
 
 

Iron complexes developed by peptides and hydrolysates derived from halal milks: an approach 

to enhance iron bioavailability 

Reyhaneh Valizadeh1, Fatemeh Mahdavi1, Zohreh Delshadian2* 

1- Student Research Committee, Lorestan University of Medical Sciences, Khorramabad, Iran. 

2- Nutritional Health Research Center, Lorestan University of Medical Sciences, Khorramabad, Iran. 
 

This paper is open access under Creative Commons Attribution-NonCommercial 4.0 International license. 

   Submission: 28 March 2023                 Revision: 5 April 2023                 Acceptance: 7 April 2023 

Abstract 

Background and objective: Iron deficiency is a global health concern. Fortification of foods with iron is a 

common strategy to solve the nutritional issue. However, traditional iron fortification methods lead to some 

challenges with regard to stability and bioavailability of the element. Therefore, finding alternative approaches 

have been developed. One approach is use of iron-chelating peptides derived from milk proteins. They have 

attracted a lot of interests in the scientific community due to their potential to enhance iron absorption and 

bioavailability. This article provides a review on iron-chelating peptides and hydrolysates derived from halal 

milks, shedding light on their underlying principles in iron complexation and the key binding sites involved. 

Results and conclusion: The significance of iron-chelating peptides lies in their ability to address the critical 

issue of dietary iron deficiency. Halal milks’ protein-iron complex offer several advantages such as superior 

bioavailability, minimal impact on taste, and excellent solubility. These characteristics introduce them as 

promising strategy in iron fortification of halal foods. These complexes are formed through specific chemical 

interactions between iron and the breakdown products of milk proteins, including hydrolysates or peptides, 

derived from both whey protein and casein. Several factors affect the efficacy of iron binding including pH, 

ionic strength, concentration of peptides to reach ideal ratio, temperature and time, appropriate enzyme (which 

impacts on the peptide characteristic), and potential interaction with other molecules. This multifaceted approach 

to enhance the iron fortification effectiveness underscores the importance of a deeper understanding of the 

intricate interplay between these factors in development of iron-fortified foods. 
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1. Introduction 

Iron is an essential nutrient and a critical cofactor 

for numerous proteins in vital systems [1]. Iron 

deficiency is the most common nutritional defi-

ciency worldwide, affecting about 30% of the 

world's population, approximately 1.6 billion peo-

ple [2]. Iron deficiency occurs by iron loss and/or 

its inadequate uptake [3]. 

Dietary iron exists in two forms: heme and non-

heme. Nonheme iron is abundant in plant-based 

foods, while heme iron is found in animal sources 
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[1,4,5]. Despite the abundance of iron-rich foods, iron 

bio-availability is low due to its low solubility at 

intestinal pH, presence of the inhibitors such as 

phytate in plant foods, and lack of promoters such as 

ascorbic acid [6-8]. 

Iron fortification of foods is a solution for the 

widespread anemia [9]. Multiple iron sources with 

different bioavailability are used for fortification. The 

first group are those with high bioavailability such as 

ferrous sulphate and ferrous fumarate. Nonetheless, 
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these sources have some drawbacks such as short 

shelf-life, unsatisfactory taste, colour change, and 

reduction of minerals’ and vitamins’ absorption. 

The second group encompasses low-bioavailability 

sources such as iron (III) diphosphate and reduced 

iron. Thus, a challenge faced by the food scientists 

and the industry-men is to enhance the iron 

bioavailability while mitigating the associated 

problems [10-12]. For this, the researchers have 

either tried to encapsulate the iron within macro-

molecules, or use a chelated iron form [10]. 

Peptide complexes exhibit enhanced stability and 

reactivity in the environment. Amino and carboxyl 

groups, along with some of side chains of the amino 

acids in the peptides, interact with divalent cations, 

making the peptides a preferred ligand choice [13]. 

Iron complexation with peptides offers a potential 

solution to improve bioavailability, alleviate 

gastrointestinal symptoms, minimize iron's interfe-

rence with other dietary factors, and even mitigate 

changes in taste and appearance of the food 

products [14]. Amino acid sequences of the proteins 

undergoing degradation by the enzymes from their 

parent protein, or those produced by digestive 

enzymes, whether in vitro or in vivo, are recognized 

as bioactive peptides [2]. 

Milk contains several proteins with distinct 

functional characteristic. An emerging trend is use 

of milk proteins as carrier for bioactive substances 

[15]. Casein (CN) and whey proteins (WP) are 

integral components of milk proteins, and play 

various physiological roles such as ion transport, 

lactose production, immunomodulation, and 

immunelogical defense. Both CN and WP yield 

bioactive peptides upon enzymatic degradation and 

display antihypertensive, antimicrobial, anticancer, 

immunostimulant, and mineral-binding activities 

[2,16]. 

This article aims to provide an in-depth overview 

on the iron-chelating peptides and hydrolysates 

derived from halal milks, their iron complexation 

principles, and the binding sites, as well as the 

conditions affecting their iron-binding capacity. 

2. Peptides/hydrolysates derived from whey pro-

teins and casein as candidate for iron complexation  

Iron-binding properties of WP and CN peptides/ 

hydrolysates have been interested due to their 

potential to increase iron stability and bioavailability 

in the gastrointestinal tract [8,17]. WP and CN, 

abundant in milk, have significant capabilities in 

binding to iron and influencing its fate during 

digestion [5]. 

CN, major protein of milk, is composed of several 

constituents including α-s1, α-s2, β, γ, and Κ, of them 

α-s1 and α-s2 are prominent. Bovine milk CN is 

primarily composed of α-s1 and β, comprising over 

70% of total CN [16]. In contrast, WP mainly consist 

of β-lactoglobulins (β-Lg) and α-lactalbumins (α-La) 

[7], accounting as approximately 80% of total WP. In 

addition, WPs are included to serum albumin, 

immunoglobulins, glyco-macropeptide, lactoferrin, 

and various enzymes [16].  

Within the spectrum of CN-derived peptides, casein 

phosphopeptides (CPPs) have attracted significant 

attention [3,18-21]. CPPs are bioactive peptides 

generated either in vitro or in vivo through enzymatic 

hydrolysis of whole CN or specific fractions from CN 

[16]. These peptides bind to dual-valency ions, 

including iron, owing to the presence of a polar acidic 

sequence composed of three phosphoseryl groups 

followed by two glutamic acid residues [5,18]. These 

residues serve as binding sites for minerals such as 

calcium, iron, and zinc, which introduce CPPs as 

booster of iron bioavailability in the fortified foods 

[4,13,20]. 

