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Propositions 

1. Fe(III)-nucleotide salts are innovative iron fortificants for savoury foods. 
(this thesis) 

 

2. Reactivity of iron compounds is influenced by more than just their individual 
water solubilities. 

(this thesis)  
 

3. The food labelling information of micronutrients in meat analogues is misleading 
for consumers. 

(Based on: Mayer Labba et al., Nutrients, 2022; 19: 3903) 
 

4. Dehorning of cattle contradicts the basic principles of the animal welfare law. 
(Based on: Menke et al., in Animal health and welfare in organic agriculture, 2004; 

163-180 and Wet dieren; https://wetten.overheid.nl/BWBR0030250/2022-12-
22) 

 
5. Sharing layperson summaries of all scientific research output improves science 

communication.  
 

6. Improved menstrual education for all empowers society to benefit from better 
time management throughout the menstrual cycle. 

 
7. To ’let food be thy medicine’ a ‘fork to pharm(a)’ strategy is required. 
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Abstract 
Food fortified with iron can effectively reduce the global prevalence of iron 
deficiency. However, when food is fortified with iron, its colour and the bioavailability 
of iron can be compromised by the reactivity of iron with phenolics. This research 
aimed to create insights into the chemistry of iron-phenolic interactions at the 
molecular level and to explore strategies to limit iron-phenolic mediated 
discolouration of fortified foods.  
 
For the design of iron-fortified food products, it is important to understand the main 

factors that affect discolouration mediated by iron-phenolic interactions. To study 
this, a fractional factorial design was implemented. We concluded that the main 

factors affecting discolouration mediated by Fe(III)-catechol complexation were the 
type of iron salt, pH, and temperature. We created an integrated approach to unravel, 
for the first time, the combined contribution of three different iron-flavonoid 
interactions (i.e. complexation, oxidation, and the formation of networks) to 
discolouration in aqueous solution. Presence of the C2–C3 double bond in 
combination with the catechol B-ring (i.e. 3ʹ–4ʹ site) and either the 4-carbonyl or 3-
hydroxyl group increased the intensity of discolouration, the extent of flavonoid 
oxidation, and the formation of metal-phenolic networks. We also investigated the 

effect of (acylated) 7-O-apiosylglucosyl substitution of naturally present flavones on 
the interaction with iron. The 7-O-apiosylglucosyl moiety led to increased 
discolouration for flavones possessing solely the 4-5 site, whereas a decrease in 
discolouration was observed for flavones with an additional 3 ′-4′ site. Overall, the least 
discolouration was observed at low pH, for poorly water soluble phenolics without a 
catechol group, and when using a water insoluble iron salt.  
 
To limit the discolouration mediated by iron-phenolic interactions, we designed water 

insoluble iron salts and compared these to the currently used ferric pyrophosphate 

(Fe4PP3). First, we synthesised mixed Ca-Fe(III) pyrophosphate salts with the general 
formula Ca2(1-x)Fe4x(P2O7)(1+2x) and 0 ≤ x ≤ 1. The pH-dependent iron dissolution in 
aqueous model systems could be tuned by changing the x-value and was up to four 
times higher at gastric pH (i.e. improved bio-accessibility) and up to eight times lower 
at food pH (i.e. decreased reactivity) for the mixed salts with x ≤ 0.18, compared to 
Fe4PP3. Second, we synthesised Fe(III) salts with the taste enhancers inosine 
monophosphate (IMP) and guanosine monophosphate (GMP). The Fe2IMP3 and 
Fe2GMP3 salts were even more soluble at gastric pH and less soluble at food pH than 
the Ca-Fe(III) pyrophosphate salts. It was found in model phenolic systems at food pH 
that the colour changes for the Ca2(1-x)Fe4x(P2O7)(1+2x) salts with x ≤ 0.18 and for the 

Fe2IMP3 and Fe2GMP3 salts remained acceptable for slightly water soluble and 
insoluble phenolics. We conclude that these newly designed Fe(III) salts can 
potentially serve as iron fortificants for food due to their increased iron solubility at 
gastric pH and decreased iron-phenolic reactivity at food pH. 
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Food fortification to counter iron deficiency 

• 
Iron chemistry 

• 
Phenolics in fortified foods 

• 
Chemistry underlying iron-phenolic interactions 

• 
Iron fortification strategies to limit iron-phenolic interactions 

• 
Aim and outline of the thesis 
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1.1. Food fortification to counter iron deficiency 
Current societal challenges are to fight hunger and combat all forms of (micronutrient) 
malnutrition, of which iron deficiency is one of the most prevalent forms. Iron 
fortification of food is an effective solution to counter iron deficiency. However, 
fortification of food with iron is challenging due to the reactivity of the iron ions with 
food ingredients (e.g. lipids, phenolics). Iron initiates lipid (per)oxidation and hereby 
induces rancidity. Additionally, iron-phenolic interactions in foods that contain plant 
material compromise product colour and impair the bioavailability of iron. The iron 
fortification compounds with the best bioavailability tend to be most reactive with the 

food matrix, leading to undesirable sensory changes of the product. In this thesis, we 
specifically focus on iron-phenolic interactions. Systematic knowledge of iron-

phenolic chemistry and the main factors that influence iron-phenolic interactions and 
the resulting discolouration is lacking. This hampers the quest for strategies to 
optimise the design of stable iron-fortified foods. This thesis aims to create insights 
into the chemistry of iron-phenolic interactions at the molecular level and to explore 
strategies to limit iron-phenolic mediated discolouration. 

1.1.1. Iron deficiency and anaemia 

Iron is an essential micronutrient and a deficit of iron in the human body impairs health 

and quality of life. A deficit of iron causes fatigue and weakness, and results in poor 
work productivity and difficulty concentrating. [1] Iron deficiency is defined as a 
decrease of total iron in the body, whereas iron deficiency anaemia occurs when iron 
deficiency is so severe that haemoglobin is no longer produced.[1-3] Anaemia is 
defined by low levels of haemoglobin resulting in a lack of healthy red blood cells to 

deliver oxygen to the body’s tissues. In addition to severe iron deficiency, anaemia 
can also be caused by other micronutrient deficits, immune disorders, 
hemoglobinopathies, or chronic-, gynaecological-, and infectious diseases. However, 
iron deficiency is the main cause of anaemia worldwide and accounts for at least half 

of the anaemia prevalence.[1,4]  

Anaemia is a global health problem, affecting one quarter of the world’s population. [5,6] 
The prevalence of anaemia differs per region and population group, and has the 
highest burden in women of reproductive age and children, especially in low- and 
middle-income countries.[4,7] The prevalence of anaemia in women aged 15-49 is 
depicted in Fig. 1.1. The distribution of anaemia per region is similar for children but 
the total prevalence is even more severe. In total 40 % of the children (6-59 months) 
suffer from anaemia versus 30 % of women (15-49 years).[7] Iron deficiency anaemia in 
women and children leads to increased maternal mortality, premature delivery, and 

increased infant mortality. [9] The importance of micronutrients for children’s health is 
underlined by the statement of Henrietta Fore from UNICEF: “Although micronutrients 

may be micro, they are mighty for the world’s children”.[10] 
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Figure 1.1. Overview of the prevalence (%) of anaemia in women of reproductive age (aged 15-

49), n.a. data not available. Data extracted from the WHO Global anaemia estimates, 2021 

edition.[8] Iron deficiency is the main cause of anaemia worldwide and accounts for at least half 

of the anaemia prevalence.[1,4]  

Iron deficiency has multiple causes, amongst which poverty and malnutrition are the 
main causes in low- and middle-income countries. In high-income countries, well-

known causes of iron deficiency are malabsorption, chronic blood loss during 
menstruation, and strict vegan and vegetarian diets. [1,11,12] 

The global nutrition target set by WHO in 2014, which is also one of the targets of the 
zero hunger sustainable development goal set by the UN, is to achieve a 50 % 
reduction of anaemia in women of reproductive age by 2025. [13] However, the global 
prevalence of anaemia has not decreased since 2014 and even showed a slight 

increase (26.6 % vs. 27.3 %).[8,14] Economic, food, and health system disruptions caused 

by the COVID-19 pandemic, and the energy and food insecurity due to the war in 
Ukraine will lead to a continuing increase in malnutrition and anaemia globally. [15,16] 

Food fortification is one of the promising solutions to combat this growing burden of 
malnutrition. 

1.1.2. Preventing iron deficiency through fortification of foods 

The four main strategies to combat iron deficiency are supplementation (e.g. pills, 
capsules, syrups), dietary diversification, biofortification (i.e. improving the nutritional 
quality of food crops), and food fortification with iron. [9,17] Of these four, food 

fortification offers the most cost-effective approach to deliver iron to the global 
population.[5,18-20] Food fortification is the addition of one or more essential nutrients 
to food, aiming to prevent or correct a nutrient deficiency. [5,9] Flour, sugar, and dairy 
products have traditionally been used as a vehicle for fortification. Additionally, 
condiments and seasonings, such as salts, bouillon cubes, soy sauce, curry, flavoured 
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salts, and flavouring agents such as monosodium glutamate, have also been 

investigated and/or implemented as fortification vehicles.[21] These food stuffs are 
suitable fortification vehicles as they are consumed on regular basis in adequate 
amounts, as well as being widely available and affordable.[5,19,22] Bouillon cubes in 
particular are a promising fortification vehicle as they reach large populations. [22-25] 
Additionally, tea has also been investigated as a fortification vehicle as it is one of the 
most consumed beverages in the world. [26]  

1.1.3. The two types of dietary iron 

In the diet, two types of iron can be distinguished: haem iron and non-haem iron. Haem 

iron originates from haemoglobin and myoglobin and is only present in animal-based 
sources, whereas non-haem iron is present in both vegetable and animal sources.[27,28] 
The iron uptake from the two types of iron is different.[29] Non-haem iron absorption 
occurs via the divalent metal transporter (DMT1) which is located at the proximal part 

of the duodenum and upper jejunum. Divalent (ferrous) iron can be transported 
directly and trivalent (ferric) iron is first reduced to the ferrous form by an enzyme and 
then transported by DMT1. [29,30] The absorption of haem iron is to date still poorly 
understood.[31] Generally, haem iron is better absorbed by the body (15-35 % absorbed) 
than non-haem iron (3-20 % absorbed), and dietary factors have less effect on its 

absorption.[5,32,33] Haem iron is, however, less suitable for fortification because of its 
limited availability and affordability, its dark red to black colour, and its animal origin.[34] 
Therefore, non-haem iron is mainly used for food fortification as it is cheap and easily 
available. Unfortunately, iron from these non-haem iron sources can have a negative 
impact on the sensory properties of the fortified product.  

