDA in young children. The coprecipitation approach is commonly 

used as a straightforward procedure for producing inorganic and metal-based nanoparticles. 

Iron oxide nanoparticles are frequently produced by the coprecipitation technique and are 

well-known in the biomedical field for numerous benefits. This technique has many 

advantages, including great product yield, eco-friendly solvent, and limited size dispersion. 

the species that often dissolves in aqueous solutions to generate the particles [23]. 

Huang et al. [24] found a clear correlation between magnesium deficiency and a 

higher frequency of anemia, especially in elderly women. Magnesium is necessary for the 

hematopoietic system [25]. In the US, it is common to fall short of the recommended daily 

magnesium intake, and 28% of pregnant women have anemia as a result [26]. According to 

a cross-sectional retrospective study by Zeynep et al. [27], anemia among persons with 

chronic renal disease is positively associated with magnesium deficiency. Cinar et al. [28] 

found that magnesium supplementation also increases athletes' hemoglobin levels. The 

relationship between dietary magnesium intake and anemia in the general population is 

poorly understood. [24] 

 
Aim of study 

This research studied the impact of iron and magnesium oxide nanoparticles, which 

were chemically synthesized, via a coprecipitation method, characterized in terms of 

structural, morphological, and dimensional properties using X-ray diffractometry (XRD), 

transmission electron microscopy (TEM) imaging, Fourier transform infrared (FTIR) 
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spectroscopy and finally studied its biological and histopathological effect when used as 

food fortificants to alleviate iron deficiency symptoms in vivo. 

 
Material& methods 

Nanoparticles Materials Synthesis 

All chemicals were of analytical reagent grade and were used without further purification 

 
Preparation of IONPs 

Magnetite iron oxide Fe3O4 nanoparticles were created using the co-precipitation process, 

as described in [29]. Briefly, 20 ml of aqueous (1 M FeCl3 hexahydrate) solution and 5 ml 

of aqueous (2 M FeSO4 heptahydrate in 2 M HCl) solution were added dropwise to 250 ml 

of 0.7 M ammonia solution in deoxygenated surroundings by bubbling N2 gas until the 

color of the reaction mixture turned to black. The mixture was then stirred and sonicated for 

30 minutes. The precipitate was recovered using a magnetic field, washed three times with 

deionized water, and centrifuged to separate the sediment. The precipitate was then ground 

after being dried at 60 °C. 

 
 

Preparation of FeMgO-NPs. 

Magnesium oxide (MgO) nanoparticles were synthesized according to Wahab, et al., 

[30] method which is based on the dissolving of 0.2 M Magnesium nitrate (MgNO3 6H2O) 

in 100 ml of deionized water and then adding a drop wisely to a solution of 0.5M sodium 

hydroxide under continue stirring for 30 min until white precipitate of magnesium 

hydroxide appeared. PH was adjusted to 12.5. The precipitate was filtered and washed three 

times with methanol to remove ionic impurities then centrifuged at 5000 rpm/min for 5 min 

and dried at Room temperature. The dried precipitate was calcinated in the furnace at 300 °c 

for 2h. Iron / Mg oxides mixture was prepared by mixing iron oxide nanoparticles as 

magnetite Fe3O4 with MgO nanoparticles in a ratio of 1:2. 

 

Chemical and structural characterization: 

Imaging, Particle size, and morphological features of nanoparticles were determined 

by using a High-resolution Transmission Electron Microscope (HR-TEM, Tecnai G20, FEI, 

and Netherland) Two different modes of imaging were employed; the bright field at electron 

accelerating voltage 200 kV using lanthanum hexaboride (LaB6) electron source gun and 

the diffraction pattern imaging. An Eagle CCD camera with (4k*4k) image resolution was 

used to acquire and collect transmitted electron images. TEM Imaging & Analysis (TIA) 

software was used for spectrum acquisition and analysis of EDX peaks. XRD diffraction 

was measured using an X-ray diffractometer (X, PERT – PRO – PANalytical – Netherland, 