WPs, major by-product of cheese making, are cost-

effective for industrial uses. These proteins serve as 

rich source of bioactive peptides with health-

promoting characteristics. Furthermore, they possess 

noteworthy nutritional value due to their essential and 

branched-chain amino acids. Other than protein 

component, WPs are widely used as emulsifier in food 

products. Whey protein concentrates (WPC) and whey 

protein isolates (WPI) are industrially produced by 

membrane separation, that concentrates the protein 

while removes lactose and minerals [2,4,15]. WP-

derived peptides particularly those with low molecular 
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weight have a great affinity to iron [14]. Unintended 

reaction of iron with other food components in the 

environment is reduced following its binding to 

WPs [12]. 

Both WP- and CN-derived peptides offer promising 

routes for improvement of iron bioavailability. 

These peptides form stable complex with iron, 

prevent its precipitation, and enhance its solubility, 

that is important in the various pH conditions of the 

digestive tract [4,18,22]. 

Figure 1 illustrates the steps in production of peptides 

and hydrolysates from whey proteins and casein, and 

their basic iron complexes. Each step is done under 

specific temperature, time, and pH, by using 

specialized equipment [2,7,8,13,14]. 

Figure 1- Fabrication of iron complex with peptides/hydrolysates derived from casein and whey protein 

3. Complexation of iron with peptides/ hydro-

lysates  

Binding of peptides to iron is conducted by 

interaction between an electron-donating group on 

the ligand surface (in this case, peptides and 

hydrolysates) and an electron receptor (iron). The 

peptides or hydrolysates may possess one or more 

accessible sites, ensuring that iron atom forms 

covalent bond, contributing to the stability of a 

physiologically enduring structure. Consequently, 
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reactivity of the iron within the complex with other 

components in the environment is reduced [13,14]. 

Recent studies have extensively investigated the 

positioning of binding sites on iron-chelating 

peptides [1,8,14,23,24]. The findings showed 

diverse binding sites for minerals in the peptides. 

These include terminal –NH2 and –COOH groups, 

reactive side chains of some amino acids like 

aspartic acid and glutamic acid, and nitrogen atom 

of the peptide linkage [2]. According to Wang et al. 

[7], the amino acids containing free carboxyl 

groups complex with iron by carboxylate bonding. 

Furthermore, peptides and proteins can bind iron by 

peptide bond. Wu et al. [1] reported that primary 

Fe-binding site for whey protein, yak casein, and β-

lactoglobulin were carboxylic groups (from 

histidine and lysine amino acids), both carboxylic 

groups (from glutamic acid and aspartic acid) and 

amide groups, and the nitrogen atom in amido 

bonds, respectively. Inclusion of carboxylic groups 

particularly in glutamic acid and aspartic acid in 

iron complexation was further reported by Caetano-

Silva et al. In this regard, proline and glycine also 

tend to iron owing to their carboxyl group [13]. In 

other study, it was indicated that aside from the 

carboxyl groups serving as a primary binding site 

for iron, the ε-amino nitrogen of lysine, the 

guanidine nitrogen of arginine, and the imidazole 

nitrogen of histidine contribute to iron-peptide 

binding [8]. Moreover, it was shown that the 

peptides containing specific amino acids with size 

equal and below 10 kDa derived from neutralized-

treated WPC may have promising potential for iron 

absorption in Caco-2 cell line. In this respect, 

aspartic acid, serine, glutamic acid, glycine, 

cysteine, histidine, and proline are reported [2,25]. 

4. Conditions affecting the iron-binding capacity 

Development of iron complexes with milk-derived 

peptides and hydrolysates involves intricate 

interactions influenced by various conditions. 

These conditions play a pivotal role in effectiveness 

of the process, and also iron bioavailability. 

Understanding these deterministic factors is crucial 

for optimizing the formation of iron complexes. 

Furthermore, comprehending iron-binding capacity 

offers valuable insights for predicting its effectiveness 

in safeguarding iron from inhibitors and minimizing 

its precipitation in the intestinal tract [3,7]. When iron 

binds to the peptides, it forms stable and soluble 

complex in the harsh acidic environment of the 

stomach and also alkaline condition of the intestine 

[18,26-27]. However, there are conflicting studies that 

have not clearly demonstrated these effects [28-30]. It 

should be noted that an increased binding of iron to the 

bioactive peptides does not necessarily correlate with 

higher bioavailability [19]. Typically, there is an 

optimum level of binding that leads to maximum 

bioavailability [1,26-27]. The optimum level specific 

to each peptide should be determined in the laboratory. 

Table 1 shows the ligands, the peptide-iron ratios, and 

other conditions involved in synthesis of peptide-iron 

complexes, as well as effects of the complexes on 

bioavailability of iron. Further details about the 

internal and the external factors are presented as 

follows. 

4.1. Peptide structure 

Structure of the peptides and the hydrolysates derived 

from CN and WP in term of amino acid composition, 

their sequence, three-dimensional structure, steric 

hindrance, charge distribution, and secondary 

structure significantly influences their capacity in iron 

binding.  

Peptides with specific amino acid residues such as 

histidine, cysteine, tyrosine, and aspartic acid form 

strong iron complex due to their coordination 

capabilities [27]. Sulfur-containing amino acids like 

cysteine and methionine can interact with iron, and 

affect its solubility and absorption [31]. Cysteine, in 

particular, has been shown to form complex with iron, 

making it more soluble and possibly more bioavailable 

for absorption in the intestine [32]. 
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Table 1- General conditions of iron complexation 

Ligand  Iron 

precursor  

Peptide: 

iron ratio  

General steps in 

complexation 

 

Main conditions of 

complexation  

Separation steps in peptide-iron 

complexation  

Ref

. 