1.1.4. Challenges in iron fortification of foods 

Iron is a highly challenging micronutrient for food fortification from the dietary 

perspective because the levels of added iron as fortificant should be regulated, and 
from the technological perspective because iron is so reactive.[35]  

Dietary challenges 
The levels of iron to fortify food should be carefully balanced to ensure that 
consumers receive the necessary amounts of iron while minimising the risk of 
excessive iron intake.[36] Iron catalyses a series of reactions (e.g. the Fenton reaction) 
in the body that result in the formation of reactive oxygen species (ROS).[37] Thereby, 
excess levels of iron in the body can be toxic and may promote cancer, 
gastrointestinal distress, and cardiovascular diseases, and are linked to increased 
morbidity.[12,20] An additional complicating factor is that an excess of iron can also 

increase the severity of malaria infection. [38,39] Malaria is especially prevalent in low- 

and middle-income countries where iron fortification is most needed, thus warranting 
extra care in dosing iron to avoid excessive intake in these countries.[40] It is 
challenging to ensure adequate iron levels due to the narrow range between the 
recommended intake (5-8 mg/day for children, 6-7 mg/day for adults) and the 
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maximum allowed intake for iron (40-45 mg/day for children, 45 mg/day for 

adults).[36,41]  

Additionally, other compounds present in the food may increase or decrease iron 
absorption, especially from non-haem iron. The main dietary enhancers for non-haem 
iron absorption are ascorbic acid and animal tissues (e.g. beef, chicken, fish, pork, and 
lamb).[35,42] The nature of the enhancing effect of animal tissue is unclear but thought 
to be protein related, and is not related to the haem that is present in the animal 
tissue.[43,44] Inhibitors for iron absorption are phytic acid and phenolics. These 
substances can form complexes with iron that are insoluble in the gut and therefore 

poorly absorbed.[3,45] An excess of calcium (> 40 mg) in an iron containing meal can 
also lead to decreased absorption of non-haem iron.[46] Calcium acts as a non-
competitive inhibitor of iron transport with the DMT1. [47,48] 

Commercially fortified foods usually provide 15-30 % of the recommended iron intake 
per serving.[49,50] It is also recommended that the fortification level is adjusted for the 

relative bioavailability of the iron compound. [36,50] The effect of the food matrix on 
absorption should also be considered as differences in iron absorption, depending on 
the food matrix (i.e. bouillon, or a meal prepared from this bouillon), have previously 

been reported.[23,51]  

Technological challenges 
Ideally, the sensory properties of a product ( i.e. appearance, odour, taste, and texture) 
are not changed by iron fortification. However, iron fortification may cause 
unacceptable sensory changes due to rancidity as it initiates lipid (per)oxidation, 
undesirable colour changes, and metallic aftertaste.[52] The adverse effect of iron 
fortification on the sensory properties of food results in poor acceptance of the 
fortified product by consumers. [35,53] The undesirable colour changes and lipid 

(per)oxidation induced rancidity are the main factors limiting the successful 

introduction of iron-fortified foods to the market. The focus of this study is on the 
undesirable colour changes that are introduced upon iron fortification.  

The main mechanism described for colour change in fortified foods is the 
complexation of iron to phenolics, resulting in blue or black products. [54-56] An 
additional disadvantage, besides the discolouration caused by these iron-phenolic 
complexes, is the fact that these complexes are generally poorly soluble. [3,45] The 
absorption of (non-haem) iron from these complexes can be reduced up to 90 %, 
although the extent of reduction depends on the phenolic backbone and quantity.[57-

59] Moreover, the oxidation of the phenolic and/or iron may also result in brown or red
colour formation. To ensure the acceptance of fortified products and the
bioavailability of iron, it is important to prevent the formation of strongly coloured
products and/or insoluble iron-phenolic complexes. Consequently, the chemistry
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underlying the formation of these coloured iron-phenolic interaction products should 

be understood and potential strategies to prevent its formation should be explored.   

1.2. Iron chemistry 
Iron is a chemical element with atomic number 26 and an atomic weight of 55.85. The 
four naturally occurring iron isotopes are Fe56 (91.8 %), Fe54 (5.8 %), Fe57 (2.1 %), and Fe58

(0.3 %).[60] The electronic configuration of iron in the metal (0) oxidation state is [Ar] 

3d64s2. The most common oxidation states of iron in nature and used for food 
fortification are 2+ (i.e. the ferrous form, Fe(II); [Ar] 3d6) and 3+ (i.e. the ferric form, Fe(III); 
[Ar] 3d5).[52] The unpaired electrons in the 3d-orbitals give rise to the magnetic 

properties of iron, the spin state, and the reactivity of iron. Iron, in its native form, 
rapidly reacts with oxygen to form iron oxides, or with water or moist air to form iron 
hydrolysis products (text box 1.1).[61]  

Iron can be octahedrally coordinated (i.e. coordinated to six atoms) to O2-, OH- or H2O 
resulting in the formation of oxides and hydroxides.[60,62] The species of iron that are 
present in an aqueous solution are dependent on pH and the redox potential (Eh) of 
the environment (Fig. 1.2A). At higher Eh Fe(II) oxidises to Fe(III). Fe(II) also oxidises to 
Fe(III) at higher pH to form insoluble iron (hydr)oxide species (i.e. Fe2O3 or Fe(OH)3).[62] 
Initially, these (hydr)oxide species are yellow, but due to polymerisation a red 
precipitate is formed in time (Fig. 1.2B).[62-64]  

As mentioned in section 1.1.3, iron exists in haem and non-haem forms that differ in 
their absorption, but also in their chemical structure and behaviour. In haem iron, iron 
is contained within the porphyrin ring structure (Fig. 1.2C). The Fe(II) contained in or 
bound to the porphyrin ring shows reduced (oxidative) reactivity. Non-haem iron (both 
as inorganic or organic iron compounds) is present in the diet as either the Fe(II) or 
Fe(III) form. Non-haem iron includes iron salts, iron in low-molecular-weight 
complexes, ferritin, and in catalytic sites of enzymes. [27,69]  

Text box 1.1. Iron hydrolysis 

When the iron ion is dissolved in water it will form aqua complexes [Fe(H2O)6]3+ 

and [Fe(H2O)6]2+. In aqueous media, the iron aqua complexes can undergo 

subsequent hydrolysis reactions that are represented by the following equation: 
[Fe(𝐻2O)𝑛]𝑧+  +  𝐻2𝑂 ⇄  [Fe(𝐻2O)𝑛−1(𝑂𝐻)](𝑧−1)+ + 𝐻3𝑂+ 
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Figure 1.2. (A) Pourbaix (Eh-pH) diagram for iron, the diagram was produced using Geochemist’s 

Workbench (Edition 17.0; Loga Fe2+ = -6). *In a dry environment mainly oxides are formed. #In a 

humid environment mainly hydroxides are formed.[52,65-67] Aqueous species are indicated by (aq) 

and solid species by (s). The dashed lines indicate the boundaries for oxidation and reduction of 

water. (B) The polymerisation of Fe2O3 to polynuclear species (Fe orange, O red) adapted from 

Erlebach et al.[68] the arrow indicates the colour change from yellow to red due to 

polymerisation. (C) The structure of haem and non-haem iron. 

1.3. Phenolics in fortified foods 
Phenolic compounds are characterised by their structure, which contains at least one 

benzene ring substituted with one or more hydroxyl groups. Phenolics are secondary 

plant metabolites that are ubiquitous in vegetables, herbs, and fruits and are therefore 

present in many foods. In nature, more than 8,000 phenolics exist that are classified 
as (iso)flavonoids and non-flavonoids, the last group of which includes phenolic acids, 

lignans, and stilbenes. [70,71] Savoury concentrates (e.g. bouillon cubes, soy sauce) and 

tea are examples of potential fortification vehicles that are rich in phenolic 

compounds (Fig. 1.3).  

The main herbs and spices that are generally present in bouillon cubes are parsley, 

celery, and turmeric which contain phenolic compounds of the flavone (e.g. apigenin 

and luteolin) and curcuminoid (e.g. curcumin) subclasses.[72,73] Soy sauce is especially 

rich in isoflavones, such as genistein. [75] Green tea leaves mainly contain catechins 
which belong to the flavanol subclass but also contain some flavonols such as 

quercetin.[76] Black tea phenolics are a mixture of dimeric, oligomeric, and polymeric 

oxidation products of flavanols. [77] In nature, substitution of the phenolic backbone, 

e.g. by hydroxylation, methylation, methoxylation, acylation, glycosylation, or

prenylation yields diverse phenolic structures with widely varying properties. [78] For
example, glycosylation of phenolic compounds reduces their reactivity and enhances

their solubility in water. [70,79,80]
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Figure 1.3. Chart indicating the phenolic content and composition of four potential fortification 

vehicles. The phenolic contents were obtained and calculated based on data from King et al., 

Yashin et al., Haytowitz et al., and Fukutake et al.[72-75] Examples of phenolics belonging to the 

curcuminoid, flavone, flavanol, flavonol, and isoflavone subclasses are shown on the right.  

1.4. Chemistry underlying iron-phenolic interactions 
To date, the chemical interactions between iron and phenolics, which include complex 
formation and redox processes, and the resulting discolouration, have not been fully 
elucidated.[81]  

1.4.1. Formation of iron-phenolic coordination complexes 

Iron has rich coordination chemistry and, as both Fe(II) and Fe(III) contain unfilled d-
orbitals, it can form octahedral complexes with a large number of ligands. [52,62,82,83] 

These coordination complexes, where a coordinate bond (i.e. dative covalent bond) is 
formed between a metal and ligand, are also known as Lewis acid-base complexes. 
Here, a Lewis acid is defined as a species that has empty orbitals and can accept an 
electron pair (electrophile), whereas a Lewis base is a species that can donate a lone 
electron pair (nucleophile). In these complexes, the bases react with acids to share an 

electron pair without a change in oxidation number. Lewis acids and bases are 
classified as being soft, borderline, or hard, based on their ionic radius, orbital energy, 
electronegativity, and polarisability.[84] According to the concept of hard and soft acids 
and bases (HSAB), hard acids prefer to coordinate hard bases and soft acids prefer to 

coordinate soft bases.[85,86] In this study, we work with iron as metal and phenolics as 
ligands. Fe(II) is a borderline acid and therefore favours coordination to borderline 
Lewis bases such as nitrogen and sulphur.[86] Fe(III) is a hard Lewis acid, that favours 
coordination to hard Lewis bases such as oxygen, hydroxide, water, phosphate, and 
sulphate. The phenolate group of phenolics is particularly favoured as a coordination 
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site for hard Lewis acids as it is electron-rich and can therefore easily donate 

electrons to Fe(III).[52,81,84,85] 

Phenolics, especially those that possess two hydroxyl groups in the ortho position (i.e. 
ortho-diphenolic; catechol), often coordinate iron in a bidentate fashion, meaning that 
one phenolic can form two coordinate bonds with a single iron (Fig. 1.4A).[87] The 
bidentate coordination of phenolics to Fe(III) results in the formation of stable 
chelation complexes.[87] However, the catecholate group is not a prerequisite for Fe(III) 
complexation to phenolics, as Fe(III) can also coordinate to other oxygen containing 
groups of phenolic compounds. The complexation of phenolics to Fe(II) in presence 

of molecular oxygen (O2) is followed by fast auto-oxidation to Fe(III) because of the 
higher stability of the Fe(III)-phenolic complex (Fig. 1.4A).[88,89]  

Figure 1.4. (A) Coordination of Fe(II) by phenolics and one of the proposed mechanisms for 

auto-oxidation generating the Fe(III)-phenolic complex.[88] (B) The stoichiometry of iron-

phenolic complexes with iron to phenolic ratios of 1:1, 1:2, and 1:3 as influenced by pH. The 

mixed hydroxo species (OH(2)) for the 1:1 and 1:2 complex are indicated in grey. (C) Multiple iron 

complexation sites of quercetin. (D) Complexation of Fe(III) to curcumin. 

