
Frontiers in Sustainable Food Systems 01 frontiersin.org

Microencapsulated iron in food, 
techniques, coating material, 
efficiency, and sensory analysis: a 
review
Henry Daniel Muñoz-More 1†, Juliana Maricielo Nole-Jaramillo 1†, 
Jaime Valdiviezo-Marcelo 1, Milagros del Pilar Espinoza-Delgado 2, 
Zury Mabell Socola-Juarez 2, Luis Alberto Ruiz-Flores 1 and 
Luis Alfredo Espinoza-Espinoza 1*
1 Laboratory of Functional Foods and Bioprocesses, Department of Food Industries Engineering, 
Universidad Nacional de Frontera, Sullana, Peru, 2 Laboratory of Emerging Technologies for Research 
and Innovation in Fruits and Vegetables, Department of Food Industries Engineering, Universidad 
Nacional de Frontera, Sullana, Peru

Iron deficiency in children and vulnerable people requires the intervention 
of effective emerging technologies to incorporate minerals into food, iron is 
an important micronutrient required by the human body to develop different 
functions. It’s oxidation and susceptibility when added directly to food hinders its 
absorption, impairs sensory aspects, causing rejection by consumers. Currently, 
efficient, low cost, high productivity, better bioaccessibility and bioavailability, 
microencapsulation techniques have been developed. This review focuses on 
the study of the different methods and techniques of iron microencapsulation 
and its behavior in food fortification. The type of coating material, the efficiency, 
yield, bioaccessibility and bioavailability evaluated for each technique. It has been 
shown that the most used coating materials were maltodextrin, sodium alginate, 
gum arabic and whey protein; while the morphological characteristics and the 
release profile studied from 1995 to the present, on average were in the following 
order: Percentage of microencapsulation (85%), yield (76%), bioavailability (60%), 
and bioaccessibility (52%).; However, the sensory evaluations of some foods 
fortified with iron microcapsules denoted a metallic taste, color and smell were 
also detected, decreasing their level of acceptance. These findings suggest 
the need for further research to establish new protocols to fortify foods while 
maintaining their nutritional and sensory quality.
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1. Introduction

Iron (Fe) is a mineral and essential for human nutrition (Piskin et al., 2022). This item is 
present in the cells in the form of traces (Dasa and Abera, 2018), performing functions in the 
bone formation of the human body, production of energy Adenosine Triphosphate (ATP), 
synthesis of collagen and Red blood cells (Girelli et  al., 2018); genetic differentiation and 
regulation synthesis of deoxyribonucleic acid (DNA); myelination of the mitochondrial and 
neuronal system (Gao et al., 2019). Approximately 66% of body iron is bound to hemoglobin, 
8% to myoglobin, heme enzymes andiron-sulfur clusters. The rest (26%) is stored in the form 
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of ferritin and hemosiderin in the liver (Figure 1; Ilich, 2020; Hall and 
Guyton, 2021; Salazar et al., 2021).

Food offers two sources of iron which are used by the human 
being; heme or heme iron, acquired by eating foods of animal origin 
with an absorption between 15 and 35% and non-heme iron, obtained 
from vegetables with an absorption of less than 10% (Skolmowska and 
Głąbska, 2019; Zhuo et al., 2019).

Iron deficiency in the body can contribute to the development of 
various diseases such as iron deficiency anemia (Cappellini et al., 
2020), heart failure (Naito et al., 2021), kidney pathologies (Batchelor 
et  al., 2020), intestinal inflammation (Nielsen et  al., 2018), and 
development of neurobehavioral disorders (Pivina et al., 2019), 42% 
of children between 0 and 5  years of age, 33% of women of 
reproductive age and 40% of pregnant women suffer from iron 
deficiency anemia (El Bilbeisi et  al., 2022), being Peru one of the 
countries whose population shows high rates of iron deficiency 
anemia (40% of children from 0 to 3 years of age) (Barrios Renteria 
et al., 2022), 28.3% of pregnant women between 15 and 18 years of age 
and late ages of 35 years and over, women who do not have health 
insurance (Espinola Sanchez et al., 2021).

The iron requirement in pregnant women is 27 mg/day (Cusick 
et al., 2018), while in children from 24 to 59 months it is 30 mg/day 
(Finkelstein et al., 2018). However, intestinal absorption of 1 to 2 mg/
day is required for iron homeostasis to occur (Yiannikourides and 
Latunde-Dada, 2019). Worldwide there have been attempts to fortify 
commonly consumed foods with different concentrations of iron 
(Podder et  al., 2018; Jahan et  al., 2019; Pachón et  al., 2021), 
nevertheless, the direct addition of the mineral in food negatively 
influences the organoleptic characteristics, mainly highlighting the 
metallic smell and taste, which causes limitations in its intake (Cheng 
et  al., 2020). The use of microencapsulation to mask the sensory 
qualities of ferrous compounds has been extensively studied, generally 
using polymeric coating walls (Böger et al., 2021), which has allowed 
a correct bioavailability through the release and absorption in the 
gastrointestinal tract (Gaigher et al., 2022).

So far, several microencapsulation techniques, such as spray 
drying, spray cooling, ionic gelation, emulsification and freeze drying, 
have proven to be  feasible for the microencapsulation of ferrous 
compounds (Bhosale et al., 2019). In the microencapsulation process, 
the encapsulation method, the wall material and the core constitute 

the factors that determine the product characteristics (particle size, 
shelf life, efficiency, performance, bioaccessibility, bioavailability and 
sensory aspects) (Gupta et al., 2014; Ballesteros et al., 2017; González 
Ortega et al., 2020). In this sense, this review aims to show the different 
methods and techniques of iron microencapsulation and its behavior 
in food fortification.

2. Microencapsulation

Microencapsulation is a coating method that confers the core 
(oxidizable substance, volatile additives, polyphenols, 
microorganisms), the necessary protection to prevent its loss or 
deterioration when exposed to various environmental factors 
(temperature, pH, oxygen), allowing it to keep the encapsulated 
material stable (Wang et al., 2017), reduces chemical interactions, 
prevents physicochemical changes and unpleasant sensory qualities 
(Pratap Singh et al., 2017); creating a barrier that allows controlled 
release and bioavailability of the active component at the time of 
ingestion, and facilitates transport and handling (Calderón Oliver and 
Ponce Alquicira, 2022; Figure 2) through a coating formed by proteins, 
carbohydrates and/or lipid compounds (Böger et al., 2021; Pratap-
Singh and Leiva, 2021). Currently, there are different 
microencapsulation techniques that are low cost, easy to operate and 
highly efficient (Wardhani et al., 2021).