 

Whey protein 

concentrate by 

ultrafiltration (cut-off 

30 kDa) 

FeSO4 40:0.5 

40:1, 

40:1.5 

40:2 

  

Previous hydrolysis with 

alcalase and complexation 

Mixing the ligand and FeSO4 

(pH 3.0, 5.0, and 7.0, 40 °C, 2 

and 4 h)  

Ultrafiltering the complex➔ 

Centrifugation (1300 ×g, 20 °C) 

➔ Collecting the retentate and 

permeate ➔Freeze-drying the 

complex 

[2] 

Whey protein 

concentrate hydrolysate 

obtained by 

ultrafiltration (cut-off 

10kDa) 

FeCl3 - In vitro: 

complexation 

in vivo:  

complexation 

Mixing the ligands and 1 M 

ferric chloride 

 

- [4] 

CPPs FeSO4 Not 

specified 

Previous hydrolysis with in 

vitro digestion (gastric and 

intestinal) + complexation 

Not specified Centrifugation (3500 ×g, 1 h, 4 

°C) ➔ Supernatant was used in 

the Caco-2 cell ferritin assays 

[3] 

α-lactalbumin (α-

LAH) and β- 

lactoglobulin (β-LGH) 

hydrolysate obtained 

by ultrafiltration (cut-

off 10 kDa) 

FeCl3 40:1 Previous with alcalase and 

complexation 

Mixing the ligands and ferric 

chloride (pH 7.0, 25 °C, 3 min)  

Centrifugation (3000 ×g, 20 min, 

25 °C) ➔Collecting the 

complexes in the supernatant 

 

[7] 

Whey protein isolate, 

and whey protein isolate 

hydrolysate and its 

fractions obtained by 

ultrafiltration (cut-off 5 

kDa) 

FeCl2 40:1 (w/w) 

 

Previous hydrolysis with 

alcalase, pancreatin, and 

flavourzyme separately+ 

complexation 

0.1% w/v Fe and 4% w/v 

ligand (pH 7.0, 25 ±2 °C, 1 h) 

under stirring 

 

Centrifugation (5000 ×g, 20 min, 

25 °C) ➔ Freeze-drying of 

supernatant 

 

[8] 

Whey protein isolate, 

and whey protein 

isolate hydrolysate and 

its fractions obtained 

by ultrafiltration (cut-

off 5 kDa) 

FeCl2 or 

FeSO4 

40:1 (w/w) 

or 5:1 (w/w) 

Previous hydrolysis with 

pancreatin, and 

complexation 

 

0.1% w/v Fe and 4% w/v or 

0.5% w/v ligand (pH 7.0, 25 ± 

2 °C, 1 h) under stirring 

 

Centrifugation (5000 ×g, 20 min) 

➔ Supernatant freeze-drying ➔ 

storage at -18 °C 

[14] 

Whey protein isolate, 

and whey protein 

isolate hydrolysate and 

its fractions obtained 

by ultrafiltration/ 

diafiltration (cut-off 

FeCl2 or 

FeSO4 

40:1 (w/w)  

 

Not mentioned 

 

0.1% w/v Fe and 4% w/v ligand 

(pH 7.0; 25 ± 2 °C, 1 h) under 

stirring 

 

Centrifugation (5000 ×g, 20 min) 

➔ Passed through a common 

filter paper➔ Freeze-drying the 

supernatant ➔ analysis 

 

[23] 
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5kDa) 

 

Succinylated sodium 

caseinate  

FeSO4 Not 

specified 

Complexation+ 

ultrafiltering (10 kDa) the 

complexes; Use of UF 

membrane processing 

system for large-scale 

production of the 

complexes 

Adding Fe to the protein 

solution (pH 6.6, 20 °C, 2 h) 

under constant stirring 

(magnetic stirrer) 

 

Centrifugation (12000 ×g, 30 

min, 20 °C) ➔ Passed 

supernatant through a special 

filter paper ➔ Ultrafiltering (10 

kDa) the filtered supernatants ➔ 

Freeze-drying the supernatants➔ 

Analysis 

[51] 

Whey protein 

concentrate 

FeSO4 Not 

specified 

Not mentioned 

 

3.0 mmol/L iron and WP 

solution with 0.01 g protein/mL 

(pH 6.6, 20 °C, 2 h) under 

stirring 

 

Centrifugation (12000 ×g, 30 

min) ➔ Supernatant decanting 

and concentrating (4-fold) using 

UF membrane ➔ Lyophilizing 

the concentrate ➔ Storage in 

airtight container 

 

[52] 

CPPs FeSO4 Not 

mentioned 

Fruit beverages with FeSO4 

(with or without Zn) 

subjected to SGID+ 

skimmed milk was 

subjected to SGID yielding 

CPPs+ adding the CPPs to 

fruit beverage fractions 

➔Complexation 

Adding the CPPs to the fruit 

beverage fractions 

 

- [17] 

Casein FeCl3 

(Fe57 

isotope)  

Not 

mentioned 

Not mentioned Not specified Not specified [53] 

Succinylated sodium 

caseinate 

FeSO4 - Not mentioned 7.4 mmol/L Fe and 1% g/mL 

protein solution (pH 6.6, 20 °C, 

2 h) under constant stirring 

(magnetic stirrer) 

Centrifugation (12000 ×g, 30 

min, 20 °C) ➔ Separation of the 

supernatant ➔ Putting the 

supernatant under ultrafiltration 

➔ Lyophilizing and powdering 

the concentrated retentate ➔ 

Storage in airtight container 

[54] 

Whey protein 

concentrate 

 

FeSO4 Not 

mentioned 

 

Not mentioned Not specified Not specified [55] 
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Amino acid composition of peptides/hydrolysates 

varies depending on the hydrolysis process and the 

enzymes used [33]. However, they generally retain 

a substantial amount of the original amino acids. 

The peptides derived from CN and WP may have 

various structures including helical, beta-sheet, and 

random coil conformations [34-35]. These struc-

tures expose different functional groups such as 

amine and carboxyl groups, which are capable of 

forming coordination bonds with metal ions like 

iron [36]. 

CN is relatively rich in proline, glutamine, and 

leucine [37], but it has sulfur-containing amino 

acids like cysteine and methionine at lower con-

centration [38]. CN peptides/hydrolysates may still 

have low levels of sulfur-containing amino acids, 

which are important for improvement of iron 

absorption [39]. Nonetheless, the presence of CPPs 

in the structure of these peptides plays additional 

role in iron interaction and absorption [36]. CPPs 

contain phosphorylated amino acids such as serine, 

threonine, and tyrosine. They allow CPPs to stro-

ngly bind to minerals like iron [28]. CPPs enhance 

iron solubility, protect it from the inhibitors, and 

remain it stable during digestion [19,39]. 

