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A B S T R A C T

Selection of an appropriate encapsulating material and its properties are critical issues to optimize iron en-
capsulation systems. Therefore, the aim of this work was to develop and characterize different types of heme and
non-heme iron-maltodextrin microparticles. Different concentrations of bovine erythrocytes (BE) and ferrous
sulfate (FS) were encapsulated using an optimal maltodextrin concentration of 40% w/v by spray-drying. The
microparticles were characterized by iron content, yield, Z potential, size, color, SEM, FTIR and iron release
under simulated gastrointestinal conditions. Results indicate that FS microparticles exhibited a higher iron
content (54–90mg/g) than BE microparticles (0.28–0.77mg/g), Z Potential for all microparticles was negative
and FS microparticles had a smaller size (918–981 nm) than BE microparticles (10,390–16,643 nm). FS micro-
particles had an irregular spherical shape and a shriveled surface, while BE microparticles exhibited a spherical
shape and a smooth surface. The main interactions of FS microparticles were O–H bridges and C–O bonds,
whereas for BE microparticles these were O–H, C–O and N–H bonds. Iron was released from both types of
microparticles: high amounts under gastric conditions, and quickly under intestinal conditions.

1. Introduction

Iron-deficiency anemia is the most common nutritional deficit
worldwide, affecting up to one third of the population (World Health
Organization, 2015). One of its main causes is poor dietary intake of
heme iron (De Benoist, McLean, Egli, & Cogswell, 2008), because heme
iron sources from meat products are expensive and not available for a
sizable part of people in developing countries.

Oral iron supplementation has been attempted, though it presents
some disadvantages due to several factors, such as its poor organoleptic
properties, low iron bioavailability from non-heme sources currently
being used, and the inconvenience of requiring multiple, high con-
centration doses to achieve a therapeutic goal (Viteri, 1997;
Zimmermann & Hurrell, 2007). All of these issues can be reduced by
using an encapsulation technology for iron supplements and iron-for-
tified products, as it has been evidenced by several accounts of good
results when it is used in human and animal studies (Tondeur et al.,
2004; Xu et al., 2014; Yuan et al., 2013). Most studies have tested iron
encapsulation systems based on liposome technology (Tondeur et al.,
2004; Zimmermann, 2004), which uses several kinds of encapsulating
materials: phospholipids (from different sources), cholesterol, lecithin,
and emulsifiers such as tween (Ding et al., 2011; Xu et al., 2014; Yuan
et al., 2013). But liposomes are not recommended for oral

supplementation due to their low encapsulation efficiency (Yuan et al.,
2013), the elevated cost of both materials and devices required for their
manufacture (Nedovic, Kalusevic, Manojlovic, Levic, & Bugarski, 2011),
and also because of their thermodynamic instability – which results in
quick degradation under intestinal conditions and the release of their
nucleus material (Kokkona, Kallinteri, Fatouros, & Antimisiaris, 2000).
Other materials and methods that have been studied to determine their
suitability for encapsulating iron are: sodium alginate by ionic gelation
(Churio, Pizarro, & Valenzuela, 2018; Perez-Moral, Gonzalez, & Parker,
2013; Valenzuela, Hernández, Morales, & Pizarro, 2016; Valenzuela,
Hernández, Morales, Neira-Carrillo, & Pizarro, 2014), vegetable oils,
fatty acids and polyglycerols by emulsions (Choi, Decker, & Mc
Clements, 2009; Zariwala et al., 2013; Zimmermann, 2004), cellulose-
derived polymers and gum/carbohydrate blends by extrusion or solvent
evaporation (Gupta, Chawla, Arora, Tomar, & Singh, 2015; Li, Diosady,
& Wesley, 2010).

