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ARTICLE INFO ABSTRACT

Iron deficiency anemia (IDA) is a major worldwide public health problem. This is due to its prevalence among
infants, children, adolescents, pregnant and reproductive age women. Ferrous sulfate (FeSO,) is the first line
therapy for iron IDA. Unfortunately, it is reported that FeSO, suffers from low absorption rate in the body and
itself exhibits severe side effects. Herein, iron oxide magnetic nanoparticles-loaded liposomes (LMNPs) are
prepared, characterized and evaluated as a treatment regimen for IDA in Wistar rats (as an animal model). Iron
oxide magnetic nanoparticles (MNPs) are prepared and loaded into liposomes using the thin film hydration
method. The size of the prepared formulations is in the range 10-100 nm, thus it can avoid the reticular en-
dothelial system (RES), and increased their blood circulation time. For in vivo assessment, thirty-five Wistar rats
are divided into 5 groups (n = 7): negative control group, positive control group, and three groups treated with
different iron formulations (FeSO4, MNPs and LMNPs). Anemia is induced in the anemic groups by the bleeding
method and then treatment started with different iron compounds administrated orally for 13 days.
Hematological parameters are followed up during the treatment period. Results indicate that, in the LMNPs
group, the hematological parameters turn to normal values and the histopathological structures of the liver,
spleen and kidney remain normal. This proves that liposome increases the bioavailability of MNPs. In conclu-
sion, LMNPs demonstrate superiority as a therapeutic regimen for the treatment of IDA among the tested iron
formulations.
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1. Introduction Ferrous sulfate (FeSo4) was the first medication for the treatment of

IDA [8]. However, FeSo, suffers from many disadvantages such as:

Anemia is one of the most challenged nutritional disorders all over
the words, iron deficiency is the main cause of anemia, especially in
developing countries due to the negative impact of a low iron diet on
Hb synthesis [1,2]. Iron deficiency anemia (IDA) is associated with
diminished quality of life, impaired physical and cognitive perfor-
mance, resulting in lower resistance to infection, fatigue, fetal re-
sorption, low productivity, and increased risk of maternal mortality. It
also becomes life threatening if not restrained [3,4]. Iron is an abundant
element on the earth, which is essential for all life forms, iron can be
reduced to vital compounds which are necessary for all physiological
functions in blood and body's organ (brain and muscle) such as aerobic
metabolism, oxygen transport, energy metabolism, DNA synthesis and
electron transport [5,6], 70% of total body's iron are inserted with Hb
as a main component of Hb [7].

having a low absorption rate in the body, decreased bioavailability in
addition to having some gastrointestinal side effects like nausea, vo-
miting, diarrhea, flatulence, abdominal pain, dark colored stools and
constipation [9,10]. These disadvantages lead to non-adherence in 50%
of patients and failure of treatment [11,12].

Some researchers used Iron oxide magnetic nanoparticles (MNPs) as
an iron source for iron deficiency anemia treatment because MNPs have
a higher bioavailability than FeSo,, in addition, MNPs increase iron
absorption from gastrointestinal tract 1.35 times more than FeSo,
which lowers the gastrointestinal side effects [13-15]. Salah and cow-
orkers registered patent for using magnetite nanoparticles capped with
vitamin ¢ which was administrated IP or orally (without any drug
carriers) as a single dose for the treatment of anemia and found that his
formulation raises Hb levels to normal values in 10days and also
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increases the production of RBCs, in addition to increasing ery-
thropoiesis [16].

Garces et al. used MNPs and incorporated them inside fermantus
bacteria to obtain (MNPs-bacteria) as a new formulation for the IDA
treatment [17]. Also, it was reported that iron oxide nanoparticles
capped with multi vitamins (folic acid, vitamin B9 and vitamin c) could
be used for IDA treatment [18]. Moreover, El Shemy added iron oxide
nanoparticles in drinking water to be used as a supplement for IDA
treatment [19]. Also, many reports investigated the bioavailability of
different iron formulations [20,21]. Finally, Kheiri et al. studied the
effect of oral iron oxide on serum iron (Fe) and total iron binding ca-
pacity (TIBC) and compare the results with those of FeSo, [22].

Unfortunately, MNPs aggregation in the biological system affects
their colloidal stability and cause toxicity, this can be overcome by
coating their surface [23,13]. Coating MNPs with different materials
protects them from the body immune system, increasing their stability
in the body fluid, to overcome acute agglomeration of MNPs and obtain
biocompatible MNPs [24-26].

