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Abstract: According to the World Health Organization, 46% of the world’s children suffer 

from anemia, which is usually treated with iron supplements such as ferrous sulfate. The aim of 

this study was to prepare iron as solid lipid nanoparticles, in order to find an innovative way for 

alleviating the disadvantages associated with commercially available tablets. These limitations 

include adverse effects on the digestive system resulting in constipation and blood in the stool. 

The second drawback is the high variability in the absorption of iron and thus in its bioavailability. 

Iron solid lipid nanoparticles (Fe-SLNs) were prepared by hot homogenization/ultrasonication. 

Solubility of ferrous sulfate in different solid lipids was measured, and effects of process vari-

ables such as the surfactant type and concentration, homogenization and ultrasonication times, 

and charge-inducing agent on the particle size, zeta potential, and encapsulation efficiency were 

determined. Furthermore, in vitro drug release and in vivo pharmacokinetics were studied in 

rabbits. Results indicated that Fe-SLNs consisted of 3% Compritol 888 ATO, 1% Lecithin, 3% 

Poloxamer 188, and 0.2% dicetylphosphate, with an average particle size of 25 nm with 92.3% 

entrapment efficiency. In vivo pharmacokinetic study revealed more than fourfold enhanced 

bioavailability. In conclusion, Fe-SLNs could be a promising carrier for iron with enhanced 

oral bioavailability.
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Introduction
Iron deficiency anemia is a common form of anemia that occurs in conditions of iron 

loss and/or in case of problems in iron absorption from the dietary intake.1 Iron defi-

ciency is the most common cause of anemia worldwide, accounting for about half of 

all anemia cases.2 Estimates of iron deficiency worldwide range vary widely, but the 

number almost certainly exceeds one billion persons globally. There are many diseases 

that might lead to iron deficiency anemia, including intestinal parasitic infection, 

malarial infections, gastric ulcer, duodenal ulcer, and gastrointestinal cancer.3

According to the World Health Organization, 46% of the world’s children are 

anemic, the greatest percentage being in developing countries. About 56% of preg-

nant women in these countries are anemic.3 In the developed world, about 20% of all 

women of childbearing age have iron deficiency anemia compared with only 3% of 

adult men.4–7

Iron deficiency anemia is usually treated by the use of iron supplements. The most 

famous and commercially available supplements in the market are ferrous sulfate, fer-

rous fumarate, and ferrous gluconate. However, all these iron salts have two important 

disadvantages. The first one is that all are known to affect the gastrointestinal tract 
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(GIT) and to result in many side effects. The most common 

side effects include constipation, darkened or green stools, 

diarrhea, nausea, stomach upset, and temporary staining of 

the teeth. In addition, sometimes severe reactions may occur, 

including allergic reactions, black and tarry stools, blood 

or streaks of blood in the stool, fever, and vomiting with 

continuing sharp stomach pain. The second disadvantage 

is the high variability in iron absorption from the GIT and 

hence variability in the bioavailability. Several researches 

have been carried out using iron in different dosage forms as 

intravenous injection for the treatment of anemia.8,9

It is reported that even the same iron salt developed 

by different pharmaceutical companies show different 

bioavailabilties.10 For example, the bioavailability of iron 

from ferrous sulfate varies considerably among studies. The 

efficiency of converting iron in ferrous sulfate into hemoglo-

bin ranged from 33% to 80%.11

Consequently, there is a need for developing a new, 

stable, highly soluble system in which iron is soluble in the 

different pH conditions inside the GIT and which enhances 

the permeability of iron through the GIT. In addition, the sys-

tem should result in a more reproducible bioavailability.

Nanotechnology deals with the utilization of materials at 

the nanoscale, and research in the field of nanotechnology is 

attracting countries and large companies to invest massively 

in this fast growing area. Materials at the nanometer scale 

exploit their novel physical, chemical, and biological proper-

ties that can change or enhance drug properties.