CuKα radiation 45KV, 30mA, and k=1.54060 A°). The optical properties of nanoparticles 
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were analyzed via UV-VIS spectrophotometer (Cary 500, UV-VIS- NIR spectrophotometer) 

in a wavelength range of 175-3300 nm. The functional group of the synthesized 

nanoparticles was characterized by the Fourier Trans – Form infrared (FTIR) spectroscopy 

(Compaq, FT/IR -6100 TypeA) with a frequency range from 4000 to 400 Cm-1
. The 

stochiometric composition of nanoparticles was analyzed by inductively coupled plasma 

(ICP MS/MS 8800 Triple Quad - Agilent Technologies) [31]. 

 
 

In vivo experiment 
 

Ethical approval for animal study. All experiments were approved by the National 

Hepatology and Tropical Medicine Research Institute (serial: A4) 

 
Experimental animals 

50 female Sprague Dawley rats (21 days old, initial body weight 60±10 g ) obtained 

from Vaccine and Immunity Organization, Helwan Farm, Cairo, Egypt were housed 

individually in stainless steel cages with wire mesh floors and kept under controlled 

conditions (room temp 21°c and 50-60% humidity) with a daily 12h/12h light/dark cycle. 

Food and double distilled water were provided ad libitum. Animals received humane care in 

compliance with the institution's guidelines in the experimental laboratory animal, 

Department of Nutrition Chemistry and Metabolism, National Nutritional Institute. 

Experimental diets: 

Diets were prepared based on the nutritional needs of animals according to AIN -93 G 

rodent diets [31] with some modifications. Normal (negative control) fed a normal basal diet 

(Fe content: 35 mg/Kg diet) for 4 weeks. Iron deficiency anemia was induced in the remained 

rats (40 rats) by feeding with a Fe-deficient diet (Fe-free diet with Zn content as 0.2%) 

according to Yanagisawa et al., [33] and Yanagisawa et al. [34] until rats had an average HB 

concentration of ≤10 g/dl [35]. At the end of the depletion period, (8 weeks) rats were 

randomly assigned to 4 groups that consumed a Fe-deficient diet as follows: Group (1): 

served as the positive control group (received no treatment) and consumed a Fe-deficient diet 

for 4 weeks. Group (2): served as an anemic group treated with FeSO4 (Fe con 35mg/Kg 

diet). Group (3): served as an anemic group treated with a 20mg /kg diet of IONPs. Set 4) 

served as an anemic group treated with a 20mg /kg diet of FeMgO-NPs. 
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                     Figure 1 /Schematic representation of Experimental design for iron repletion with nanostructured compounds in 

rats. 

 

 

Laboratory analysis: 

Blood collection and handling: 

Blood was drawn from the orbital venous plexus [36] under diethyl ether anesthesia 

through heparin-coated capillaries into an EDTA-coated capillary tube for immediate 

hematological parameters determination. 

 

Biological parameters: 

Feed intake and body weight gain (BWG): Individual food consumption and body 

weight were weighed once a week throughout the experiment. Body weight gain, [37] and 

Feed efficiency ratio (FER) were calculated according to [38]. 
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Bioavailability indices calculations 

Initial and final body weight, initial and final Hb concentrations, and the amount of 

Fe consumed during the repletion period and post-repletion period (normal basal diet) for 

each animal were used to estimate the following variables: 

a)-The efficiency percentage of the conversion of food iron into hemoglobin can be 

calculated as hemoglobin regeneration efficiency (HRE) according to [39,40] 

HRE = [Final Hb Fe (mg) - Initial Hb Fe (mg)] / Fe consumed (mg) 
 

b– Iron content of Hb: calculated according to Eggum, [38] and Mahoney and HENDRICKS [ 

39] by assuming that 6.7% of the rat's body weight is blood and Hb contains 0.335% (w/w) 

iron. 