Absorption of encapsulated iron supplements has been improved by
combining non-heme iron with heme iron sources (Yuan et al., 2013),
as the latter not only exhibits a higher bioavailability but it also max-
imizes non-heme absorption (Carpenter & Mahoney, 1992; Conrad &
Umbreit, 2002; Lipiński, Stys, & Starzyński, 2013). This potentiating
effect is specially marked when whole-erythrocytes are used in a for-
mulation (Pizarro et al., 2016).
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Maltodextrins are polymer products from the hydrolysis of starch.
These polymers are composed by α-D-glucopyranosyl residues that are
linked by α-1,4-bonds, and arranged as linear chains with branching
points links at a degree of (1→ 4, 1→ 6) or (1→ 6) (Chronakis, 1998).
Choosing maltodextrins as an encapsulating material presents several
advantages, such as its low cost and wide availability in the market, its
reduced viscosity, its ample compatibility with different materials
(Kenyon, 1995), and its compatibility with spray-drying technology.
The latter is specially relevant, as it is the most common technology
currently being used in the food industry due to its low cost and readily
available equipment (Gharsallaoui, Roudaut, Chambin, Voilley, &
Saurel, 2007). While several studies have used maltodextrin to manu-
facture microparticles for a great range of nucleus materials (Cai &
Corke, 2000; Kenyon, 1995), not much research has been done on their
use as encapsulating agents for oral iron supplementation in humans.
To the extent of our knowledge, the only work that used maltodextrin to
encapsulate iron did so using a mixture of maltodextrin, arabic gum and
modified starch (Gupta et al., 2015).

Finally, encapsulation technology could allow using two different
iron sources and enhancing their absorption, as well as protecting them
during their passage through the gastrointestinal tract and favoring a
greater iron bioavailability than in non-encapsulated iron supplements.
Therefore, the aim of this work was to manufacture and characterize
different types of heme and non-heme iron-maltodextrin microparticles.

2. Materials and methods

2.1. Material

Food–grade maltodextrin (20 Dextrose Equivalent) was chosen for
the encapsulating material, whereas for the nucleus of the micro-
particles ferrous sulfate (FS) heptahydrate was the non-heme iron
source and atomized bovine erythrocytes (BE) were the heme iron
source. These materials were sourced from Prinal S.A. (Santiago, Chile),
Merck® (Merck KGaA, Darmstadt, Germany), and Licán Alimentos S.A.
(Santiago, Chile), respectively. Considering the risks associated to the
use of bovine erythrocytes for animal feeding purposes, Licán Alimentos
S.A. were chosen to provide this product as their procedures follow
international quality standards, such as HACCP Codex Alimentarius,
GMP, and ISO 9001:2008-UKAS.

Total iron content for FS and BE was determined by using a GBC
905AA atomic absorption spectrophotometer (GBC Scientific
Equipment, Braeside, Australia) following directives 999.11 (AOAC,
1996) for the method of acid digestion. Spectrophotometric measure-
ments were then assessed against a standard curve plotted at a wave-
length (λ) of 248.3 nm for a 1000 μg/mL commercial iron standard
solution (J.T. Baker, USA).

Pepsin from porcine gastric mucosa (Sigma–Aldrich, USA), porcine
pancreatin (Sigma–Aldrich, USA) and porcine bile extract
(Sigma–Aldrich, USA), were used to perform an in vitro simulation of
normal gastrointestinal conditions.

2.2. Iron–microparticles elaboration

Several maltodextrin solutions were prepared in deionised water at
different concentrations (10, 20, 30, and 40% w/v), and then subjected
to a rotational viscosity test at 25 °C using a digital viscometer
(Brookfield Engineering Laboratories, Inc., Stoughton, USA) with a
N°61 spindle. FS and BE were then dispersed in maltodextrin solutions
using a magnetic stirrer. These solutions were prepared at different
concentrations: 10, 20, 30 and 40% w/v for FS, and 5, 10, 15 and 20%
w/v for BE. Afterward, the rotational viscosity of higher concentration
blends was determined for each nucleus material.

Homogenized blends were then immediately fed to a B–290 Mini
Spray Dryer (BÜCHI Labortechnik AG, Flawil, Switzerland). As for the
operational parameters, the inlet and outlet air temperatures were set at

140 ± 5 °C and 95 ± 5 °C, respectively. The air flow, rate of feeding
and atomization pressure were 500 L/h, 8mL/min and 20 psi, respec-
tively.

