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Abstract

Iron fortification in food is considered as an important way to prevent and treat iron deficiency. However, adding iron in
food can affect flavor, color, and oxidation of fat components. Encapsulation of iron can solve the drawbacks of taste, color,
and reactivity of iron in oral iron consumption without adverse effect on food quality. The aim of this work was to nanoen-
capsulate iron into pectin (Pec) nanoparticles (NP) by ion gelation method to prevent undesirable sensorial changes in foods
and improve bioavailability of iron. The effect of different parameters including pectin concentration (Pec Con), FeSO,
concentration (Fe Con), and volumetric ratio of Fe solution to Pec solution on iron loaded Pec nanoparticles (IP NP) size
was investigated. Morphology, size, surface charge, and physicochemical features of the optimized particles were character-
ized. The iron released from IP NP was studied, and the mathematical model of release was extracted. Pec Con exhibited a
direct effect on particle size. The optimized IP NP (Pec solution 0.1% (w/w), Fe solution 0.05% (w/w), and Pec/Fe: 2) had
a hydrodynamic diameter of 417 nm with zeta potential of —11.7 mV and polydispersity index (PDI) of 0.13, with a nearly
spherical morphology. Scanning electron microscopy (SEM) represented the mean size of 58 nm. Iron loading was about
7.5+ 1.5%. FTIR results confirmed the interaction of iron ions with the hydroxyl and carboxyl groups of Pec. The results of
differential scanning calorimetric (DSC) indicated the interaction of Pec with iron. The release profile of iron in all pH of
2, 6, and 7.4 showed a burst release at the beginning and then a sustained release occurred. In all three pH values, the math-
ematical model of release was Korsmeyer-Peppas with the highest R? value. Therefore, encapsulation of iron using pectin
have a high potential to make nanoparticles with appropriate properties, which can be helpful for iron fortification of food.
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Introduction

Micronutrient deficiencies are a significant public health
concern that affects vulnerable populations worldwide.
Considering the fact that at least 60% of the world’s
population are affected by iron deficiency, it is one of the
most prevalent micronutrient deficiencies throughout the
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world (Shilpashree et al., 2020). Iron deficiency leads to
retarded growth and impaired cognitive perception in kids
as well as poor health in adults (Kumari & Chauhan, 2022).
Low consumption and poor bioavailability are the primary
causes of iron deficiency anemia in industrialized nations.
Besides, high intakes of iron-chelating compounds such
as peppermint and turmeric or beverages like tea inhibit
iron absorption (Saffarionpour & Diosady, 2021). In such
conditions, food fortification with iron or iron supplements
has been recommended as one of the preferred approaches
(Min et al., 2016). Commercially available iron supplements
are usually administered in multiple-dose regimens a
day for high risk people, resulting in gastrointestinal (GI)
adverse effects such as vomiting, constipation, diarrhea and
abdominal cramps or pain. While iron-fortified foods provide
a lower dose of iron into the GI tract at a time, it may actually
help to reduce the risk of GI side effects. Although iron has
various salt forms, including citrate, gluconate, ascorbate,
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oxide, fumarate, sulfate, or succinate (Hurrell, 2021), the
most accessible and cost-effective form with acceptable
solubility in water or diluted acid is FeSO, (Fe), which still
remains in the first line of treatment (Patil et al., 2012; Bathla
& Arora, 2022). However, iron atoms in Fe can readily react
with other food ingredients, producing off-flavors, color
alteration, and oxidation of fat components. For example,
iron could react with unsaturated lipids (Kiskini et al., 2012)
in food to produce rancidity, leading to change of the flavor
and unacceptable color changes (Buyukkestelli & El, 2019).
Also, undesirable color changes can result from interactions
with anthocyanins, flavonoids, and tannins (Mehansho,
2006). In addition, polyphenols (compounds available
in many plant-based food) can react with iron (Habeych
et al., 2016). Therefore, adding iron without adverse effect
on food quality is one of the most challenging issues. To
succeed in the market, iron-fortified food should have
desirable sensorial properties, which can be achieved by
micro/nanoencapsulating ferrous ions to both maintain food
quality and improve ferrous ion bioavailability. Targeting iron
in GI using oral delivery involves several steps. First, the
iron should be encapsulated using a suitable material that can
protect it from degradation in the acidic environment of the
stomach. This can be achieved using various materials such as
lipids, proteins, or polysaccharides (Gharsallaoui et al., 2010;
Hosny et al., 2015; Ghibaudo et al., 2018; Mohammadian
et al., 2020; Bashir et al., 2022a, b). Once encapsulated, the
iron should be delivered to the small intestine where it can be
absorbed into the bloodstream. The small intestine is where
most nutrient absorption takes place and has a more neutral
pH than the stomach, making it a more favorable environment
for iron absorption (Ghibaudo et al. 2018; Shubham et
al., 2020). The encapsulated iron should then be released
from its protective coating so that it can be absorbed by the
body. This can be achieved through various mechanisms such
as enzymatic degradation or pH-triggered release (Jash et al.,
2022). Besides, encapsulation can inhibit direct exposure
of ferrous ions to the gastrointestinal tract, and the gradual
release can be profitable during its oral uptake (Katuwavila et
al., 2016). Therefore, micro-/nanoencapsulation in the food
industry can prevent deteriorating reactions between the
encapsulated agents and food medium (Almasi et al., 2021;
Jafari et al., 2017). Micro-/nanoencapsulation avoids the
active ingredients from reacting with other components in
food matrix and maintains its stability and functionality. As
an example, ferric sodium EDTA as a suitable iron source
for food fortification was encapsulated in W/O/W double
emulsions to protect iron from undesirable interaction with
food matrix. In this study, hydrophilic polymers including
sodium caseinate and sodium alginate were used as
emulsifier to provide higher stability and a controlled release
system for iron (Saffarionpour & Diosady, 2022). In another