2.1. Spray drying

Among microencapsulation technologies, spray drying is 
considered one of the most important techniques to protect any 
excipient, including minerals, making use of a wide range of coating 
materials (Baldelli et  al., 2023); the process is subjected to high 
temperatures (100–200°C) to shape a dry powder; the particle size 
ranging from 903.7 nm to 20 μm (Dueik and Diosady, 2017; Ligarda 
Samanez et  al., 2022). Several studies have used spray drying to 
microencapsulate vitamins (Singh et  al., 2018), probiotic 
microorganisms (Pratap Singh et  al., 2017), animal blood cells 
(Ligarda Samanez et al., 2022), minerals (Cian et al., 2021), and other 
bioactive compounds (Ravichai and Muangrat, 2019). The advantages 

FIGURE 1

Iron proportions located in the human body. Adapted from Hall and Guyton (2021).
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of this technique include ease of operation, low water activity of the 
final product, increased protection of some micronutrients such as 
iron against oxidation (Wardhani et al., 2021), particle distribution 
and loading capacity (Polekkad et al., 2021) and also improves iron 
release and absorption rate (Filiponi et al., 2019; Cian et al., 2021).

2.2. Ionic gelation

Ionic gelation is a favorable alternative to microencapsulate 
unstable compounds forming protein gel beads on their entire surface 
(Valenzuela et al., 2014). The composition of these pearls is due to the 
presence of sodium alginate and calcium chloride, which form a solid 
and stable structure with high encapsulation efficiency and soluble 
properties under neutral and alkaline pH conditions. These 
characteristics can be beneficial for the iron absorption because the 
duodenum has a similar pH (Yao et  al., 2020). Perez-Moral et  al. 
(2013) and Cengiz et  al. (2019) performed simulations under 
gastrointestinal conditions under progressive release; in gastric 
conditions 45% was absorbed, a retention in the gastrointestinal tract 
of 43% and in duodenal conditions 12%; however, gels limit 
fortification in some food matrices (flours and powders) (Onsekizoglu 
Bagci and Gunasekaran, 2016) making it difficult to control the 
particle size, which usually varies between 3 and 5 nm (Katuwavila 
et al., 2016).

2.3. Single and double emulsion

Emulsion is a technique that does not require the intervention of 
high temperatures, has a controlled release and chemically stabilizes 
the encapsulation of nutrients and bioactive compounds (Choi et al., 
2009; Ilyasoglu Buyukkestelli and El, 2019). There are two types of 
food emulsions, single emulsions with two delivery systems: oil-in-
water (O/W) and water-in-oil (W/O) and double or hydrophilic 
emulsions composed of two inner (W1), outer (W2), and one oily 
(W1/O/W2) aqueous phases (Gupta et al., 2015). Single emulsion 
systems containing a core have a different sensory perception; one of 
the advantages of the simple O/W emulsion system is the core that is 
in direct contact with the palate, the oily phase acting as a filler causes 
the increase in taste perception by increasing the concentration of the 
core in the external aqueous phase, however, the same does not occur 
when working with the W/O system (Ilyasoglu Buyukkestelli and El, 
2019) however, the most relevant drawback in this type of emulsions 
is the difficulty to turn into powder, but they do prove to be more 
stable than double emulsions during storage (Chang et al., 2016).

In double emulsions, the inner phase (W1) includes different 
solutes from the outer phase (W2), as well as the oily phase (O), which 
is composed of lipophilic substances, double emulsions have many 
applications in the food industry due to the multicompartmental 
system achieved by the single emulsion with suitable surfactants; some 
of their advantages are high efficiency during iron encapsulation, 
improvement of fatty acid profile and reduction of sugar/salt content 
in food (Ilyasoglu Buyukkestelli and Nehir El, 2019). Naktinienė et al. 
(2021) obtained an iron microencapsulation efficiency of 95% using 
polyglycerol polyricinoleate and whey protein dispersions; Ilyasoglu 
Buyukkestelli and Nehir El (2019) determined that the percentage 
bioaccessibility of ferric chloride in in vitro tests was 52.97% dispersing 

polyglycerol polyricinoleate in olive oil as the oily phase and whey 
protein isolate as the internal aqueous phase (W1) while sodium 
caseinate was used for the external aqueous phase (W2); this value is 
not constant as it increases while the dispersed phase decreases, 
causing the hydrolysis of sodium caseinate to act as an iron absorption 
enhancer; finally Katuwavila et al. (2016) found that the in vitro release 
rate of iron in alginate particles was 65% at 96 h under pH 7.4 
compared to Churio and Valenzuela (2018) who observed the release 
of 31.8–37.4% under gastric conditions and around 100% of ferrous 
sulfate under intestinal conditions. Therefore, the double emulsion 
demonstrates better performance and can even microencapsulate 
chiral compounds.

2.4. Spray cooling

It is a technique characterized by its low cost and efficiency in the 
production of microparticles loaded with bioactive compounds, 
aromas and pigments (Figueiredo et al., 2022); its functions are based 
on the stabilization of ascorbic acid, vitamin D3, proanthoccocin and 
proanthocyanidins during storage (Carvalho et  al., 2021). The 
technique consists of forming solid lipidic microcapsules in powder 
form of active sources of hydrophilic or hydrophobic origin, dispersed 
in dissolved lipid by spraying (Boesso et al., 2016; Sorita et al., 2021).

In one study, spray cooling has been used for the immobilization 
of ferrous sulfate heptahydrate using polyglycerol monostearate with 
a particle size of 2–5 μm, achieving an efficiency of 74% and a yield of 
75% (Lee et al., 2003). However, to date there is limited research on 
the use of spray cooling to microencapsulate ferrous compounds, 
which may be  related to the difficulty in finding lipid-based wall 
materials that meet the desired characteristics in terms of oxidative 
stability, food grade, melting point and storage stability (Figueiredo 
et  al., 2022). For a better use of this technique, some additional 
operations could be  considered and include the use of more 
sophisticated equipment to improve performance (Consoli 
et al., 2016).

2.5. Lyophilization

Freeze-drying is a technique that is performed at low temperatures, 
it manages to microencapsulate cells protecting them from 
bacteriophages and different factors during freezing and storage 
(Ribeiro Dias et al., 2017). It is a suitable technique for dehydration of 
heat-sensitive foods and microencapsulation (Desai and Park, 2005), 
its operations stabilize the material through four stages, firstly freezing 
of the core and wall material, sublimation of the lodged water avoiding 
friction with oxygen, desorption and finally storage (Ezhilarasi et al., 
2013). Some of its advantages are related to low water activity, 
inhibiting the proliferation of microorganisms and improving the 
firmness of the microcapsules (Figueiredo et al., 2022); the technique 
is feasible to microencapsulate compounds intolerant to high 
temperatures, in addition to having a low oxidation rate (Kour et al., 
2023); however, its disadvantages include the operation time (up to 
20 h) and the production of porous spherical structures that cause 
rehydration of the microcapsules and, consequently, increased 
moisture (Karthik and Anandharamakrishnan, 2012). Wang et al. 
(2017) microencapsulated heme iron using maltodextrin, 
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carboxymethyl cellulose and sodium caseinate achieving an efficiency 
of 98.64%.

Although all five techniques indicate different advantages over 
microcapsule formation, spray drying is considered the leading 
technique for protecting any excipient, including minerals, with its 
main advantage being the formation of microcapsules that meet 
physical properties (efficiency, moisture, bioavailability, and 
performance) that are stable in processing, packaging, distribution 
and storage; this is achieved by properly optimizing dry powders in 
formulations prior to producing microcapsules.