The resulting spray–dried powder for every blend was collected in
plastic recipients and stored at room temperature within desiccators
which contained silica gel. Then, samples from each blend were ob-
served by Scanning Electron Microscopy (SEM). These samples were
mounted on a cylindrical aluminum stub using double–sided tape to
sputter coat them with gold, twice, at 20 kV in an argon atmosphere by
a PELCO 91000 sputter coater unit (Ted Pella, Inc., Redding,
California). Coated samples were then examined on a LEO 1420 VP
scanning electron microscope (LEO Electron Microscopy, Cambridge,
UK) at an accelerating voltage of 25 kV. According to this SEM ex-
amination, all those blends whose spray–dried powder samples did not
form microparticles were discarded.

2.3. Iron–microparticles characterization

2.3.1. Color and appearance
The spray–dried powder was photographed using a Sony DSC–HX1

digital camera (Sony corporation, Japan) to observe the appearance of
each blend, and their color profile parameters on the Hunter Lab color
scale were measured using a Konica–Minolta CR–300 colorimeter
(Konica–Minolta, Inc., Japan).

2.3.2. Iron content, yield and iron retention
Iron content in microparticles was determined using atomic ab-

sorption, calculating iron yield following both the methodology and
equation proposed by Castro, Barragán, and Yáñez (2015). Equation (1)
presents production yields as the weight percentage of the final product
relative to the total amount of sprayed materials.

= ×Y
Wf
Wi

% 100 (1)

Where Y is the yield percentage, Wf is the weight of spray–dried powder
(g) and Wi is the initial weight of non–solvent materials fed to the spray
dryer.

Iron retention (IR) was calculated as the ratio of actual iron in
powder of a spray–dried blend, in relation to the theoretical iron con-
tent of the blend materials that were fed to the spray dryer unit
(Equation (2)).

= ×IR AI
TI

100 (2)

Where AI is the actual iron and TI is the theoretical iron.

2.3.3. Particle size and zeta potential
The size distribution for each microparticle was determined using a

laser light diffraction instrument (Brookhaven Instrument Corp., USA).
Zeta potential in maltodextrin, FS, BE and microparticles was measured
using a Zeta Plus zeta analyzer instrument from Brookhaven instru-
ments Corporation (New York, USA).

2.3.4. Fourier transform infrared spectroscopy (FTIR)
The structural characterization of microparticles, as well as from

their nucleus (FS and BE), and maltodextrin was completed by per-
forming a Fourier transform infrared spectroscopy (FTIR) analysis,
using an ATR/FTIR Interspec 200–X spectrometer (Interspectrum OU,
Estonia). A PIKE Miracle™ accessory in a single–reflection Germanium
crystal plate allowed performing direct spectroscopic measurements of
all samples. A concave tip was used in all FTIR spectra analyses, which
represented the average of 30 scans over the 500–4000 cm−1 wave-
length range.
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2.4. In vitro iron release studies

Gastric and intestinal conditions were simulated in vitro following a
method described by Churio et al. (2018). For the gastric conditions
simulation, a base solution was prepared dissolving 1mol/L of a pepsin
solution in 25mol/L of PBS buffer (0.l M, pH 6.0) and then adding HCl
1N to adjust its pH down to 2.0. This pepsin solution contained 25mg of
pepsin. Next, 1 g of microparticles was mixed with 100mol/L of this
suspension and incubated them for 1 h at 37 °C under constant agitation
(150 oscillations/min).

To simulate intestinal conditions, the following components were
added to the solution above: 10 g/L of pancreatin, 31.2 g/L of bile ex-
tract, PBS buffer solution and HCl 1N as necessary to adjust its pH down
to 6.0. Like before, this solution was also kept at 37 °C under constant
agitation (150 oscillations/min), but this time it was incubated for
2.5 h.

At each simulation 5mol/L aliquots were sampled from either sus-
pension, every 15min, to measure total iron release from these mi-
croparticles. Measurements were performed via atomic absorption
spectroscopy analysis.