Initial Hb Fe (mg) = Initial BW (g) x 0.067ml/g BW x Initial Hb g/100ml x 3.35 mg Fe / g 

Hb 

Final Hb Fe (mg) = Initial BW (g) x 0.067ml/g BW x Initial Hb g/100ml x 3.35 mg Fe / g Hb 
 

c-The relative Fe bioavailability was calculated by dividing the individual HRE values of Fe 

sources by the mean HRE value of ferrous sulfate according to [39, 41] 

RBVHRE ratio = (HRE test diet each animal / HRE from FeSO4 diet) 

Where BW = body weight, Hb = hemoglobin 

Hematological parameters 

Complete blood count (CBC) analyses were determined in all rats before the 

beginning of the experiment to ensure that values were statistically non-significant between 

all the experimental groups (P > 0.05). Then measurements were done in rats in all groups 

every 2 weeks during the experiment by using (Diagon D-Cell 60 Hematology Analyzer) at 

the blood analysis unit in the National Nutritional Institute. 

 

Blood iron saturation analysis and liver iron concentration 

Serum iron [42], Total iron binding capacity was measured according to Piccardi et 

al., [43]. The iron concentration of samples was measured by inductively coupled plasma 

emission spectrometry by inductively coupled plasma (ICP MS/MS 8800 Triple Quad- 

Agilent Technologies) according to Parker [31] 

 

Histological examination of tissues: 

Histological examination of tissues was performed in Cairo University, faculty of 

veterinary medicine as follows: Liver and spleen tissues, which were immersed in 10% of 

neural buffered formalin, dehydrated with xylene, and descending alcohol row. Tissues then 

embedded in paraffin and sections 4-5 Mm thick were cut from the paraffin blocks and 

stained with hematoxylin – Eosin for histological examination [44]. Perls’ Prussian blue was 

used to detect the presence of iron. 
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Statistical analysis 

Descriptive statistics of the data were performed by Microsoft Excel 2010, and the 

data were represented as mean ± SEM. Statistical analyses were performed using SPSS 22.0 

software. Rat body weights and their hematologic and biochemical data were analyzed using 

one-way ANOVA followed by the Tukey test. The P-values of less than 0.05 were 

considered statistically significant. [45] 

 
Result and Discussion 

Characterization of particles 

TEM analysis 

As depicted in Fig. 2 (A), the mean diameter of iron oxide nanoparticles was 

evaluated using transmission electron microscopy (TEM; Philips CM 10, Eindhoven, The 

Netherlands). Iron oxide nanoparticles appear to have homogenously spherical 

nanoparticles with an average diameter of 10 nm, in the form of nanoparticle agglomerates. 

This result is consistent with some previous investigations [46]. However, MgO-NPs have a 

spherical-shaped nanoparticle with an average diameter of 28.15 nm. [47,48]. The produced 

formulations' size is between 10 and 100 nm, which allows them to bypass the reticular 

endothelial system (RES) and prolong their blood circulation period. [49]. 

 
XRD analysis 

Dried Fe3O4 NPs were first characterized in terms of crystal structure, size, and shape. 

The XRD pattern for Fe3O4 NPs is shown in Fig. 2 (C) revealing a crystalline phase with 

main diffraction peaks indexed as (220), (311), (400), (511), and (440), such as for the cubic 

spinel structure of Fe3O4 (ICDD PDF card no. 04-006-6550) enables to confirm the Fe3O4 

composition and to exclude the presence of Fe2O3 phase, as its characteristic extra peaks 

(around 15, 24, and 26°) are not observable. This result is in agreement with [45-50]. 

However, the diffraction patterns of MgO-NPs demonstrated peaks at 2θ of 36.86, 42.82, 

62.17, 74.5,2, and 78.44 º were associated with (111), (200), (220), (311), and (222) 

respectively (ICDD PDF card no . 04-007-3846). This result was matched by Abbas, and 

Adim [47]; Abinaya and Kavitha [48]; Subash, et al., [53]; and Ameur et al., [54]. 