Liposomes are synthesized from natural compounds that make them
biocompatible and biodegradable. Liposomal biocompatibility is the
main reason for drug protection against enzymatic degradation and
decreasing their toxicity. Liposome increases the stability of therapeutic
drug, enabling the drug to stay much longer time in the blood circu-
lation and enhances the blood bio distribution. Liposome is considered
as the most adequate drug delivery system because it leads to increasing
drug efficacy, the ability of drug targeting by active or passive tar-
geting, controlled release of the drug at a predetermined rate with
avoiding the immune response stimulated by oral drug delivery
[27,28]. The aim of this work is to prepare LMNPs that enhance iron
absorption and to solve noncompliance problems of iron treatment. And
evaluate the potency of the prepared LMNPs as a treatment regimen for
iron deficiency anemia.

2. Materials and methods
2.1. Materials

Iron (II) (99.99%) trace metals basis, Iron (III) 98% purified lumps,
L- Ascorbic Acid 99% crystalline, Soybean (mixture of phospholipid),
Cholesterol from lanolin > 99.0% (GC), Ammonium hydroxide,
chloroform solution (HPLC grade) were purchased from Sigma Aldrich,
Germany.

2.2. Methods

2.2.1. Preparation of iron oxide magnetic nanoparticles (MNPs)

Firstly, the iron metal base was weighted and dissolved in 40 ml
distilled H,O to make an aqueous sample of Fe (III) and Fe (II) salts in a
molar ratio of 2:1. The solution was sitting for 15min at stirring for
complete dissolution. After that, 2ml of ascorbic acid (0.1 g/ml) was
weighed and dissolved in 2 ml distilled H,0, then added to the solution
to obtain a sample mixture of MNPs and ascorbic acid at molar ratio
1:1. Before adding ascorbic acid and the reaction temperature was
raised to 40 °C. After adding all of the ascorbic acid, the mixture color
changed to yellow color. Following this step, the reaction temperature
was raised to 85 °C. Then, 5ml of ammonium hydroxide was added to
the solution, the solution color was converted to black. The solution
was then left for 1 h with continuous stirring. Finally, the precipitate
was washed several times with saline to remove excess ammonia and
left to dry.

2.2.2. Preparation of iron oxide magnetic nanoparticles-loaded liposome
(LMNPs)

LMNPs were prepared according to the method of [29], with slight
modification (by adding cholesterol to soybean phosphatidylcholine) to
increase rigidity of the lipid bilayer and to decrease its fluidity [30].
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Soybean phospholipid and cholesterol were at molar ratio 2:1 respec-
tively. The mixture was then dissolved it in 5 ml of chloroform (organic
solvent) in a round bottom flask to reach a final concentration of
20 mmol/1 (To obtain a lipid concentration of 20 mmol/1). The organic
solvent was evaporated on a rotary evaporator at 40 °C then the flask
placed under vacuum pump to form a thin lipid film completely dried
from organic solvent.

The lipid film was hydrated with the appropriate amount of MNPs
solution to encapsulate them inside the lipid vesicle [31]. To prevent
the aggregation and the deposition of larger particles, the MNPs must
be dissolved in 10 ml saline (as the hydration medium) 24 h before the
experiment, with 10 min sonication to ensure complete homogeneity.

The final obtained solution was applied to bath sonicator for 1h to
obtain unilamellar vesicles of magneto liposome. Sonication was used
to provide sonic energy which disrupts the large multilamellar vesicles
to small unilamellar vesicles with diameters in the range of 15-50 nm.
The non-loaded magnetic nanoparticles are removed by using cen-
trifugation [31]. The concentrations of non-loaded (unencapsulated
MNPs in the supernatant) MNPs were calculated from the calibration
curve that was performed at 220 nm by UV-visible spectrophotometer
(Jenway 6405, Barloworld Scientific, Essex, UK) [32].

2.2.3. Characterization of the prepared nano-formulations

Transmission electron microscope (TEM) technique was used to
visualize the morphology and the size distribution of the nanoparticles
[33].

For MNPs, one drop of the sample was applied to a carbon grid
coated with copper and left to dry for 5min at room temperature, a
filter paper was then used to remove the all excess samples. For mag-
neto liposome, the same procedure was used, but with slight mod-
ification: after the sample drop has been dried and before imaging, a
contrast agent (phosphotungestic acid, PTA) was used as a negative
staining, thus protecting the sample structure from being damaged by
the electron beam. This helped to obtain an accurate image of the li-
posome structure [29].

DLS measures the mean size and distribution of particles in liquid
suspension, which is expressed by the velocity of Brownian motion,
resulting from the collision of particles to each other. Brownian motion
velocity can be recognized by translational diffusion coefficient D [34].
Zeta potential is used to measure the electrical charge of particle sur-
face [35]. Surface potential and size distribution of MNPs and LMNPs
were determined at room temperature using the Zeta Potential/Particle
Seizer (NICOMP TM 380 ZLS, USA).