WP is rich in branched-chain amino acids such as 

leucine, isoleucine, and valine. It also contains 

significant amounts of other essential amino acids 

including lysine, threonine, and methionine 

[31,37]. In addition, WP has relatively high concen-

tration of cysteine compared to other protein 

sources [32]. As mentioned above, cysteine forms 

complex with iron, keeping it in a soluble and 

absorbable form [40]. Therefore, the high content 

of cysteine in WP and its derived peptides/ 

hydrolysates positively affects iron affinity, and 

leads to increased iron absorption [36].  

Sequence of amino acids in a protein determines the 

overall conformation and spatial arrangement of the 

functional groups, which provides appropriate 

environment for metal-binding interactions [13,23]. 

Based on degree of hydrolysis, the peptides and the 

hydrolysates may lose their conformation and 

spatial structure or may retain it to some extent 

[3,41]. However, the primary structure (amino acid 

type and sequence) significantly determines the 

conditions for metal binding [36,42]. 

Arrangement of the amino acids in CPPs results in a 

net negative charge. It ensures the solubility at alkaline 

pH. This property enhances iron bioavailability, 

making CPPs valuable for use in iron supplementation 

and fortification [5,18,19,42]. Furthermore, folding 

and conformational flexibility of the peptides may 

impact on their iron-binding properties [34]. The 

flexible and the open structure of CN and its 

hydrolysates due to the presence of proline-rich regi-

ons and the phosphorylated amino acids allows them 

to accommodate metal ions in their binding sites. Iron, 

being a transition metal, can interact with these 

phosphorylated residues and form stable complexes 

[34,35,42-44].  

4.2.  Peptide molecular mass 

Some studies have suggested the ultrafiltration as 

alternative to extract the peptides with low molecular 

mass (MM). It has been reported that MM affects iron-

binding capacity of the peptides [13,14,23,45]. Miao 

et al. observed that among four CN-derived peptides 

with MM of 830.6120 Da,1012.5280 Da, 873.4440 

Da, and 829.4570 Da, the peptide with the lowest MM 

(829.4570 Da) had the highest iron-chelating rate 

(59.76%) [21]. Similarly, O’Loughlin et al. showed 

that iron-binding capacity of WPI hydrolysate with 1 

kDa MM was much higher than the retentate with >30 

kDa MM [46]. In agreement, Liu et al. reported that 

more than 70% of iron ions bound to the CPPs  with 

MM of 0.5-1.4 kDa, while only 30% of iron ions 

bound to the CPPs with MM of 1.4-4.5 kDa [47]. 

4.3. Peptide concentration 

Concentration of the peptides and the hydrolysates in 

solution plays a critical role in determining the 

saturation point for iron binding. High concentration 

of the peptide may lead to oversaturation and 

formation of unstable complexes. Therefore, finding 

the appropriate concentration is important to ensure 

the formation of well-defined and stable iron complex 

[14,27,48]. To provide accurate definition of peptide 
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concentration, the term "peptide-iron ratio" in the 

reaction solution could be helpful. 

Protein-iron ratio affects the iron-chelating ability 

[2,14,19,22]. Athira et al. showed a remarkable 

increase in the content of bound iron by changing 

the WP-iron mass ratio from 40:0.5 to 40:1. In their 

study, additional increase in iron content had no 

significant change in complexation [2]. It is 

assumed that ferrous ions occupied all the binding 

sites at ratio of 40:1, and additional mass ratio over 

the optimal level did not increase the iron-binding 

capacity. This is in line with the study of Zhou et al. 

who showed that the highest iron-binding capacity 

was achieved when the mass ratio of β-Lg 

hydrolysates to iron reached 40:1, and additional 

increase in mass ratio (45:1) did not improve the 

iron binding capacity because ferric ions entirely 

occupied the binding sites at hydrolysate-iron mass 

ratio of 40:1 [22]. In accordance, Caetano-Silva et 

al. observed the most iron solubility in whey 

peptide-iron complex at ratio of 40:1. Iron 

solubility is an indicator of proteins, hydrolysates, 

and peptides binding to iron, and is obtained by 

dividing the iron content in the supernatant by the 

initial iron [14]. Moreover, Wang et al. observed the 

highest binding capacity of CN hydrolysate-iron at 

mass ratio of 15:1 among the five ratios of 30:1, 

15:1, 10:1, 1:1, and 1:5 [48]. 

4.4. pH 

Iron-binding capacity of milk-derived peptides and 

hydrolysates is notably affected by pH of the 

solution. Different pH levels can influence the 

charge distribution of these peptides, affecting their 

ability to chelate iron ions [22,36]. Certain pH 

ranges promote strong interactions between the 

peptides and iron, leading to the formation of stable 

complexes. El-Sayed et al. showed that the binding 

ability of WP to iron decreased by pH reduction 

[15]. In their opinion, it was due to the competition 

between hydrogen atoms and metal ions in protein 

binding. At low pH, the amino groups of protein are 

protonated, by which their tendency to cations 

decreases. A similar result was observed in the 

study of Singh Banjare et al. that used different pH (3, 

4, 5, 6, and 7) for complexation of spray-dried WPC-

iron. In their study, amount of bound iron in the 

complex increased at higher pH [12]. In agreement, 

Athira et al. said that acidification reduces the ability 

of peptides to bind iron, and neutral pH facilitates the 

chelation process [2]. Delshadian et al. [19] showed 

that CCPs have low solubility at acidic pH, through 

which lower iron bind to CPPs at low pH. Likewise, 

iron-binding capacity of β-Lg hydrolysates dimini-

shed considerably when pH increased or decreased 

beyond the appropriate range in study of Zhou et al. 

Indeed, neutral or near neutral pH (6.5-7) could 

improve the process of chelation. They concluded that 

complexation is related to ability of the ligands to 

provide electrons. On the one hand, the functional 

groups (i.e., COOH, CONH, and NH2) have negative 

charge as pH exceeds 7, that is appropriate to bind 

ferric ions. On the other hand, ferric solubility 

decreased at pH higher than 7 followed by binding 

capability reduction [22]. In summary, low pH reduces 

binding due to the competition between hydrogen and 

metal ion. In comparison, solubility of iron decreases 

at high pH. Therefore, neutral or near neutral pH 

would be appropriate for chelation.  