The pH strongly influences the complexation of iron to phenolics because it affects 

the deprotonation of phenolics and the hydrolytic processes of iron. At elevated pH, 
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when the hydroxyl group is deprotonated, the anionic phenolates coordinate to the 

cationic iron. Typically, the pKa of phenolics is 9-10.[81] However, in presence of iron, 
the deprotonated state of the phenolic is stabilised and thermodynamically more 
favourable, leading to a decrease of the apparent pKa to 5-8.[87,90] Iron can coordinate 
up to three catecholate groups, creating an octahedral geometry around the iron 
centre (Fig. 1.4B).[81] The stoichiometry of the iron-phenolic complexes is dependent 
on the ratio of iron and phenolic, the concentration of iron and phenolic, phenolic  
structure, solvent, and pH. [81,91] The formation of mixed hydroxo complexes in an 
aqueous solution is also an option for Fe(III)-phenolic complexes with 1:1 or 1:2 iron to 
phenolic stoichiometry (Fig. 1.4B).[92,93] Some phenolics, for example, the ones 

belonging to the flavonoid subclass, possess multiple iron chelation sites and can 
coordinate multiple Fe(III) ions (Fig. 1.4C).[94] Additionally, Fe(III) can also form stable, 
dark-coloured, complexes with the diketone group of curcumin (Fig. 1.4D).[95,96] 

Coordination-driven network formation of iron and phenolics 
More recently it has been reported that metal-phenolic complexation can also lead to 
the formation of self-assembled supramolecular network structures. These so-called 
metal-phenolic networks (MPNs) are formed as a result of the coordination-driven 
cross-linking of metals and phenolics. [97,98] For example, the formation of such 

networks has been reported for the combination of Fe(III) with phenolics with multiple 
chelation sites (e.g. tannic acid).[97,99-101] The formation of metal-phenolic networks on 
the surface of solid substrates (e.g. polystyrene) has also been demonstrated for 
flavonoids.[98,102] It has not yet been investigated whether Fe(III) can also form these 
networks with dietary phenolics in aqueous food model solutions in absence of these 
substrates. MPNs are less straight forward to analyse compared to the mononuclear 
iron-phenolic complexes due to the complexity of their structure, larger molecular 
size, and the poor solubility of the networks. Thus, the structural requirements for the 
formation of MPNs of dietary phenolics with iron and its possible effect on 

discolouration and solubility in iron-fortified food are still unknown.  

Stability of iron-phenolic complexes 
The stability of iron-phenolic complexes is governed by two aspects; thermodynamic 
and kinetic stabilities. In general, the terms stable and unstable relate to 
thermodynamic stability. The thermodynamic stability of these complexes refers to 
the tendency of the complex to exist under equilibrium conditions. Complexation 
equilibria of metals and ligands in an aqueous solution, excluding the aquo ions, can 
be described by equation 1.1, in which M is the metal ion (e.g. iron), and L is the ligand 
type involved (e.g. phenolic), n represents the number of ligands, and MLn is the 

complex.[103] The expression of the overall stability constant, β, is defined by equation 

1.2, in this expression the square brackets denote the concentration. 
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(Eq. 1.1) 

(Eq. 1.2) 

It has been observed that the addition of ligands to the metal centre in solution occurs 
step-by-step as defined by the stepwise stability constant, Kn (equations 1.3 and 

1.4).[103] The overall stability constant (β) is the product of the stepwise stability 

constants (βn = K1K2K3…Kn). 

(Eq. 1.3) 

(Eq. 1.4) 

A higher Log β value indicates a more stable complex between the metal and ligand. 

If the value of Log β is more than 8, the complex is considered thermodynamically 

stable.[104] The formed complexes of phenolics with Fe(III ) have Log β values > 40 and 

are thermodynamically very stable (Table 1.1).[105] For comparison, complexes of Fe(III) 

with the popular chelating agent EDTA have Log β values of 25.[81,106,107] The fact that 

phenolics stabilise Fe(III) over Fe(II), as indicated in Fig. 1.4A, is also reflected by the 
higher stability constants of the Fe(III) complexes compared to the Fe(II) complexes 
(Table 1.1).[81] It is important to note that the stability of a metal complex is dependent 
on several factors and the solution conditions (e.g. pH, temperature, ionic strength).  

Table 1.1. Reported stability constants for catechol and selected food phenolics with Fe(II) and 

Fe(III). Note: the stability of the complex is dependent on the solution conditions (e.g. pH, 

temperature, ionic strength). 
Phenolic Iron Log β Log K1 Log K2 Log K3 Reference 

Catechol Fe(II) 13.5 7.9 5.6 - [107]

Fe(II) - 8.4 - - [110]

Fe(III) 43.7 20.0 14.7 9.0 [106]

Catechin Fe(III) 47.4 21.8 15.7 9.9 [54]

Curcumin Fe(III) 41.4 - - - [111]

Quercetin Fe(II) 13.3 9.4 3.9 - [112]

Fe(III) 44.2 - - - [92]

The stability constants of complexes provide insights into the strength of the 
complexation and can be used to perform speciation modelling. With the speciation 
modelling of metal-ligand complexes, the concentrations of metal-ligand species can 
be predicted over a pH range in solution. Although iron-phenolic complexation has 

long been studied, only a few stability constants have been reported and the 
determination of constants for poorly water soluble or water insoluble iron-phenolic 
complexes is difficult.[108,109] 
The kinetic stability of iron-phenolic complexes has also been explored previously. 
Thermodynamically stable complexes are not necessarily kinetically stable. Kinetic 
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stability is classified as labile or inert and is based on how fast a metal coordinates to 

the ligand. Metal complexes that react within 1 min are classified as labile complexes 
as they undergo rapid ligand substitution. Iron-phenolic complexation is fast (< 1 
min),[113,114] indicating that the complexes are kinetically labile. [115] The lability of the 
complexes indicates that the exchange of the phenolic coordinate bond with other 
ligands (e.g. water or EDTA) can occur. Overall, iron-phenolic complexes are 
thermodynamically stable and kinetically labile, which is a common relationship for 
metal complexes.[105]  

1.4.2. Analytical challenge of iron-phenolic complexes: solving the 

insoluble 

The analysis of iron-phenolic complexes is complicated due to the insoluble nature 
of many complexes and hydrolytic processes in aqueous solutions. Additionally, the 
lability of the complexes can cause exchange or continuation reactions before or 
during analysis. In this section, we provide an overview of the most common methods 
used to analyse iron-phenolic complexes. Table 1.2 provides an overview of 
previously reported analyses of iron complexes with the main phenolics that are 
present in fortification vehicles (Fig. 1.3), i.e. apigenin, (epi)catechin, curcumin, 
genistein, luteolin, and quercetin. Quercetin has been most widely investigated due 

to its ubiquity in nature. Only a few studies have investigated multiple phenolic 
(sub)classes and compared the effect of the structural variation on their iron 
complexing ability. Water is the preferred solvent for analysis because we are 
interested in iron-phenolic complexes in food products. However, due to their limited 
water solubility, most of the iron-phenolic complexes of interest have been studied in 
organic solvents and only few studies have investigated iron-phenolic complexation 
in aqueous solution.  

It is known that the presence of water molecules or other solvent molecules can have 

a strong influence on the structure of the formed (mixed hydroxo) complex, and its 
colour and stability.[116-119] In studies in which measurements have been performed in 
an aqueous solution or mixed solvent system, buffer compounds have been used to 
set the pH. However, it is often overlooked that buffer compounds can interfere with 
the complexation reaction.[120,121] Phosphates in particular demonstrate strong 
complexing ability with iron. [122,123] Additionally, most studies did not investigate the 
full pH range that is relevant for food products (3-7), gastric (1-3), and intestinal (6-8) 
conditions.  
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Table 1.2. Overview of the analysed iron-phenolic complexes, the solvent used for analysis, its 

pH, and the characterisation methods.  
Phenolica Solventb pH Characterisation Methodc Ref. 

Cat Water 2, 4, 6, 8 UV-Vis, colourimeter [26,55,124]

Curc Methanol 1-9 UV-Vis, FT-IR [125-128]

Curc Methanol-Water 1.5-7 
UV-Vis, FT-IR, Raman, potentiometry, 
1H-NMR 

[129,130]

Curc Ethanol-Water 3.5-5.7 UV-Vis, ESI-MS, MALDI-TOF-MS [111,131,132]

Curc Propylene glycol-Water n.d. UV-Vis, MS, FT-IR [95]

Lut Ethanol 5.6 UV-Vis, FT-IR, ESI-MS [133]

Lut Hot water (90°C) n.d. ESI-MS [134]

Lut Water and Ethanol n.d. Potentiometry, UV-Vis [135]

Quer Methanol n.d. UV-Vis, ESI-MS, 1H-NMR, FT-IR, DFT, EPR [119,136-140]

Quer Methanol-Water 2-12 ESI-MS, UV-Vis, EPR [114,141-144]

Quer Dioxane-Water n.d. UV-Vis, potentiometry [112]

Quer Water 4 - 11 
UV-Vis, potentiometry, 1H-NMR, 13C-
NMR 

[92,145]

Cat, Quer 
(DMSO-)phosphate 
buffer 

7.2-7.4 UV-Vis, microcalorimetry [113,144,146]

Cat, Quer MES buffer 6 UV-Vis [88]

Cat, Quer (DMF-)acetate buffer 3 - 8 UV-Vis [57,141,147]

Cat, Lut, Quer 
Methanol-Water (0.1 % 
acetic acid) 

< 5.5 ESI-MS [148,149]

Api, Cat, Lut, Quer 
DMSO-acetate, DMSO-
HEPES 

4.5, 5.5, 
6.8, 7.5 

Ferrozine assay [150]

Api, Cat, Gen, Lut, 
Quer 

Acetate buffer, MOPS 
buffer 

5.5, 7.4 UV-Vis [148]

a Api: apigenin; Cat: (epi)catechin; Curc: curcumin; Gen: genistein Lut: luteolin; Quer: quercetin 
b DMSO: dimethyl sulfoxide; MES: 2-morpholin-4-ylethanesulfonic acid; DMF: dimethylformamide; MOPS: 3-(morpholin-4-
yl)propane-1-sulfonic acid; HEPES: 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid 
c UV-Vis: ultraviolet-visible spectroscopy; MS: mass spectrometry; ESI-MS: electrospray ionisation ion trap mass 
spectrometry; NMR: nuclear magnetic resonance spectroscopy; FT-IR: Fourier transform infrared spectroscopy; DFT: 
density functional theory; EPR: electron paramagnetic resonance spectroscopy 

The studies from Table 1.2 indicated different stoichiometry, complex stability, 
phenolic oxidation, and colour of the phenolics with iron, depending on the oxidation 
state of iron, used solvent, pH, and analytical method. The various characterisation 
methods each provide specific information regarding the concentration, speciation, 
binding sites, molecular mass, or colour of the complex. In Table 1.3 we provide an 
overview of the commonly used analytical techniques for the structural 

characterisation of iron-phenolic complexes, including the principle of the technique, 
the specific features it analyses, and the main drawbacks.  This overview offers 
guidelines on which technique to employ for answering certain research questions. 
The required analysis time and state of the sample (e.g. solid, aqueous) are included 
as well.  