study, magnesium was encapsulated via double emulsion and
added to the cakes. The results indicated that magnesium
encapsulated in double emulsion did not considerably affect
the quality of cakes. Besides, the taste of cakes containing
magnesium encapsulated in double emulsion was similar to
magnesium free cakes. In addition, double emulsions had
higher baking stability than control (Kabakci et al., 2021).

Nanoencapsulation has been accepted as carriers smaller
than 100 nm in size (Jafari et al., 2017; Shin et al., 2015).
In contrast to the conventional microencapsulation process
in food industry, nanoscale capsules can provide further
merits such as a higher surface-to-volume ratio resulting in
more absorption in digestive tract, and they have a higher
interaction with biological element like enzymes and recep-
tors (Esfanjani et al., 2018). Moreover, using nanoparticles
for nutraceutical delivery can reduce the dose of bioactive
compounds due to their smaller size. Also, they have higher
stability to pH variation and even more extended shelf life
(Muthukrishnan, 2022).

Polysaccharides as abundant materials in nature, cost
effective, and biodegradable have been used alone or in
combination for encapsulation of several nutraceuticals
such as resveratrol (Seethu et al., 2020), vitamin D (Jafari et
al., 2019), eugenol (Wang et al., 2020), and folic acid
(Assadpour et al., 2016). Pectin (Pec) is a natural polysac-
charide, which is usually applied as a thickening agent in the
food industry and as an oral dosage form because it is pos-
sible to be degraded by microbial enzymes of colon, lead-
ing to the release of encapsulated cargo at the targeted sites
(Sriamornsak, 2011; Hosny et al., 2015). Pec has been used
to microencapsulate sensitive polyunsaturated fatty acids
(PUFA) via spray drying as well. PUFA droplets, coated
with Pec in combination with pea protein isolate (PPI),
demonstrated the best oxidative protection compared to the
control group and PPI encapsulated samples (Aberkane et
al., 2014). Pec consists of poly-D-galacturonic acid linked
via a-1,4-glycosidic bond, and the presence of side chains
of galactose, arabinose, and rhamnose gives the chance
of using the ion gelation method with divalent cations for
micro-/nanocapsules of Pec. Jacob et al. (2020) prepared Pec
NP with magnesium ions as a divalent cross linker through
ion gelation method, which were biocompatible with THP-1
cells. Spherical iron-pectin beads (1-2 mm) were also made
with Fe. Higher iron transport over Caco-2/TC7 cells mon-
olayers was achieved by iron-pectin beads compared to the
Fe control group (Ghibaudo et al., 2018). Jonassen et al.
(2013) also reported that ionically cross-linked Pec NP can
be produced by zinc chloride with Pec in the presence of
sodium chloride.

