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Investigation of the preparation of
iron sulfate-loaded niosomes by an
experimental novel method
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Iron is a crucial nutrient for our bodies, and its absence can lead to serious health issues like anemia.
Unfortunately, oral iron supplements are frequently poorly absorbed and can lead to gastrointestinal
discomfort due to iron’s oxidative properties. However, using nanocarrier systems to encapsulate

iron can mitigate these issues, enhancing its absorption and protecting it from oxidation, ultimately
improving its effectiveness. In this research, niosomes loaded with iron sulfate were prepared using
surfactant span 60 and Tween 80 via thin film hydration method. Cholesterol and 1-Dodecanol were
used as stabilizers in different ratios. Physiochemical properties of niosomes loaded with iron sulfate,
such as particle size, polydispersity index (PDI), zeta potential, and encapsulation efficiency (EE%),
were investigated. The vesicle sizes varied between 453 and 3,276 nm, with encapsulation efficiencies
ranging from 75 to 93%. The zeta potential measured between -9.91 and 6.3 mV, while the particle
size distribution (PDI) was observed to be between 0.004 and 0.59 in a phosphate buffer solution at pH
6.8. Ultimately, F1 Formula was established as the most effective formula, achieving an efficiency of
90.8%, a particle size of 546.8 nm, a zeta potential of 5.5, and a PDI of 0.57.
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Iron is an essential nutrient in the human diet and a vital part of metalloproteins (hemoglobin, myoglobin,
ferritin, transferrin, cytochromes, etc.), which exists for the transport of O, to tissues, transport of CO,, as well
as formation of red blood cells, redox reactions, electron transport, cellular energy production, gene regulation.
It is also as an essential synthetic group for regulating, activating, and controlling many enzymatic reactions
(enzymes such as cytochrome oxidase, catalase)'~. Inadequate intake of iron from the diet or poor absorption
of iron from the gastrointestinal tract from food causes iron deficiency, which is the most common nutritional
problem in the world and can lead to some disorders such as anemia, immune system disorders, or pregnancy
complications. Children, teenagers, and especially women of childbearing age are at risk of suffering from iron
deficiency anemia, and the only solution is to increase iron consumption either through supplementation or
fortification’-1°.

Currently, oral iron supplements, such as ferrous sulfate, ferrous gluconate, and ferrous fumarate, are usually
used to treat diseases related to iron deficiency. However, oral iron supplements are often ineffectively absorbed
and potentially cause adverse effects in the gastrointestinal tract primarily due to the oxidative toxicity of
iron!-14,

Encapsulating or trapping iron in vesicles and other nanocarrier systems not only reduces organoleptic
problems but also protects iron from oxidation caused by external factors, while also reducing its interaction
with other components. It prevents the direct contact of iron with the digestive system, thus improving its
bioavailability and intestinal absorption. In addition to mitigating side effects, encapsulation provides targeted
delivery and slow release; thus, lower doses of iron cause a therapeutic effect!>!8.

Niosomes are a new type of nanocarrier systems that are formed by the self-assembly of non-ionic surfactants
in aqueous environments, which leads to closed bilayer structures. These nanovesicles can trap hydrophilic,
hydrophobic, and amphiphilic compounds resulted in many applications in the food, pharmaceutical, and
cosmetic industries'®-?2. Hydrophilic compounds are trapped in aqueous compartments between two layers,
while lipophilic compounds are preferably placed in two surfactant layers?*~2°. Compared to phospholipid
compounds that are usually used in liposomes, niosomes have attracted the attention of researchers thanks to
their lower cost and higher stability during storage, flexibility in structure, etc. It has become a suitable carrier
for loading many drugs, nutrients, genes, protein and peptide compounds, etc?®?’.
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In their research, Gutiérrez et al. have introduced several formulations for trapping iron in nisomes. They
made iron-sulfate containing niosomes through a modified ethanol injection method and three surfactants,
Peceol, Plurol Oleique, and Span 80°%. Indeed, our aim of this study is to expand Gutiérrez et al.‘s research to
produce niosomes containing iron sulfate, via thin film hydration method and two surfactants, span 60 and
Tween 80, with more appropriate size, particle size distribution, and encapsulation efficiency which are more
suitable in order to reduce the adverse effects of unencapsulated iron.