Treatment of anemia with novel drug delivery systems 

has been previously mentioned in several publications; one 

of them used magnetite and folate nanoparticles (NPs)12 and 

another prepared iron as polymeric NPs.13,14

Studies on the GIT mucosal absorption of particulate mat-

ter delivered through the oral route showed that particle size 

is a critical factor for absorption.15 There are three possible 

routes of NP absorption: transcellular transport, paracellular 

transport (particles less than 500 nm), and uptake of NPs 

by the gut M cells.16 Various factors control drug release 

from NPs, including the type of polymer, its physical and 

chemical properties, the presence of stabilizers, and type of 

formulation.17

Solid lipid nanoparticles (SLNs) have been reported as 

an alternative drug delivery system to liposomes, emulsions, 

microparticles, and polymeric nanoparticulate systems.18 This 

novel colloidal drug carrier system enables various applica-

tion routes such as oral, topical, parenteral, ophthalmic, and 

rectal.19 SLNs offer numerous advantages over other colloidal 

systems, such as the possibility of large-scale manufacture 

and enhancement of absorption of various drugs (hydophilic 

or lipophilic) where the absorption of NPs takes place by 

several mechanisms, namely via the Peyer’s patches either by 

the intracellular pathway or by paracellular uptake.20 Further-

more, delivery via SLNs avoids to a large extent the hepatic 

first-pass effect due to absorption into lymphatic circulation, 

which bypasses the liver.21 Controlled and sustained drug 

delivery and drug targeting are also achieved.22 SLNs can be 

prepared by using several methods: high-pressure homogeni-

zation (hot and cold homogenization), solvent evaporation,23 

solvent emulsification–diffusion,24 microemulsion, double 

emulsion,25 and high-shear homogenization followed by 

ultrasonication.26 In the homogenization/ultrasonication 

method, the main parameters that affect the particle size of 

the SLN formulation are the type of the lipid, type of the 

emulsifier, their concentrations, and the homogenization and 

sonication times.27

The objective of this work was to utilize nanotechnology 

to formulate ferrous sulfate into SLNs and study the effect 

of different process variables on the particle size, encapsula-

tion efficiency (EE), and stability of theses NPs, in order to 

provide a solution to the major problems associated with the 

marketed iron supplement tablets.

Experimental
Materials
Ferrous sulfate was received as a kind gift from Sandoz 

Ltd. (Surrey, UK). Compritol 888 ATO, Precirol ATO 5, 

Labrasol, Gelucire 44/14, and Sedefos were obtained from 

Gattefosse (Nanterre Sedex, France). Plurol stearique, cho-

lesteryl stearate, and phosphatidylcholine were a kind gift 

from Nikko chemicals Co., Ltd (Tokyo, Japan). Stearylamine 

(SA) and dihexadecyl hydrogen phosphate (DHP) were pur-

chased from Fluka Chemical Company (Buchs, Switzerland). 

Poloxamer 188 was purchased from Sigma-Aldrich (St Louis, 

MO, USA). Ferrous sulfate marketed tablet (Ferrous sulfate 

tablet®) was purchased from Sandoz Ltd. All other reagents 

and chemicals were of analytical grade.

Methods
Measurement of ferrous sulfate solubility in lipids
The method depends on measurement of the partitioning 

behavior of iron in various lipids (Compritol 888 ATO, 

Precirol ATO 5, Plurol stearique, and cholesteryl stearate). 

One-hundred milligrams of ferrous sulfate was dispersed 

in a mixture of melted lipid (1 g) at 80°C and 1 mL of hot 

distilled water and shaken for 30  minutes in a hot water 

bath. The aqueous phase was separated after cooling and 
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centrifugation at 15,000 rpm for 30 minutes with the help of 

a syringe and analyzed for iron content by atomic absorption 

spectrometry at 248.3 nm.