2.2.4. In vivo experiments
2.2.4.1. Animals used. Thirty-five adult female Wistar rats weighing
(100-120 g) were obtained from a local supplier, Cairo, Egypt. These
animals were placed (housed) in clear plastic cages which bedspread
with sawdust and were placed in room streaked with a suitable
environment (22 * 3°C and 50% * 10% relative humidity) with a
12-hour dark/light cycle. Sawdust was renewed every two days. Rats
were provided with sufficient feeding and water ad-libitum.
Experimental procedures were achieved in conformation with the
principles of laboratory animal care and approved by the institutional
animal care and use committee Cairo University, Egypt (Registration
no.: CUIS 75 17).

2.2.4.2. Experimental design. All experimental animals were adapted
one week before the beginning of the experiment. After adaptation,
blood samples from all animals were collected in EDTA tubes to
examine the hematological parameters to be sure that initially the
experimental animals were not anemic.

Rats were divided among the experimental groups randomly (7 rats
in each group). The first group was the negative control group. The
remaining 28 rats were used as iron deficiency- induced model. The
bleeding method was used to induce anemia in rats [16]. After anemia
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Fig. 1. a) TEM micrograph of magnetic nanoparticles (MNPs), b) TEM micrograph of liposome magnetic nanoparticles (LMNPs), ¢) Dynamic light scattering dis-
tribution of MNPs and LMNPs. d) The zeta potential of MNPs and the zeta potential distribution of LMNPs.

induction, blood samples were collected to confirm the success of the
animal model. Anemic rats were then randomly divided into 4 groups:
(1) The positive control group (received no treatment), (2) The FeSO,
group: which is an anemic group treated with ferrous sulfate as an
anemic reference drug, (3) MNPs- treated group: which is an anemic
group treated with MNPs and (4) the last group, LMNPs group: which is
an anemic group treated with MNPs encapsulated inside liposome.

2.2.4.3. Anemia induction. Anemia was induced in the anemic groups
by the bleeding method. Briefly, 1 ml blood was withdrawn daily for
five successive days from the rat ocular eye vein. On the fifth day of
anemia induction, blood samples were collected from all the
experimental groups to examine the hematological parameters.
Anemia induction was considered successful when the hemoglobin
(Hb) levels became < 9.0 g/dl [36].

2.2.4.4. Treatment design. Treatment period started directly the day
after anemia induction and continued for 13 days. Rats in the three-
treatment groups were treated with three different iron compounds
(FeSO4, MNPs and LMNPs) but with the same dose of iron (12 mg/kg of
body weight) according to [37]. The treatments were given orally, all
the formulations were daily freshly prepared, and the intra-gastric
administration was performed daily at 10 am. Rats body weights were
monitored daily along the experiment period.

2.2.4.5. Blood collection. Blood samples were withdrawn from the rat
ocular vein using a capillary tube, then blood sample were collected in
EDTA tubes (as anti-coagulant) to examine hematological parameters.

2.2.4.6. Determination of hematological parameters. Before the
beginning of the experiment hematological parameters were
measured in all rats and their values were statistically non-significant
between all the experimental groups (P > 0.05). Hematological
parameters were measured in rats in all groups during the
experimental periods (before anemia induction, first day of treatment,
day 3 post treatment, day 7 post treatment, day 10 post treatment and
day 13 post treatment. The hematological parameters that were
measured were hemoglobin (Hb), red blood cell (RBC) and white
blood cell (WBC) [Total leucocyte count (TLC)]. They were measured
by automated differential blood cell counter (Mind ray 2800, China).

2.2.4.7. Blood smear preparation. Blood samples which were collected
for hematological tests, were also used in blood smear preparation.
Blood films were stained with alkaline methylene blue and with
Giemsa's stain. They were viewed by Labomed USA microscope,
projected at 40 X magnification.

2.2.4.8. Histopathological examination. At the end of the experiment,
Liver, spleen and kidney were collected from rats in all groups, they
were then settled in 10% formalin. Alcohol gradient solutions were
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used for samples dehydration and xylene for clearance, finally samples
were paraffin- embedded. Hematoxylin and Eosin stain were used for
slides' samples staining. A light microscope was used for sample
examination with a X400 magnification according to the method of
[38].

2.2.5. Statistical analysis

The data were manifested as mean * standard error of the mean
(S.E.M.). Data analysis was performed by one-way ANOVA, followed by
a post hock test, to compare between the different experimental groups,
the least significant difference (LSD) test was used. Data were analyzed
statistically with the statistical package for the social sciences (SPSS)
version 22. The values were considered statistically significant if
(p < 0.05).

3. Results and discussion
3.1. Transmission electron microscope (TEM)

TEM technique was used to investigate the shape and size of the
prepared nano-formulations. The TEM micrograph of the prepared
MNPs showed that the formed nanoparticles were well dispersed, with
spherical morphology, and homogenous diameter size distribution of
about 7 nm (Fig. 1.a). The prepared LMNPs were spherical in shape and
they have low aggregations as shown in Fig. 1.b. Also, MNPs were
observed in the core of the liposomal assembly (the darker color parts
inside liposomes, indicated by arrows). From these results, it is shown
that MNPs could be entrapped in the hydrophilic part of the liposomal
system.