Conventional techniques to obtain stability constants and to determine the 
stoichiometry of complexes in solution are potentiometry and spectrophotometry 
(UV-Vis). However, these techniques only provide indirect information about the 

stoichiometry and number of species (e.g. ML, ML2, etc) formed, as the obtained data 
is often treated by speciation models where certain assumptions are made to obtain 
a model with the best fit. [152,164,165] 

references Table 1.3: Potentiometry [151-153] ; UV-Vis: [81,121,154] ; NMR [130,140,144,155] ; ESI-MS [148,152,156,157]; FTIR [158,159]; MALDI-TOF [111,160-162] ; DFT [111,118,119,145,163]



GENERAL INTRODUCTION

15 

T
a

b
le

 1
.3

. 
C

o
m

m
o

n
 a

n
a

ly
ti

ca
l m

e
th

o
d

s 
fo

r 
th

e
 s

tr
u

ct
u

ra
l c

h
a

ra
ct

e
ri

sa
ti

o
n

 o
f 

co
o

rd
in

a
ti

o
n

 c
o

m
p

le
xe

s.
 

C
h

ar
ac

te
ri

sa
ti

o
n

 
M

e
th

o
d

 
P

o
te

n
ti

o
m

et
ry

 
U

V
-V

is
a

1 H
-N

M
R

, 1
3 C

-N
M

R
b

 
ES

I-
M

Sc
FT

-I
R

 o
r 

R
am

an
d

 
M

A
LD

I-
TO

F-
M

Se
 

D
FT

f 

M
ai

n
 p

ri
n

ci
p

le
 

D
et

er
m

in
at

io
n

 o
f 

st
ab

ili
ty

 c
o

n
st

an
ts

 b
y 

m
ea

su
re

m
en

t 
o

f 
p

H
 

u
p

o
n

 t
it

ra
ti

o
n

 o
f 

b
as

e.
 T

h
e 

co
m

p
et

it
io

n
 o

f 
lig

an
d

 f
o

r 
H

+  
an

d
 

m
et

al
 is

 m
ea

su
re

d
. 

U
V

-V
is

 a
b

so
rp

ti
o

n
 

p
ro

vi
d

es
 in

si
gh

t 
in

 
el

ec
tr

o
n

ic
 

tr
an

si
ti

o
n

s 
o

f 
p

ar
en

t 
co

m
p

o
u

n
d

 a
n

d
 

ch
an

ge
s 

u
p

o
n

 m
et

al
 

co
m

p
le

xa
ti

o
n

 (
e.

g
. 

π
→

π
*  

o
r 

π
→

d
π
).

U
p

o
n

 c
o

m
p

le
xa

ti
o

n
 

ch
em

ic
al

 s
h

if
ts

 o
f 

p
ro

to
n

s 
an

d
 c

ar
b

o
n

s 
o

f 
th

e 
p

ar
en

t 
co

m
p

o
u

n
d

 a
re

 
in

d
ic

at
iv

e 
fo

r 
w

h
er

e 
th

e 
m

e
ta

l b
in

d
s.

 

M
as

s 
sp

ec
tr

a 
p

ro
vi

d
e 

in
si

gh
t 

in
 

th
e 

st
o

ic
h

io
m

e
tr

y 
o

f 
a 

co
m

p
le

x 
an

d
 in

 t
h

e 
p

re
fe

rr
ed

 b
in

d
in

g 
si

te
. 

M
et

al
 c

o
m

p
le

xa
ti

o
n

 
af

fe
ct

s 
th

e 
vi

b
ra

ti
o

n
al

 e
n

er
gy

 o
f 

sp
ec

if
ic

 b
o

n
d

s 
in

 t
h

e 
p

ar
en

t 
co

m
p

o
u

n
d

, 
p

ro
vi

d
in

g 
in

si
gh

t 
in

 
p

re
fe

rr
ed

 b
in

d
in

g 
si

te
. 

M
as

s 
sp

ec
tr

a 
p

ro
vi

d
e 

in
si

gh
t 

in
 

th
e

 m
o

le
cu

la
r 

m
as

s 
an

d
 s

to
ic

h
io

m
et

ry
 o

f 
co

m
p

le
xe

s 
in

 s
o

lid
 

st
at

e.
 

C
o

m
p

u
ta

ti
o

n
al

 
te

ch
n

iq
u

e 
to

 p
re

d
ic

t 
m

o
le

cu
la

r 
st

ru
ct

u
re

, 
vi

b
ra

ti
o

n
al

 
fr

eq
u

en
ci

es
, a

n
d

 
el

ec
tr

ic
 a

n
d

 
m

ag
n

et
ic

 p
ro

p
er

ti
es

 

St
ab

ili
ty

 c
o

n
st

an
ts

 
✓

 
✓

 
✓

 
✓

 
✕

 
✕

 
✓

 

St
o

ic
h

io
m

e
tr

y 
✓

 
✓

 
✕

 
✓

 
✕

 
✓

 
✓

 

B
in

d
in

g 
si

te
 

✕
 

✓
 

✓
 

✓
 

✓
 

✕
 

✓
 

M
o

le
cu

la
r 

w
e

ig
h

t 
✕

 
✕

 
✕

 
✓

 
✕

 
✓

 
✓

 

C
o

lo
u

r 
✕

 
✓

 
✕

 
✕

 
✕

 
✕

 
✕

 

St
at

e
 

(A
q

u
eo

u
s)

 S
o

lu
ti

o
n

 
So

lu
ti

o
n

 
So

lu
ti

o
n

 
So

lu
ti

o
n

/G
as

 
Li

q
u

id
, s

o
lid

, g
as

 
So

lid
 

V
ac

u
u

m
, S

o
lv

en
t 

A
n

al
ys

is
 t

im
e

 
3-

2
4 

h
o

u
rs

< 
1 

m
in

 
< 

1 
h

o
u

r 
< 

30
 m

in
 

< 
1

0
 m

in
 

< 
1

0
 m

in
 

H
o

u
rs

 

D
ra

w
b

ac
ks

 
• 

In
d

ir
ec

t 
in

fo
rm

at
io

n
 o

n
ly

 b
y 

tr
ea

tm
en

t 
o

f 
th

e 
d

at
a 

w
it

h
 m

o
d

el
s 

u
si

n
g 

sp
ec

if
ic

 
so

ft
w

ar
e 

p
ac

ka
ge

s.
  

• 
O

n
ly

 p
ro

vi
d

es
in

fo
rm

at
io

n
 a

b
o

u
t

th
e

 s
o

lu
b

le
 s

p
ec

ie
s.

 

• 
A

b
so

rp
ti

o
n

 s
p

ec
tr

a
in

fl
u

en
ce

d
 b

y 
so

lv
en

t 
an

d
 p

H
.

• 
D

et
er

m
in

at
io

n
 o

f
st

o
ic

h
io

m
et

ry
 a

n
d

b
in

d
in

g 
si

te
s 

o
n

ly
 

in
d

ir
ec

t 
(e

.g
. v

ia
m

o
d

el
lin

g 
w

it
h

 J
o

b
’s

m
et

h
o

d
).

  

• 
H

ig
h

 c
o

st
 o

f
d

eu
te

ra
te

d
 s

o
lv

en
ts

 
an

d
 t

h
e 

eq
u

ip
m

en
t.

 
• 

Th
e 

m
ag

n
et

ic
n

at
u

re
 o

f 
ir

o
n

 w
ill

 
n

eg
at

iv
e

ly
 a

ff
ec

t 
th

e 
si

gn
al

. 

• 
Io

n
is

at
io

n
 m

ay
 

ch
an

ge
 c

o
m

p
o

si
ti

o
n

 
o

f 
th

e 
co

m
p

le
x 

(e
.g

. 
b

y 
ad

d
it

io
n

 o
f 

so
lv

en
t 

m
o

le
cu

le
s 

o
r 

ad
d

u
ct

 f
o

rm
at

io
n

).
  

• 
Io

n
s 

ca
n

 u
n

d
er

go
re

ac
ti

o
n

s 
in

 t
h

e 
ga

s
p

h
as

e.
 

• 
W

at
er

 v
ap

o
r 

gi
ve

s
h

ig
h

 s
ig

n
al

, m
ak

in
g 

m
ea

su
re

m
en

t 
in

aq
u

eo
u

s 
so

lu
ti

o
n

m
o

re
 c

o
m

p
le

x.
 

• 
C

an
n

o
t 

d
is

ti
n

gu
is

h
in

d
iv

id
u

al
 s

p
ec

ie
s 

in
m

ix
tu

re
s.

 

•
Io

n
is

at
io

n
 m

ay
 

ch
an

ge
 c

o
m

p
o

si
ti

o
n

 
o

f 
th

e 
co

m
p

le
x 

• 
Se

le
ct

in
g 

th
e 

ri
gh

t 
m

at
ri

x 
ca

n
 b

e 
la

b
o

ri
o

u
s 

an
d

 is
an

al
yt

e 
d

ep
en

d
en

t.
 •

 Id
en

ti
fi

ca
ti

o
n

 o
f

LM
W

 s
p

ec
ie

s 
le

ss
re

lia
b

le
. 

• 
C

o
m

p
ar

is
o

n
 w

it
h

ex
p

er
im

en
ta

l d
at

a 
n

ee
d

ed
. 

• 
C

o
m

p
lic

at
io

n
s 

w
it

h
re

ac
ti

o
n

s 
in

 s
o

lu
ti

o
n

d
u

e 
to

 e
rr

o
rs

 w
it

h
so

lv
en

t 
m

o
d

el
lin

g.

R
ef

er
e

n
ce

 
[1

51
-1

53
]

[8
1,

 1
21

, 1
5

4]
[1

3
0,

 1
4

0,
 1

4
4,

 1
5

5]
 

[1
4

8,
 1

5
2

, 1
5

6,
 1

5
7]

[1
5

8,
 1

5
9]

 
[1

11
, 1

6
0-

1
62

]
[1

11
, 1

1
8,

 1
1

9,
 1

4
5,

 1
6

3]

a
 u

lt
ra

vi
o

le
t 

vi
si

b
le

 s
p

e
ct

ro
sc

o
p

y;
 b

 1
H

 n
u

cl
e

a
r 

m
a

gn
e

ti
c 

re
so

n
an

ce
, 

1
3
C

 n
u

cl
e

a
r 

m
a

gn
e

ti
c 

re
so

n
an

ce
; 

c 
e

le
ct

ro
sp

ra
y 

io
n

is
a

ti
o

n
 i

o
n

 t
ra

p
 m

a
ss

 s
p

e
ct

ro
m

e
tr

y;
 c 

Fo
u

ri
e

r 
tr

an
sf

o
rm

 i
n

fr
a

re
d

 
sp

e
ct

ro
sc

o
p

y 
o

r 
R

a
m

an
 s

p
e

ct
ro

sc
o

p
y;

 e
 m

a
tr

ix
 a

ss
is

te
d

 l
as

e
r 

d
e

so
rp

ti
o

n
 i

o
n

is
a

ti
o

n
 t

im
e

 o
f 

fl
ig

h
t 

m
a

ss
 s

p
e

ct
ro

m
e

tr
y;

 f  d
e

n
si

ty
 f

u
n

ct
io

n
a

l 
th

e
o

ry
 



CHAPTER 1 

16 

To obtain qualitative information about the complexes, additional information can be 

acquired by NMR, FT-IR, or Raman spectroscopy, or by ESI-MS and MALDI-TOF-MS. 
Most of these techniques require the complex to be in (aqueous) solution for 
characterisation, although some are suitable for analysis of insoluble complexes. 
Additionally, computational methods are widely used to study the structure of the 
formed complexes and to predict the IR and electronic spectroscopic properties. For 
the full characterisation of multiple structural features of iron-phenolic complexes 
and colour a combination of the methods mentioned in Table 1.3 is required.  