Iron encapsulation into Pec is necessary for several rea-
sons: (1) iron is a reactive metal that can easily oxidize and
form insoluble compounds in the presence of oxygen and
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moisture. Encapsulation in Pec protects iron from oxida-
tion and degradation, ensuring its stability and bioavail-
ability; (2) encapsulation allows for the controlled release
of iron over the time, which can improve its absorption
and utilization by the body; (3) iron supplements often
have a metallic taste and odor that can be unpleasant for
some people. Encapsulation in Pec can mask these sensory
properties, making the supplement more palatable; (4) iron
encapsulated in Pec improves solubility in water, which
can enhance its bioavailability and absorption by the body
(Gupta et al., 2015; Shubham et al., 2020). Considering the
significance of Pec as a carrier for oral route both in food
fortification and pharmaceutical industry, the goal of the
current research was to develop IP NP through ion gelation
process. In the formulation, Fe was used as a cross-linking
agent, and its encapsulation was carried out using Pec NP.
IP NPs were physico-chemically characterized by SEM,
FTIR, DLS, and DSC. The loading capacity was decided
by UV-Visible spectrophotometry. To simulate the release
kinetics of iron from IP NP in the GI tract, buffer solutions
with different pH values including pH 1.2 for the stomach,
pH 6 for the intestines, and pH 7.4 for the biological body
fluids were applied. The mathematical model of release
behavior was determined as well.

Materials and Methods
Materials

Pec from citrus peel (polygalacturonic acid > 65%) was
purchased from Hanit, Vienna, Austria. Phenanthro-
line-1,10 was bought from Merck. The dialysis bag was
from Sigma Company. Deionized water was utilized in all
the experiments. Other materials were analytical grade.

Apparatus

The ultraviolet-visible (UV-Vis) spectrophotometer
(CECIL, model CE 1021) was used. The size and shape
of NP were evaluated by scanning electron microscope
(SEM) techniques using Cambridge (S360). Fourier
transform infrared spectroscopy (FTIR) measurements
(Shimadzu (8400s)) were performed in the range of
4000-500 cm~!. The zeta potential ({) and size distri-
bution were determined by Zetasizer (Malvern, model
Nano-ZS) and dynamic light scattering (DLS) (Scatter and
Scope, model Scatter Scope II). In addition, centrifuge
was exerted using a model-universal. Differential scanning
calorimetry (DSC) and heater stirrer were recorded by TA
(Q100) and (Heidolph, model Kera-Disk), respectively.
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Methods
Preparation of IP NP

IP NPs were prepared using the ion gelation method as
described by Jacob et al. with slight modifications using
FeSO, as the divalent cation (Jacob et al., 2020). Different
concentrations (Cons) of Pec solution (0.05, 0.1, 0.15, and
0.2 w/w) in 0.05 M of NaCl solution were prepared on the
magnetic stirrer. Then, Fe solution was dissolved in deion-
ized (DI) water with different Cons according to the Table 1
(0.05, 0.025, 0.075, and 0.1 w/w). These Cons for Pec solu-
tion and Fe solution were determined by preliminary stud-
ies. Using 0.45 um and 0.22 um filters, all of the solutions
previously stated were filtered for eliminating the impurities.
The Pec solution was maintained under magnetic stirring
at 500 rpm and 25 °C, and then the iron solution was drop-
wise added by a syringe pump (160 pl.min™") and stirred for
further 90 min. The volumetric ratio of Pec solution to iron
solution (Pec/Fe) was 1, 2, 3, and 4. The NP obtained were
collected by centrifugation at 10,732 g for 30 min at 4 °C
and washed twice with DI. The size of the IP NP obtained
was measured by DLS. At last, the optimized sample (Pec
solution 0.1% (w/w), Fe solution 0.05% (w/w) and Pec/Fe:
2) was freeze-dried and used for further characterizations.
It should be noted that the optimized sample was selected
based on the smallest size with narrow distribution.