4.5. Ionic strength 

Ionic strength of solutions that is governed by 

concentration of salts can influence affinity of the 

peptides to iron [27]. High ionic strength may hinder 

or facilitate the binding process by altering the 

electrostatic interactions between the molecules 

[5,14]. Thus, optimizing the salts’ concentration is 

crucial to achieve optimum iron complexation. 

4.6. Temperature and time 

Temperature and duration of complexation process 

affect the rate and the extent of iron binding to the 

peptides. Higher temperatures may accelerate the 

reaction rate [48-49], while longer incubation time 

allows more interactions between the peptides and 

iron [2]. Finding the appropriate point of time and tem-

perature is essential to achieve optimum complex-

ation. 
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4.7. Type of enzyme  

Different enzymes can generate various peptides 

with different sequences, that may enhance or 

hinder iron binding [33]. Therefore, choose of 

appropriate enzyme is important to reach the best 

effectiveness in the process. Athira et al. reported 

that WP hydrolysates produced by alcalase had the 

most iron binding capacity than pancreatin, 

flavourzyme, esperase, neutrase, papain, pepsin, 

and trypsin [2]. In agreement, Zhou et al. found that 

the best iron binding capacity for β-Lg hydrolysates 

was achieved by alcalase rather than trypsin and 

neutrase [22]. To the contrary, Caetano-Silva et al. 

found that the fractions obtained by pancreatin from 

WP hydrolysate were superior to those obtained by 

alcalase and flavourzyme. They assumed that it 

might be due to endogenous enzymatic activity that 

released small amounts of large peptides and 

considerable amounts of di- and tripeptides, which 

are more absorbable than longer peptides [8]. Mia 

et al. reported that due to the considerable 

hydrolysis ability and similar situation in the 

organism, trypsin has strong ability to hydrolyze 

CN [21]. 

4.8. Interaction with other molecules 

Presence of other molecules such as minerals and 

polyphenols can impact on iron complexation. 

Some molecules may compete with the peptides for 

iron binding [5,36,50]. Understanding these inter-

actions is vital to assess the compatibility of various 

components and their impact on iron bioavai-

lability. 

5. Conclusion  

This article addressed the global problem of iron 

deficiency, that affects about 30% of the 

population. We reviewed the factors effective in 

iron absorption and highlighted the milk-derived 

peptides and hydrolysates to enhance iron uptake. 

Iron, essential element for health, has poor bioavai-

lability, particularly in plant-based foods due to its 

low solubility and presence of the inhibitors. 

Fortification of foods by bioavailable iron is a 

challenge. The scientists explored some techniques 

like encapsulation and chelation to enhance iron 

bioavailability and mitigate the associated problems. 

Peptides are promising candidate to improve iron 

absorption. Iron-binding peptides form stable 

complexes, prevent its precipitation, and enhance iron 

solubility. Thus, they are a potential route to solve the 

iron deficiency. The bioactive peptides derived from 

milk proteins such as CN and WP show various 

health-promoting activities like antihypertensive, 

antimicrobial, and immunostimulant effects. These 

peptides specially CPPs have strong iron-binding 

capability. Interaction between iron and the peptides 

occurs at different binding sites including terminal 

groups, side chains of amino acids (e.g., histidine, 

cysteine, and aspartic acid), and peptide bonds. 

Various conditions influence the iron-binding capacity 

of the milk-derived peptides and hydro-lysates. They 

include peptide structure, molecular mass, concent-

ration, pH, ionic strength, temperature, time, enzyme 

type, and interaction with other molecules. Under-

standing these intricacies offers valuable insight into 

development of effective strategies to enhance iron 

bioavailability, and mitigate iron deficiency-related 

concerns. Further research about exploration of other 

factors will undoubtedly contribute to better improve 

the effectiveness of iron fortification efforts. 

6.  Conflict of interest 

The authors declare that they have no conflict of 

interest. 

Reference 
1. Wu W, Yang Y, Sun N, Bao Z, Lin S. Food protein-

derived iron-chelating peptides: The binding mode and 

promotive effects of iron bioavailability. Food Research 

International. 2020; 131: 108976. 

https://doi.org/10.1016/j.foodres.2020.108976 

2. Athira S, Mann B, Sharma R, Pothuraju R, Bajaj R. 

Preparation and characterization of iron-chelating peptides 

from whey protein: An alternative approach for chemical 

iron fortification. Food Research International. 2021; 141: 

110133. 

https://doi.org/10.1016/j.foodres.2021.110133 

3. Mandecka A, Dąbrowska A, Bobak Ł, Szołtysik 

MJAS. Casein hydrolysate and casein–iron chelate as 

66 

https://doi.org/10.1016/j.foodres.2020.108976
https://doi.org/10.1016/j.foodres.2020.108976
https://doi.org/10.1016/j.foodres.2021.110133
https://doi.org/10.1016/j.foodres.2021.110133


Human, Health and Halal Metrics; 2023: 4(1) 

Iron fortification Valizadeh et al. 
 

 

natural bioactive compounds for yoghurt fortification. 

Applied Sciences. 2022; 12(24): 12903.  

https://doi.org/10.3390/app122412903 

4. Nakano T, Goto T, Nakaji T, Aoki T. Bioavailability 

of iron-fortified whey protein concentrate in iron-

deficient rats. Asian-Australasian Journal of Animal 

Sciences. 2007; 20(7): 1120-1126. 

https://doi.org/10.5713/ajas.2007.1120 

5. Cilla A, Perales S, Lagarda MJ, Barbera R, Farre R. 

Iron bioavailability in fortified fruit beverages using 

ferritin synthesis by Caco-2 cells. Journal of Agricultural 

and Food Chemistry. 2008; 56(18): 8699-8703. 

https://doi.org/10.1021/jf801671e 

6. Allen LH. Advantages and limitations of iron amino 

acid chelates as iron fortificants. Nutrition Reviews 

Journal. 2002; 60(suppl_7): 18-21. 

http://doi.org/ 10.1301/002966402320285047 

7. Wang X, Ai T, Meng X.L, Zhou J, Mao X.Y. In vitro 

iron absorption of α-lactalbumin hydrolysate-iron and β-

lactoglobulin hydrolysate-iron complexes. Journal of 

Dairy Science. 2014; 97(5): 2559-2566. 