Preparation of ferrous sulfate solid lipid 
nanoparticles
Iron solid lipid nanoparticles (Fe-SLNs) were prepared by 

the hot emulsification/ultrasonication method.28 Accord-

ing to the result of the partitioning test, Compritol 888 

ATO was chosen as a solid lipid for the formulation of 

Fe-SLNs. Ferrous sulfate (2%), Compritol 888 ATO (3%), 

and lecithin (1%) were dissolved in a 25-mL mixture of 

chloroform and methanol (1:1). The organic solvents were 

then completely removed using a rotary evaporator. The 

drug-embedded lipid layer was melted by heating at 80°C, 

and the aqueous phase was prepared by dissolving one of 

the following surfactants, namely Cremophor, Gelucire, 

Poloxamer 188, Labrasol, or Sedefos, in double-distilled 

water (sufficient to produce 25 mL of the preparation) and 

heated to the same temperature of the molten lipid phase. 

The hot aqueous phase was added to the molten lipid phase, 

and homogenization was carried out at 10,000  rpm for 

3 minutes, maintaining the temperature at 80°C. Coarse, 

hot oil-in-water emulsion was obtained, which was then 

ultrasonicated using a probe sonicator. Fe-SLNs were 

obtained by allowing the hot nanoemulsion to cool to 

room temperature. SA or DHP was used as the surface 

charge modifier of the SLNs, which was incorporated with 

the lipids in some formulations. Different formulations 

were prepared by varying the critical process variables, as 

described in the following section.

Formulation design
SLNs were prepared by varying the surfactant type (ST), 

surfactant concentration (SC), lecithin concentration (LC), 

homogenization time (HT), and ultrasonication time (UT) 

as follows:

a)	 STs = (Cremophor, Gelucire 44/14, Poloxamer 188, Labra-

sol, and Sedefos); while HT =3 minutes, UT =3 minutes,  

and SC =3% (w/v);

b)	 SC (0.5, 1, 2, 3, and 4%, w/v); while HT =3 minutes,  

UT =3 minutes, and ST = Poloxamer 188;

c)	 HT (1, 3, 5, and 10 minutes); while UT =1 minute, SC =3%  

(w/v), and ST = Poloxamer 188;

d)	 UT (1, 3, 5, and 7); while HT =3 minutes, SC =3% (w/v), 

and ST = Poloxamer 188;

e)	 LC (0% or 1%); while HT =3 minutes, UT =3 minutes, 

SC =3% (w/v), and ST = Poloxamer 188;

f)	 Charge inducing agent (SA as a positive charge induc-

ing agent, DHP as a negative charge inducing agent, or 

neutral without any charge inducing agent); while HT 

=3 minutes, UT =3 minutes, SC =3% (w/v), and ST = 
Poloxamer 188.

Measurement of particle size and zeta potential
Fe-SLNs dispersions were appropriately diluted with ultra-

purified water before measurement. The hydrodynamic 

diameter and zeta potential of the resulting dispersion were 

determined by dynamic light scattering using a Zetatrac 

machine (Microtrac Inc, PA, USA).

Measurement of entrapment efficiency
The entrapment efficiency of ferrous sulfate within Fe-SLNs 

was determined by measuring the concentration of free drug 

in the dispersion medium. Ultracentrifugation was carried 

out using Centrisart, which consists of a filter membrane 

(molecular weight cut-off 20,000  Da) at the base of the 

sample recovery chamber. Approximately 1 mL of undiluted 

sample was placed in the outer chamber, and the sample 

recovery chamber was placed on the top of the sample. 

The unit was centrifuged at 5,000  rpm for 30  minutes.  

The Fe-SLNs along with encapsulated drug remained in the 

outer chamber and the aqueous phase moved into the sample 

recovery chamber through the filter membrane. The amount 

of iron in the aqueous phase was calculated by atomic absorp-

tion spectrometry at 248.3 nm.

The EE was calculated as

	 EE (%) =100 – (Fs/Ts ×100)�

where Fs = soluble free drug, and Ts = initial amount of drug 

added during preparation of SLNs.