Characterization of IP NP
The Measurement of Size and Zeta Potential

DLS was used to investigate the size (ds,) of NPs (scat-
terscopel, K-ONE, S. Korea). The size distribution was

Table 1 Different amounts of Pec, Fe, and the Pec/Fe in the produc-
tion of IP NP

Run Factor 1 Factor 2 Factor 3
A:Pec Con (W/'w%) B:Fe Con (W/w%) C:Pec/Fe

1 0.05 0.05 2

2 0.1 0.05 2

3 0.15 0.05 2

4 0.2 0.05 2

5 0.1 0.025 2

6 0.1 0.05 2

7 0.1 0.075 2

8 0.1 0.1 2

9 0.1 0.05 1

10 0.1 0.05 2

11 0.1 0.05 3

12 0.1 0.05 4
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reported as poly dispersity index (PDI) and determined
through (%)2 formula (SD as standard deviation and mean
as average diameter of the NP) (Esnaashari et al., 2020). The
amount of particle charge was determined by a Zetasizer

(Nano-ZS, Malvern Instruments Ltd., UK) (n=3).

Fourier Transform Infrared Spectroscopy (FTIR)
Spectroscopy

In order to investigate the chemical interaction between
iron and other components of the formulation, the FTIR
analysis was performed in neutral atmosphere. FTIR spec-
troscopy (Shimadzu FTIR-8400S) absorption spectra were
assessed with the wavelength range of 4000-500 cm™, uti-
lizing transparent KBr pellets of Pec, Fe, and IP NP at room
temperature.

Differential Scanning Calorimetric (DSC) Analysis

DSC was used to investigate the crystal structure or amor-
phous state. In this regard, a certain amount of Fe, Pec, and
IP NP was placed in the sample container of the device (TA
(Q100)). The analysis was performed in the heat flow range
from 25 to 250 °C (heating rate 10 °C/min) in a nitrogen
gas atmosphere with a flow rate of 25 mL/min (Hatefi &
Farhadian, 2020).

Scanning Electron Microscopy (SEM) Analysis

The size, shape, and surface morphology was characterized
by SEM (Cambridge (S360)). IP NP suspension was first
dried on the foil at room temperature. The samples were then
coated with gold (Au) under an argon atomosphere and were
investigated by a SEM with at an accelerating voltage of
20 kV. The mean particle size was determined by measuring
approximately 40 NPs by SemAfore software (version 5.21,
JEOL) (Esnaashari & Amani, 2018).

Standard Calibration Curve of Fe by the UV-Vis
Spectrophotometer

To investigate the amount of iron in release test and the
amount of loading percentage, the derivation method via
1,10-phenanthroline was applied because it forms a complex
with iron ions, which has a characteristic absorption peak in
UV-V is spectroscopy. At this stage, both reducing solution
and chromogen solution were used. For 1,10-phenanthroline
assay, the following solutions have been prepared (Pitarresi
et al., 2008):

1. The reducing solution contained 12.5 ml of HCI and
5.5 g of ascorbic acid adjusting the ultimate volume
at 500 mL with DI water. Ascorbic acid was used as a

reducing agent because it reduces Fe™ to Fe*?, and then
1,10-phenanthroline will have a complex with Fe*2.

2. The chromogen solution was prepared by combining
68 g of sodium acetate and 45 mg of 1,10-phenanthro-
line in 250 mL of DI water.