1.4.3. Oxidation of phenolics in presence of iron 

Complex formation between Fe(III) and phenolics can be followed by an electron 
transfer (ET) from the phenolic to iron.[143,166,167] In this process, Fe(III) is reduced to 
Fe(II) and simultaneously the phenolic is oxidised. In the case of bidentate 
coordination to an ortho-diphenolic compound, a semiquinone-type radical is formed 

after the first ET and upon a second ET an ortho-quinone will be formed (Fig. 
1.5A).[87,168,169] Additionally, the oxidation of phenolics has been reported after 
monodentate coordination and under non-complexing conditions (e.g. low pH, in 
presence of chelating agents) via a reversible direct electron transfer from the 
phenolic to Fe(III), (Fig. 1.5B).[114,168,170] Both reactions depicted in Fig. 1.5 yield ortho-

quinones that are highly reactive and their continuation reactions can result in a 
plethora of reaction products.[71] 

Figure 1.5. Schematic representation of the oxidation of a phenolic to a semiquinone -type 

radical and eventually to a quinone in presence of Fe(III) via (A) electron transfer after bidentate 

complexation, adapted from Perron et al.,[81] or (B) direct electron transfer after monodentate 

coordination or in non-complexing conditions adapted from Hajji et al., Hynes et al., and 

Jameson et al.[114,168,170]  
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Most of the studies on iron-phenolic interactions have focussed primarily on the 

analysis of iron-phenolic complexes and only a few studies have separately assessed 
the iron-mediated oxidation of phenolics. [113,114,171] In those studies that have 
investigated iron-mediated oxidation of phenolics, it has been studied 
spectrophotometrically by use of UV-Vis. This method allows to determine the 
kinetics of the electron transfer reaction but does not allow identification and 
quantification of the reaction products that follow from continuation reactions of the 
ortho-quinones. Additionally, the corresponding mechanism for iron-mediated 
oxidation of the selected food phenolics that are of interest for the fortification vehicle 
(e.g. quercetin, luteolin, apigenin, catechin) is poorly documented. And so is the effect 

of iron-mediated oxidation of these selected phenolics and its products on colour. To 
obtain comprehensive insights into the oxidation of these phenolics by iron and its 
effect on colour, the reaction products should be identified and quantified. The 
identification of the oxidative degradation and oxidative coupling products can also 
be used to elucidate the iron-mediated oxidative mechanism of these phenolics. 

1.4.4. Colour changes as a result of iron-phenolic interactions 

Colour change by iron-phenolic complexation 
The UV-Vis absorption properties of phenolics in absence of metals are generally 

attributed to electronic transitions between the delocalised π-type molecular 

orbitals.[172,173] Complexation of Fe(III) to deprotonated phenolics leads to fast and 
intense discolouration and a bathochromic shift in the UV-Vis spectra.[54,55,124] These 

shifts are attributed to either π→π* transitions (Fig. 1.6A) or LMCT (π→dπ) transitions 

(Fig. 1.6B).[91,118,144]  

The π→π* transitions are a result of an electron that moves from the bonding π-orbitals 

in the highest occupied molecular orbital (HOMO) of the ligand to the antibonding π*-

orbitals in the lowest unoccupied molecular orbital (LUMO) of the ligand (Fig. 1.6C).[118] 

Bathochromic shifting of these π→π* transition bands upon Fe(III) complexation (Fig. 

1.6A) has been reported to be a result of an increase in the size of the conjugated 
system, resulting in a decrease in the energy gap between the HOMO and LUMO 

states.[118,121,141,174] The wavelength (λ) and energy gap (E) between the HOMO and 

LUMO are inversely related according to the Planck relation (𝐸 = ℎ𝑐/𝜆) (Fig. 1.6C). 

Fig. 1.6D depicts one likely general representation of the molecular orbital energy 
diagram for octahedral Fe(III) complexes and provides further information about the 
various ligand-to-metal charge transfer (LMCT) transitions on the molecular orbital 
level. On the left the metal d-orbitals (i.e. Fe(III)) are depicted, on the right the ligand 

orbitals, and in between the molecular orbitals for the complex. 
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Figure 1.6. (A) Bathochromic shifting of the phenolic π→π* transition absorption band from 

372 nm (yellow dotted line) to ~425 nm (solid line) in presence of Fe(III), demonstrated here for 

quercetin at pH 7.2 based on data extracted from Guo et al.[144] (B) Absorbance spectra of 

phenolic (yellow dotted line), in presence of Fe(III) the LMCT (π→dπ) transition band appears as 

a broad band with a maximum at 550-600 nm (blue line), demonstrated here for 

dihydroxybenzoic acid (DHBA) at pH 7.4 based on data extracted from Andjelković et al.[121] (C) 

Schematic overview of the π→π* transitions in phenolic ligands, complexation with Fe moves 

the HOMO and LUMO states closer in energy.[118] (D) Schematic molecular orbital energy 

diagram depicting possible ligand-to-metal charge transfer (LMCT) transitions for iron(III) in an 

octahedral environment of σ- and π-donor ligands, adapted from Reinen et al.[175] The π→d 

transitions are indicated in blue and the σ→d transitions in green. The main transition that has 

been reported to be responsible for the absorption in the visible region upon Fe(III)-phenolic 

complexation is the π→dπ transition indicated by the solid blue line.[54,176] 

When an octahedral transition metal complex is formed, the 3d-orbitals of the free 
iron split into different energy levels indicated by the t2g and eg-orbitals in Fig. 1.6D.[115] 
The three t2g-orbitals (i.e. dxy, dzy, dzx) have lower energy than the two eg-orbitals (i.e. 

dz2, dx2-y2). The ligand p-orbitals can form σ- and π-bonds (e.g. head-on overlap or 

lateral overlap of atomic orbitals). The bonding (σ and π) orbitals in the octahedral 

complex are lower in energy than the atomic orbitals because of the increased 
stability that is associated with the formation of the bond. [177] The main mechanism 
that has been reported for off-colour formation upon Fe(III)-phenolic complexation is 
LMCT with a (partial) transfer of electrons from the p-orbitals of the phenolics to the 

d-orbitals of Fe(III). In the octahedral complexes, π→d and σ→d transitions are

possible (Fig. 1.6D).[54,176] The π→dπ LMCT transition has the smallest energy difference

and the absorption in the visible region of Fe(III)-phenolic complexes is mostly

attributed to these π→dπ transitions.[175-178] Whereas, the σ→d transitions have a larger
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energy difference and are therefore generally not associated with absorption of 

visible light.  

These π→dπ transitions of Fe(III)-phenolic complexes result in the absorption of 

specific wavelengths and the formation of a broad absorbance band from 380-800 
nm (Fig. 1.6B).[54,121] Formation of a broad band is due to excitation of the electrons to 
various vibrational states. It has been demonstrated that Fe(II)-phenolic complexes 
display bands of higher frequency ( i.e. in the UV range) compared to Fe(III)-phenolic 
complexes and are typically not coloured.[110,179,180]  

Although the terms electron transfer and charge transfer are often used 
interchangeably, they are not the same process. [181,182] Electron transfer is the correct 
term for the process in which an electron is transferred from the ligand to the metal , 
thereby changing the oxidation states of both. Charge transfer (e.g. electron donor-
electron acceptor complex), on the other hand, is the process of transferring a fraction 
of the electronic charge between the ligand and metal ( i.e. partial charge transfer), 
providing stabilisation of the complex. [181]  

The λmax value of the LMCT depends on the structure of the phenolic and 

stoichiometry of the complex. Upon increasing the Fe(III)-phenolic stoichiometry from 

1:1 to 1:3, the LMCT band shifts to a lower wavelength. The energy gap between the 
p- and d-orbitals increases due to a decrease of Lewis acidity of the metal centre
upon substitution of water by ligand, leading to destabilisation of the d-orbitals.[54]

The π→π* and π→dπ transitions are sensitive to the coordination environment. 

Therefore, the colour of Fe(III)-phenolic complexes depends on the inherent 
properties of the ligand and external factors.[183] For both transitions, solvatochromism 

can occur, i.e. a change in the absorption spectra (λmax, intensity) in solvents of 

different polarity.[116,117]  

Colour change by phenolic oxidation 
Iron-induced electron transfer reactions, resulting in the reduction of Fe(III) to Fe(II) 
and oxidation of the phenolic, have been reported to result in the decomposition of 
the iron-phenolic complex and a decrease in colour at acidic pH (1-3).[56,167,168] 
However, continuation reactions of quinones can yield oxidative coupling or oxidative 
degradation products of the phenolics. Since most research on iron-mediated 

oxidation products thus far did not identify the oxidation products, it is unclear what 
the effect of these products is on the overall colour. Oxidative coupling of phenolics 

can lead to an extension of the conjugated system, which decreases the energy gap 
between the HOMO and LUMO orbitals and in this way can contribute to brown colour 
formation.[56,184] However, upon oxidative degradation, the size of the conjugated 
system of the phenolic may decrease, resulting in a decrease in colour. Additionally, 
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both types of oxidative reaction products may also form coloured complexes with 

Fe(III), although it is still unclear in what way this will  affect the colour.  

The combined contribution of complexation and oxidation on Fe(III)-phenolic 
mediated discolouration in food model systems has not previously been studied. In 
this thesis, we will investigate the chemistry underlying the formation of coloured 
Fe(III)-phenolic interaction products by use of model phenolic systems. The chosen 
model systems in this thesis mainly resemble the phenolics present in bouillon cubes 
as it is a promising iron fortification vehicle. Besides this, we have also investigated 
the water soluble tea phenolics as a model system, in order to expand the scope of 

phenolic structures beyond the water insoluble flavones and curcuminoids that are 
present in bouillon cubes . 

1.4.5. Factors affecting iron-phenolic interactions 

Iron-phenolic complexation and oxidation can be affected by the inherent properties 
of the ligand and by external factors. This section provides an overview of the effect 
of the individual factors that have been reported to affect iron-phenolic interactions 
and discolouration. Because the food production chain is a dynamic process, where 
multiple factors can change at the same time, further understanding of the interplay 

between these factors on iron-phenolic interaction and discolouration is required to 
improve the design of iron-fortified foods. 