Materials and methods

Materials

The following materials were used in this study: ferrous sulfate heptahydrate (pharmaceutical or food grade),
Tween 80 (C,,H,,,0,,), Span 60 (C,,H,O,), cholesterol (C,,H,,O), dichloromethane (CH,Cl,), and deionized
water (H,O). Phosphate buffers, at pH=6.8 and pH=5.5, were prepared. All chemicals were purchased from
commercial sources, specifically: Merck for Span 60, dichloromethane and ferrous sulfate heptahydrate, PanReac
for Tween 80, Sigma for cholesterol, and Semnan Azma for deionized water. The deionized water had a pH in the
range of 6.5 ~ 7.2 prior to buffer preparation.

Preparation of niosomes
Niosomes loaded with iron sulfate were prepared by thin film hydration method. Lipid phase components
including surfactant and stabilizer were poured into the flask along with 10 cc of dichloromethane solvent and
allowed to evaporate the solvent for 1 h by rotary evaporator (HAHNSHIN SCIENTIFIC CO, HAHNVAPOR,
HS-2005 V-N, South Korea) at 40 °C and at a speed of 90 rpm (Fig. 1)8-3. It was placed under vacuum for
90 min until the residual solvent was completely removed and a solid or lipid layer was observed at the bottom
of the flask. Then, during four stages, every ten minutes, 15 cc of the hydration solution including phosphate
buffer solution (pH:5.5 or 6.8) along with Iron sulfate (heptahydrate) was added to the flask and after adding
the hydration solution in the last step, 20 min was given after which it was sonicated (manufactured by the
Ultrasonic Technology Development Company, power 400 watts, frequency 20 kHz) to form the layers of
vesicles®!~3°. Moreover, in other process, the phosphate buffer solution and iron sulfate were added in one step
to the solid layer formed at the bottom of the flask and the solution was sonicated.

The composition of all formulas, including the ratio of surfactant to stabilizer, the ratio of the mixture of
surfactants, the amount of solvent and iron sulfate used in each formula, and the length of time niosomal
solution subjected to sonicate are reported in Table 1.

Physicochemical properties

Once the niosomal solution was prepared, the physical characteristics of the vesicles, such as size and average
particle size, drug entrapment efficiency, vesicle sphericity, and zeta potential, which are the main parameters
for choosing the most suitable formula, were determined and measured. Thereafter, the results were analyzed by
the methods and devices described below.

Entrapment efficiency
The percentage of iron capture efficiency was determined using atomic absorption. To separate the free iron from
the loaded iron, the niosomal solution was centrifuged (FARZANEH ARMAN Co, Iran Bench top high, speed

Fig. 1. Vacuum rotary evaporator.
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Test number | Chol?/1-DP: surfactant | Tween80:Span60 | Solvent (DCM¢) | FeSO , (7H,0) | Ultrasound intensity
Fl1 (l_cf(‘)d) 0.75:0.25 10 cc 17 mg 5 min
F2 ;Cll:)ol) 1.00:0.00 10 cc 17 mg 5 min
F3 g;ll:)ol) 0.25:0.75 10 cc 17 mg 5 min
(1-D) ] )
F4 0.0266 0.50:0.50 10 cc 17 mg 5 min
F5 g_cllg’l) 0.50:0.50 10 cc 17 mg 6 min
F6 g_cl}(‘)(’l) 0.50:0.50 10 cc 3.5mg 6 min

Table 1. Formulation of iron sulfate-loaded niosomes. a: Cholesterol. b: 1-Dodecanol. ¢c: Dichloromethane.

Particle Zeta potential

Test nomber | size (nm) | PDI® (mV) EE%®

F1 546.8+7.4 | 0.570%£0.05 5.50+£0.2 90.80+2
F2 3276+12.3 | 0.230+0.04 5.06+0.4 93.72+1.5
E3 453.1+7.8 |0.590+0.05 6.30+0.7 75.00+1.1
F4 650.9+11.8 | 0.004+0.001 | 4.60+0.5 85.30+0.5
F5 558.5+4.9 |0.199+0.02 4.01+£0.1 82.80+1.7
F6 583.1+5.4 |0.365+0.07 |-9.91£0.1 83.30+1.4

Table 2. Particle size, zeta potential, entrapment efficiency percentage, and PDI of prepared niosomes. a:
Polydispersity index. b: Entrapment efficiency.

centrifuge HS 18500R, FAR TEST) for 45 min at 4 °C and at a speed of 10,000 rpm. Next, atomic absorption was
taken to determine the efficiency of iron capture. A calibration curve was used to determine the concentration
of iron®.