 

FTIR analysis 

As shown in Figure 2 (D), the FTIR spectra of the magnetite showed the 

characteristic vibrations of the Fe–O bonds of the magnetite at around 624 to 425 cm−1. 

Typically, peaks observed below 1000 cm−1 in spinel ferromagnetic, attributed to metal- 

oxygen bonds, absorption bands Fe-O at 566.96 cm−1, 421.37 cm−1in magnetite spectra are 

observed corresponding to the intrinsic stretching vibrations of metal-oxygen at the 

tetrahedral site (Fe tetra-O) and at the octahedral site (Fe octa–O), respectively. Moreover, 

the band at 1622 cm−1 is due to water molecules adsorbed on the magnetite surface. The 

characteristic O–H bending vibrations are indicated by the bands at 3372.89 cm-1. This 

results in agreement with Ameur et al., [54]. After adsorption, there is a slight shift in the 

band centered at 567 cm−1, corresponding to the Fe–O bonds. In addition, The OH group 

presence in both forms is marked as a broad absorption above 3200 cm−1. The bending 
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vibrations of the adsorbed water molecules on the surface of nano-forms appeared at ~1623 

cm−1, [45, 50] the bands attributed to SO4- were observed at 1110.8 cm-1 in nano-form. 

Results are in agreement with Li et al., [56]; and Zhang et al., [57]. 

The micrographs of the sol-gel contain a broad peak at 3449 cm-1, which is also 

caused by the presence of the OH molecule, which is necessary for the synthesis of MgO 

NPs from their precursor, [48, and 58]. As well as by the N-H bending of the amine bond. 

The primary amine (N-H) bending mode overlapped with either an amide or carboxylate salt 

is represented by the medium peak measured at 1654 cm−1. [48]. Additionally, the 

observed band in the range of 1560cm-1 is attributed to the N-H bending vibrations, and the 

significant peaks in the region of 1370 cm-1 are linked to the bending vibration of CH2 

groups. The cubic structure of MgO was shown by the observation of an absorption band 

close to the point of 862 cm-1. [59, 60]. 

UV-VIS spectral analysis 

Fig. 2 (B) exhibited the characteristic peaks of magnetite nanoparticles at 370 nm by 

using a UV-VIS spectrophotometer. [61, 62] While λmax of MgO-NPs was 225 nm this 

result was in agreement with Subash, et al. [53] and Todan, Ligia, et al. [63] Who 

mentioned that the maximum absorption band was assigned to the excitation of five 

coordinated oxygen anions from the periclase structure of MgO-NPs. 
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Figure 2 | A) TEM image. B) UV-vis absorption band. C) FTIR spectrum. (D) XRD pattern of magnetite 

nanoparticles 
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Figure 3 | A) TEM image. B) UV-vis absorption band. C) FTIR spectrum. (D) XRD pattern of MgO 

nanoparticles 

 

 

 
Biological analysis results 

Body weight gain in (Figure 4, A) showed that the anemic group had the highest 

weight gain value among examined groups which has a non-significant effect on the 

remaining groups except the FeSO4 treated group (the lowest value) on the other hand, feed 

efficiency ratio (figure 4, C) demonstrated that FeSO4 treated group was the highest value 

which has a non-significant impact between other groups. However, Figure 4, B showed that 

the IONPs group had the highest value of feed intake/day (g) 18.03 g, which has a non- 

significant increasing impact with + ve control (anemic group) and a significant impact with 

others. Similar observations were found by [35, 64] There was a notable increase in the body 

weight of all animals during their recovery from anemia, fed with diets of all three 

formulations. Interestingly, significant body weight gain was observed during the anemia 
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development stage, as well as during the recovery using all three salt formulations in the diet. 

There was no influence of a low-iron diet on the body weight of male rats. 

Figure 4 (D) illustrated that For Fe intake/day (g) FeSO4 treated group displayed the highest 

significant value among tested groups which was 0.471 mg Fe / day while there was no - 

significant impact between the normal (- ve control) group and IONPs group on (0.373, 

0.361 mg Fe / day respectively) on the other hand FeMgO-NPs exhibited the lowest value. 