3.2. Dynamic light scattering (DLS)

DLS is a technique which is being used to assess the hydrodynamic
diameter and size distribution of the prepared nanoparticles. It was
reported that the hydrodynamic size of MNPs affects their distribution,
pharmacodynamics, blood clearance pharmacokinetics and determine
their stability [39]. The hydrodynamic sizes of the prepared formulas
were 10 + 2.6 nm and 125 *= 5.8 nm for MNPs and LMNPs, respec-
tively, as shown in (Fig. 1.c).

It was found that, smaller nanoparticles with diameters < 10 nm are
filtrated from the body by the kidney through renal clearance [39,40].
On the other hand, larger sized nanoparticles (200 nm) have higher
accumulated through spleen sinusoids, that results in small blood half-
life time [40-42]. In contrast, nanoparticles with diameters around
100 nm, have targeting ability to more organs with effective distribu-
tion and can avoid reticuloendothelial system (RES) and thus, in-
creasing their circulation life time [40,43-45].Hence, in this study
LMNPs were prepared in nano-sized range (around 100 nm).

DLS provides information about the polydispersity of the sample via
the Polydispersity Index (PDI). PDI usually ranges from 0.05 to 0.7,
increasing PDI value indicates a wide nanoparticle distribution
(PDI > 0.5indicates an inhomogeneous particle size distribution),
which results in their multi-stage clearance so that larger nanoparticles
have lower blood half- life time than smaller ones [46,47]. The poly-
dispersity index (PDI) distribution of MNPs was 0.229 and that for
LMNPs was 0.473 indicating homogeneous size distributions of the
prepared nano-formulations.

3.3. Zeta potential

Zeta potential is a technique for measuring the electrical charge of
the particle surfaces that determine their stability in the colloidal
system. Pharmacokinetics of nonmaterial in blood circulation depends
on their zeta potential, because the surface charge of nanoparticles may
alter their electrostatic interaction with surrounding proteins [47-49].
The average zeta potential of prepared MNPs was —25 + 5.65mV
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(Fig. 1.d), this negative charge is attributed to the ascorbic acid hy-
droxyl group that is found on MNPs surface [50-52]. After loading of
MNPs within liposome, the average zeta potential of LMNPs was
—37 = 5.16mV, this increase in the negativity is due to the negative
charge of the phosphate end group of liposomes [53]. Also, cholesterol
content through liposomal bilayer increase negativity as the hydroxyl
group of cholesterol-polar head group combines with choline in polar
regions in the phospholipid to produce the type of dipole tropism that
increase the negative charge on the liposome surface [54]. It was re-
ported that cholesterol increases the stability of the liposome in biolo-
gical fluid like in blood plasma through the decreasing of the membrane
fluidity and the reduction of the membrane permeability [29,55].

It was found that positively charged nanoparticles have the circu-
lation half-life time of about (1-2 min) while blood half-life of negative
ones was (40-50min) [56,57]. As positive nanoparticles are taken
faster with macrophage due to the electrostatic interaction that occur
between the negative charge of the phosphate end group on macro-
phage surface and the positive charge on the nanoparticles surface
while the negative one has low opsonization rate due to decreasing
macrophage recognition and the uptake for negative nanoparticles due
to electrostatic repulsion [58]. Moreover, in previous studies, it was
found that, MNPs with positive surface charge have higher affinity for
protein adsorption on their surface and hence macrophage binding
[56,57,59,60].

In our study, loading of MNPs into liposome increases their stability
and enhance their surface properties, as they can evade RES and avoid
opsonization [61-63].

3.4. Hematological parameters

During the treatment period, different hematological parameters
[Hemoglobin (HB), Red blood cell (RBC) and Total leucocyte count
(TLC).] were measured to assess the effectiveness of different iron
formulations in the improvement of iron deficiency anemia. These
parameters are the main diagnostic tool for IDA [64].

3.4.1. Hb values

Hemoglobin is the main protein in RBCs that is responsible for
oxygen transport to different tissues and has a main role in many me-
tabolic processes [65]. So, Hb values were measured to confirm the
existence of anemia, and to follow up the recovery during the treatment
period [66].

The Hb results showed that before starting the experiment all
treated groups (LMNPs, MNPs and FeSO,) had normal Hb values
[14.07, 13.25 and 12.98 (g/dD)], respectively (Fig. 2.a). After anemia
induction, by withdrawing 1 ml of blood each day for four successive
days [16], Hb values of all groups dropped to anemic range values with
respect to the first day of the experiment. After anemia induction, Hb
values were significant compared to the —-ve control group (normal
group, 13.4 g/dl). Hb values of +ve control, FeSO4, MNPs and LMNPs
groups after anemia induction were 7.05, 7.15, 7 and 7.3 g/dl, re-
spectively. This verified the induction of anemia in different experi-
mental groups. Three days after treatment, the Hb values of LMNPs
group (9.9 g/dl) and FeSO, (9.58 g/dl) group significantly increased
compared with the +ve control group. Meanwhile, the MNPs group
revealed non-significant increasing for the Hb levels compared with the
positive control group.