3. Coating or wall material

The wall material is one of the three essential factors involved 
in the microencapsulation process by acting as a protective agent of 
the core that covers the entire particle, which allows it to avoid 
reactions in food matrices (López Cruz et  al., 2020), to form 
solutions with low viscosity at high concentrations, stable emulsions 
to form solid particles and with thermal stability (Đorđević et al., 
2014; Mansour et  al., 2020; Swami et  al., 2021) withstand 
temperatures from 15 to 200°C to completely homogenize the 
samples (Jayalalitha et  al., 2022), encapsulation is carried out 
continuously from a film on the particle (Karaaslan et al., 2021). 
Not all materials meet all the characteristics for encapsulation, for 
this reason, Gupta et al. (2015) and Polekkad et al. (2021) combined 
wall materials with similar origins and different properties to 
improve the efficiency and yield of microencapsulation.

The types of wall material used in microencapsulation are 
carbohydrates (Ribeiro Dias et al., 2017), proteins (Ying et al., 2016), 
and lipids (Zhu, 2017); they are characterized by being resistant to 
changes in temperature, oxygen and humidity, non-toxic, dissolve in 
acidic pH and are degraded by the endogenous microbiota of the 
small intestine (Pérez-Leonard et al., 2013), their stabilization depends 
on the time, speed of homogenization of the solutions and the ratio: 
core/wall material, if the amount of wall material is greater than that 
of the core, the microcapsules will be larger, spherical and with defined 
walls (Rocha-Selmi et al., 2013; Đorđević et al., 2014), the increase of 
solids in the formulation produces larger microparticles and lower 
bioavailability (Baldelli et al., 2023; Figure 2).

The most commonly used wall materials in the microencapsulation 
process are: maltodextrin, gum arabic, sodium alginate, whey protein 
and modified starch (Krokida, 2017); maltodextrin is a white 
hydrolyzed starch that is prepared by heating it until soluble, it is 
suitable due to its low viscosity at high concentrations, good protection 
against oxidation and good solubility (Premi and Sharma, 2017). 
However, its emulsification capacity is relatively low, which implies the 
need to combine it with other components to improve its yield and 
prolong its shelf life (Kanwal et al., 2022). Some edible gums (arabic, 
guar, gellan, tara, and xanthan) are composed of polysaccharides and 
are considered a suitable material for microencapsulation due to their 
low viscosity at high solid concentrations (Kang et al., 2019; Karrar 
et  al., 2021), neutral taste (Chew et  al., 2018), and emulsifying 
properties (Karaaslan et al., 2021), gum arabic is one of the most 
widely used carbohydrates in microencapsulation by retaining volatile 
compounds during the drying process (Rojas, 2019); being suitable for 
the formation of films and capsules of different active compounds 
such as minerals and anthocyanins (Pieczykolan and Kurek, 2019).

Sodium alginate is a biopolymer extracted from brown algae 
(Heckert Bastos et al., 2020), thermally stable (Singh et al., 2018), has 
the ability to form hydrogels and degrade at acidic pH (McKinney 
et  al., 2022), presents thickening, stabilizing and film-forming 
properties (López Cruz et al., 2020). These characteristics allow it to 
be an important material in the microencapsulation of probiotics and 
minerals that allows its release in the digestive environment (Motalebi 
Moghanjougi et  al., 2021). Whey proteins (β-lactoglobulin, 
α-lactalbumin) have the ability to interact and form aggregates, which 
determines their functional and technological properties; Can be used 
as a protective gel and form encapsulation coatings for bioactive 
compounds (Onsekizoglu Bagci and Gunasekaran, 2016; Pereira et al., 
2017). Microencapsulation of iron in whey protein has shown high 
efficiency compared to other elements such as Zinc, due to the 
presence of a smaller atomic radius and the electronegativity of iron, 
which facilitates its binding with the carboxylic functional groups of 
the amino acids in the protein (Pratap-Singh and Leiva, 2021).

Modified starch can be  obtained naturally or synthesized by 
chemical, physical or enzymatic processes, has adequate bioavailability, 
low viscosity, high solubility and low cost (Balakrishnan et al., 2021), 
and can be used in spray drying processes (Tatar Turan and Kahyaoglu, 
2021). The use of modified starch in combination with maltodextrin 
and gum arabic was studied by Gupta et al. (2014) obtaining ferrous 
sulfate microcapsules with good stability and microencapsulation 
efficiency above 90%; however, for Ribeiro et al. (2020) the limitations 
of modified starch are related to its undesirable taste and poor 
aroma protection.

4. Iron microencapsulation efficiency 
and yield

The yield of the microencapsulation is determined by the 
proportion of the compound that makes up the microencapsulated 
nucleus in relation to the initial dispersion (Çam et al., 2014; Pratap 
Singh et al., 2017; Churio and Valenzuela, 2018; González Ortega 
et al., 2020). Yield is calculated using the following equation:

 
Y
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wall material gr

%( ) = ( )
( )

 

 ++ ( )








encapsulated material gr

x
 

100

Efficiency is the difference in the percentage of microencapsulated 
sample compared to the initial sample (Gupta et al., 2014; Shahidi 
Noghabi and Molaveisi, 2020; Castejón et al., 2021), the expression is 
shown below:

 
EE
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Other authors use the division of the non-microencapsulated 
sample over the initial sample minus the unit (Zhang et al., 2007).

Microencapsulation percentages can vary due to three 
significant factors, the form of iron, the core/material ratio, and the 
technique used (Asghari Varzaneh et al., 2017; Calderón Oliver and 
Ponce Alquicira, 2022); it has been shown that the highest 
percentages of efficiency (>90%) were obtained using the methods 
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of spray drying, double emulsion, ionic gelation and freeze-drying 
(Table 1).

Pratap Singh et al. (2017) observed that chitosan and Eudragit 
used as wall material in terms of efficiency (87–98%) and yield 
(68–75%), showed similar values; however, Eudragit demonstrated a 
yield (g microcapsules/L spray solution) 10 times higher than 
chitosan. Since the high viscosity of chitosan made it difficult to 
incorporate solids (1–2%) into the spray solution, unlike Eudragit 
(15–20% solids). Whey protein combined with Eudraguard has also 
been shown to be suitable for iron microencapsulation. The interaction 
of iron with the carboxylic groups of the amino acids of the whey 
proteins improves the protein-mineral affinity, this allows reaching 
efficiencies above 97% (Pratap-Singh and Leiva, 2021). Ligarda 
Samanez et al. (2022) used a wall material composed of potato starch 
and tara gum, allowing 94% efficiency in the microencapsulation of 
Cavia Porcellus erythrocytes.

The form of iron used in the microencapsulation process has 
implications for efficiency and yield. A study showed that when 
using iron gluconate and sulfate, 87 and 75% efficiency is obtained; 
however, when using iron citrate and chloride the efficiency is very 
low due to the formation of different particles and low solubility 
(Baldelli et  al., 2023), it should be  noted that ferrous sulfate is 
commonly used for food supplementation with iron, which 
generally leads to problems related to it is high reactivity, such as 
damage to the gastrointestinal mucosa due to free iron ions (Slivka 
et al., 1985) and also the development of undesirable color and 
flavor in the products in which it is applied. On the other hand, the 
operating conditions have a direct impact on the performance of 
microencapsulation. Increasing the inlet temperature in spray 
drying from 120 to 130°C improves the yield from 45 to 72% in 
iron microencapsulation using chitosan as the wall material, the 
iron loading density in the microcapsules was 25% for those 
conditions; however, increasing by 20°C would result in 
unacceptable iron oxidation (Dueik and Diosady, 2017). 
Furthermore, variations in spray drying performance may 
be subject to iron capsules sticking to the wall of the equipment or 
not passing through the filter, as well as very small particles being 

lost to the suction created by the vacuum pump (Dueik and 
Diosady, 2017; Pratap Singh et al., 2017).