 
Bioavailability indices results group 

Results for bioavailability markers revealed that the final HB Fe / day (Fig. 4, E) of + 

ve control (anemic rats) was the lowest significant value among groups under study to be 

9.09 mg which can be due to the lowest HB concentration as a consequence of feeding iron 

deficiency diet. However, both of FeSO4 and IONPs groups showed a non-significant 

increase in final HB Fe / day value with each other and with the normal (- ve control) group. 

Results reflected consequently on the HRE ratio/day % (Figure 4, F) and RBV HRE ratio/day 

(Figure 4, G), which exhibited that FeMgO-NPs treated group was the highest bioavailability 

among examined groups which can be seen as 58.831 % of HRE ratio/day % and 4.791% of 

RBV HRE ratio/day which has non-significant increase with treated groups and normal (-ve 

control) group. These results are in harmony with Hilty,[16] Who mentioned that the 

incorporation of Mg into the Fe2O3/ZnO) increased the bioavailability from 77% to 91%. 

This is due to the addition of Mg increased Fe dissolution by Lowering the lattice energy 

which facilitates dissolution, although enthalpy and entropy of dissolution probably also play 

a role. However, the anemic group showed significantly lower values than the examined 

groups. The nanostructured compounds may be as well absorbed as highly bioavailable iron 

fortificants such as ferrous sulphate, ferrous fumarate and NaFe EDTA (the bioavailability of 

these three compounds is comparable in non-inhibitory food matrices [16] 
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Figure 4 | The biological parameters result and Bioavailability indices A) weight gain/day. B) Feed 

intake/day. C) feed efficiency ratio/day. D) Fe intake/day (mg). E) Final Initial HB Fe / day (mg). F) HRE 

ratio /day %. G) RBV HRE ratio /day % in – ve control (normal group), +ve control (anemic group), FeSO4 

treated group, Nano Fe treated group and. FeMgO-NPs treated group. 

 

RBC indices results 

Analysis of the causes of anemia requires consideration of the whole range of RBC 

indices and hemoglobin estimation. [65] 

According to Table (1) hematological results were explained as follows: 

Hemoglobin (Hb) is the main protein in RBCs that is responsible for oxygen 

transport to different tissues and has a main role in many metabolic processes. So, Hb values 

were measured to confirm the existence of anemia and to follow up the recovery during the 

treatment period [66-67]. Results showed that the Fe Mg-ONPs group had the highest value of 

Hb concentration between examined groups (14.32 g/dl) while +ve control was the lowest 

one (9.64 g/dl), which verified the induction of microcytic hypochromic anemia. This finding 

can be due to the effect high iron or zinc intakes can interfere with copper absorption, just as 

high intakes of divalent metals (copper, calcium, zinc, manganese), which share the same 

transporter as iron, can interfere with iron absorption and produce iron deficiency [68]. On 
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the other hand, the anemic rats group treated with IONPs revealed a significant increase 

compared with +ve control group and non-significant values with FeSO4 treated groups 

which was seen obviously as 32.05% when compared with +ve control. Low Hb level (<10 

g/dL) rats were considered anemic [68]. Other researchers utilized a low-iron diet to induce 

anemia in the rats for three or eight weeks, resulting in Hb levels of 10 g/dL and 11.9 g/dL, 

respectively. [70,71]. The anemic group showed a significant decrease in Hb gain values to be 

(-2.83 g/dl) among examined groups while anemic groups treated otherwise with FeSO4, 

IONPs, and FeMg-ONPs showed a significant increase in Hb gain level against + ve and -ve 

control and exhibited a non-significant effect between each other which seen as 3.33g/dl, 2.70 

g/dl and 3.47 g/dl for FeSO4, IONPs and FeMgO-NPs treated groups respectively. These 

results were matched with Hilty et al.  [16] 

Hematocrit (HCT) values revealed that the anemic group had the significantly lowest values 

among examined groups giving 28.29 % of HCT and -25.08 % when compared with -ve 

control while the Fe MgO-NPs treated group exhibited a significantly highest value (40.61 %). 