Five days after treatment, results showed a persisting improvement
for the Hb values of LMNPs and FeSO, groups (10.63 g/dl and 10.3 g/
dl, respectively) compared with the MNPs and +ve control groups
(9.25 and 8.1 (g/dl)). Interestingly, LMNPs group showed a noteworthy
improvement for Hb values over FeSO4 group.

Ten days after treatment, further improvement in Hb values for
LMNPs (11.88 g/dl) and FeSO,4 groups (11.13 g/dl) was reported and
the values of both groups were significantly different from the +ve
control group and the MNPs group. MNPs group showed a significant
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Fig. 2. a) The increase in Hb concentration during the treatment period for different groups (MNPs, LMNPs, FeSo4 and + ve control), b) the increase in the RBCs
count during the treatment period for different groups (MNPs, LMNPs, FeSo4 and + ve control), c) the increasing in the TLC count during the treatment period for
different groups (MNPs, LMNPs, FeSo4 and + ve control). (Number per group = seven rats). Error bars represent the variability of the measured data on the graph,
reflect the precision of the measurements and indicate the error percentage of the reported data.
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increase in the Hb value compared with the +ve control group.

Finally, thirteen days post treatment, LMNPs group had the highest
Hb value (12.93 g/dl) which was significantly different from FeSO,4
(11.85 g/dl), MNPs (9.73 g/dl) and +ve control groups (8.35 g/dl).

Some researchers used MNPs as an iron source for iron deficiency
anemia treatment because MNPs had higher bioavailability than FeSO,4
and increase the iron absorption from the gastrointestinal tract (1.35
times than FeSO,) which improved the treatment efficiency, decrease
the used doses of drugs, decrease gastrointestinal side effects and en-
abled the patient to continue the treatment period [13-15,67,68]. On
the other hand, MNPs aggregation in biological system affected their
colloidal stability and could cause toxicity. In a previous study, it was
reported that MNPs showed a non-remarkable increase in Hb values
and the animals treated with MNPs were still anemic [69]. Conse-
quently, the biocompatibility, the pharmacokinetics and the pharma-
codynamics of MNPs could be improved by coating their surfaces with
different bio-capping materials [13,70-72].

Biocompatibility was reported as the main reason for drug protec-
tion against enzymatic degradation which, consequently, increased the
stability of therapeutic drugs, enabled them to stay much longer time in
blood circulation and enhanced their blood distribution [73,74].

Results proved the superiority of LMNPs as therapeutic regimen for
the treatment of IDA and returning the Hb concentrations to nearly
their normal levels over the other iron formulations (FeSO,4 and MNPs).
The findings of the present study were in line with those of previous
studies which confirmed that naturally synthesized liposomal carrier
increased the bioavailability of different drug molecules resulting in
higher bioavailability of LMNPs over FeSO4 and MNPs [65,66,75].

Ferrous iron salts were the first line therapy for IDA as oral iron
treatment, and FeSO, were the most popular oral iron therapy pre-
scribed for anemic patients [76,77]. The main trouble with these
therapies were their gastrointestinal side effects that formed free radi-
cals proliferation of redox reaction in gut lumen at mucosal surface
which lead to inflammation resulting in decreasing the absorbance of
molecules from gastric wall, abdominal pain and constipation [78-80].
These effects lead to non-adherence in 50% of patients, resulting the
failure of treatment [11,12,81,82].

3.4.2. Number of RBCs

RBCs productions were affected by Hb concentration. Decreasing
the amount of iron in the body (iron deficiency anemia) leads to de-
creasing Hb formation, as a result, RBCs production also decreases [83].

In the present work, it was observed that, after induction of anemia,
the RBCs count significantly decreased for all groups (4.1, 3.9 and 4.18
(million/cmm) for LMNPs, MNPs and FeSO,, respectively) with respect
to the first day of the experiment (6.97, 6.81 and 6.85 (million/cmm)
for LMNPs, MNPs and FeSO,, respectively) (Fig. 2.b).