Katuwavila et al. (2016) used the ionic gelation method to form 
nanoparticles with ferrous sulfate, ascorbic acid, calcium chloride, 
and sodium alginate; this system can function as a source of oral 
supply for the treatment of anemia, since it obtained 95% efficiency 
and 70% release at pH 6 (gastric conditions), the negative charge of 
sodium alginate is the driving force for the complexation of iron 
with the polymer, where chelation occurs between Fe2+ and 
carboxylate and hydroxyl molecules. Alginate beads loaded with 
ferrous sulfate of 0.76 mm in diameter were produced with 81% 
efficiency. It should be  noted that the formation of beads can 
be stored for 45 days without altering the encapsulation efficiency 
(Cengiz et  al., 2019). Wang et  al. (2017) guaranteed 98.64% 
efficiency in the microencapsulation of blood with maltodextrin, 
sodium caseinate and carboxymethylcellulose (CMC) as emulsifier, 
because it preserves red blood cell proportions and guarantees the 
microbial quality of the blood. On the other hand, Mukhija et al. 
(2016) developed a microencapsulation by emulsions because it has 
a higher bioavailability in the release of iron, used sodium alginate 
as wall material and obtained 94% efficiency.

5. Bioaccessibility and bioavailability 
of iron microcapsules

The in vitro bioavailability and bioaccessibility as says of the 
microcapsules are models that simulate gastrointestinal conditions, 
which make it possible to determine if the microencapsulated iron is 
viable for the human body, given that the microencapsulated ferrous 
compounds must be adequately absorbed at the gastrointestinal level 
(Gaigher et  al., 2022). Bioaccessibility represents the percentage of 
mineral that is soluble and ready to be absorbed in the digestive process. 
The main factors influencing this solubility are the chemical form of 
iron and the presence of inhibitors (Toledo Barbosa and Garcia Rojas, 
2022). The in vitro bioaccessibility protocol is carried out by preparing 
salivary fluid, gastric and intestinal fluid and verifying enzymatic 

FIGURE 2

Model of a microcapsule of iron and ascorbic acid. Adapted from Calderón Oliver and Ponce Alquicira (2022).
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TABLE 1 Iron microencapsulation methods and their application in food.

Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Spray drying Chitosan

Ferrous 

sulfate 

heptahydrate

1.5%: 1%: 20%

CH:AC:FS
10 μm NR/72 NR/NR NR Coarse salt NR

>25% iron inhibits 

chitosan release

Dueik and 

Diosady (2017)

Spray drying Chitosan

Ferrous 

sulfate 

heptahydrate

1%:1%:15% (w/w)

CH/AC: FS
3 and 5 μm 98/72 89/NR 2.8–5.3% (w/w) NR NR NR

Pratap Singh 

et al. (2017)

Spray drying Eudagrit

Ferrous 

sulfate 

heptahydrate

57.1:5.7:8.6:28.5

EPO:AT:AE:T (15% TSS in 

water)40% FS

3 and 5 μm 94/74 99/NR 9.6% (w/w) NR NR

> Eudragit, 

improves iron 

payload.

Pratap Singh 

et al. (2017)

Spray drying
Maltodextrin and 

polydextrose

Ferrous 

sulfate 

heptahydrate 

and ascorbic 

acid

80:20(p/p)

MD/PD

1:1.6 (w/w) FS/AA

77/23 (p/p)

wall and core

6.85 μm 83.9/92.5 34.85/NR
13.76 mg 

of iron/g
NR NR

25% more 

bioavailability

Filiponi et al. 

(2019)

Spray drying
Whey protein and 

Eudraguard

Ferrous 

sulfate 

heptahydrate

12:4:0.6

gr/gr/gr

WPI/EPO/FS

126 p.m. 97.3/74 NR/NR 0.6 mg/L NR NR

Iron microcapsules 

are resistant to 

intestinal 

conditions, 100% 

iron was released in 

45 min.

Pratap-Singh 

and Leiva 

(2021)

Spray drying
Sodium alginate 

degraded by cellulase

Ferrous 

sulfate 

heptahydrate

3%:350 ppm:10mgSA/C/FS 6.5 μm 87.2/NR NR/NR 10 ppm NR NR

Alginate protects 

iron from oxidation 

up to 98.3% after 

120 days.

Wardhani et al. 

(2021)

Spray drying

Locust bean gum, 

maltodextrin and beer 

protein concentrate

Ferrous 

sulfate 

heptahydrate 

and ascorbic 

acid

17.2/11/13/1.7

gr/gr/gr/gr

BSG/LBG/MD

0.9:1

AA/FS

12.9 μm 94.5/NR NR/50.8
0.45 g of iron in 

100gr
NR NR

BSG proteins 

maintain soluble 

iron at the 

gastrointestinal 

level

Cian et al. 

(2021)

Spray drying Tara gum potato starch

Cavia 

porcellus 

erythrocytes

4%/1%/20%

PF/GT/EC
900.2 nm 58.73/NR 94.71/NR 2.05 mg of iron/g NR NR

The nanometer size 

can precipitate in 

colloidal solutions.

Ligarda 

Samanez et al. 

(2022)

(Continued)

https://doi.org/10.3389/fsufs.2023.1146873
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


M
u

ñ
o

z-M
o

re et al. 
10

.3
3

8
9

/fsu
fs.2

0
2

3.114
6

8
73

Fro
n

tie
rs in

 Su
stain

ab
le

 Fo
o

d
 Syste

m
s

0
7

fro
n

tie
rsin

.o
rg

Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Spray drying

Hydroxypropyl-

methylcellulose and 

maltodextrin

Ferrous 

sulfate 

heptahydrate

0.9/0.9/0.9

HP/MD/FS
5.5 μm 85/NR 80/NR NR NR NR

The low solubility 

of iron citrate and 

chloride causes low 

efficiency.

Baldelli et al. 

(2023)

Spray cooling
Polyglycerol 

monostearate

Ferrous 

sulfate 

heptahydrate

5:50:1 (g/g/ml)

PGMS/H2O/FS
2–5 μm 74/75 NR/NR NR

Pasteurized 

milk

Flavor and 

color is 

maintained for 

24 h. On day 5 

the metallic 

taste is intense.

Its intake could 

cause poisoning.

Kim et al. 

(2003)

Emulsion
Sodium alginate and 

modified starch

Ferrous 

sulfate 

heptahydrate 

and ascorbic 

acid

1. Emulsion 1 (W1)

1.5:100:0.798

SA/H2O/FS

Emulsion O

1:5

W1/SO

NR 74.85/− NR 10 mg/L of milk

Strawberry cow 

and buffalo milk 

(1:1) (3% fat 

and 8% non-fat 

solids)

There are no 

differences 

with respect to 

unfortified 

milk.