In order to ensure that the niosomes were completely precipitated after centrifugation and no vesicles
remained in the upper solution and the absorbance would show only the amount of unloaded iron, empty
niosomes without iron sulfate were made according to the method mentioned above and centrifuged at different
speeds for different periods of time, with UV (SHIMADZU UV-1650 PC, Kyoto, Japan) test performed on the
supernatant solution. The supernatant solution, which was centrifuged for 45 min at a speed of 10,000 rpm,
showed an absorption number close to zero (0.002), signifying the precipitation of a very large part of niosomes.
Accordingly, the best time and speed were selected for centrifugation®¢-3%.

The percentage of loaded iron was obtained from Eq. 1:

| Fe(t)— Fe(f)
% EE = [Fe(t)] * 100 (1)

Fe (t): total amount of iron.
Fe (f): amount of free iron.

Particle size and zeta potential

The diameter of the manufactured niosomes and the dispersion index of these particles can be measured
via dynamic light scattering (Malvern, Zetasizer, Nano series, ZS90 with a serial number of MAL1236033,
United Kingdom) device. First, 1 cc of the sample for analysis was poured into a suitable container and placed
in the machine. After five repetitions, the results of particle size, dispersion index, and zeta potential were
determined*-*2.

Scanning electron microscopy (SEM)

The structure of the formed niosomes can be identified by a scanning electron microscope (3TESCAN VEGA,
Czech Republic). A drop of the sample was poured on a gold-coated aluminum plate and placed under vacuum
for 10 min to evaporate the solvent. Then, a photograph of the dried sample was taken and the spherical structure
of niosomes was observed¢37:43,

Results and discussion
The results of the measurement of niosomes particles, zeta potential, PDI, and ferrous encapsulation efficiency
are presented in Table 2.
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The results of this research revealed that adding the hydration solution and hydrating the solid layer step by
step or all at once did not affect the characteristics of the vesicles and the efficiency; so, adding the hydration
solution in one step shortened the construction time of niosome.

The use of cholesterol and Tween 80 led to the stability and strength of the vesicle wall, which prevents drug
leakage. Use of cholesterol in a higher ratio than surfactant causes drug leakage from the vesicle wall>*-3.

Particle size distribution and particle surface zeta potential were also analyzed for niosome particles loaded
with iron sulfate. The average diameter and zeta potential for nano-niosomes lied within the range of 453.1
to 3276 nm and —9.91 to 6.3 mV, respectively. Formula F2 had a larger particle size because only Tween 80
surfactant was used, and the addition of Span 60 in other formulas reduced the size of niosomal particles.
The size of niosomes depends on the length of the alkyl chain and the hydrophobicity or hydrophilicity of the
surfactant. Surfactants with longer alkyl chains create larger vesicles, and hydrophobic surfactants create smaller
vesicles. For this reason, Tween 80 alone created large-sized niosomes, and the addition of Span 60, which is the
surfactant is hydrophobic, it has reduced the size of the particles.

As mentioned in previous studies, one of the factors influencing the zeta potential is the pH and the
concentration of the buffer as a hydration solution*.. In this study pH 6.8 is the optimal pH for phosphate
buffer solution. In PBS buffer, all formulations are surrounded by dense layers of counter-ions which have
charges opposite to those of niosomes. The negatively charged ions in PBS buffer bind to partially positive
charged hydrogen in cholesterol molecules. The negative charge also comes from hydroxyl groups present in the
cholesterol molecules and from an uneven distribution of polarity in non-ionic span 60 — tween 80 surfactants.

In addition, it was observed in this research that one of the other factors affecting the zeta potential is the
amount of iron sulfate. In formula F6, due to the lower amount of iron sulfate compared to other formulas, the
zeta potential has become a negative number, unlike other results®*~..

The entrapment efficiency (EE) and particle size depend on the solubility of the loaded material, the
molecular weight of each component of the formulation, and the ratio of each element used in the formulation.
The trapping efficiency was within the range of 75-93.72%, with the highest trapping efficiency being related to
formula F2, which had the largest particle size. The larger the particle size, the higher the efficiency*®4>1.

PDI is an index to measure the size heterogeneity of molecules or particles in a compound (between 0 and 1).
The smaller the PDI, the more homogenous the particle size and the less tendency to agglomerate*!. F4 Formula,
which used 1-Dodecanol as a stabilizer, had the lowest PDI value (0.004) while F3 formula had the highest PDI
value (0.59).