http://dx.doi.org/10.3168/jds.2013-7461 

8. Caetano-Silva ME, Bertoldo-Pacheco MT, Paes-

Leme AF, Netto FM. Iron-binding peptides from whey 

protein hydrolysates: Evaluation, isolation and 

sequencing by LC–MS/MS. Food Research 

International. 2015; 71: 132-139. 

http://dx.doi.org/10.1016/j.foodres.2015.01.008 

9. Caetano-Silva ME, Barros Mariutti LR, Bragagnolo 

N, Bertoldo-Pacheco MT, Netto FM. Whey peptide-iron 

complexes increase the oxidative stability of oil-in-water 

emulsions in comparison to iron salts. Journal of 

Agricultural Food Chemistry. 2018; 66(8): 1981-1989. 

http://dx.doi.org/10.1021/acs.jafc.7b04873 

10. Sugiarto M, Ye A, Taylor MW, Singh H. Milk 

protein-iron complexes: Inhibition of lipid oxidation in 

an emulsion. Dairy Science and Technology. 2010; 

90(1): 87-98. 

http://dx.doi.org/10.1051/dst/2009053 

11. Banjare IS, Gandhi K, Sao K, Arora S, Pandey V. 

Physicochemical properties and oxidative stability of 

milk fortified with spray-dried whey protein concentrate-

iron complex and in vitro bioaccessibility of the added 

iron. Food Technology and Biotechnology. 2019; 57(1): 

48. 

https://doi.org/10.17113/ftb.57.01.19.5945 

12. Singh Banjare I, Gandhi K, Sao K, Sharma R. 

Spray-dried whey protein concentrate-iron complex: 

preparation and physicochemical characterization. Food 

Technology and Biotechnology. 2019; 57(3): 331-340. 

https://doi.org/10.17113/ftb.57.03.19.6228 

13. Caetano-Silva ME, Netto FM, Bertoldo-Pacheco MT, 

Alegría A, Cilla A. Peptide-metal complexes: Obtention 

and role in increasing bioavailability and decreasing the 

pro-oxidant effect of minerals. Critical Reviews in Food 

Science Nutrition). 2021; 61(9): 1470-1489. 

https://doi.org/10.1080/10408398.2020.1761770 

14. Caetano-Silva ME, Alves RC, Lucena GN, Frem RCG, 

Bertoldo-Pacheco MT, Lima-Pallone JA, et al. Synthesis of 

whey peptide-iron complexes: Influence of using different 

iron precursor compounds. Food Research International. 

2017; 101:73-81. 

http://dx.doi.org/10.1016/j.foodres.2017.08.056 

15. El-Sayed M, Hassan Z, Awad M, Salama H. Chitosan-

whey protein complex (cs-wp) as delivery systems to 

improve bioavailability of iron. International Journal of 

Applied and Pure Science and Agriculture. 2015; 1(11): 34-

46. 

http://doi.org/10.1016/j.ijbiomac.2019.05.153 

16. Yildiz F. Development and manufacture of yogurt and 

other functional dairy products: CRC press, 2016. 

17. García-Nebot MJ, Cilla A, Alegría A, Barberá R, 

Lagarda MJ, Clemente G. Effect of 

caseinophosphopeptides added to fruit beverages upon 

ferritin synthesis in Caco-2 cells. Food Chemistry. 2010; 

122(1): 92-97. 

http://doi.org/10.1016/j.foodchem.2010.02.021 

18. García-Nebot MJ, Barberá R, Alegría A. Iron and zinc 

bioavailability in Caco-2 cells: Influence of caseinophos-

phopeptides. Food Chemistry. 2013; 138(2-3): 1298-1303. 

http://doi.org/10.1016/j.foodchem.2012.10.113 

19. Delshadian Z, Mortazavian AM, Tabarzad M, Hosseini 

SM, Mohammadi R, Rouhi M. Optimisation of 

experimental conditions for binding of divalent iron to 

bioactive casein phosphopeptides. International Journal of 

Food Science and Technology. 2018; 53(3): 784-793. 

http://doi:10.1111/ijfs.13654     

20. Sun X, Sarteshnizi RA, Boachie RT, Okagu OD, 

Abioye RO, Pfeilsticker Neves R, et al. Peptide-mineral 

complexes: Understanding their chemical interactions, 

bioavailability, and potential application in mitigating 

micronutrient deficiency. Foods. 2020; 9(10): 1402.  

https://doi.org/10.3390/foods9101402 

21.  Miao J, Liao W, Pan Z, Wang Q, Duan S, Xiao S, et al. 

Isolation and identification of iron-chelating peptides from 

casein hydrolysates. Food and Function. 2019; 10(5): 2372-

2381. 

67 

https://doi.org/10.3390/app122412903
https://doi.org/10.5713/ajas.2007.1120
https://doi.org/10.1021/jf801671e
https://doi.org/10.1021/jf801671e
http://doi.org/%2010.1301/002966402320285047
http://dx.doi.org/10.3168/jds.2013-7461
http://dx.doi.org/10.3168/jds.2013-7461
http://dx.doi.org/10.1016/j.foodres.2015.01.008
http://dx.doi.org/10.1016/j.foodres.2015.01.008
http://dx.doi.org/10.1021/acs.jafc.7b04873
http://dx.doi.org/10.1051/dst/2009053
https://doi.org/10.17113/ftb.57.01.19.5945
https://doi.org/10.17113/ftb.57.01.19.5945
https://doi.org/10.17113/ftb.57.03.19.6228
https://doi.org/10.17113/ftb.57.03.19.6228
https://doi.org/10.1080/10408398.2020.1761770
https://doi.org/10.1080/10408398.2020.1761770
http://dx.doi.org/10.1016/j.foodres.2017.08.056
http://dx.doi.org/10.1016/j.foodres.2017.08.056
http://doi.org/10.1016/j.ijbiomac.2019.05.153
http://doi.org/10.1016/j.foodchem.2010.02.021
http://doi.org/10.1016/j.foodchem.2012.10.113
http://doi:10.1111/ijfs.13654
https://doi.org/10.3390/foods9101402


Human, Health and Halal Metrics; 2023: 4(1) 

Iron fortification Valizadeh et al. 
 