The higher 

concentration of 

CaCl2 decreases the 

efficiency of the 

microcapsules.

Gupta et al. 

(2015)

Emulsion

Whey protein, 

sunflower oil and 

sodium alginate

Ferrous 

sulfate 

heptahydrate

Emulsion 1 (W1)

20gr:8gr

WPI/FS

Emulsion O

1:4:5

W1/AS/SO

NR NR/NR NR/NR

80 mg of iron 

encapsulated in 

yogurt

Yogurt

<80 mg/L does 

not affect 

general 

preference, 

appearance, or 

texture.

Iron microcapsules 

do not affect the 

viability of 

probiotic bacteria.

Subash et al. 

(2015)

Double 

emulsion and 

spray drying

Palm oil and whey 

protein

Ferrous 

sulfate 

heptahydrate

Emulsion 1 (W1)

6:4

PO/FS

Emulsion 2

7.5:2.5

WPI/W1

6 μm 93.63/NR NR/NR
0.63 mg/200 mL of 

milk

Pasteurized 

milk

At 

concentrations 

of 0.3–0.7% 

(p/v) changes 

in color and 

flavor are 

perceived.

The concentration 

of 01–2% did not 

modify the values   

of thiobarbituric 

acid (in charge of 

fat oxidation).

Chang et al. 

(2016)

(Continued)

TABLE 1 (Continued)

https://doi.org/10.3389/fsufs.2023.1146873
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


M
u

ñ
o

z-M
o

re et al. 
10

.3
3

8
9

/fsu
fs.2

0
2

3.114
6

8
73

Fro
n

tie
rs in

 Su
stain

ab
le

 Fo
o

d
 Syste

m
s

0
8

fro
n

tie
rsin

.o
rg

TABLE 1 (Continued)

Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Double 

emulsion

Polyglycerol sodium 

chloride 

polyricinoleate (NaCl)

Ferrous 

sulfate 

heptahydrate

Emulsion 1 (W1)

5.84 mg/L:1150 mg/L

NaCl/FS Emulsion O

6% (w/w)

Emulsion 2 (W2)

4%:0.02% (w/v) Tween80/

sodium azide

Double emulsion

20 g:80 g

W1:O

40 g:60 g

W1/O:W2

19.01 μm NR/NR 37.28 to 42.94/NR
1,150 mg per liter 

of yogurt
Yogurt NR

The release rate of 

iron in the yogurt 

increased after 

7 days.

Hashem 

Hosseini et al. 

(2019)

Double 

emulsion

Sodium chloride, 

polyglycerol 

polyricinoleate, and 

whey protein

Ferrous 

sulfate 

heptahydrate

Emulsion 1 (W1)

5 g/kg:6 g/Kg

NaCl/FS

Emulsion O

40 g/Kg PGPR

Emulsion 2 (W2)

5 g/Kg WPI

Double emulsion

20:80

W1:O

40 g:60gW1/O:W2

74 μm 52/NR NR/NR 14 mg/100 g NR NR

it had great physical 

and oxidative 

stability and iron 

entrapment 

efficiency.

Naktinienė 

et al. (2021)

Double 

emulsion

Whey protein, 

polyglycerol 

polyricinoleate, tara 

gum, and sucrose

Ferrous 

sulfate 

heptahydrate

Emulsion 1 (W1/O)

5%p/p:0.8%p/p

PGPR:FS

Emulsion 2 (W2)

12:0.8:2%p/p:%p/p:%p/p

WPI:TG:S

double emulsion

1:4

W1/O:W2

757.1 nm 96.95/NR
Adults NR/49.54 

ChildrenN.R/39.71
NR NR NR

Stable 

microcapsules with 

high bioavailability 

were created, it is a 

potential alternative 

to use in liquid 

foods.

Toledo 

Barbosa and 

Garcia Rojas 

(2022)

Ionic gelation Sodium alginate
Dried blood 

cells

1:5 p/p

SA/DBC
1.13 nm 75.7/NR NR/NR 367.9 μg/g NR NR NR

Valenzuela 

et al. (2014)

(Continued)
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Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Cold gelation whey milk protein

Ferrous 

sulfate 

heptahydrate

6.8% (w/w): 60 mg

WPI: FS
1 mm NR/NR NR/NR

60 mg in a liter of 

yogurt
Yogurt

They retain 

their sensory 

quality for 

14 days

On day 15, it 

showed an 

uncharacteristic 

yellow color, 

progressively each 

sensory quality was 

deteriorating.

Onsekizoglu 

Bagci and 

Gunasekaran 

(2016)

Ionic gelation
Sodium alginate and 

calcium chloride

Ferrous 

sulfate 

heptahydrate 

and ascorbic 

acid

SF:AA = CORE

15/1

0.3p/v:40:50

SA: CaCl2:CORE

20 ± 6 nm 95/− NR/NR
1% w/w by weight 

of alginate
NR NR

70% release was at 

pH 6.

Katuwavila 

et al. (2016)

Ionic gelation Sodium alginate

Ferrous 

sulfate 

heptahydrate 

and 

L-ascorbic 

acid, L. 

acidophilus

3/4/15/80%:%:mg:mg

LA/SA/FS/AA
NR NR/71–92 NR/NR NR NR

It does not 

show a 

significant 

effect.

The lower the 

viscosity of the 

sodium alginate, 

the higher the 

efficiency of the 

bacteria.

Kumar et al. 

(2017)

Ionic gelation Maltodextrin
Ferrous 

sulfate

40%(p/v):30%(p/v)

MD: FS

959 μm NR/57 NR/NR 78.4 mg/g NR NR Maltodextrin is 

easily dispersed and 

dissolved in water, 

high release of iron 

in gastric media.

Churio et al. 

(2018)

Ionic gelation Sodium alginate Ferrous 

sulfate

30gr:10grSA/FS 820 μm 81/NR NR/NR 2.98% by weight NR NR Effective inhibition 

of iron pro-oxidant 

activity.

Cengiz et al. 

(2019)

Internal ionic 

gelation

Sodium alginate and 

caseinate, whey protein

Ferrous 

fumarate

15/52.5/30/2.5

gr/gr/gr/gr SA/WPI/SC/FF

51.2 μm 97.2/67 NR/NR 28.6 mg iron/100 g NR NR The gel beads 

prevent the 

breakdown of 

hydroperoxides and 

the development of 

peroxide lipid 

radicals

Yao et al. 

(2020)

(Continued)

TABLE 1 (Continued)
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TABLE 1 (Continued)

Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Solvent 

evaporation

Arabic gum, 

maltodextrin, and 

modified starch

Ferrous 

sulfate and 

ascorbic acid

4:1:1:10

GA/MD/MS/ H2O

Lamount of solids (6 gr) 

15:1FS/AA

15.5 μm 91.58/NR NR/63.7 25 ppm iron Strawberry cow 

and buffalo milk 

(1:1)

Mouthfeel 

showed 

changes on 

day 3. Color, 

flavor and 

appearance 

from day 5.