Three days after the start of the treatment, the RBCs number for
LMNPs (5.39 million/cmm), MNPs (3.89 million/cmm), and FeSO,4
(5.08 million/cmm) showed no obvious improvement in their values
[they were statistically non-significant compared to the +ve control
group (4.7 million/cmm)]. The RBCs number for LMNPs and FeSO4
groups were significant different from the MNPs group. Five days after
the treatment, the improvement in RBCs count for LMNPs group (5.96
million/cmm) increased significantly compared with the +ve control
group (5.27 million/cmm), and MNPs group (4.8 million/cmm). Ten
days after the treatment, the results showed a further significant in-
crease in the RBCs count for LMNPs group (6.21 million/cmm) com-
pared to the +ve control group (5.36 million/cmm), FeSO,4 group (5.68
million/cmm) and MNPs group (4.93 million/cmm). FeSO,4 group also
showed significant increase in their RBCs count, compared to the +ve
control group and MNPs group. MNPs (4.93 million/cmm) group re-
corded significantly lower RBC count than the + ve control group (5.36
million/cmm). Thirteen days after treatment, LMNPs (6.92 million/
cmm), was the only group that revealed remarkable increase in their
RBCs count over the +ve control group (5.79 million/cmm), MNPs
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group (5.8 million/cmm), and FeSO,4 group (6.4 million/cmm). These
results, which were consistent with Hb values assessment, proved that
treating animals with LMNPs success in the refinement of anemia
symptoms compared to other formulations, like in [66].

Iron compounds have toxic effects on RBCs, which appeared in
MNPs-treated group. RBCs number of LMNPs group did not decrease
like in MNPs group, which meant that liposomes protect the body from
iron toxicity. The decrease in RBCs count in MNPs group might be at-
tributed to the hemolysis effect of uncoated MNPs on RBCs that was
reported in some previous studies. [84] reported that uncoated MNPs
showed severe dose-dependent hemolysis when these nanoparticles
were incubated in mouse erythrocyte suspension for 4 h at 37 °C. They
added that rapid hemolysis or capillary blockage might occur due to
aggregation of uncoated MNPs when the dose reached 2.5 mg/kg or
above, which might lead to animal death.

Coating of MNPs was required in biological applications to protect
them from aggregation in blood plasma due to high surface energy of
MNPs, which lead to macrophage uptake by the reticulo-endothelial
system. Thus, coating could minimize their surface energy and verify
their stabilization in biological systems [85,86].

Liposome consisted of lipid molecule (the main component of cell
membrane). This made them biocompatible, biodegradable and low-
ered their cytotoxicity. Liposomes were used in several biomedical
applications due to their ability to encapsulate both hydrophilic and
hydrophobic drugs. They could also control drug size between 20 nm
and 1um and had the ability of surface manipulation with diverse
methods [87,88].

When MNPs were encapsulated in liposome, the inner bilayer sur-
face bound tightly with MNPs by chemo sorption forces making LMNPs
impervious to osmotic pressure [89]. Liposomes enhanced the stability
of MNPs because of enhanced permeability, retention effect (EPR), the
decrease in the tendency of MNPs to aggregate and decrease the he-
molytic potential of MNPs on RBCs [90-93]. Liposomes do not release
their content when they enter the blood stream and remain stable [94].
Liposomes preserve their spherical shapes if incubated with plasma
constituents [95].

In Xia & Xu study, they found that when FeSO, were coated with
liposomes they demonstrated similar bioavailability to that of FeSO4
but, liposomes provided the additional benefit that it protected the iron
from interacting with the surrounding food in the gastrointestinal tract
and prevented any undesirable reaction that might occur due to iron
therapy [54].

3.4.3. Total leucocyte count (TLC)

The results of total leucocyte count (TLC) of different groups during
the experimental period are shown in Fig. 2.c. It could be noticed that
the only significant improvement (decrease) in the TLC compared to
+ve control was reported for the LMNPs group at the 10th and 13th
days of treatment. At 10th day TLC values were (11.35, 11.03, 10.78
and 8.88 thousand/cmm) for (+ ve control, FeSO4, MNPs and LMNPs,
respectively), at 13th day TLC values were (12.4, 11.03, 10.78 and 8.8
thousand/cmm) for (+ve control, FeSO,, MNPs and LMNPs, respec-
tively). The TLC elevation after the induction of anemia gave an in-
dication on the activation of the body immune system. This activation
was probably because of the use of the bleeding method for induction of
anemia that was previously proved to cause inflammation in the rats'
eyes [64,96].

The obtained results could be attributed to that iron compounds in
FeSO, and MNPs groups caused inflammation, which resulted from free
radicals' diffusion due to redox reactions that occurred in the gastro-
intestinal tract. These inflammations affect the immunological function,
like in the work of [69], who studied the effect of Titanium dioxide
nanoparticles (TiO, NPs) on hematological parameters. The present
study showed an increase in TLC indicating immune defense activation
[78-80]. In the LMNPs group, the immunological function was not af-
fected.
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3.5. Blood smear

The morphology of RBCs in a blood film was considered as a main
criterion for characterizing anemic rats. In anemic +ve control (un-
treated) group, rats' blood films showed changes in the size and shape
of RBCs. Poikilocytosis (abnormal RBCs shapes such as tear-dropped
shape, sickle shape, elongated shape and irregularly contracted), ani-
socytosis (varied RBCs size) due to presence of microcytes, hypochro-
masia (paler RBCs than normal), spherocytosis (sphere-shaped cell) and
schistocytes (jagged cells) were all present (Fig. 3.a).