 

 http:// doi.org/ 10.1039/C8FO02414F 

22. Zhou J, Wang X, Ai T, Cheng X, Guo H, Teng G, et 

al. Preparation and characterization of β-lactoglobulin 

hydrolysate-iron complexes. Journal of Dairy Science. 

2012; 95(8): 4230-4236. 

http://doi.org/10.3168/jds.2011-5282 

23. Caetano-Silva ME, Cilla A, Bertoldo-Pacheco MT, 

Netto FM, Alegría A. Evaluation of in vitro iron 

bioavailability in free form and as whey peptide-iron 

complexes. Journal of Food Composition and Analysis. 

2018; 68: 95-100. 

http://doi.org/10.1016/j.jfca.2017.03.010 

24. Eckert E, Lu L, Unsworth LD, Chen L, Xie J, Xu R. 

Biophysical and in vitro absorption studies of iron 

chelating peptide from barley proteins. Journal of 

Functional Foods. 2016; 25: 291-301. 

http://doi.org/10.1016/j.jff.2016.06.011 

25. Walters ME, Esfandi R, Tsopmo A. Potential of 

food hydrolyzed proteins and peptides to chelate iron or 

calcium and enhance their absorption. Foods. 2018; 

7(10): 172. 

http://doi.org/10.3390/foods7100172 

26. Chaud MV, Izumi C, Nahaal Z, Shuhama T, Bianchi 

MDLP, Freitas ODJJOA, et al. Iron derivatives from 

casein hydrolysates as a potential source in the treatment 

of iron deficiency. Journal of Agricultural and Food 

Chemistry. 2002; 50(4): 871-877. 

https://doi.org/10.1021/jf0111312 

27. Smialowska A, Matia-Merino L, Carr AJJODS. 

Assessing the iron chelation capacity of goat casein 

digest isolates. Journal of Dairy Science. 2017; 100(4): 

2553-2563. 

https://doi.org/10.3168/jds.2016-12090 

28. Kibangou IB, Bouhallab S, Henry G, Bureau F, 

Allouche S, Blais A, et al. Milk proteins and iron 

absorption: contrasting effects of different 

caseinophosphopeptides. 2005; 58(4): 731-734. 

https://doi.org/ 10.1203/01.PDR.0000180555.27710.46 

29. Bouhallab S, Cinga V, Aít-Oukhatar N, Bureau F, 

Neuville D, Arhan P, et al. Influence of various 

phosphopeptides of caseins on iron absorption. Journal 

of Agricultural and Food Chemistry. 2002; 50(24): 7127-

7130. 

https://doi.org/10.1021/jf025554v 

30. Etcheverry P, Miller DD, Glahn RPJTJon. A low-

molecular-weight factor in human milk whey promotes 

iron uptake by Caco-2 cells. The Journal of Nutrition. 

2004; 134(1): 93-98. 

https://doi.org/10.1093/jn/134.1.93 

31. Jeong EW, Park GR, Kim J, Baek Y, Go GW, Lee 

HGJF. Whey proteins-fortified milk with adjusted casein to 

whey proteins ratio improved muscle strength and 

endurance exercise capacity without lean mass accretion in 

rats. Foods. 2022; 11(4): 574. 

https://doi.org/10.3390/foods11040574 

32. Layman DK, Lönnerdal B, Fernstrom JDJNR. 

Applications for α-lactalbumin in human nutrition. 

Nutrition Reviews. 2018; 76(6): 444-460.  

https://doi.org/ 10.1093/nutrit/nuy004 

33. Kim SB, Seo IS, Khan MA, Ki KS, Nam MS, Kim 

HSJIDJ. Separation of iron-binding protein from whey 

through enzymatic hydrolysis. International Dairy Journal. 

2007; 17(6): 625-631. 

https://doi.org/10.1016/j.idairyj.2006.09.001 

34. Swaisgood HE. Chemistry of the caseins. In: Fox PF, 

McSweeney PLH. (eds.) Advanced dairy chemistry- 

proteins. Springer. Boston, USA. 2003. 

https://doi.org/10.1007/978-1-4419-8602-3_3 

35. Rehan F, Ahemad N, Gupta MJC, Biointerfaces SB. 

Casein nanomicelle as an emerging biomaterial-A 

comprehensive review. Colloids and Surfaces B: 

Biointerfaces. 2019; 179: 280-292. 

https://doi.org/10.1016/j.colsurfb.2019.03.051 

36. Walters ME, Esfandi R, Tsopmo A. Potential of food 

hydrolyzed proteins and peptides to chelate iron or calcium 

and enhance their absorption. Foods. 2018; 7(10): 172. 

https://doi.org/10.3390/foods7100172 

37. Rafiq S, Huma N, Pasha I, Sameen A, Mukhtar O, 

Khan MI. Chemical composition, nitrogen fractions and 

amino acids profile of milk from different animal species. 

Asian-Australasian Journal of Animal Sciences. 2016; 

29(7): 1022-1028. 

https://doi.org/10.5713/ajas.15.0452 

38. Meyer S, Schäfer L, Röhrig J, Maheshwari G, Most E, 

Zorn H, et al. Supplementation of sulfur-containing amino 

acids or essential amino acids does not reverse the hepatic 

lipid-lowering effect of a protein-rich insect meal in obese 

zucker rats. Nutrients. 2020; 12(4): 987. 

http://doi.org/10.3390/nu12040987 

39. Aît-Oukhatar N, Bouhallab S, Arhan P, Maubois JL, 

Drosdowsky M, Bouglé D. Iron tissue storage and 

hemoglobin levels of deficient rats repleted with iron bound 

to the caseinophosphopeptide 1-25 of β-casein. Journal of 

Agricultural and Food. 1999; 47(7): 2786-2790. 

https://doi.org/10.1021/jf981018k 

40. Gandhi K, Gautam PB, Kumar K, Sharma R, Mann B. 

Physico-chemical characteristics of biscuits fortified with 

whey protein concentrate-iron sulphate (WPC–FeSO4) 

68 

http://doi.org/10.3168/jds.2011-5282
http://doi.org/10.1016/j.jfca.2017.03.010
http://doi.org/10.1016/j.jff.2016.06.011
http://doi.org/10.3390/foods7100172
https://pubs.acs.org/jafc
https://pubs.acs.org/jafc
https://doi.org/10.1021/jf0111312
https://www.sciencedirect.com/journal/journal-of-dairy-science
https://doi.org/10.3168/jds.2016-12090
https://doi.org/10.1021/jf025554v
https://www.sciencedirect.com/journal/the-journal-of-nutrition
https://doi.org/10.1093/jn/134.1.93
https://doi.org/10.1016/j.idairyj.2006.09.001
https://doi.org/10.1016/j.idairyj.2006.09.001
https://doi.org/10.1016/j.colsurfb.2019.03.051
https://doi.org/10.3390/foods7100172
https://doi.org/10.5713/ajas.15.0452
https://doi.org/10.3390%2Fnu12040987
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Dominique++Bougl%C3%A9


Human, Health and Halal Metrics; 2023: 4(1) 

Iron fortification Valizadeh et al. 
 