However, there was a non-significant increase between Nano Fe and both of -ve control and 

FeSO4 anemic treated group to give 29.52% when compared with positive control. The 

remaining results RBC indices (RBC, MCV, MCH) displayed the same manner which 

observed as + ve control was the lowest values between experimental groups which exhibited 

as follows 6 106/UL of RBC 46,60 of MCV and 15.5 pg MCH while Fe MgO-NPs treated 

group showed non-significant highest impact with examined groups to be 7.37 106/UL, 51.48, 

18.74 pg of RBC, MCV, MCH respectively. 
 

Platelet (PLT) results showed a non-significant effect between all examined groups. 
 

White Blood Cell (WBC) results demonstrated that normal control exhibited the highest 

WBC values with all groups except an anemic group which showed a significant effect with 

it (the lowest value) 
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Table (1) Hematological parameters, percent change to negative and positive control of 

female rats under different experimental treatments 
 

parameters 

 

 
 

HB (g/dl) 

Compared to Negative control % 

Compared to Positive control% 

HB gain (g/dl) 

Compared to Negative control % 

Compared to Positive control% 

HCT % 

Compared to Negative control % 

Compared to Positive control% 

RBC (106/UL) 

Compared to Negative control % 

Compared to Positive control% 

MCV 

Compared to Negative control % 

Compared to Positive control% 

MCH (pg) 

Compared to Negative control % 

Compared to Positive control% 

WBC (103/ul) 

Compared to Negative control % 

Compared to Positive control% 

PLT(103/ul) 

Compared to Negative control % 

Compared to Positive control% 

Normal 

(Negative 

control) 

13.43b 

0.00 

39.32 

0.23 b 

0.00 

-108.1 

37.76 b 

0.00 

33.47 

7.24 a 

0.00 

20.65 

51.07 a 

0.00 

9.59 

18.2a 

0.00 

17.42 

14.53 a 

0.00 

74.22 

690.2 a 

0.00 

11.50 

Anemic 

(Positive 

control) 

9.64 d 

-28.22 

0.00 

-2.83c 

-1330.4 

0.00 

28.29 d 

-25.08 

0.00 

6.00 c 

-17.12 

0.00 

46.60 a 

-8.75 

0.00 

15.5b 

-14.84 

0.00 

8.34 b 

-42.60 

0.00 

619 a 

-10.32 

0.00 

FeSO4 

 

 
 

12.53 c 

-6.70 

29.98 

3.33 a 

1347.8 

-217.7 

35.03 c 

-7.23 

23.82 

7.68 a 

6.13 

28.05 

48.00 a 

-6.01 

3.00 

17.4 ab 

-4.40 

12.26 

12.83 ab 

-11.70 

53.84 

648 a 

-6.11 

4.68 

IONPs 

 

 
 

12.73 c 

-5.21 

32.05 

2.70 a 

1074 

-195.4 

36.64 bc 

-2.97 

29.52 

7.35a 

1.57 

22.55 

49.90 a 

-2.29 

7.08 

16.9 ab 

-7.14 

9.03 

9.62 b 

-33.79 

15.35 

589.8 a 

-14.55 

-4.72 

FeMgO- 

NPs 

 

14.32 a 

6.685 

48.597 

3.47 a 

1388.21 

-222.56 

40.61 a 

7.54 

43.53 

7.37 a 

1.74 

22.75 

51.48 a 

0.809 

10.472 

18.74 a 

3.19 

20.60 

13.14ab 

-9.59 

57.47 

592.6a 

-14.14 

-4.26 

P value 

 

 
 

0.000 

 

 

0.000 

 

 

0.000 

 

 

0.000 

 

 

0.077 

 

 

0.005 

 

 

0.015 

 

 
0.197 

 
 

Abbreviations: Hb, hemoglobin; HB gain hemoglobin gain; HCT, hematocrit; MCH, mean 

corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean 
corpuscular volume; PLT, platelet; RBC, red blood cell; Ret, reticulocyte; WBC, white blood cell. 