Drug release study
Drug release study was performed following the dialysis bag 

method.29 The Fe-SLN suspension was placed in dialysis 

bags with 12-kDa molecular weight cut-off (Sigma) and 

immersed in 500 mL 0.1 N HCl at 37°C in a dissolution 

apparatus with a paddle rotating at 50 rpm. An aliquot of 

sample (5  mL) was taken from the dissolution medium 

after 0.25 hours, 0.5 hours, 1 hours, 1.5 hours, 2.0 hours, 

and 2.5  hours. The pH of the dissolution medium was 

raised to 7.4, and samples were then taken after 3 hours, 

4 hours, 6 hours, 8 hours, 12 hours, and 24 hours and ana-

lyzed for iron content by atomic absorption spectrometry 

at 248.3 nm.
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Stability study
Stability of the prepared Fe-SLN formulations was tested 

with heating and cooling cycles. Three freeze–thaw cycles 

(-20°C and +25°C) were performed on these formulations. 

Then the particle size and zeta potential were measured. SLNs 

that showed good dispersion stability test were selected for 

in vivo pharmacokinetic study.

In vivo pharmacokinetic study
In vivo drug absorption study was conducted according to 

the institutional guidelines of the Animal Ethics Committee, 

Faculty of Pharmacy, King Abdulaziz University. Twelve 

albino male rabbits, weighing between 2 kg and 2.5 kg, were 

used in this study. Based on the results of in vitro and stability 

studies, negatively charged Fe-SLN formulation, composed 

of 200 mg ferrous sulfate, 300 mg Compritol 888 ATO as 

a solid lipid, 300 mg Poloxamer 188 as surfactant, 100 mg 

lecithin, and 20 mg DHP, prepared by 3-minute homogeni-

zation followed by 3-minute ultrasonication method, was 

chosen for the animal studies.

The rabbits were kept in a fasting condition for 24 hours 

before the experiment commenced, and they were divided 

into two groups, each containing six animals. Group I was 

treated with ferrous sulfate tablet (as a control), which was 

crushed and suspended in 5 mL of saline. The equivalent vol-

ume containing 10 mg/kg was administered orally via gastric 

intubation for each fasted rabbit. Group II was treated orally 

with Fe-SLN formulation, which was suspended in 5 mL 

of saline, and an equivalent volume containing 10 mg/kg  

was administered orally via gastric intubation for each rabbit 

in the group.

Blood samples (2 mL) were collected before the admin-

istration of the drug and again at different time intervals 

(0.5 hours, 0.75 hours, 1 hours, 1.5 hours, 2 hours, 3 hours, 

4 hours, 6 hours, 9 hours, 12 hours, and 24 hours) after the 

administration of the drug. The obtained serum samples were 

deep-frozen at -20°C, pending high-performance liquid chro-

matography (HPLC) analysis. The plasma analysis of ferrous 

sulfate was performed using a well-validated HPLC method 

described by Dias et al after liquid–liquid extraction.30

Pharmacokinetic analysis
The maximum plasma concentration (C

max
) and time required 

to reach maximum plasma level (T
max

) were calculated using the 

plasma concentration versus time curve in the WinNonlin™  

Nonlinear Estimation Program. One-way analysis of variance 

(ANOVA) was employed to assess the significance of the 

difference between the T
max

, C
max

, and AUC
0–∞ data of ferrous 

sulfate obtained from the control tablet and Fe-SLN formula-

tions (P0.05) using the SPSS program.31 The AUC
0–24

 was 

calculated using the linear trapezoidal rule. The AUC
0–∞ and 

the relative bioavailability (BA
R
) of the SLNs were also 

calculated by using the following equation32:

�Relative bioavailability (BA
R
) = [AUC

SLNs
 × Dose

Tablet
]/

[AUC
Tablet

 × Dose
SLNs

]

Results
Screening of lipid phase
For the selection of the lipid core, solubility of ferrous sulfate 

in lipids was evaluated by measuring the ratio of the amount 

of iron in lipid to the amount of iron in aqueous phase. The 

results obtained were 21.23±1.14, 15.53±1.33, 62.11±3.44, and 

46.61±3.03 for Plurol stearique, cholesteryl stearate, Compritol 

888 ATO, and Precirol ATO 5, respectively. The highest parti-

tion coefficient was observed with Compritol 888 ATO, which 

was selected as a core lipid for the preparation of Fe-SLNs.