Phenolic structure 
The ortho-diphenolic group (catechol motif) has been recognised as a good iron 
complexation site and is responsible for the iron-mediated discolouration of 

monomeric phenolics.[124] However, it is not a prerequisite for iron complexation and 
discolouration of phenolics. Fe(III) can also form stable, dark-coloured, complexes 
with the diketone group of curcumin.[95,96] The presence of more binding sites on 
flavonoids also increases iron complexation,[147,148,150] and possibly also influences 

discolouration. The effect of the presence of multiple iron coordination sites, as is the 
case for certain flavonoids, on colour in an aqueous solution remains unclear to date. 

As mentioned in section 1.3, phenolics in nature are often substituted to yield diverse 
structures.[78] The flavones in bouillon cubes, which originate from celery and parsley, 
are likely acylated and glycosylated at the O7 position.[185] Most studies investigating 
iron-phenolic interactions and discolouration have been performed with phenolic 
aglycones.[81,118,124,177] A few studies have compared the complexation ability of 
quercetin and its 3-O-glucoside rutin.[92,113,136,140,144] Presence of glucose at the O3 

position blocks the complexation of iron to the 3–4 binding site. No studies have been 
performed to date that investigate the effect of glycosylation on the O7 position, and 
the influence of other types of glycosyl residues besides glucose (e.g. hexose, 

pentose, furanose type monosaccharides and monosaccharide vs. disaccharide). The 
effect of additional acylation of these 7-O-glycosyl residues on the complexation of 
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flavones to iron has also not been investigated previously. The effect of acylation has 
only been investigated for the anthocyanin subclass of flavonoids.[186-188] 
Anthocyanins are not abundant in the aforementioned fortification vehicles. However, 
they are present as a supramolecular metal complex in planta and responsible for 

blue flower colour development.[186,187] In these highly associated complexes, 
acylation by an aromatic acid moiety (e.g. hydroxybenzoic, coumaric, caffeic acid) 

results in the stabilisation of the complex. The effect of acylation by simple acids (e.g. 
malonyl or acetyl) on iron interaction with simple phenolics has not been explored 
previously.  

External factors 
Several external factors influence iron-phenolic complexation, oxidation, and 
subsequent discolouration. The pH has a profound influence on iron-phenolic 
complexation and oxidation. The pH directly affects the deprotonation of the phenolic 
and the hydrolytic processes of the iron ion.[81,124] Especially, complexation and 
subsequent oxidation of iron-phenolic at pH 3-7 are important determinants of 

discolouration of iron-fortified foods. The effect of pH on the formation of coloured 
Fe(III)-catechol species (section 1.4.4) and Fe(III) hydroxides in aqueous solution is 
visualised in (Fig. 1.7).  

Figure 1.7. Predicted speciation diagram of a system containing 1 mM Fe(III) and 1 mM catechol, 

indicating the effect of increasing pH from 2 to 12. Visual MINTEQ (version 3.1) was used for the 

simulation. Catechol, Fe(III)-catechol, and Fe(III) hydrolysis species and stability constants (Log 

K) were obtained from the standard database in Visual MINTEQ 3.1 and were not fixed to a

constant ionic strength. The colours of the lines are for illustrative purposes only and are not

linked to the colour of the species. 
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For Fe(III)-catechol the 1:1 complex is formed at pH 2 and the stoichiometry increases 

to 1:2 and 1:3 upon increasing the pH. [54,189] This indicates that coloured Fe(III)-catechol 
complexes are present in the relevant pH range for food (3-7). Additionally, the 
presence of ferric hydroxides also increases over pH. The changing stoichiometry of 
the Fe(III)-catechol complex and the presence of Fe(III) hydroxides will lead to a 
change in colour upon an increase in pH. [124] If Fe(II) is used for fortification, the auto-
oxidation of Fe(II) to Fe(III) is also enhanced at higher pH, thereby favouring the 
formation of more stable and coloured Fe(III)-phenolic complexes.[62]  

The pH is also suggested to affect the Fe-mediated oxidation of the phenolic. It has 

been reported that at acidic pH (1-3), when iron is not coordinated to phenolics, the 
direct electron transfer reactions are fast. [56,167-169] At pH 7.4, no iron-induced oxidation 
of phenolics has been observed after 1 hour,[113,114] the effect over longer time and in 
absence of buffering compounds has not been reported. It has been suggested that, 
at neutral pH, the formation of a stable Fe(III) complex is favoured over electron 

transfer and oxidation. [56,87,170,171,190] The current studies on iron-phenolic interactions 
have not investigated the complexation and subsequent oxidation of phenolics with 
iron at pH 6.5, which is most relevant for savoury food.  

Temperature has also been reported to affect iron-phenolic interactions. An increase 
in temperature in the range of 15-45 °C leads to more complexation and 
discolouration.[191,192] However, one study reported that a further increase in 
temperature to 100 °C resulted in decreased iron-phenolic complexation and 
discolouration.[124] The Fe(III)-mediated oxidation rate of phenolics is suggested to 
strongly increase with increasing temperature (95 °C), similarly as for auto-oxidation 
of phenolics.[55,193]  

The presence of oxygen plays a key role in complexation, oxidation and 
discolouration. As mentioned in section 1.4.1 oxygen is required to auto-oxidise the 

colourless Fe(II)-phenolic complex to create the more stable coloured Fe(III)-phenolic 
complex.[124] Additionally, the presence of oxygen is linked to increased metal-

mediated oxidation of flavonoids. [87,194] 

The ionic strength is a factor that may differ widely, depending on the fortification 
vehicle. Electrostatic screening of the charges on iron and the phenolics by the 
counterions of salts (2 M NaCl) has been reported.[195] This electrostatic screening may 
lead to the destabilisation of metal-ligand complexes, resulting in an increased 
energy gap, and thus a shift of the LMCT band to lower wavelengths (hypsochromic 

shift).[196-198] Contrary to this, another study reports bathochromic shifting for metal-
ligand complexes upon increasing the salt concentration. [199] To date, no reports 
mention the effect of ionic strength on the LMCT transition of Fe(III)-phenolic 
complexes. Lastly, a positive correlation between the ionic strength (up to 2 M NaCl) 
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and Fe(III)-mediated oxidation rate of structures containing a catechol motif has been 

reported.[200]  
 
An overview of the aforementioned external factors on iron-phenolic complexation, 
oxidation, and discolouration is provided in Table 1.4. This overview indicates that the 
effect of some factors on iron-phenolic complexation, oxidation, and discolouration is 
unknown or unclear due to contradictory reports. Additionally, all of these studies 
have only investigated the effect of one factor at a time and the (combined) interaction 
effects of the factors have not been investigated. 
 

Table 1.4. Overview of the effect of the individual factors on iron-phenolic complexation, 

oxidation, and discolouration. + indicates a positive correlation; − indicates a negative 

correlation; ± indicates contradicting findings in literature; and n.d. that the effect is not 

determined to date.  
Factor Complexation Oxidation Discolouration Ref. 

pH + − + 
[56,81,87,124,167-171,190] 

Temperature ± + ± 
[54,55,124,191-193,201] 

Oxygen + + + 
[87,124,194] 

Ionic strength − + n.d. [196-200] 

Interplay of factors n.d. n.d. n.d.  

 
It remains unclear what the interplay between the aforementioned factors on iron-

phenolic interactions is and what factors are the main contributors to discolouration. 
It is important to understand this interplay because the external factors may change 
multiple times during the various steps in food production, storage, preparation, and 
consumption.  

The effect of macronutrients and other food ingredients 
The interactions between iron and phenolics can also be affected by macronutrients 
(i.e. carbohydrates, fat, and protein) or other ingredients in the fortification vehicle. The 

iron-phenolic complexes show much higher stability constants than complexes of iron 
with the other macronutrients.[107,202-205] Therefore, these macronutrients have been 
suggested to have no direct effect on iron-phenolic complexation. However, the 
currently used fortification vehicles may also contain taste enhancers (e.g. condiments 

and seasonings) that can affect iron-phenolic interactions. The presence of the taste 
enhancer monosodium glutamate (MSG) in an iron-fortified savoury food concentrate 
has previously been associated with significant negative effects on discolouration.[206] 
Other taste enhancers, the 5′-ribonucleotides, have also been identified to coordinate 
metals,[207-209] although the effect of iron complexation to nucleotides on iron-

phenolic interactions has not yet been investigated.  
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1.5. Iron fortification strategies to limit iron-phenolic 
interactions 

Based on the overview provided in Table 1.4, iron-phenolic mediated discolouration 
can be decreased by lowering the pH and avoiding oxygen. However, lowering the 
pH to prevent iron-phenolic complexation will introduce undesirable sensory changes 
(sourness).[55] Additionally, it is technically difficult and expensive to completely avoid 

oxygen from the food product upon production, storage, preparation, and 
consumption. In this section, several other strategies to limit undesirable iron-phenolic 
interactions whilst maintaining the sensory properties and iron bioavailability in iron-

fortified food will be discussed. 

1.5.1. Selection of iron compound 

A wide variety of iron salts exists, as the iron cation will form salts with almost all 
anions (e.g. chloride, sulphate, phosphate). [60] For food fortification, it is important to 
select a suitable food-grade iron compound (e.g. ferrous sulphate, ferric 
pyrophosphate).[210] It is preferred to select those iron compounds that possess the 
highest relative bioavailability, have minimal effect on the sensory properties of the 
food, and are affordable. Several iron compounds are currently used as fortificant and 
they are divided into four main categories: (i) water soluble, (ii) poorly water soluble 

but soluble in dilute acid, (iii) water insoluble and poorly soluble in dilute acid, and (iv) 
chelated iron compounds. The relative bioavailability, reactivity expressed as the 
colour change, and cost of one example iron compound per category are provided in 
Table 1.5.  
  

Table 1.5. Examples of commonly used iron compounds per category and their typical 

bioavailability, reactivity, and cost, based on data from Allen et al., Habeych et al., Douglas et 

al., Hurrel et al., and Wegmüller et al.[5,55,211-213] 
Iron compounds Bioavailabilitya Reactivityb Costc 

(i) Water soluble 
1 6-25 1 

Ferrous sulphate 
(ii) Poorly water soluble, soluble in dilute acid 

1 1-23 2 
Ferrous fumarate 

(iii) Water insoluble, poorly soluble in dilute 
acid 0.2-0.7 1-2 4 

Ferric pyrophosphate 
(iv) Chelated iron compounds 

2-3 3 13 
Sodium iron EDTA 

a Relative bioavailability compared to ferrous sulphate; b Reactivity of iron compound in condiments after two months 
storage expressed as average colour change (ΔE): no visually perceivable change (ΔE = 1-3); minor visually perceivable 
change (ΔE = 3-10); unacceptable visually observable change (ΔE > 10)[212,214]; c Relative cost per g iron compared to ferrous 

sulphate, n.b. cost in 2019 .[213]  

 
In general, the water soluble compounds (i) possess high bioavailability but are also 

the most reactive compounds. They are especially suitable for dry products and 
products with fast turnover. The compounds that are poorly soluble in water but 
soluble in dilute acid (ii) are soluble in gastric acids. Therefore, they display similar 
bioavailability as water soluble compounds but tend to be slightly less reactive 
because they are poorly soluble at the pH of food. The water insoluble compounds 



GENERAL INTRODUCTION

25 

that display poor solubility in dilute acid (iii) show reduced bioavailability, but are 

widely used in industry due to their lower reactivity and good price. Chelated iron 
compounds (iv) are compounds where iron is bound (in a bidentate fashion) to the 
ligand. These chelated iron compounds possess good bioavailability and are also less 
reactive, but the production of these compounds is expensive, making them less 
attractive for fortification due to their impact on the price of the product. Examples of 
chelated iron compounds are sodium iron EDTA, ferrous bisglycinate, and ferric 
ammonium citrate,[5] but also the more recently developed ferric phytate 
compounds,[24,25] and iron-casein complex.[215-217]  

None of the currently available iron fortificants is bioavailable, showing little reactivity, 
and available at low cost. Depending on the fortification vehicle and purpose, the most 
suitable iron compound should be selected.  