The low 

concentration of 

alcohol decreases 

the retention 

capacity, causes a 

slow release of 

water and longer 

dehydration time.

Gupta et al. 

(2014)

Solvent 

evaporation

Sodium alginate and 

calcium chloride

Ferrous 

sulfate 

heptahydrate

2:2 (COAT)%w/v: %w/v

SA:CaCl2

1:1

COAT: FS

209 ± 2.5 μm 67/NR NR/NR NR NR NR The microcapsules 

were uniform, hard 

and stable for 

30 days.

Al Gawhari 

(2016)

Lyophilization Sodium caseinate, 

maltodextrin, and 

carboxymethylcellulose

Goose blood 

(Anser)

3.76:1.82:1.86:40.8

SC:MD:CMC:H2O3:20GB:H2O

50 μm 98.64/NR NR/NR 0.90 mg/g NR NR NR Wang et al. 

(2017)

Does not 

specify the 

method

Vegetable fats Ferrous 

sulfate 

heptahydrate 

and ascorbic 

acid

NR/NR 0.8 μm NR/NR NR/NR 68.7 mg iron/ 

80 mg 

microcapsules

Feta Cheese No off flavors 

detected

Thiobarbituric acid 

values   were 

significantly lower 

compared to non-

encapsulated iron.

Jalili (2016)

Does not 

specify the 

method

Hydrogenated palm oil Ferrous 

sulfate 

heptahydrate

NR/NR 700–

1,000 μm

91/− NR/NR 0.17 mg/g of 

cheese

Cow’s Milk 

Cheddar Cheese

The taste, color 

and smell 

could not 

be completely 

masked.

The lipophilic 

coating material on 

the small particles 

interacts better with 

the fat in the 

cheese.

Arce and 

Ustunol (2018)

(Continued)
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Microencapsulation method Efficiency 
(%)
/Yield (%)

Bioavailability 
(%)/
Bioaccessibility 
(%)

Royal iron 
end

Application 
matrix

Perception 
threshold

Considerations References

Technique Coating materials Core Formulation: coating 
material/core

Particle 
size

Direct 

addition

Non-hydrogenated 

vegetable fat

Ferrous 

sulfate 

heptahydrate

NR/NR 700–800 μm 73.5/− NR/NR Total iron in 

cheese 0.9482 per 

kg

Goat’s Milk 

Cheddar Cheese

The sample 

presented the 

lowest values   

at the sensory 

level.

Fortified cheeses 

obtained greater 

hardness due to 

proteolysis.

Siddique and 

Park (2019)

Direct 

addition

NR Ferrous 

sulfate 

heptahydrate

NR NR NR/NR NR/NR 2.5, 5 mg of iron in 

a liter

Yogurt Yogurt sensory 

properties 

intact.

Iron has the ability 

to extend and form 

bridges with casein.

Jasim and 

Al-Saadi 

(2020)

Direct 

addition

NR Powdered 

swine blood

NR 30 μm NR/NR NR/NR 4.53 mg in 100 g of 

Yogurt

Yogurt Formulas with 

10% pig blood 

meal were 

acceptable.

Lactic acid 

fermentation 

increases iron 

availability by 

absorbing between 

20 and 30% heme 

iron.

Huaraca 

Aparco et al. 

(2021)

Direct 

addition

NR AprosanTM 

(Powdered 

Porcine 

Blood) PPB

2.0/6.76 g/mg

Chocolate /PPB

NR NR/NR NR/NR 21.82% (6.76 mg) 

of iron in a liter of 

milk

Chocolate milk From 20% iron 

an unpleasant 

metallic taste 

is obtained

Microencapsulation 

prevents microbial 

proliferation

García et al. 

(2022)

SF, ferrous sulfate; FF, ferrous fumarate; EC, Cavia porcellus erythrocytes; GB, Goose blood; DBC, dried blood cells; LA, L-acidophilus; AA, Ascorbic acid; SA, Sodium alginate; SC, Sodium caseinate; MD, Maltodextrin; GA, gum arabic; TG, tara gum; WPI, Whey 
protein; PGPR, Polyglycerol Polyricinoleate; PGMS, Polyglycerol Monostearate; HP, Hydroxypropyl-methylcellulose; CH, Chitosan; PS, Polydextrose; MS, modified starch; NaCl, Sodium Chloride; CaCl, Calcium Chloride; C, Cellulose; BSG, Beer Protein Concentrate; 
HS, Sucrose; PO, palm oil; SO, Sunflower oil; PF, potato starch; EPO, Eudragit; AC, Acetic acid; AT, Tartaric acid; EA, stearic acid; T, Talc; NR, Not reported. Emulsion O, Oily phase; Emulsion 1, Internal aqueous phase; Emulsion 2, External aqueous phase.

TABLE 1 (Continued)
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activity, this method is called “In vitro static simulation of gastrointestinal 
digestion of food” (INFOGEST 2.0) designed by Brodkorb et al. (2019). 
Ilyasoglu Buyukkestelli and Nehir El (2019) evaluated the 
bioaccessibility in the microencapsulation of iron in the technique 
(W/O:W) resulting in 52.97%; by increasing the dose of iron in the first 
phase and keeping the second phase constant, bioaccessibility can 
be improved. Cian et al. (2021) used brewery grain protein concentrate 
(BSG-PC), locust bean gum and maltodextrin to microencapsulate 
ferrous sulfate, determined the bioaccessibility percentage using the 
protocol of Miller et  al. (1981) and Drago et  al. (2005), preparing 
controlled pH media and adding the optimization process, obtaining as 
a result a high percentage of bioaccessibility. This result was favored by 
the presence of ascorbic acid (AA) in the microcapsules, by reducing the 
concentration of BSG-PC, the AA/Fe molar ratio increased, giving rise 
to the action as a chelating agent of AA on Fe. This effect, it was also 
provided by BSG-PC when its concentration increased. The reducing 
action of BSG-PC on Fe favored the increase in bioaccessibility values.

Toledo Barbosa and Garcia Rojas (2022) adapted the simulation 
of digestive intake of infants and adults, resulting in two acceptable 
bioaccessibility values, for each case they applied the INFOGEST 
method under biaccessibility conditions in adults and Ménard et al. 
(2018) in children, obtaining 49.54% while in adults it was 39.71%; the 
data obtained by the mentioned methods are replaced in the following 
formula to determine the percentage of bioaccessibility (BC).

 
BC Iron content before digestion invitro

Iron content a
%( ) =      

  ffter digestion invitro
x

   
100

Differences between adults and children can be explained by pH 
values   and enzyme activity that affected digestion (Toledo Barbosa 
and Garcia Rojas, 2022).