2.5. Statistical analysis

Statistix® 8 software package (Analytical Software 2003,
Tallahassee, FL) was used for all statistical analyses. The assays were
subjected to ANOVA, and means comparisons were adjusted by Tukey
(P < 0.05).

3. Results and discussion

3.1. Microparticles development

Every solution prepared had viscosity values that were amenable for
spray drying atomization. For maltodextrin solutions viscosity ranged
between 11.8 and 30.0 mPa·s, while for blends of FS (40% FS with
different maltodextrin concentrations) it ranged from 24.0 to
82.1 mPa·s. On the other hand, 20% BE blends had notoriously greater
viscosity values ranging from 62.8 to 183.6 mPa·s due to the gelification
effect of hemoglobin on dispersions (Valenzuela et al., 2014). Un-
surprisingly, increasingly concentrated maltodextrin solutions became
significantly more viscous, which is consistent with reports from other
authors (Dokic, Jakovljevic, & Dokic-Baucal, 1998).

Based on microphotographs from spray–dried powder for the dif-
ferent blends (Fig. 1), those blends containing only 10% (not shown in
Figs. 1) and 20% maltodextrin (Fig. 1A and B) were discarded as they
were unable of forming microparticles for any type of nucleus material.
The results found for microparticles that were created from blends with
higher concentrations of maltodextrin indicated that, as the en-
capsulating material increased, these were proportionally better
formed. Amorphous structures were found on 20% maltodextrin solu-
tions. These structures were characterized by an heterogeneous com-
position, agglomerating and forming bridges, for both types of nucleus
materials. This finding agrees with previous reports about observing
similar microstructures for maltodextrin when it has been used as an
encapsulating material, at low concentration levels, in spray drying
methods (Cano-Chauca, Stringheta, Ramos, & Cal-Vidal, 2005; Mishra,
Mishra, & Mahanta, 2014). Beginning with 30% maltodextrin solutions,
we noticed that those solutions prepared with BE did form some mi-
croparticles (Fig. 1D), though these microparticles were quite hetero-
geneous regarding their size and shape. On the other hand, those so-
lutions that were prepared with FS (Fig. 1C) still produced similar
structures to those described above (Fig. 1A and B).

Microparticles finally became well formed when using 40% mal-
todextrin solutions, for both FS and BE nucleus materials. This mal-
todextrin concentration is higher than what other authors have used to
encapsulate food ingredients using spray-drying methods (Cano-Chauca

et al., 2005; Santiago et al., 2015). However, high concentrations were
also used in the nucleus material of these microparticles. The reason
behind this decision was the consideration that, in the future, this mi-
croparticles might have an application as supplements or in food for-
tification strategies, as the non-heme form of iron widely interacts with
other diet components. These interactions mean its inhibition, pre-
cipitation, and competition with other minerals to be absorbed in the
digestive system (Conrad & Umbreit, 2002). Thus, fortified foods and
supplements must use high concentrations of this micronutrient to
fulfill its purpose.

FS microparticles were shaped as irregular spheres with a dented
and shriveled surface (Fig. 1E), which is regarded as a typical mor-
phology for maltodextrin spray–dried powder (Cai & Corke, 2000; Di
Battista, Constenla, Ramírez-Rigo, & Piña, 2015). In this regard,
Loksuwan (2007) reported that rugosity and concavities in their mi-
croparticles resulted from shrinkage as their surfaces dried up. BE mi-
croparticles, in turn, exhibited a spherical shape and a smooth surface
(Fig. 1F). This finding was not an unexpected development though, as it
has been previously reported that some materials have a plasticizing
effect that reduces coarseness on the surface of polysaccharides mi-
croparticles. This effect could be explained as BE presents protein
concentration levels that are close to 90% (Valenzuela et al., 2014),
conferring it great hygroscopic power, similarly to what has been re-
ported for hydrolyzed meat extracts, whose microparticles also present
a smooth surface (Kurozawa, Park, & Hubinger, 2009).

Based on these findings, 8 types of microparticles were character-
ized. All of them were assigned a fixed concentration level of en-
capsulating material (40% maltodextrin), and four different FS and BE
concentration levels.