Current state-of-the-art iron fortificant for bouillon: ferric pyrophosphate 
Due to its decreased reactivity, affordable price, and white appearance, the preferred 
iron compound for bouillon cubes is the water insoluble, and poorly soluble in dilute 
acid ferric pyrophosphate [Fe4(P2O7)3; Fe4PP3].[5,218] Micronised or colloidal Fe4PP3 can 
be used for food fortification as the reduction in particle size to micro-scale or nano-

scale improves the solubility and bioavailability (Fig. 1.8).[218-222] However, sensory 
changes upon fortification of bouillon cubes and other foods by micronised Fe4PP3

may arise due to the increased solubility of micronised Fe4PP3.[5,206] In addition to 
micronisation, the addition of tetrasodium pyrophosphate [Na4P2O7; NaPP] has also 
been suggested to enhance iron bioavailability of Fe4PP3-fortified bouillon cubes,[23] 
but a follow-up study did not confirm these findings.[51] 

Another option to improve Fe4PP3 bioavailability is by incorporating secondary 

minerals in a mixed system (Fig. 1.8). An example of a natural mixed phosphate is 
anastasenkoite [CaFe(II)P2O7].[223] The addition of zinc in a mixed Fe(III) phosphate 

system has been proven to increase the iron bioavailability of iron in these 
compounds.[224-226] Additionally, the inclusion of a fifty-times excess of magnesium in 
a mixed Fe4PP3 system has been demonstrated to reduce its reactivity with phenolics 
compared to Fe4PP3.[227] Although magnesium and zinc metal cations can be used for 
this purpose, calcium is preferred due to its higher recommended intake and, 
consequently, less risk of overdosing. [36] Additionally, the doping of calcium on 
insoluble Fe(III)-oxide [Fe2O3] and Fe(III)-phosphate [FePO4] compounds has 

previously been shown to improve the solubility of iron in dilute acid and to improve 
the sensory properties of fortified foods. [225,228] It is unknown whether the 

incorporation of calcium in Fe4PP3 can yield compounds with low iron dissolution at 
food relevant pH, thereby decreasing reactivity, whilst maintaining or increasing 
solubility at gastric pH, and improving bioavailability. Additionally, the ideal 
composition of x in such a compound [Ca(II)2(1-x)Fe(III)4x(P2O7)(1+2x)] remains to be 
explored. Inclusion of a second metal in a mixed compound is preferred over 
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micronisation, as it is suggested to maintain the sensorial properties and provide 

bioavailable iron. 

Figure 1.8. Schematic representation of micronisation of Fe(III) pyrophosphate or the inclusion 

of divalent metal in the inorganic (pyro)phosphate matrix based on van Leeuwen et al. and 

Zimmermann and Hilty.[224,225,227]  

1.5.2. Other approaches to limit iron-phenolic mediated discolouration 

Reducing agents  

Fe(II) complexes with phenolics are colourless, therefore the addition of reducing 
agents is another potential strategy for iron fortification as it can reduce complexed 
Fe(III)-phenolics to Fe(II)-phenolics. One example of a reducing agent that has been 
widely investigated is ascorbic acid. Ascorbic acid addition has been demonstrated to 
prevent discolouration of Fe(III) in presence of phenolics (e.g. chlorogenic acid).[124] 
Additionally, ascorbic acid can reduce ortho-quinones back to their ortho-diphenolic 
precursors, thereby limiting oxidative browning. [229] Moreover, the presence of 
reducing agents, especially ascorbic acid, has been demonstrated to increase iron 
absorption in general,[19,35,124,230] either by reducing Fe(III) to Fe(II) thereby facilitating 

uptake via DMT1, or by the formation of a soluble iron-ascorbate complex with 

improved bioavailability. There are, however, some limitations to this approach. At pH 
5 the formation of coloured Fe(III)-phenolic complexes has been demonstrated to 
decrease in presence of ascorbate, but at pH 7 this is no longer the case. [177] At this 
pH, the discolouration can even increase because of the high solubility of the iron-
ascorbate complex. Also, the rapid oxidation of ascorbic acid to dehydroascorbic acid 
occurs in presence of Fe(III).[231-234] After depletion of ascorbic acid the discolouration 
will still occur. Additionally, presence of ascorbic acid can introduce sourness to the 
fortified food product.[55]  

Sulphite, cysteine, and glutathione are examples of sulphur-containing compounds 
that are mild reducing agents. One study reports prevention of Fe(III)-phenolic 
mediated discolouration by sodium bisulphite, although it is not indicated if this is a 
pH effect or due to reduction of Fe(III) to Fe(II). [124] The effect of cysteine and 
glutathione on Fe(III)-phenolic complexation has, to date, not been reported. It has 
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been reported that the addition of all three compounds can prevent the formation of 

coloured phenolic oxidation products via a reaction with ortho-quinones that are 
formed upon oxidation of ortho-diphenols.[235-237] This reaction leads to the formation 
of colourless addition products that cannot be further oxidised and do not participate 
in browning reactions.  

Competing ligands and competing metals 
The labile nature of the Fe(III)-phenolic complexes, allows the exchange of the dative 
bonds with other competing ligands or metals. A prerequisite for the competing ligand 
or metal to inhibit iron-phenolic interactions is that either it forms a more 

(thermodynamically) stable complex in the used pH range compared to the iron-
phenolic complex or that it is present in excess.[55]  

Acetate, citrate, and EDTA are examples of competing ligands that have previously 
been investigated in model systems with gallic acid and iron at pH 4.4. [55] In this pH 
range, all three chelating agents can (partially) prevent iron-phenolic mediated 
discolouration. At pH 7, which is more similar to the pH of bouillon cubes, EDTA is the 
most promising chelating agent when compared to citrate, glycine, and 

hexametaphosphate.[26,124] This is in line with the reported stability constants (Log β) 

of the ligands, which were respectively 25, 11, and 10 for EDTA, citrate, and glycine. [107] 
However, even when present in high excess ( i.e. 1:500 molar ratio iron:EDTA) it could 
not fully prevent the formation of the highly stable Fe(III)-phenolic complexes (Table 

1.1) at pH 7.[26] At pH 5, a 1:2 molar ratio iron:EDTA has been proven to be sufficient to 
fully prevent Fe(III)-phenol complex formation. This reveals the high dependency of 
this approach on pH.[26,238] Other drawbacks of this approach using EDTA are the high 
cost, the suggested interference with the absorption of other minerals, and the 
synthetic nature limiting consumer acceptance.[5] To improve consumer acceptance, 
it would be most suitable to choose a competing ligand that is already inherent to the 
fortification vehicle. In section 1.4.5 taste enhancers (MSG and 5′-ribonucleotides) 

were mentioned as ingredients that are present in the product and could potentially 
coordinate Fe(III). To test if these taste enhancers can act as competing ligands, the 
stability of Fe(III) taste enhancer complexes should be investigated.  

In addition to their reducing capacity, sulphur-containing compounds may also act as 
competing ligands for Fe(III)-phenolic complexation. Cysteine can form complexes 

with Fe(II) (Log β = 6.7) and Fe(III) (Log β = 10.9).[204] Taking into account the higher 

stability constants of Fe-phenolic complexes (Table 1.1), cysteine may be able to 
compete with Fe(II)-phenolic complexes or with Fe(III)-phenolic complexes when 

present in excess.[55] However, the effect of sulphur-containing compounds on 
competing for iron-phenolic complexation has not been explored to date. 

Another strategy is the use of competing metals that form complexes with phenolics 
such as Zn(II), Mg(II), or Ca(II). These metals do not show LMCT transitions in presence 
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of phenolics. For Zn(II) this is because the 3d-orbitals are filled and for Mg(II) and Ca(II) 

because they do not contain 3d-orbitals.[55,239] The major limiting factor of this 
approach is that the Fe(III) complexes with phenolics typically have higher stability 
constants compared to complexes with these divalent metals. [107,240] Complexes of 

catechol with Fe(III), Zn(II), Mg(II), and Ca(II) have Log β values of respectively 43.8, 9.9, 

5.7, and 3.4.[106,240] Therefore, the formation of the Fe(III)-phenolic complexes can only 

be hindered by adding an excess of these divalent metals, which may potentially lead 
to excessive intake and limitation of iron uptake by competing for the DMT1 
receptor.[29,46] 

1.6. Aim and outline of this thesis 
Iron fortification of foods is compromised by the reactivity of iron with phenolics, 
causing undesirable sensory changes in the fortified food. Systematic knowledge of 
iron-phenolic chemistry and the main factors that influence iron-phenolic interactions 
and the resulting discolouration in aqueous (food-like) systems is lacking. 
Furthermore, current strategies to limit iron reactivity in fortified foods are not yet 
sufficiently effective at preventing discolouration and typically involve the use of 
insoluble iron compounds that are also less bioavailable. Therefore, potential 
strategies to solve the balancing act of limiting reactivity and maximizing 

bioavailability should be identified and developed. The main aims of this thesis are: (i) 
to obtain insights into the chemistry of iron-phenolic interactions at the molecular 
level, and (ii) to explore strategies to limit the iron-phenolic mediated discolouration. 
A visual outline of this thesis is depicted in Fig. 1.9.  

In part I of this thesis (Chapters 2, 3, and 4) we obtained a better understanding of the 
molecular interactions between iron and phenolics in aqueous model systems. In 
Chapter 2 we studied the main factors and two-way interactions that contributed to 

food discolouration caused by iron-catechol complexation by the implementation of 

a three-level fractional factorial design. In Chapter 3 we assessed the effect of the 
structural features of ten different flavonoids on discolouration caused by 
complexation, oxidation, and the formation of metal-phenolic networks. The work 
described in this chapter provides insight into the reactivity of iron with flavonoid 
aglycons. However, in nature and food products, the majority of flavonoids are 
glycosylated. Therefore, we have also purified nine differentially (acylated) flavone 
glycosides in Chapter 4 and comprehensively investigated the effect of (acylated) 7-
O-apiosylglucose substitution of flavones on their interaction with iron.
In part II of this thesis (Chapters 5, 6, and 7), we explored potential strategies to limit
discolouration caused by iron-phenolic interactions. In Chapter 5 we examined

whether the incorporation of calcium in a mixed calcium-iron(III) pyrophosphate
results in pH-dependent dissolution (i.e. increased dissolution at gastric pH (1-3) and
decreased dissolution at food pH (3-7)), and what the ideal composition of such a salt
would be. Additionally, the work presented in Chapter 6 aimed to establish how these
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newly developed calcium-iron(III) pyrophosphate salts react with a set of structurally 

diverse phenolics. In Chapter 7 we investigated the interaction of Fe(III) with taste 
enhancers that are present in food and explored the potential of these interactions to 
be exploited for synthesis of iron compounds with improved pH-dependent 
dissolution behaviour and decreased reactivity with poorly soluble phenolics. The 
most important outcomes of this research are put in perspective and discussed in a 
broader context in Chapter 8.  