Bioavailability is determined as the percentage of ingested metal 
free for the metabolic process (Blanco-Rojo and Vaquero, 2019), the 
most widely used method is transport by CaCo-2 cells (human colon 
adenocarcinoma cells), used by Filiponi et  al. (2019) in the 
microencapsulation of ferrous sulfate with maltodextrin and 
polydextrose, obtaining as a result a bioavailability of 56.21%; 
Christides et al. (2018) evaluated the availability of iron in infants 
supplemented with prebiotics by adding a heat treatment to the 
mentioned method, the formulation with the best bioavailability had 
a 4:1 ratio. Hemalatha et al. (2007) evaluated the bioavailability of 
zinc and iron in food cereals, the result with zinc was not as expected, 
being decreased by the heat treatments used, while with iron the 
results increased significantly. The direct incorporation of iron in 
dairy foods stimulates a reaction with milk proteins and fats, lower 
bioavailability and organoleptic problems (Naktinienė et al., 2021). 
Iron oxidation is prevented by microencapsulation by forming an 
impermeable membrane as a barrier to oxygen expansion, covering 
unacceptable tastes and odors of iron salts, increasing their 
bioavailability (Gupta et al., 2014). The percentage of bioavailability 
in vitro in the investigation of Hashem Hosseini et al. (2019) it is 
found from 37.28 to 42.94% by double emulsion; 63.78% ± 0.23 was 
the result of microencapsulated iron fortification by Gupta et  al. 
(2014) and Baldelli et  al. (2023) obtained 80% bioavailability in 
microparticles of ferrous sulfate with hydroxypropylmethylcellulose 
in the experiment of Mukhija et al. (2016) they obtained 90.4% in an 
iron/alginate/oil emulsion; a balance must be considered between the 

percentage of solids, an increase of 80% solids increases the particle 
size by 30% and improves its spherical shape, however, it decreases 
the bioavailability to 25% because the large microcapsules need more 
time to dissolve. It should be noted that iron microcapsules are less 
affected by the presence of inhibitors, so the bioavailability of iron is 
high (Gupta et  al., 2014). Both the AA and the peptide-metal 
complexes in the microparticles induced a higher iron absorption 
and, therefore, could be a good alternative to obtain more bioavailable 
iron (Filiponi et al., 2019). However, poor encapsulation has been 
correlated with a faster release rate and lower bioavailability. For 
example, in dairy products, free iron interacts with casein, leading to 
the formation of insoluble iron in the gastrointestinal tract, which 
reduces it’s bioavailability (Subash et al., 2015). For this reason, it is 
important that the coating materials have a high molecular weight, 
this is not only essential for its influence on the efficiency of 
microencapsulation, but also for its implication on the release rate of 
encapsulated iron (Baldelli et al., 2023).

 
BD CC of iron worked in digestion Iron content CWhite

Co
%

. .( ) = −     

nntent of iron released in the digested emulsion
x

       
100

CC = Quantity of Cells.
C. = Cells.

6. Success rate in iron 
microencapsulation

Iron as a mineral has an undesirable sensory perception for its 
intake, despite the fact that it is vital for human health. Investigations 
focused on the use of technologies to modify the sensory aspects of 
the different forms of iron without impairing their nutritional value 
have been registered. Iron microencapsulation is a technology that 
presents the opportunity to prevent iron deficiency, increase 
bioavailability, avoid the perception of metallic taste, and protect 
from chemical reactions that occur when in contact with food 
matrices. The statistical data registered by the National Library of 
Medicine (PubMed) indicate that the iron microencapsulation 
method began in 1971, but it was deepened with the study of Boccio 
et al. (1995), when studying a new procedure to enrich liquid milk 
and its derivatives with iron; using ferrous sulfate as the core and 
soybean lecithin as the wall material, pointed out that iron 
absorption is influenced by some food additives, such as the presence 
of 10% (w/v) of cocoa, which manages to increase iron absorption, 
while that tea and coffee decrease these values. From this, 113 
publications have been registered until the year 2023, regarding the 
microencapsulation of iron.

Microcapsules have numerous parameters that are studied 
through morphological tests and release profiles, which determine 
their stability and safety (Zárate-Hernández et al., 2021). The present 
study considers that the percentage of success in iron 
microencapsulation is reflected in the average value of efficiency, yield, 
bioavailability and bioaccessibility, parameters listed in Table 2.

Studies carried out in the years 1995–2001 used the vacuum 
drying method to microencapsulate ferrous sulfate in soy lecithin; in 
order to fortify milk and evaluate its bioavailability through the 
prophylactic-preventive method (Lysionek et al., 2001); the results 
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varied from 7 to 12%, this was due to the iron-casein interaction. This 
is a phosphoprotein that oxidizes Fe2+ to Fe3+, producing insoluble 
compounds in milk, which produce an inhibitory effect on iron 
absorption; mechanism reflected in a low bioavailability around 12% 
(Boccio et  al., 1998). However, in recent years new research has 
emerged that has allowed the microencapsulation process to 
be improved, obtaining better efficiency indicators.

7. Iron absorpion in the human body

The iron present in the human body fulfills three main functions, 
it forms myoglobin, hemoglobin, enzymes and hormones; receives 

and stores serum ferritin and hemosiderin when their input is 
decreased and transports oxygen to the tissues of the human body 
(Shubham et al., 2020).

The metabolism and absorption of iron is represented in Figure 3. 
The iron acquired by food intake is absorbed by the duodenum and 
proximal jejunum, giving off 3 phases of absorption: luminal, mucosal, 
and body (Dasa and Abera, 2018). The first phase is responsible for 
processing food with gastric acid, causing the release of iron from the 
microcapsules in its bivalent or ferrous form. The pH of gastric acid 
converts ferric or trivalent iron (Fe3+) to ferrous iron (Fe2+) through 
duodenal cytochrome B enzyme in the brush border of enterocytes 
(Lo et al., 2022).

The second phase occurs in the intestinal mucosa located 
in the upper part of the yuoyene, iron enters through the apical 
membrane through the divalent metal transporter I  (DMTI); 
with in enterocytes Fe2+ is stored as ferritin and transported 
from the basolateral membrane via the transmembrane protein 
ferroportin 1 (Dasa and Abera, 2018). The body phase includes 
the process of transport and storage of the mineral, for the 
transport of iron at the body level, Fe2+ is converted to Fe3+ by 
means of the hephaestin protein found in the ferroportin 
transmembrane; iron circulates through transferrin which 
occupies 20–40% of the saturation percentage of transferrin; 
finally transported by bone marrow and storage organs (liver) 
(Hall and Guyton, 2021).

TABLE 2 Success rate of published trials/experiments.

Results Number of 
investigations

Average %

Efficiency 26 85

Yield 14 76.45

Bioavailability 22 59.77

Bioaccessibility 5 52

The number of investigations that have determined the four parameters and the average 
success they obtained when microencapsulating iron are described.