Preparation and characterization  
of Fe-SLNs
Hot homogenization followed by ultrasonication was found 

to be an efficient, simple, and quick method to produce 

Fe-SLNs. In order to optimize the preparation of the SLN, 

several formulation variables were studied. The effect of the 

different process variables on particle size, zeta potential, 

entrapment efficiency is presented in Table 1.

Drug release study
According to the results of particle size and entrapment 

efficiency, the release of the best Fe-SLN formula prepared 

from 200 mg ferrous sulfate, 300 mg Compritol 888 ATO as 

a solid lipid, 300 mg Poloxamer 188 as surfactant, 100 mg 

lecithin, and 20 mg DHP, prepared by 3-minute homogeni-

zation followed by 3-minute ultrasonication was compared 

with the release of pure drug, and Fe-SLNs displayed a 

biphasic drug release pattern with a burst release within 

30  minutes, followed by sustained release afterward, as 

shown in Figure 1.

Thermodynamic stability of the Fe-SLNs
Stability test showed that there was a statistically nonsignifi-

cant difference in the EE% or in particle size with charged 

Fe-SLNs after being subjected to three freeze–thaw cycles. 

However, the changes were significant in the case of neutral 

SLNs in which the particle size increased from 26 nm to 

113 nm. These results indicated a good stability for charged 

SLNs in comparison with neutral ones.
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In vivo pharmacokinetic study
There was a statistically significant difference in the T

max
, C

max
, 

and AUC
0–∞ data between the Fe-SLNs and the marketed tablet 

(P0.05) (Table 2 and Figure 2). The mean AUC
0–∞ for the 

marketed tablet was significantly different from that for the Fe-

SLNs. These results confirmed that the formulation of iron into 

SLNs increased its bioavailability by more than fourfold.

Discussion
Solubility of drugs in solid lipid is known to be an impor-

tant precondition to obtain sufficient entrapment.33 In order 

to optimize the preparation of Fe-SLNs, solubility studies 

were carried out by measuring the partitioning between dif-

ferent solid lipids and water phases. It was found that iron 

had better solubility in Compritol 888 ATO, which contains 

in its structure a longer chain fatty alcohol than the other 

lipids used, and led to the creation of a less ordered solid 

lipid matrix leaving enough space to accommodate the drug 

molecule.34

The presence of lecithin in SLNs is essential in the lipid 

matrix, as it contains spaces where the drug can be local-

ized and reduces the escape of the drug into the external 

phase due to the hydrophilic group contained in the lecithin 

structure. This accounts for the increase in entrapment 

efficiency seen when compared with SLNs formulated 

without lecithin.35

The reduction in particle size during the production of 

SLNs leads to an increase in the attraction between the par-

ticles, which increases the surface tension at the interface, 

leading to physical instability.36 The incorporation of sur-

factant in the formulation imparts a repulsive force between 

the NPs and reduces the surface energy and the interfacial 

tension of the system. Hence, the selection of the type and 

concentration of surfactant is important for the physical 

characteristics and stability of SLNs.37

Table 1 Particle size (diameter), zeta potential, and entrapment efficiency measurements of the Fe-SLNs prepared by varying ST, SC, 
HT, UT, LC, and charge inducing agent (data represented as mean ± SD)

Variable Particle size (nm) Zeta potential (mV) Entrapment efficiency (%)

ST Cremophor 40.6±3.22 8.22±1.11 75.43±3.42
Labrasol 34.76±2.67 7.13±1.32 82.14±4.14
Poloxamer 188 26.11±1.35 8.13±1.02 92.30±3.11
Gelucire 44/14 45.12±3.11 7.31±0.82 71.26±2.82
Sedefos 60.11±4.02 8.66±0.97 65.11±3.66