To draw the calibration curve for Fe Con, 1 mL of Fe
solution with certain Con was added to 1 mL of reducing
solution. After 30 min, 1 mL of chromogen solution was
added, and UV-Visible absorption was read at A=411 nm
(Pitarresi et al., 2008).

The Measurement of Encapsulation Efficency and Iron
Loading

Aliquots (10 mg) of IP NP powder were dissolved in 2 mL
of 1 N HCI solution to disintegrate the IP NP and release
the loaded iron. Samples were filtered after 24 h. To cal-
culate the amount of released iron, the filtered solutions
were exposed into reducing and chromogen solutions as
mentioned. The iron loading capacity and encapsulation
efficiency were determined by the following equations
(Esnaashari & Amani, 2018):

amount of iron in IP NPs (mg)

Encapsulation efficency % = x 100

initial amount of iron (mg)

amount of iron in IP NPs (mg)

Iron loading capacity % = x 100

amount of IP NPs (mg)

Release Study

To investigate the release profile of the iron from the for-
mulation, a certain amount of the IP NP powder containing
a certain amount of iron mass was dispersed in 2 mL of DI
water and then placed in a dialysis bag (cut off of 12 kDa).
Then, the dialysis bag containing the NP solution was placed
in the medium containing phosphate buffered saline (PBS)
at pH 2, 6, and, 7.4 in a shaker incubator (37 °C, 100 rpm).
At specified intervals, the entire media which is surround-
ing the dialysis bag was replaced with a similar amount of
fresh medium. The Con of the Fe released in the substituted
medium was measured by a UV-Vis spectrophotometer at
A=411 nm. The cumulative release percentage curve of
iron versus time was plotted. All of the experiments were
repeated three times.

Fitting the Mathematical Formulations for Iron Release
The mechanism of iron release from IP NP was determined

by using various mathematical models. The iron release data
was fitted to mathematical models including zero-order,
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first-order, and second-order equations, as well as the
Korsmeyer—Peppas model, Higuchi, Weibull, and Hixson-
Crowell. The values of R?, Akaike information criterion
(AIC), and BIC were calculated. The best fitted model had
the largest R? value. All the mathematical calculations were
performed through an open access curve fitting software
(KinetDS 3 rev 2010) (Esnaashari & Amani, 2018;
Katuwavila et al., 2016).

Results and Discussions
DLS and Zeta Potential Analysis

IP NPs were prepared through the ion gelation method since
Pec as a negatively charged polymer can be cross-linked
with divalent cations of various elements such as zinc
(Jonassen et al., 2013), magnesium (Jacob et al., 2020), and
iron (Ghibaudo et al., 2018). Pec chains have an elongated
structure in distilled water due to the negative charge repul-
sion between the polymer chains. To remove these negative
charge and improve salting out process for Pec NP forma-
tion, NaCl solution (0.05 M) was used (Chittasupho et al.,
2013; Jonassen et al., 2013). Positive charge polymers can
also interact with negative charge of Pec. Nanoencapsula-
tion of folic acid was performed through a double emulsion
while pectin in combination with whey protein concentrate
(WPC) constituted the outer aqueous phase (Assadpour
et al., 2016). In the present work, Fe was used as a source
of iron cation to participate in the ion gelation process and

was simultaneously encapsulated in Pec NP. Thus, some
of the effective parameters on IP NP’ size in ion gelation
method including Pec Con, Fe Con, and Pec/Fe were stud-
ied. As depicted in Fig. 1a, the size of the particles enhanced
as Pec Con increased from 0.05% (270 nm) to 0.2% (w/w)
(541 nm). However, the size of particles did not follow a
constant trend by increasing the Fe con and Pec/Fe (Fig. 1b,
¢). The optimized sample (Fe Con:0.1, Pec Con: 0.05, and
Pec/Fe:2) showed a hydrodynamic diameter of 417 nm and
acceptable PDI of 0.13, representing a narrow size distribu-
tion (Fig. 2a). Previous studies also reported similar size for
Pec NP. In addition, they claimed that Pec Con had a direct
effect on Pec NP size (Jacob et al., 2020; Opanasopit et al.,
2008; Yan et al., 2017).