Niosome formulations were prepared with phosphate buffer hydration solution with two different pH, where
the results of different formulations revealed that the use of phosphate buffer with pH:5.5 in all formulas caused
the color to change to orange and ferrous oxidation. However, the use of phosphate buffer with pH:6.8 enhanced
efficiency and prevented decomposition as well as color change caused by ferrous oxidation. Figure 2 depicts the
comparison of the color of niosome solution due to the use of two different pHs of phosphate buffer®®44,

SEM
After preparing multi-layered niosomes by the dry film hydration method, SEM analysis was performed to
ensure the formation of iron-carrying niosomes structure.

According to the SEM images, which are related to the structure and taken from the F1 formulation, it is
clear that the niosomes are formed and the desired spherical structures are formed with no agglomeration. SEM
images are presented in Fig. 3.

Fig. 2. Color comparison of niosomic solution due to the use of two different pHs of phosphate buffer. (A):
Niosomes loaded with ferrous with hydration solution pH value 6.8. (B): Niosomes loaded with ferrous with
hydration solution pH value 5.5.
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Fig. 3. SEM image of niosomes composed of F1 [Tween80:Span60 (0.75:0.25)].

Z-Average size Zeta potential EE
Niosomal system (nm) PDI (mV) (%)
Previous study | In this study | Previous study | In this study | Previous study | In this study | Previous study | In this study | Previous study | In this study
P-DP-Fe¢ F6 359+5 583+2 0.37+0.03 0.36+0.01 -3+1 -9.9+0.1 75+2 83.3
POY-D-Fe F4 487+£5 650+1 0.41+0.02 0.004+0.001 | -52+1 4.6%0.5 72+1 85+1
S80°-D-Fe F1 826+8 546+1 0.95+0.07 0.57+0.05 -79+2 5.5+0.2 +284 90+2

Table 3. Comparison of the results obtained from this study and the previous study. a: Peceol. b: 1-Dodecanol.
c: FeSO, (7 H,0). d: Plurol Oleique. e: Span 80.

As mentioned earlier, G. Gutiérrez et al. have conducted a study on the loading of iron sulfate in niosomal
nanocarriers; in Table 3, we have compared the results obtained from G. Gutiérrez et al.’s research and the
findings gained from our research.

According to the results obtained from this study and comparing it with the findings of the previous study
conducted by G. Gutiérrez et al., we observe that the size, particle size distribution (PDI), and entrapment
efficiency of F1 formula have been improved compared to the S80-D-Fe formula. The entrapment efficiency rose
from 84 to 90%, the particle size diminished from 826 nm to 546 nm, and the PDI dropped from 0.95 to 0.57,
meaning that PDI indicates the particle size homogeneity.

In formula F4, PDI and efficiency have been improved compared to the results obtained from the previous
study. In formula F6, compared to the previous study, the zeta potential and efficiency have been improved.

In addition to improving the entrapment efficiency, particle size distribution and vesicle size, in this research,
we were able to shorten the stages and time of niosome preparation without hurting the physical and chemical
parameters of niosomes. Also, by comparing and conducting the experiment, we should provide the appropriate
pH for the phosphate buffer hydration solution to prevent from iron oxidation*>-.

Conclusion

Consuming iron freely causes problems such as oxidation, poor bioavailability, poor intestinal absorption, etc.
As such, its encapsulation prevents from occurrence of such problems. So far, iron encapsulation in a liposomal
nanocarrier has been able to overcome these problems to some extent, but this nanocarrier is not sufficient for
the reasons mentioned before, and we presented a more efficient method with lower cost, flexible formulation,
and easy fabrication.

In this study, it was shown for the first time that the niosomal formula including surfactant Tween 80 and
Span 60 (0.75:0.25), the 1:10 cholesterol to surfactant ratio, and 1 mM as the amount of ferrous sulfate can be a
suitable formula for loading iron. Also, by shortening the steps and the hydration time without negative effect on
the physical and chemical properties of the niosomal nanocarrier, finally iron sulfate was loaded in the niosomal
nanocarrier with 90.8% trapping efficiency with a particle size of 546.8 nm.

In general, the results of this research suggest that if the problem of niosomes’ instability and accumulation
is solved by methods such as the addition of charge induction or appropriate formulation, they can be a suitable
nanocarrier for loading various drugs, supplements, including iron sulfate for the treatment of anemia and lack
of iron. They can also be a suitable alternative for other nanocarriers such as liposomes without problems such
as toxicity, high cost, etc., and with its commercialization, they can help treat many diseases, including anemia.
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