3.2. Microparticles characteristics

3.2.1. Appearance
Fig. 1 shows some types of spray–dried powder. Those containing FS

displayed no color differences in spite of increasing FS concentration
levels (Fig. 1A, C and E; also Table 1), unlike those containing BE,
whose color turned to increasingly darker shades of reddish–brown
(Fig. 1B, D and F; also Table 1), which is proper of BE itself. On the
other hand, the naturally turquoise color of FS in its pure state, ren-
dered spray–dried powder blends within a narrow range of pale green
shades.

3.2.2. Iron content, yield and iron retention
As expected, FS microparticles had a high iron content resulting

from its non-heme iron source, which provides 179 ± 5mg of iron per
gram of FS. This situation contrasted with BE microparticles, whose
iron content was lower due to BE providing only 2.49 ± 0.07mg of
iron per gram of BE. Also, increasing the concentration of nucleus
material resulted in significant increments in iron content for all mi-
croparticles (Table 1). The evident disparity in iron content of micro-
particles is a consequence of iron sources themselves. Inorganic sources
present higher iron concentration because these are iron salts, whereas
organic heme-iron sources are contained within erythrocytes or in he-
moproteins, such as hemoglobin, myoglobin, and cytochromes (Ponka,
1999).

Producing BE microparticles is highly relevant in spite of their low
iron contribution, as 99 percent of BE iron is found as part of the heme
group (Valenzuela et al., 2014). This confers BE microparticles several
advantages, such as: 1) Heme iron bioavailability is quite superior
(15–35%) to non-heme iron (1–20%) (Carpenter & Mahoney, 1992;
Conrad & Umbreit, 2002). 2) Humans absorb iron mainly in the duo-
denum, by different pathways and through different receptors, de-
pending on whether it is heme iron (proton–coupled folate transporter/
heme carrier protein 1, PCFT/HCP1) or non-heme iron (divalent metal
transporter 1, DMT1) (Conrad & Umbreit, 2002; Lipiński et al., 2013).
3) It has been reported a greater expression of genes that are related to
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absorption of heme iron (HCP1) and transport (Heme-binding protein,
HRG–1) (Conrad & Umbreit, 2002; Lipiński et al., 2013). 4) Heme iron
has a potentiating effect over the absorption of non-heme iron (Conrad
& Umbreit, 2002). 5) Heme iron is also the least consumed form of iron
by anemic population in developing countries (Carpenter & Mahoney,
1992).

The maximum concentration of BE used in this work was 20% w/v,
due to encapsulation technology reasons. Higher concentrations result
in overly viscous dispersions (data not shown) that hardly pass through

the atomization equipment, even to the point of risking clogging its
nozzles. Other studies have used water-soluble heme trying to en-
capsulate higher concentrations of heme iron (Yuan et al., 2013).
However, in a recent study on humans, Pizarro et al. (2016) described
that bioavailability of water-soluble heme ranged from 10 to 13%,
which is less than half the bioavailability found in whole-erythrocytes
(25%).

The iron concentration observed in 20% BE microparticles was si-
milar to what Valenzuela et al. (2014) reported for BE–alginate beads

Fig. 1. SEM and digital images of some ferrous sulfate and atomized bovine erythrocytes spray-dried powders. Each row corresponds to solutions of maltodextrin at
different concentration. A and B: 20%. C and D: 30%. E and F: 40%.
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(0.658mg of iron/g of beads). Meanwhile, iron content for FS micro-
particles was lower than what was reported for microcapsules con-
taining an FS core and walls made from an arabic gum:maltodex-
trin:modified starch (4:1:1 ratio) mixture (Gupta et al., 2015). These
microcapsules delivered 300mg of iron per gram, though is worth
noting that Gupta et al. (2015) used higher concentrations of FS than
those used in this work.