SC 0.5% 1,015±108 8.62±1.25 81.06±5.01
1% 705±90 8.18±1.67 83.72±3.26
2% 232±54 8.25±1.04 88.33±4.12
3% 26.11±1.35 8.13±1.02 92.30±3.11
4% 24.22±1.22 8.23±1.41 85.22±3.14

HT (minutes) 1 143.32±4.21 8.25±1.72 88.72±3.42
3 95.01±4.92 8.07±1.22 90.30±3.45
5 93.11±5.29 7.99±1.14 91.58±3.22
10 90.06±3.98 8.52±1.09 92.17±2.89

UT (minutes) 1 95.01±4.92 8.07±1.22 90.30±3.45
3 26.11±1.35 8.13±1.02 92.30±3.11
5 24.62±2.45 8.43±1.19 92.57±3.18
7 24.21±2.24 8.34±0.98 90.13±2.82

LC 0% 45.24±2.91 8.11±0.94 76.11±3.10
1% 26.11±1.35 8.13±1.02 92.30±3.11

Charge inducing agent Stearylamine 27.20±3.43 16.04±2.11 83.01±2.16
Dicetyl phosphate 25.01±1.21 -10.13±0.62 92.30±3.11

Abbreviations: Fe-SLNs, iron solid lipid nanoparticles; ST, surfactant type; SC, surfactant concentration; HT, homogenization time; UT, ultrasonication time; LC, Lecithin 
concentration; SD, standard deviation.
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Abbreviation: Fe-SLNs, iron solid lipid nanoparticles.
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Poloxamer 188 is a surfactant facilitating emulsification 

and formed more rigid surfactant films and therefore 

improved the stability.38 The small particle size obtained 

with Poloxamer 188 as surfactants could be due to its con-

taining lipophilic chains that might be responsible for fine 

emulsification of hot solid lipid with water.39

The SC had a huge effect on particle size. By increas-

ing its concentration, the size was decreased. At a low SC 

(0.5% and 1%), particles in the nanometer range could not 

be generated. This could be due to the amount of Poloxamer 

188 being used in these formulae not being adequate to 

provide sufficient coverage of the new surfaces generated 

due to particle size reduction during the ultrasonication 

step. This, in turn, results in reduced stabilization of the 

particle dispersion, and, as a result, a higher SC is essential 

to prevent particle aggregation.40 Higher concentration of 

surfactant (3%) is expected to reduce surface tension result-

ing in reduction of the particle size, but further increases in 

SC (4%) may not significantly affect the particle size once 

the optimum packing is reached. However, the decrease in 

size in this case was due to the reduction in entrapment effi-

ciency. Liu et al also reported similar results of decreased 

particle size with reduction in entrapment efficiency.41 

Increasing the SC led to an increase in EE% independent 

of the type and concentration of lipids. However, when 

the concentration was increased above a certain level, 

the entrapment efficiency was decreased, which could be 

explained by the partitioning phenomenon, according to 

which at a high SC level in the external phase, the solu-

bility of the drug in the external phase increases, thereby 

increasing the partitioning of the drug from the internal to 

the external phase of the medium and leading to a decrease 

in the entrapment efficiency.42

Homogenization followed by ultrasonication is a reliable, 

simple, and successful method for preparing uniform 

Fe-SLNs and homogenous in appearance. During prepara-

tion, the HT has a small effect on particle size after a certain 

time (3 minutes), which may be expected as the homogeni-

zation step is only utilized for emulsification of the lipid in 

the aqueous phase, and this step does not produce the final 

NPs. By increasing the HT time by more than 3 minutes, no 

further reduction in particle size was observed. The UT had a 

huge effect on the particle size; particle size was dramatically 

decreased as the sonication time increased. This could be due 

to the fact that sonication was responsible for making the 

final particle size in SLNs, which broke the coarse emulsion 

drops into nanoemulsion droplets.43 Hosny and Aljeaid have 

also reported that the particle size of SLNs was dependent 

on the sonication time.44

Because SLNs with low zeta potential are unstable and 

highly susceptible to aggregation on storage, charge induc-

ing agents were added during the preparation of SLNs. 