FIGURE 3

Iron absorption and metabolism. Adapted by Shubham et al. (2020).
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8. Shelf life and viability of iron 
microcapsules

The useful life and/or stability of microcapsules is evaluated 
according to the technique and wall material of the microencapsulation. 
Hae Soo (2014) describes that temperature is one of the factors that 
intervenes in the oxidation of lipids, influencing the acceptance of the 
product, therefore the microparticles of oil and fat (simple emulsions) 
deteriorate, reducing their useful life, the nutritional value and causing 
substances toxic. Toledo Barbosa and Garcia Rojas (2022) used the 
double emulsion technique made with whey protein and polyglycerin, 
demonstrating that after 7 days of storage at 25°C there is a significant 
increase in particle size and apparent viscosity. Naktinienė et al. (2021) 
confirmed that the reaction described above could be  due to the 
interaction of the hydroxyls of polysorbate molecules with iron in the 
external phase and the formation of networks, causing the increase in 
viscosity, in addition, the diffusion of water from the external to the 
internal phase causes growth. Osmotic causing the particle size. Lee 
et  al. (2011) verified that microencapsulated iron salts with whey 
protein and oil in water are easily modified to become dry powder 
through the intervention of a vacuum evaporator, prolonging their 
useful life and effective iron enrichment in milk. Baldelli et al. (2023) 
analyzed the stability of iron microcapsules obtained by spray drying, 
storing 20 mg at 21°C and 35% humidity in the environment. The 
estimated percentage in dry powders is 15%; however, at 90 days the 
values   exceeded the moisture index. García et  al. (2022) fortified 
chocolate milk with heat-treated non-microencapsulated heme iron, 
with a concentration of 9.3 mg/kg−1 of iron, was accepted by the 
Institute of Medicine to supplement iron levels in children 8–11 years 
of age (8 mg/day), the sensory level was acceptable but its useful life 
lasted only 5 days because the product exceeded the estimated 
percentage of aerobic mesophiles (50,000 CFU/mL−1) and evidenced 
organoleptic problems; Huaraca Aparco et al. (2021) confirmed the 
sensory acceptance and the stability of the physicochemical parameters 
when adding heme iron to yogurt; In comparison with Subash et al. 
(2015) who demonstrated its viability in compound yogurt with 
probiotic bacteria by adding 80 mg of ferrous sulfate microcapsules 
during 20 days of storage at 4°C, likewise Figueiredo et  al. (2022) 
mentioned that there is no alteration in the intestinal microflora when 
ingesting yogurt fortified with iron microcapsules. Leiva Arrieta (2020) 
demonstrated that the absorption of iron by Caco-2 cells presents a cell 
viability greater than 75% in exposure at the intestinal level. Finally, 
Sadiq and Doosh (2019) they used sodium alginate and ferrous sulfate 
subjected to spray drying, their evaluation was carried out in yogurt for 
21 days at 5°C, the initial stability values were 87.02 and 86.83%; while 
at 21 days they decreased to 86.62 and 86.62% respectively, decreasing 
0.20%, there was no significant difference between the physicochemical 
properties, but low values   of the degree of acidity and peroxide index.

9. Sensory analysis

Sensory characteristics condition the acceptance or rejection of a 
food by consumers (Mihafu et al., 2020; Böger et al., 2021). When the 
food is exposed to factors such as the presence of oxygen, light and 
changes in pH, chemical reactions of degradation and oxidation are 
generated between the components of the food; that negatively affect 
the sensory qualities and absorption rate of nutrients, including 
minerals (Prichapan et al., 2018); which conditions the direct addition 

of compounds that improve the nutritional and bioactive properties 
of food (Halahlah et  al., 2022). Mainly, foods enriched with 
microencapsulated compounds must undergo a sensory evaluation in 
order to mask foreign aromas and flavors that may be found in the 
product (Dias et al., 2015).

In the case of the iodized salt fortified with micronutrients such 
as iron, folic acid, vitamin B 12 and zinc was organoleptically 
acceptable in terms of appearance, aroma, taste, texture and aftertaste, 
except for color, where significant differences were found (Puri 
et al., 2022).

In contrast, the use of a high-quality coating for iron, which, 
together with iodine in the fortification of a salt, can constitute a 
physical barrier between the two and could significantly improve their 
efficacy (retention level and sensory attributes) (Vatandoust 
et al., 2021).

Kim et  al. (2003) they fortified pasteurized milk with 
microencapsulated ferrous sulfate, after 24 h of storage, the color and 
flavor presented a slight change, while on the fifth day the perception 
of the metallic flavor was intense; Gupta et al. (2014) found changes 
in color, taste, smell and appearance in general on the fifth day, while 
the sensation in the mouth was perceived on the third day. On the 
other hand, Gupta et  al. (2015) fortified milk by adding 
microencapsulated ferrous sulfate in a concentration of 10 mg/L, the 
result was feasible as no significant differences were found between 
control milk (without fortification) and fortified milk. In the same 
line, Chang et al. (2016) fortified milk with iron adding 0.1–0.2% 
demonstrating that under these conditions no reactions of 
thiobarbituric acid (responsible for fat oxidation) were observed. 
Besides, García et  al. (2022) incorporated 6.76 mg of powdered 
porcine blood into 1 L of chocolate milk, which until the fourth day of 
storage, the sensory characteristics remained acceptable; however, 
when this concentration was exceeded, the unpleasant metallic taste 
in the product was predominant. In the fortification of Cheddar 
cheese with microencapsulated ferrous sulfate, Arce and Ustunol 
(2018) and Siddique and Park (2019) they failed to mask the taste, 
color and smell of iron; however, in the study of Jalili (2016), the feta 
cheese did not present unpleasant metallic flavors.

For Onsekizoglu Bagci and Gunasekaran (2016), adding 
concentrations <60 mg of microencapsulated iron for each liter of 
yogurt, do not affect the sensory qualities of the product for 14 days; 
in the same way Jasim and Al-Saadi (2020) evaluated that there are no 
alterations when adding 2.5 and 5 mg of ferrous sulfate directly. 
Huaraca Aparco et al. (2021) They found that the addition of 10% pig 
blood meal in yogurt favors acceptance at the sensory level; It should 
be noted that the fermentation produced by lactic bacteria increases 
the levels of iron bioavailability by 20 to 30%, which makes yogurt a 
favorable vehicle for fortification with iron microcapsules.

10. Limitations found in the reviewed 
studies

The main limitations found in the different studies was the need 
to take measurements in the iron suspension formulation, data 
necessary to identify the estimated values   in the particle formation 
process (Baldelli et  al., 2023). Some coating materials used have 
limited solubility in hot water, when it manages to disperse it swells 
and forms a highly viscous solution, unpleasant odor, non-Newtonian 
behavior and rapid biodegradability, such is the case of tamarind gum 
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(Halahlah et al., 2022). Some methods to determine bioavailability 
have not yet been fully studied, such as the Caco-2 cell model, since 
other organs (liver) are involved in its regulation in its absorption 
process and are not considered in the studies (Gaigher et al., 2022). So 
far, the perception of sensory attributes in foods fortified with 
microencapsulated iron limit their use, allowing low concentrations, 
with a perceived metallic taste, in addition to factors such as oxygen, 
temperature that limit the addition of iron in free form, causing the 
alterations (Dias et al., 2015).

11. Conclusion

The different methods and techniques of iron 
microencapsulation and its behavior in food fortification have been 
studied, being the three determining factors for an optimal 
microencapsulation: the technique used, a correct formulation 
between the wall material and the core, elements that whose control 
have managed to have a favorable success rate greater than 73% 
taking into account the efficiency, yield and bioavailability of the 
microencapsulates. It has been shown that the wall material has a 
significant effect on the iron microcapsules, by providing greater 
stability, better encapsulation structure and useful life, however, at 
a higher concentration of solids in the material ratio of wall and 
core, the bioavailability decreases.
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