RBCs normal shapes were biconcave disk shaped with pallor area in
the center [97]. Poikilocytosis, hypochromasia, spherocytosis and
schistocytes appearance gave indication on a degree of RBCs membrane
damage due to hemolysis effect (hemolytic anemia) and RBCs mem-
brane abnormalities. [98,99].

After 13 days of treatment, the FeSO4-treated group showed RBCs'
membrane abnormalities in their blood films like poikilocytosis, ani-
socytosis, hypochromasia and schistocutes (Fig. 3.b). There are marked
poikilocytosis in MNPs' films and the normal RBCs-shaped cells nearly
disappeared like in anemic rats' films. This reflected acute hemolysis
and also confirmed the previously discussed results of the hematolo-
gical parameters. Also, poikilocytosis, anisocytosis, hypochromasia and
schistocutes appeared in MNPs' film (Fig. 3.c).

In LMNPs group, the blood film demonstrated that the majority of
RBCs had normal shaped cells (biconcave disk shape with pallor area in
the center) with little poikilocytosis (Fig. 3.d). This added more evi-
dence of the protective role of LMNPs.

3.6. Histopathological alterations

The histopathological examination was performed to study the ef-
fect of different iron formulations (FeSo,, MNPs and LMNPs) on the
spleen, liver and kidney.

3.6.1. Spleen

The microscopic examination of -ve control (normal) group re-
vealed normal histological structure of red pulp with very few numbers
of erythroid cells and megakaryocytes associated with fine hemosiderin
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Fig. 3. a, b, c and d: Blood films examined under
light microscope, Labomed USA (magnification
40 x) of (a) the control +ve group and (b, ¢ & d)
treated groups (MNPs, FeSO4 and LMNPs, respec-
tively) after 13 days of treatment. (Black arrows for
poikilocytosis, red arrows for hypochromasia, green
arrows for anisocytosis and blue arrows for normal
red cells). The +ve control group (a) shows schis-
tocytes, severe poikilocytosis, microcytes and hypo-
chromasia, indicated by arrows. The FeSO,4 group (b)
shows poikilocytosis, hypochromasia and little
schistocytes, indicated by arrows. The MNPs group
(c) illustrates severe poikilocytosis, microcytes with
numerous schistocytes, indicated by arrows. The
LMNPs group (d) shows normal shaped RBCs with
little poikilocytic cells, indicated by arrows.
(Number per group = seven rats). (Scale bar: pm).
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)

pigment deposition (Fig. 4.a). The splenic red pulp of the +ve control
group showed increased extramedullary hematopoiesis, the lesion was
characterized by infiltration of red pulp by many immature erythroid,
myeloid elements in red pulp as well as the appearance of mega-
karyocytes (Fig. 4.b & c). The splenic lesions that represented hema-
topoiesis were declined in FeSO,-treated group with minimal number of
erythroid and myeloid elements and individual number of mega-
karyocytes that were detected in splenic red pulp (Fig. 4.d). The mi-
croscopic examination of MNPs-treated group showed the minimal er-
ythroid number with the deposition of hemosiderin pigment free and in
macrophages, but the number of megakaryocytes was relatively in-
creased compared with FeSO4-treated group (Fig. 4.e). The relative
increased megakaryocytes number with hemosiderin deposition as-
sumed to be related to RBCs destruction induced by the toxic effect of
MNPs on RBCs. Valberg & Butler reported that in vitro RBCs hemolysis
occurred when IONP was added to RBCs [100], also Feng et al. reported
that IONPs induced severe dose-dependent hemolysis when IONPs were
incubated with mouse erythrocyte suspension for 4 h at 37 °C [84]. The
splenic red pulp lesions of LMNPs group were extremely scarce re-
presented by fine hemosiderin pigment deposition (Fig. 4.f). The white
pulp of —ve control (normal) group showed normal histological struc-
ture of lymphoid follicles (Fig. 5.a) while the splenic lesions of the +ve
control group showed mild lymphocytic depletion (Fig. 5.b). The le-
sions comprising lymphoid follicle of FeSO,-treated group were severe
and characterized by necrosis and lymphocytolysis with the appearance
of tangible body macrophages (Fig. 5.c). The normal structure of lym-
phoid follicles was observed in MNPs (Fig. 5.d) and LMNPs-treated
groups with no detectable lesions, the appearance of splenic lesions
(necrosis) in FeSO4 group confirms the toxic action of FeSO, on the
spleen, while in MNPs and LMNPs-treated groups, there was no re-
cognized toxicity on splenic tissue.