The zeta potential of IP NP was about—11.7+0.2 mV
(Fig. 2b). Negative charge of the particles was due to the
unreacted carboxyl groups covered IP NP surface (Jacob
et al., 2020). Since freeze-dried powder of IP NP showed a
good dispersibility and stability in water, it seems that [P NP
took the advantage of steric rather than electrostatic stabil-
ity. This spatial hindrance can be the result of superficial
carboxyl group hydration in Pec polymer chains.

SEM Analysis

The size, shape, and surface morphology of the optimized
sample was characterized by the SEM. The results indi-
cated that the particles were irregular and relatively spheri-
cal in shape and had an average particle size of 58 + 19 nm
(Fig. 3). The tremendous difference in determination of size

Fig. 1 The effect of different 800 2500 b
Cons of a Pec (w/w%) with Fe a
0.05 (w/w%), Pec/Fe 2 (v/v) — 2000
b Fe (w/w%) with Pec 0.1 - _
(w/w%), Pec/Fe 2 (v/v), and E E 1500
¢ Pec/Fe (v/v) with Fe 0.05 E 400+ E
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Fig.2 Size distribution and zeta potential distribution of IP NP for the optimized sample (Pec Con:0.1, Fe Con: 0.05, and Pec/Fe:2)

for IP NPs between DLS and SEM is related to the bibulous
feature of Pec which causes highly hydrated form in water,
but its structure is shrinked in dry situation (Yu et al., 2009).

FTIR Spectroscopy

The FTIR spectra can verify the surface groups of materi-
als and the possible interaction between them. The FTIR
spectra of Pec, Fe, and IP NP are depicted in Fig. 4. The
presence of iron in NP was revealed by the FTIR spec-
tra. The results obtained from the Pec spectrum showed a
band about 3400 cm™! related to the stretching vibration
of the O—H groups. Of course, the band in this range may
also be related to the remaining moisture in the sample

(Adabi et al., 2011). It is not possible to totally eliminate
the moisture because Pec absorbs water easily (Boanares
et al., 2018, Dekkers et al., 2018). Besides, the C-H and
C =0 groups caused the stretching bands about 2930 cm™!
and 1730 cm™!, respectively in the structure of Pec (Jacob
et al., 2020). The peak about 770 cm™! are due to C-H
bending vibration (Joel et al., 2018). The spectrum of fer-
rous sulfate, with four bands observed about 3250 cm™',
1500 cm~!, 1080 cm™', and 820 cm™', is in agreement
with the results of Bryszewska (2019). The spectra of IP
NP preserved approximately much of the absorption bands
attributed to its components with small shifts. A band
(about 1090 cm™') which is attributed to sulfate groups
can be observed in the spectra of NP with small shifts.
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Fig.3 The SEM image of the
morphology of IP NP and a par-
ticle size distribution histogram
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DSC Analysis

DSC measures the change in the heat capacity as the polymer
matrix changes from a glassy state to a rubbery state, known
as glass transition temperature (Tg) (Hatefi & Farhadian,
2020; Perumal et al., 2018). The Tg depends upon inter-
molecular interactions, the chain flexibility, molecular
weight, and branching and cross-linking density (Chaichi
et al., 2017). In Fig. 5, the DSC of Pec shows a board peak
about 70-100 °C, which is attributed to the Tg temperature
of Pec. In addition, it can be related to water evaporation
(Mishra et al., 2008; Nawrocka et al., 2017). The peak of
ferrous sulfate appeared at 126 °C (Yu et al., 2013). Also,
nanoparticle sample indicates the presence of Pec and Fe.