High iron retention values that were similar for all microparticles
were found by the end of the encapsulation process. An expected out-
come though, as iron is quite stable when it is exposed to high tem-
peratures. Regarding iron yield, results indicated that FS microparticles
had a higher yield than BE microparticles (Table 1), and that those
microparticles with 20% of BE had an even lower yield than the rest of
the microparticle blends. The yield range observed for microparticles
used in this work was in line with reports from other authors, who also
developed maltodextrin microparticles by a spray drying technique but
using different materials within their nucleus (Santiago et al., 2015;
Tonon, Brabet, & Hubinger, 2008). In the case of BE microparticles, a
possible reason for such a lower yield might be that, as those blends had
greater viscosity, a higher amount of solids remained attached to the
walls of the drying chamber (Tonon et al., 2008).

3.2.3. Z potential and size
When calculating the Z potential for both the materials and mi-

croparticles. In particular, materials Z potential values were
+29.8 ± 5.1, −20.3 ± 7.4, and −3.4 ± 0.2 for maltodextrin, FS,
and BE, respectively. Z potential was negative for all microparticles
(Table 1), though it was less negative for BE microparticles due to the
contribution of their BE nucleus material, as detailed above. BE mi-
croparticles presented no significant differences among them, whereas
FS microparticles showed Z potential values that became increasingly
more negative as FS concentrations increased up to 30% of the blend.
This may be explained by the presence of sulfate –type anionic groups
in the structure of FS, which confer it an intrinsically negative charge
(Thielbeer, Donaldson, & Bradley, 2011). It could also contribute to this
results that FS might become superficially trapped on its microparticles
(matrix ordering). The same mechanism could also occur in BE mi-
croparticles.

As for particle size, FS microparticles were found to be smaller than
BE microparticles (Table 1), and particle size increased proportionally
with the concentration of their nucleus material, as expected. Mean-
while, the size of BE microparticles could be explained by the greater
viscosity observed in the blend solutions that were used to prepare
these microparticles (Tonon et al., 2008; Wichchukit, Oztop, McCarthy,
& McCarthy, 2013).

3.2.4. FTIR spectroscopy
FTIR spectroscopy was used to confirm that FS and BE solutions

were successfully encapsulated within maltodextrin microparticles.
Fig. 2 presents FTIR values for microparticles, as well as for their nu-
cleus and wall materials. Fig. 2A shows bands that are typical for

maltodextrin, FS, and BE. Maltodextrin shows a strong band at
3337 cm−1, which is characteristic for hydroxyl (O–H) groups
(Santiago et al., 2015), and it is present in all microparticles as well.
However, for BE microparticles this band is sharper (Fig. 2C) than for
FS microparticles (Fig. 2B), due to BE also having a strong, sharp band
in the area of O–H groups. Another important band for maltodextrin is
located at 1024 cm−1, which represents C–O bonds stretching vibra-
tions (Santiago et al., 2015), and it seems to be quite similar for 10% FS
microparticles, as well as for 5% BE microparticles. However, as FS
concentration levels increased, this band resembled another band that
is located at 1081 cm−1, within the spectra of FS. Meanwhile, though
this band remained structurally akin to the one observed in the spectra
of maltodextrin, this band became shorter for the concentration of 15%
BE. This finding would indicate that C–O bond interactions became less
relevant for this type of microparticles.

FS microparticles seemed to preserve much of the structure from its
constituent materials, even to the point that increasing the concentra-
tion of FS resulted on the microparticles spectra progressively resem-
bling the spectrum of pure FS. Even a small spectral band (1625 cm−1),
that represents C=O bond interactions, remained present.

Other BE spectral bands showed that BE was present within its
microparticles. For example, the band located at 2963 cm−1 represents
C–H bond stretching interactions, which are characteristic of BE
(Valenzuela et al., 2014). Furthermore, a spectral band that represent
C–O bond stretching vibrations from amide I was also found at
1650 cm−1, as well as another band at 1542 cm−1, which is evidence of
N–H bond bending vibrations from amide II (Valenzuela et al., 2014).
As expected, these bands became more prominent as BE concentration
increased in these microparticles.

Based on these results encapsulation presumably did occur for FS
and BE, as these data are consistent with previous observations from
Santiago et al. (2015), regarding maltodextrin microparticles that these
researchers developed to encapsulate cinnamon infusions.