 

complex. Journal of Food Measurement and Characteri-

zation. 2021; 15(3): 2831-2841. 

http://doi.org/10.1007/s11694-021-00869-y 

41. Sun N, Cui P, Jin Z, Wu H, Wang Y, Lin S. 

Contributions of molecular size, charge distribution, and 

specific amino acids to the iron-binding capacity of sea 

cucumber (Stichopus japonicus) ovum hydrolysates. 

Food Chemistry. 2017; 230: 627-636. 

https://doi.org/10.1016/j.foodchem.2017.03.077 

42. Nongonierma AB, O’Keeffe MB, FitzGerald RJ. 

Milk protein hydrolysates and bioactive peptides. In: 

McSweeney P, O'Mahony J. (eds.). Advanced dairy 

chemistry. Springer. New York. 2016. 

https://doi.org/10.1007/978-1-4939-2800-2_15 

43. Vegarud GE, Langsrud T, Svenning CJBJON. 

Mineral-binding milk proteins and peptides; occurrence, 

biochemical and technological characteristics. British 

Journal of Nutrition. 2000; 84(S1): 91-98. 

https://doi.org/10.1017/S0007114500002300  

44. Tavares GM, Croguennec T, Carvalho AF, 

Bouhallab SJTIFS. Milk proteins as encapsulation 

devices and delivery vehicles: applications and trends. 

Food Science and Technology. 2014; 37(1): 5-20. 

http://dx.doi.org/10.1016/j.tifs.2014.02.008 

45. de la Hoz L, da Silva VSN, Morgano MA, Pacheco 

MTB. Small peptides from enzymatic whey 

hydrolyzates increase dialyzable iron. International 

Dairy Journal. 2014; 38(2): 145-147. 

http://doi.org/10.1016/j.idairyj.2013.12.009 

46.  O’Loughlin IB, Kelly PM, Murray BA, FitzGerald 

RJ, Brodkorb A. Molecular characterization of whey 

protein hydrolysate fractions with ferrous chelating and 

enhanced iron solubility capabilities. Journal of 

Agricultural and Food Chemistry. 2015; 63(10): 2708-

2714. 

https://doi.org/10.1021/jf505817a  

47. Liu W, Zhao M, Li S, Ahn DU, Chen N, Huang 

XJJOFF. Advances in preparation and bioactivity of 

phosvitin phosphopeptides. Journal of Future Foods. 

2022; 2(3): 213-222. 

https://doi.org/10.1016/j.jfutfo.2022.06.003 

48. Wang X, Li M, Li M, Mao X, Zhou J, Ren FJIJOFS, 

et al. Preparation and characteristics of yak casein 

hydrolysate-iron complex. International Journal of Food 

Science and Technology. 2011; 46(8): 1705-1710. 

http://doi.org/10.1111/j.1365-2621.2011.02672.x 

49. Ball D, Key J. Introductory chemistry- 1st Canadian 

Edition. Victoria, B.C.: BC campus. 2014. 

50. López MAA, Martos FC. Iron availability: an updated 

review. International Journal of Food Sciences and 

Nutrition. 2004; 55(8): 597-606. 

https://doi.org/10.1080/09637480500085820 

51. Shilpashree B, Arora S, Kapila S, Sharma V. 

Physicochemical characterization of mineral (iron/zinc) 

bound caseinate and their mineral uptake in Caco-2 cells. 

Food Chemistry. 2018; 257: 101-111. 

http://doi.org/10.1016/j.foodchem.2018.02.157 

52. Shilpashree B, Arora S, Kapila S, Sharma V. Whey 

protein-iron or zinc complexation decreases pro-oxidant 

activity of iron and increases iron and zinc bioavailability. 

LWT- Food Science and Technology. 2020; 126: 109287. 

https://doi.org/10.1016/j.lwt.2020.109287 

53. Henare SJ, Singh NN, Ellis AM, Moughan PJ, 

Thompson AK, Walczyk T. Iron bioavailability of a casein-

based iron fortificant compared with that of ferrous sulfate 

in whole milk: A randomized trial with a crossover design 

in adult women. The American Journal of Clinical 

Nutrition. 2019; 110(6): 1362-1369. 

http://doi.org/10.1093/ajcn/nqz237 

54. Shilpashree B, Arora S, Sharma V, Singh A. 

Preparation of succinylated sodium caseinate-iron complex 

by adopting ultrafiltration technology: A novel food 

fortificant. Innovative Food Science and Emerging 

Technologies. 2015; 32: 165-171. 

http://doi.org/10.1016/j.ifset.2015.09.020 

55. Gandhi K, Devi S, Gautam PB, Sharma R, Mann B, 

Ranvir S, et al. Enhanced bioavailability of iron from spray 

dried whey protein concentrate-iron (WPC-Fe) complex in 

anaemic and weaning conditions. Journal of Functional 

Foods. 2019; 58: 275-281. 

http://doi.org/10.1016/j.jff.2019.05.008 

69 

http://doi.org/10.1007/s11694-021-00869-y
https://doi.org/10.1016/j.foodchem.2017.03.077
https://doi.org/10.1017/S0007114500002300
http://doi.org/10.1016/j.idairyj.2013.12.009
https://doi.org/10.3168/jds.2016-12090
https://doi.org/10.1080/09637480500085820
https://doi.org/10.1080/09637480500085820
http://doi.org/10.1016/j.foodchem.2018.02.157
https://doi.org/10.1016/j.lwt.2020.109287
http://doi.org/10.1093/ajcn/nqz237
http://doi.org/10.1016/j.ifset.2015.09.020
http://doi.org/10.1016/j.jff.2019.05.008