 
Note: The results were expressed as mean ± SD. ANOVA test was used to compare different markers between 

the five groups. 

Blood iron saturation analysis 

As presented in Fig (5, A), results exhibited that there was a non-significant impact 

between examined groups while TIBC of anemic rats had the highest value (170.82 

µmol/L). On the other hand, the FeMgO-NPs group had the lowest significant value 

between groups when the remaining groups (Normal group, FeSO4, and IONPs) displayed 

non-significant values with each other. Serum TIBC in the IDA group was significantly 

higher than the control group and iron due to progressive Fe depletion from the body stores 
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[72]. This result reflected on transferrin saturation % as There was a non-significant impact 

between the IONPs, FeSO4 treated group, and normal control as 61.63 %, 63.28%, and 

101.31% respectively. while the FeMgO-NPs group was the highest (173.91 %). 

 
Liver iron content 

As illustrated in Figure (5, B), Iron in the liver value of the anemic group was the 

lowest (122.5 ppm) which decreased by about 88.05 % from the negative control /normal 

group. Moreover, it has a non-significant effect with the Nano Fe group while FeSO4 treated 

group was the highest value 1653.2ppm among tested groups. However, the FeMgO-NPs 

group showed a non-significant increase with the normal group of 1140.6 ppm of iron in the 

liver and 11.23 % when compared with the negative control. These results were matched 

with findings of the representative photomicrographs of Prussian blue stained liver sections 

Fig (6), which exhibited mild positive stainable iron particles in normal and all treated 

groups except anemic group that exhibited no iron positive particles however, Prussian blue 

stained spleen Fig (7) sections revealed that normal and the FeMgO-NPs group had 

moderate positive iron particles but anemic, IONPs and FeSO4 treated group were mild. 
 

 

 

Figure 5 | A) Blood iron saturation analysis and B) liver iron concentration (ppm) 
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A) Normal group showing mild positive stainable iron 

particles in the hepatic parenchyma. 

 
B) Anemic group showing no iron-positive 

particles. 

 

 
C) Feso4 repleted group showing mild positive stainable 

iron particles in the hepatic parenchyma. 

 

 
D) IONPs repleted group showing mild positive 

stainable iron particles in the hepatic parenchyma. 

 
E) Fe Mg ONPs repleted group showing mild 

positive stainable iron particles in the hepatic 

 
F) Fe Mg ONPs repleted group showing mild 

positive stainable iron particles in the hepatic 

FIGURE 6| (A–H) Representative photomicrographs of Prussian blue stained liver section of rat from the 

different experimental groups (Prussian blue stain X 400). (A) Normal group (negative control). (B) Anemic 

group (positive control). (C) Repletion group with FeSO4. (D) Repletion with nano iron. (E, F) FeMgO-NPs 
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A) Normal group showing moderate positive 

stainable iron particles. 

 

 
B) Anemic group showing mild positive 

stainable iron particles 

 

 

C) FeSO4 repleted group showing mild positive 

stainable iron particles. 

 
D) IONPs repleted group showing mild 

positive stainable iron particles 

 

 

E) FeMgO-NPs repleted group showed 

moderate positive stainable iron particles. 

 

F) FeMgO-NPs repleted group showed 

moderate positive stainable iron particles. 

FIGURE 7 | (A–H) Representative photomicrographs of Prussian blue stained spleen sections of rats from 

the different experimental groups (Prussian blue stain X 400). (A) Normal group (negative control). (B) 

Anemic group (positive control). (C) Repletion group with FeSO4. (D) Repletion with nano iron. 

(E, F) Repletion group with FeMgO-NPs. 