3.3. In vitro studies

Fig. 3 presents curves for the release of iron from microparticles,
during an in vitro simulation of gastrointestinal conditions. The amount
of iron released from these microparticles was expressed as the per-
centage of total iron contained within each type of microparticle. Ac-
cording to what was found after simulating gastric conditions, BE mi-
croparticles released less iron than FS microparticles over the whole
incubation period. Specifically, by the end of the simulation, BE mi-
croparticles released iron in a range of 20.9%–22.7%, while FS micro-
particles released it in a range of 31.8%–37.4%. The latter roughly
represented one third of the total iron content of the different FS mi-
croparticles. Also, the amount of nucleus material in microparticles of
the same type did not affect their iron release pattern.

Under simulated intestinal conditions, the iron release behavior of
BE microparticles and FS microparticles presented significant differ-
ences during the first 45min of incubation. At this point in time, BE

Table 1
Iron content, iron yield, iron retention (IR), Z potential (Z), size and color for different types of microparticles at several iron concentration levels.

Types Content (mg/g) Yield (%) IR (%) Z (mv) Size (nm) Color

L a b

FS 10% 54.0 ± 0.3a 52 ± 6a 88 ± 6a −9.8 ± 1.5a 918 ± 17a 59.7 ± 0.6a 59.7 ± 0.6a 59.7 ± 0.6a

FS 20% 66.5 ± 0.7b 53 ± 4a 83 ± 8a −10.1 ± 0.4a 933 ± 28a 60.6 ± 0.6a 60.6 ± 0.6a 60.6 ± 0.6a

FS 30% 78.4 ± 1.1c 57 ± 4a 83 ± 4a −12.6 ± 1.0b 959 ± 17b 60.6 ± 2.5a 60.6 ± 2.5a 60.6 ± 2.5a

FS 40% 90.3 ± 1.1d 54 ± 4a 88 ± 8a −12.3 ± 1.6b 981 ± 7c 59.1 ± 2.9a 59.1 ± 2.9a 59.1 ± 2.9a

BE 5% 0.28 ± 0.09e 47 ± 5b 87 ± 5a −4.1 ± 0.6c 10.390 ± 159d 13.7 ± 0.2b 13.7 ± 0.2b 13.7 ± 0.2b

BE 10% 0.42 ± 0.10f 45 ± 3b 85 ± 5a −3.9 ± 0.2c 11.670 ± 155e 15.1 ± 0.1c 15.1 ± 0.1c 15.1 ± 0.1c

BE 15% 0.65 ± 0.08g 44 ± 4b 83 ± 12a −3.7 ± 0.4c 14.429 ± 330f 18.3 ± 1.0d 18.3 ± 1.0d 18.3 ± 1.0d

BE 20% 0.77 ± 0.11h 39 ± 2c 81 ± 7a −4.4 ± 0.8c 16.643 ± 261g 20.3 ± 0.4e 20.3 ± 0.4e 20.3 ± 0.4e

Means with different superscript letters present significant statistical differences (P < 0.05).
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microparticles released less iron than FS microparticles. By the end of
the incubation period though, both types of microparticles had released
close to 100% of their iron content. It is also worth noting that both
types of microparticles differed regarding the speed of iron release. In
particular, after 30min of incubation (minute 90 in Fig. 3), FS micro-
particles released close to 80–85% of their iron content, whereas BE
microparticles had only released 65–68% of it. Thirty minutes later
(minute 120 in Fig. 3), FS microparticles had released close to 90% of
its iron content, and BE microparticles reached 83–87%. Any remaining
difference disappeared by the end of the incubation period.

These differences regarding the iron release from microparticles
could be explained by characteristics that are characteristic to each
nucleus material, such as the greater solubility of FS in some solutions.
FS solutions also had less viscosity than those with BE, probably re-
sulting in microparticles that could surrender their iron contents more
quickly than their counterparts. Also, the FTIR analysis showed

different interactions for each type of microparticles, which in turn
could exert an effect on their iron release behavior. For example, hy-
drophobic interactions were observed within the spectrum of BE mi-
croparticles (Fig. 2C), and these might lessen the solubility of these
microparticles in the incubation media. Additionally, Valenzuela et al.
(2016) previously showed that after BE–alginate beads disintegrated,
some BE remnants were still present in those beads when they were
examined by transmission electron microscopy. This suggests that a
similar phenomenon could be at play in the case of BE microparticles,
thus contributing to a slower release of iron from these microparticles.