Encapsulation Efficiency and Iron Loading

To determine the amount of released iron and quantify
encapsulation efficiency and iron loading capacity of IP NP,
the standard calibration curve of Fe at A=411 nm (Pitarresi
et al., 2008) was depicted in Fig. 6 (Y=0.0053X+0.1985, R?
value =0.9776). The encapsulation efficiency and iron load-
ing capacity of IP NP were about 73 +4% and 7.5+ 1.5%
(n=3), respectively. Iron loading capacity for chitosan and
Eudragit microcapsules was reported as 2.8-5.3% (w/w) and
1.7-9.6% (w/w), respectively (Pratap Singh et al., 2018),
which was close to our study.

Fig.5 DSC curve of Pec, Fe, 5

635
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Fig.6 Standard calibration curve (Con vs absorbance) of ferrous sulfate

Release Study

The in vitro release of iron from IP NP in buffer solutions
with different pH values (pH 2, 6, and 7.4) is shown in
Fig. 7. These pH values simulate various conditions that IP
NP experience in vivo.

As expected, an initial burst release (40%) of iron from Pec
NP can be observed in pH 6 and 7.4, whereas it was about
70% in pH 2 values during 10 h, which could be ascribed to
the iron ions attached to the Pec NPs surface. In pH 2, the

and IP NP P NPs
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Fig.7 Cumulative release of 120
IP NP at predetermined time
intervals in pH values of 2, 6,
and 7.4 buffer solutions 100 - T pH 2
X T T
b H-6
2 80 - 1 P
<
b T
2
o 01 ] | [ pH 7.4
N l
S oyl
= 40 A
o=
= | Ay
O g 1/
'/.4
L
0 T T T T T T
0 10 20 30 40 50 60 70 80

rate of iron releasing was more, rapid and about 100% of iron
was released during 50 h. In contrast, in pH 6 and 7.4, the
initial burst release was slower, and around 85% of the iron
attached to Pec NPs was released after 72 h. Therefore, it can
be claimed that the total amount of iron released from Pec NP
at pH 2 was around 40% in the stomach, while a sustained
release pattern can be occurred in the intestine. According
to Katuwavila et al. (2016), the release of 65-70% iron in an
intestinal pH values of 6 and 7.4 is favorable for oral delivery
formulations since iron absorption predominantly occurs in
the duodenum. In Pratap Singh et al. (2018) study, total iron
release from chitosan and Eudragit microcapsules approxi-
mately happened within 2 h in pH of 1, which indicates the
iron bioavailability in the stomach. Besides, in pH of 4, about
67-94% and 53-70% of iron were released in 2 h for chitosan
and Eudragit microcapsules, respectively. In pH of 7, which
is used to simulate food soaking/cooking/processing in water
and also human saliva, 10—-18% of iron from chitosan and
12-25% iron from Eudragit particles were released. In com-
parison, the applied pH in our work was slightly different
(pH of 2, 6, and 7.4) from the Pratap Singh study, which can
affect iron release profile. Although, chitosan and Eudragit
microcapsules were suitable for iron delivery in food with
mild pH, in case of acidic food products, IP NP would be a
better choice, due to the slower release rate in pH of 2 and 6.

The release behavior of iron from IP NP was also
investigated through various mathematical models including
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zero, first, and second orders, Higuchi, Korsmeyer—
Peppas, Weibull, and Hixson—Crowell models. The best
fitted model will have the closest R? value to unity. In all
three pH values of 2, 6, and 7.4, the best fitted model was
Korsmeyer-Peppas with the highest R? value of 0.97590,
0.99372, and 0.98384, respectively (Table 2). Pratap
Singh et al. (2018) found out that the Higuchi model and
Hixson-Crowell model were the best fitted one for the
release of iron from chitosan and Eudragit microcapsules.
Their findings suggested that iron release was governed
by diffusion through coating material, and the dissolution
phenomenon caused a size reduction of the capsules.
Difference in iron release model from IP NP compared to
chitosan and Eudragit microcapsules can be the results of
size scale. IP NP had hydrodynamic diameter of 417 nm,
while its size in SEM image was about 58 +19 nm.
Chitosan and Eudragit microcapsules had 3-5 pm size in
SEM images, which should be much more in suspension
state. In order to determine the mechanism of release
from the particles in the Korsmeyer-Peppas model, it is
necessary to calculate the “n” value in this formulation.
Regarding spherical particles, when n <0.43, it shows a
Fickian diffusion, but when 0.43 <n <0.85, it shows a
non-Fickian release that indicates the drug is released from
hydrophilic polymer components (Keawchaoon & Yoksan,
2011; Motwani et al., 2008). In the present work, n value is
0.39 at pH 2, 0.47 at pH 6, and it is equal to 0.41 in pH 7.4.
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Table 2 Statistical analyses of Name R? AIC BIC RMSE