 

Histological examination of tissues 

The results depicted and illustrated in Figure 8,9 of histopathological examination 

of the liver and spleen are in line with Feng, et al. [73] who found that when these 

nanoparticles were incubated in mouse erythrocyte suspension for 4 h at 37 °C, uncoated 

MNPs (magnetic nanoparticles) displayed severe dose-dependent hemolysis. They further 

stated that when the dose reaches 2.5 mg/kg or above, acute hemolysis or capillary 

obstruction can happen as a result of uncoated MNP aggregation, which could cause animal 

death. [74-75], it was mentioned that because uncoated nanoparticles utilized in biological 

applications have high surface energy, they can aggregate in blood plasma and cause 

macrophage absorption by the reticuloendothelial system. Reactive oxygen species 

production may be aided by the nanostructured materials' large specific surface areas. [76]. 

The liver specimen exhibited congestion, centrilobular hepatocytes with inflammatory cell 

infiltration, and perivasculitis, or inflammation of the perivascular sheath and surrounding 
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tissue. We noticed the typical hepatocyte architecture with central vesicular nuclei 

emanating from the central vein. When compared to rat control tissue observations, the 

spleen displayed a decrease in the amount of white pulp. The research also showed that the 

spleens of iron-deficient rats had decreased hemopoiesis and lymphopoiesis. [73] 

 

 

 
FIGURE 8| (A–H) Representative photomicrographs of liver sections of rats from the different experimental 

groups (Hematoxylin and eosin stain X 400). (A) Baseline group. (B) Normal group (negative control). (C, D, 

E) anemic group (positive control). (F) Repletion group with Feso4. (G, H) Repletion with IONPs. (I) Repletion 

with Fe MgONPs. 

 
Fig. (A): Liver of rat from (normal group) showing 

the normal histological structure of hepatic lobule 

 
Fig. (B): Liver of rat from (anemic group) 

showing cytoplasmic vacuolation of hepatocytes. 

 
Fig. (C): Liver of rat from (anemic group) showing 

sinusoidal leukocytosis 

 
Fig. (D): Liver of rat from (anemic group) 

showing focal necrosis of hepatocytes associated 

with mononuclear cell infiltration. 

 

 
Fig. (E): Liver of rat from (repletion with Feso4) 

showing cytoplasmic vacuolation of hepatocytes. 

 

 

Fig. (F): Liver of rat from (repletion with nano 

iron) showing focal necrosis of hepatocytes 
 associated with mononuclear cell infiltration. 
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A) Spleen of rat from group normal 

showing no histopathological changes. 

Note normal lymphoid follicles 

 

 
B) Spleen of rat from group anemic showing 

lymphocytic necrosis replaced by reticular mes 

 

 
C) Spleen of rat from group anemic showing 

extramedullary megakaryocytes 

 

D) Spleen of rat from group repletion 

withFeso4 showing no histopathological 

changes 

 

 
E) Spleen of rat from group repletion with nano i 

showing no histopathological changes 

 

 
F) Spleen of rat from repleted with FeMg - 

ONPs showing no histopathological changes. 

 

G) Spleen of rat from repleted with Fe MgONPs showing no histopathological changes 

FIGURE 9 | (A–H) Representative photomicrographs of Spleen sections of rats from the different 

experimental groups (Hematoxylin and eosin stain X 400). (A) baseline group. (B) Normal group (negative 

control). (C, D) anemic group (positive control). (E) Repletion group with Feso4. (F) Repletion with nano 

iron. (G, H) Repletion with FeMgONPs. 
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CONCLUSION 

Using iron oxide nanoparticles as a food fortifier demonstrated promising 

bioavailability and hematological results that did not show a significant effect with the 

traditional iron deficiency anemia treatment source (ferrous sulphate). However, despite 

these results, there are still some precautions to be taken because it did not relieve the liver 

tissue damage caused by nutritional iron deficiency anemia, which was resolved by 

incorporating magnesium with iron. Therefore, we advised researching the long-term 

management of both IONPs and FeMgO-NPs in iron-deficient anemia. 
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