It is difficult though, to properly compare the results of this work in
regards to the gastrointestinal release of iron, with those from other
studies. Most of those studies used a mixture of maltodextrin with an-
other polymer (Gupta et al., 2015; Lim & Nyam, 2016), whereas in
other studies their microparticles had been subjected to non–enzymatic
digestion (Santiago et al., 2015; Vergote et al., 2001).

Fig. 2. FTIR spectra for: (A) wall and core materials, (B) Ferrous sulfate (FS) microparticles and (C) atomized bovine erythrocytes (BE) microparticles.
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In summary, both types of microparticles released vast amounts of
iron by the end of the gastric incubation, whereas iron release was
characterized by its speed by the end of the intestinal incubation.

A possible explanation for the observations in this work could be
that maltodextrin is a polymer that tends to easily scatter and get dis-
solved in water (Chronakis, 1998; Wang & Wang, 2000). As there is
plenty of water within the gastric environment, this factor could ac-
count for such a high release of iron at this level. Also, maltodextrin is
easily hydrolyzed by human intestinal enzymes due to its chemical
composition (it is a polysaccharide), which is characterized by several
glucose units that are linked by α–glucosidic bonds (Chronakis, 1998).
The simulation of intestinal conditions obviously included those en-
zymes, henceit is logical to expect such an accelerated iron release
during the incubation period.

Currently, liposome entrapment is the most commonly used iron-
encapsulation technique. However, liposomes are also unstable under
intestinal conditions, due to degradation of their membranes by some
enzymes, such as the pancreatic lipase (Kokkona et al., 2000). Not-
withstanding such degradation and the high production cost of lipo-
somes (Nedovic et al., 2011), most iron-fortified foods use this en-
capsulation method (Zimmermann, 2004). Furthermore, this technique
was used to prepare renowned products, such as ‘Sprinkles’ (Zlotkin
et al., 2005). These were individual sachets that, among other compo-
nents, contained ferrous fumarate liposomes and were used by the
World Health Organization as a global strategy to reduce iron defi-
ciency anemia in children (http://www.who.int/elena/titles/

micronutrientpowder_infants/en/).
Finally, future challenges in this area include reducing iron release

under gastric conditions, as well as slowing down its release under in-
testinal conditions. These aims could be achieved by using double
coating to the maltodextrin-microparticles that could be applied either
by spray-drying techniques or a fluidized bed. Sodium alginate could be
a promising material because its ability of efficiently encapsulating
atomized bovine erythrocytes, as well as some inorganic iron salts
(Churio et al., 2018; Valenzuela et al., 2014). It can also release low
amounts of iron at the gastric level, and then release it at a controlled
rate over approximately 2.5 h at the intestinal level (Valenzuela et al.,
2016).

4. Conclusions

In this work, high concentrations of both heme and non-heme iron
sources were encapsulated within maltodextrin microparticles, in so-
lutions of 40% w/v of maltodextrin. Although iron content of FS mi-
croparticles was higher than in BE microparticles, the high bioavail-
ability of heme-iron suggests that a combination of both should be
considered for the development of an iron supplement or to fortify food
that could be used for the treatment of iron deficiency anemia. Double
coating of maltodextrin-microparticles is recommended to improve
their iron release behavior under gastrointestinal conditions.

Fig. 3. Cumulative iron release for ferrous sulfate (FS) and atomized bovine erythrocytes (BE) microparticles under gastric and intestinal conditions. Means with

different superscript letters present significant statistical differences (P < 0.05). Leyends: FS 10% ( ), FS 20%

( ), FS 30% ( ), FS 40% ( ),BE 5%

( ), BE 10% ( ), BE 15% ( ),

BE 20% ( ).
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