mathematical models of release

at pH values of 2, 6, and 7.4 pH2
Zero order 0.7838 45.639 45.223 13.11
First order 0.6554 49.7021 49.2856 18.405
Second order 0.49,737 61.106 60.690 47.6082
Higuchi y=K*t*(1/2) 0.68999 47.8040 47.3875 1.5712
Korsmeyer-Peppas 0.97590 38.3374 37.9209 7.13901
weibull 0.85250 43.0554 42.6390 10.577
Hixson-Crowell y=[K*(t-lag) + CON(1/3)]"3 0.703879 50.0383 49.4136 16.0223
Hill equation 0.51655 53.4368 53.0203 25.1248
pH6
Zero order 0.93904 44.080 43.972 6.6188
First order 0.78567 54.570 54.46 14.001
Second order 0.57021 101.15 101.04 390.17
Higuchi y=K*t"\(1/2) 0.98970 31.628 31.520 27.197
Korsmeyer-Peppas 0.99372 23.216 23.108 14.912
weibull 0.97924 32.686 32.578 2.9332
Hixson-Crowell y=[K*(t-lag) + CON(1/3)]"3 0.84785 50.5116 50.403 10.478
Hill equation 0.9409 40.451 40.343 5.1077
pH7.4
Zero order 0.9144 44.953 44.845 7.0447
First order 0.76559 52.733 52.624 12.280
Second order 0.58388 78.542 78.433 77.593
Higuchi y=K*t"\(1/2) 0.9066 45.560 45.452 7.3572
Korsmeyer-Peppas 0.98384 30.121 30.012 2.4420
weibull 0.97731 32.0442 31.9361 2.8016
Hixson-Crowell y=[K*(t-lag) + CON(1/3)]3 0.82231 49.607 49.499 9.8229
Hill equation 0.95195 37.264 37.156 4.0676

AIC Akaike information criterion, BIC Bayesian information criterion or Schwarz criterion, RMSE root

mean squared €rror

Conclusion

Iron deficiency is still a global challenge, and iron-for-
tified foods can be a reasonable and desirable route of
administration. However, iron is known to react with
oxygen, which can affect the quality of food products.
Encapsulating iron into Pec can prevent its oxidation and
improve the shelf life of food products. We successfully
developed a powder form of iron loaded IP NP through
the ion gelation method and freeze-dried. Investigating the
operational parameters showed that IP NP with a hydrody-
namic diameter of 417 nm and size of 54 nm of dried form
were achieved with Pec Con 0.1, Fe Con 0.05, and Pec/iron
ratio of 2. The loading capacity was about 7.5 + 1.5%. The
release study of iron from IP NP in various pH (2, 6, and
7.4) revealed that about 40% of loaded iron was released
in the stomach, but it would have sustained trend in the
intestine. Therefore, IP NP can be a desirable choice for

food fortification due to ease of preparation process and
cost effectiveness. In addition, iron encapsulation into Pec
and developed powder form can improve stability. How-
ever, further studies are needed to optimize the encap-
sulation process and investigate the long-term effects of
encapsulated iron on human health. Additionally, more
research is needed to explore the potential of using other
natural polymers for encapsulation and their effects on
iron availability.
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