3.6.2. Liver

Concerning liver, the microscopic examination of —ve control
(normal) group revealed normal histological structure of hepatocytes
and hepatic parenchyma. Multi focal sinusoidal leucocytosis and dila-
tation were observed in the +ve control group with focal necrosis of
hepatocytes (Fig. 6.a). Hepatic lesions in FeSO4-treated group were
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Fig. 4. Histological section of the spleen (H&E, X600). (yellow arrows for erythriod precursors, blue arrows for myeloid precursors, thick black arrows for mega-
karyocytes and thin black arrows for hemosiderin) (a) —ve control untreated group showing scarce erythroid precursors with fine hemosiderin pigment deposition. (b
& ¢) +ve control group showing infiltration of red pulp by erythroid and myeloid elements (b) and megakaryocytes (c). (d) FeSO4-treated group showing a low
number of erythroid elements with the appearance of megakaryocytes. (e) MNPs-treated group showing few erythroid cells with megakaryocytosis. (f) LMNPs-treated
group showing scarce erythroid elements infiltrating the red pulp and fine hemosiderin deposition. (Number per group = seven rats). (Scale bar: 50 um). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

more severe than in the +ve control group. There was a mononuclear
cell infiltration in the portal area with fine hemosiderin pigment de-
position in individual macrophages with mild sinusoidal leucocytosis
and focal hepatocellular necrosis (Fig. 6.b). The hepatic lesions in
MNPs-treated group was minimal compared with FeSOy-treated one
also Kupffer cell activation was observed in MNPs group (Fig. 6.c). The
liver of LMNPs-treated group showed normal hepatic histological
structure with no detectable hepatic lesions (Fig. 6.d), the histopatho-
logical examination of liver clarifies the toxic effect of FeSO4 group on
the liver which was not detected in the remaining treated groups (MNPs
& LMNPs).

3.6.3. Kidneys

The kidney of the normal group showed normal histological struc-
ture of renal cortex and medulla (Fig. 7.a). Renal lesions in the +ve
control group were detected in renal tubules and were characterized by
vacuolization and necrosis of tubular epithelium (Fig. 7.b), the lesions
were considered mild in their severity. The vacuolization of tubular
epithelium was minimal in FeSO, and MNPs-treated groups (Fig. 7.c &
d). The normal histological structure of renal tubules was observed in
the LMNPs-treated group.

The results of the present study indicated that LMNPs have ther-
apeutic potential for anemia in experimentally induced anemic animal
model with less toxic effect on parenchymatous organs compared with
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the commercial therapeutic drugs.

4. Conclusion

In the present work, magnetic nanoparticles capped with vitamin ¢
and encapsulated inside liposome (soybean + cholesterol) were pre-
pared successfully. The present results proved that LMINPs had a greater
efficiency in treating IDA compared with the two other tested for-
mulations (MNPs and FeSO,) as they were able to return the hemato-
logical parameters (Hb, RBCs and WBCs) from anemic values to the
normal values. Liposome encapsulation for MNPs increased the
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Fig. 5. Histological section of spleen (H&E, X200).
(a) —-ve control untreated group showing normal
histological structure of lymphoid follicles. (b) +ve
control group showing lymphocytolysis (long arrow)
and lymphocytic depletion (short arrows comprising
the follicle. (c) FeSO4-treated group showing mas-
sive necrosis of lymphoid elements (short black ar-
rows) with the appearance of tangible body macro-
phages (yellow arrows). d) MNPs-treated group
showing normal histological structure of lymphoid
follicles. (Number per group = seven rats). (Scale
bar: 50 um). (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)

bioavailability of iron, enhanced drug biocompatibility and decreased
toxicity on parenchymatous organs (Liver, spleen and kidney).
Therefore, one would recommend the use of LMNPs as a therapeutic
drug for IDA treatment as it showed a success in overcoming the side
effects that accompanied the use of traditional drugs.

Declaration of competing interest

The authors declare no conflict of interest.

Fig. 6. Histological section of the liver (H&E, X400). (a) +ve control group showing focal hepatocellular necrosis (long arrow) with mononuclear cell aggregation
and mild sinusoidal leucocytosis (short arrow). (b) FeSO4-treated group showing mononuclear cell infiltration in portal area (long arrow) with fine hemosiderin
pigment deposition in macrophages (short arrow). (c) MNPs- treated group showing scarce mononuclear cell infiltration in small portal area (arrow) with mild
Kupffer cell activation. (d) LMNPs -treated group showing normal histological structure of portal area. (Number per group = seven rats). (Scale bar: 50 um).
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Fig. 7. Histological section of the kidney (H&E, X400). (a) The control untreated group showing normal histological structure of the tubular epithelium. (b) +ve
control group showing vacuolization (yellow arrows) and pyknosis of renal tubular epithelial nuclei (black arrow). (c) FeSO4-treated group showing vacuolization
(yellow arrows) and pyknosis of individual tubular epithelial nuclei (black arrows). (d) MNPs-treated group showing normal histological structure of renal tubular
epithelium. (Number per group = seven rats). (Scale bar: 50 pm). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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