This charge prevented particle aggregation and changes in 

particle size.45
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Figure 2 Plasma concentration versus time curve of iron measurements after oral administration of Fe-SLNs and marketed tablets to rabbits at the dose of 10 mg/kg.
Abbreviation: Fe-SLNs, iron solid lipid nanoparticles. 

Table 2 Pharmacokinetic parameters of iron after administration of 10 mg/kg oral Fe-SLNs and 10 mg/kg of marketed tablet (n=6)

Formulation Tmax (h) Cmax (ng/mL) AUC0–t (ng h/mL) K (h-1) AUC0–∞ (ng h/mL)

Fe-SLNs 2.0±0.3 330.51±15.18 2,415±135 0.06±0.02 2,912±164
Iron marketed tablet 0.75±0.2 90.22±8.21 695±61 0.30±0.12 756±81

Note: The significance level was set at P0.05.
Abbreviations: Fe-SLNs, iron solid lipid nanoparticles; Cmax, maximum plasma concentration; Tmax, maximum plasma level.
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Fe-SLNs for treatment of iron deficiency anemia

From the results discussed above, the optimum 

formulation conditions for preparation of Fe-SLNs were 

homogenization for 3 minutes followed by ultrasonication 

for 3 minutes for SLNs prepared from 3% Compritol 888 

ATO, 1% lecithin, 3% Poloxamer 188, and 0.2% DHP. 

These formulae were prepared and subjected to in vivo 

pharmacokinetic study.

The pharmacokinetic study of Fe-SLNs showed lower 

initial plasma concentration than that of the tablet for the first 

30 minutes, possibly because iron was released slowly from 

SLNs for an extended period. After 30 minutes, the plasma 

concentration of iron in case of Fe-SLNs started to rise faster 

than that of the tablet. The T
max

 of iron from Fe-SLN was 

330 ng/mL, while in case of tablet the C
max

 was only 90 ng/

mL. This result indicated that the formulation of iron as 

Fe-SLN enhanced its absorption and permeation character 

across the membrane of the GIT. The results also revealed 

that Fe-SLNs can significantly modify the pharmacokinetic 

profile and can increase the drugs bioavailability by more 

than fourfold in comparison with the marketed oral tablet 

formulation. This was due to the fact that iron is a drug with 

poor aqueous solubility, and the preparation of this drug 

as a SLNs enhanced not only its solubility but also tissue 

permeability. Also, the pharmacokinetic characteristics of 

drugs upon delivery in SLN formulation are dictated by the 

properties of the SLNs rather than by the physicochemical 

properties of the drug molecules. Additionally, the presence 

of Poloxamer 188 surfactant in the SLN formula causes a 

steric hindrance that helps in reducing the tissue uptake by 

evading the reticuloendothelial system (RES), which will 

increase the residence time of SLNs in the blood circula-

tion. In addition, it has been reported that absorption of 

SLNs occurs mainly through the lymphatic uptake pathway 

by M cells of the Peyer’s patches,46 which exhibited a clear 

dependency on the particle characteristics such as size and 

surface properties.

Conclusion
The formulation of iron as oral SLNs, which constitutes a 

novel drug delivery system, enhanced the bioavailability by 

more than fourfold compared to the marketed tablet. The 

optimum Fe-SLN formula was composed of 3% Compritol 

888 ATO, 1% lecithin, 3% Poloxamer 188, and 0.2% DHP. 

The use of this formula could eliminate the major drawbacks 

of the conventionally used tablet. Of course, it will not obvi-

ate the need for further clinical evaluation regarding the 

bioactivity and toxicity for this novel formula, which may 

provide clinicians with other important data.
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