Figure 1.9. Visual outline of this thesis. Chemical insights into the iron-phenolic interactions are 

described in part I in Chapter 2, 3, and 4. Strategies to limit iron-phenolic interactions are 

explored in part II in Chapter 5, 6, and 7. 
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Abstract 

Fortification of food with iron is considered to be an effective approach to 

counter the global health problem caused by iron deficiency. However, 

reactivity of iron with the catechol moiety of food phenolics leads to 

discolouration and impairs bioavailability. In this study, we investigated 

the interplay between intrinsic and extrinsic factors on food discolouration 

caused by iron-catechol complexation. To this end, a three-level fractional 

factorial design was implemented. Absorbance spectra were analysed 

using statistical methods, including PCA, HCA, and ANOVA. Furthermore, a 

direct link between absorbance spectra and stoichiometry of the iron-

catechol complexes was confirmed by ESI-TOF-MS. All statistical methods 

confirm that the main effects affecting discolouration were type of iron 

salt, pH, and temperature. Additionally, several two-way interactions, such 

as type of iron salt × pH, pH × temperature, and type of iron salt × 

concentration significantly affected iron-catechol complexation. Our 

findings provide insights into iron-phenolic complexation-mediated 

discolouration, and facilitate the design of iron-fortified foods.  
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2.1. Introduction 
Iron deficiency is a global health problem, affecting one quarter of the world’s 
population.[1] Iron fortification of food is an effective solution to counter iron 
malnutrition.[2] However, due to the reactivity of the ‘free’ iron ion, iron fortification of 
food is notoriously difficult. Especially in food that contains plant material, 
complexation between iron and phenolic compounds can compromise product colour 
and impair the bioavailability of iron.[3,4] Savoury concentrates (e.g. bouillon cubes) are 
an example of a phenolic-containing food product that is a promising vehicle for iron 
fortification, as they are widely available, frequently consumed, and affordable .[5,6] 

Discolouration of iron-fortified bouillon cubes is currently limiting their successful 
introduction to the market, as colour is one of the critical sensory parameters of food.[7] 

To date, chemical interactions between phenolics and iron, combining redox processes and 
complex formation, have not been fully elucidated.[8] Oxidation of the 1,2-dihydroxybenzene 
(i.e. catechol) moiety of phenolics in presence of ferric iron (Fe(III)) leads to the formation of 
quinones that polymerise to form brown-coloured compounds.[4,8] However, Fe(III)-
catalysed oxidation reactions of phenolic derivatives and catechol are very slow.[9-11] On the 
other hand, complexation reactions by the formation of a coordinate bond between Fe(III) 

and deprotonated catechol, lead to fast and intense discolouration. Discolouration upon 

iron-catechol complexation results from the intense ligand-to-metal charge transfer (LMCT) 
absorbance band, typically observed between 380-800 nm.[12] Deprotonation of the 
catechol moiety is required for iron binding, thus stoichiometry and colour of the iron-
catechol complexes are pH dependent, as the complexing capacity of catechol increases 
at higher pH (Fig. 2.1).[8],[10,12] The pKa for the first hydroxyl group of catechol is 9.3 and of the 
second hydroxyl group 13.0.[13] However, if iron is present, the deprotonated state is stabilised 
and thermodynamically more favourable, leading to an apparent pKa of 5-8.[14,15] 

Figure 2.1. Coordination of ferric iron to deprotonated catechol at different pH values and 

corresponding maximum absorbance (λmax) resulting from ligand-to-metal charge transfer, 

based on Perron et al., and Elhabiri et al.[8,12]  
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Iron-mediated oxidation of catechol is a slow process.[9] Therefore, the main mechanism 

responsible for the discolouration of iron-fortified, phenolic-rich food products is expected 
to be iron-catechol complex formation. This study, therefore, focuses on discolouration 
resulting from fast complexation between iron and catechol.  

Understanding the interplay between intrinsic and extrinsic factors on iron-catechol 
complexation is required to design iron-fortified products while preventing 
discolouration and ensuring the bioavailability of iron. The extrinsic factors of interest 
for food systems are temperature and humidity.[3,4] Intrinsic factors expected to 
influence the iron-catechol complexation are: pH, the type of iron salt, iron 

concentration, ratio iron:catechol, ionic strength, and presence of taste enhancers .[4,16] 
The effect of several factors (e.g. temperature and ionic strength) on iron-catechol 
complexation is currently unknown or unclear due to contradictory reports in 
literature.[3,4,17-19] Additionally, two-way interactions between the aforementioned 
factors have not yet been investigated.  

The goal of this study is to understand the effect of seven factors on iron-catechol 
complexation and discolouration to facilitate the optimisation of conditions in iron-
fortified food. To obtain systematic insights into the effect of the seven factors at three 

levels, and their combined effects, a model system of aqueous mixtures of catechol 
(1,2-dihydroxybenzene) was studied using a duplicated regular 38-3 fractional factorial 
design (FrFD). It is hypothesised that the main effects contributing to iron-catechol 
complexation are type of iron salt, pH, and temperature. Additionally, two-way 
interactions between these factors, or with other factors are expected to contribute 
to iron-catechol complexation.  

2.2. Materials & methods 

2.2.1. Materials 

Ferric pyrophosphate (Fe4PP3) was obtained from Dr. Paul Lohmann GmbH KG 
(Emmerthal, Germany). All other chemicals used were purchased from Sigma Aldrich 
(St. Louis, MO, USA). Water was prepared using a Milli-Q water purification system 
(Merck Millipore, Billerica, MA, USA).  

2.2.2. Experimental design 

The combined effect of 7 different factors at 3 levels was investigated in this study. 
To limit the required number of experiments, while maximising the information 
obtained, a duplicated regular 38-3 fractional factorial design (FrFD) with resolution V 

was implemented. This FrFD allowed us to estimate the main independent effects and 
the two-factor interactions that affect discolouration by iron-catechol complexation. 
The orthogonal array L243 (38-3) was designed according to design 8-3.1.[20] The first 
factor in the design was the well plate in which the sample was tested. The seven 
other factors studied were: (A) type of iron salt, (B) pH, (C) temperature, (D) ionic 
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strength, (E) concentration of iron, (F) iron:catechol ratio, and (G) presence of MSG. The 

factor humidity was not taken into account as aqueous mixtures were tested. Each 
factor was studied at 3 levels; the factors with their respective levels are shown in 
Table 2.1. A total of 243 test combinations were investigated. Each of these were 
duplicated independently. 

Table 2.1. Seven experimental factors and the corresponding three levels tested using the 

fractional factorial design. 
Factors Code Level 0 Level 1 Level 2 

Type of iron salt A FeCl3 FePO4 Fe4PP3 
pH B 3 5 8 
Temperature (°C) C 23 40 100 
Ionic strength (mM NaCl) D 0 100 1000 
Concentration iron (mM) E 1 5 10 
Ratio [Fe]:[Cat] F 1:1 1:2 1:3 
MSG (mM) G 0 125 250 

2.2.3. Preparation of iron-catechol mixtures 

Mixtures of FeCl3, FePO4, and Fe4PP3 (final concentration iron ion 10 mM) were 
prepared in Eppendorf tubes and combined with catechol, sodium chloride, and MSG 
solutions according to the orthogonal array. Concentrated HCl and NaOH were used 
to adjust the pH as buffer usage is known to interfere with the complexation 

reaction.[21,22] Samples were incubated at 23, 40, or 100 °C for 1 hour under constant 
shaking at 1000 rpm.  

2.2.4. Colour assessment 

After centrifugation for 5 min at 15,000 × g, colour of the samples was optically 
assessed and supernatant (200 µL) was transferred to a flat bottom 96 well-plate. 
Samples were diluted with water if needed. Dilution of sample was found to have a 
negligible effect on the absorbance spectra, except for the expected decrease in 
intensity (data not shown). Visible light spectra were recorded in the range from 380 
to 800 nm in a SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA), at room 

temperature.  

Statistical data analysis 
To analyse the acquired absorbance spectra, multivariate statistical analyses were 
performed. Prior to analysis, sum of squares normalisation was performed on the raw 
absorbance spectra to normalise signal intensity. Principal component analysis (PCA) 
was carried out to reduce the data dimensionality and to visualise relations between 
the experimental factors and normalised absorbance spectra. In addition, hierarchical 
cluster analysis (HCA) using Euclidean distance and Ward’s linkage method [23] was 

applied to depict similarities between the normalised absorbance spectra. HCA is an 
unsupervised clustering method where individual samples are combined into clusters 
based on similarity of their absorbance spectra. Normalisation, PCA, and HCA were 
performed by using the R statistical software package (R Core Team, 2013). The 

average maximum absorbance wavelength (λmax) of each hierarchical cluster was 
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determined in SPSS, outliers (z-score > 3.0 or z-score < −3.0) were removed from the 

dataset. 

In addition to the exploratory statistical methods described above, the significance of 
the individual factors and interactions  were investigated quantitatively using analysis 
of variance (ANOVA). PCA and HCA were performed on the complete normalised 
absorbance spectra. ANOVA requires a quantitative dependent variable. Therefore, 

the λmax value of the normalised spectra (n=486) was used instead of the complete 

spectra. For statistical purposes, a λmax of 380 nm (iron) or 410 nm (in presence of MSG) 

was used for the samples without a clear LMCT band. Tukey’s post hoc comparisons 

(significant at p < 0.05) were carried out to create better insights into the effect of the 
different levels for the significant factors. ANOVA analysis was performed using IBM 
SPSS Statistic v.23 software (SPSS Inc., Chicago, IL, USA). 

2.2.5. Evaluation of iron-catechol complexes by electrospray ionisation 

time of flight mass spectrometry (ESI-Q-TOF-MS) 

Three samples per hierarchical cluster were randomly selected to be evaluated by 
ESI-Q-TOF-MS to further investigate the molecular structure of the iron-catechol 
complexes. Sample was introduced by direct infusion (2 mL h−1) on a Synapt G2-Si 

high definition time of flight mass spectrometer equipped with a z-spray electrospray 
ionisation (ESI) source (Waters, Milford, MA, USA). The instrument was externally 
calibrated with sodium iodide and operated in normal resolution mode. The capillary 
voltage was set to 3.0 kV and 1.8 kV in positive (PI) and negative ionisation mode (NI), 
respectively. The sample cone was operated at 30 V and 40 V for PI and NI, 
respectively, with the source temperature set at 150 °C. MS and MS2 spectra were 
acquired between m/z 25-800 for 2 min at a 0.3 s scan time. The trap collision energy 
was 6 V in single MS mode and 22 V in MS2 mode. Data acquisition and analysis were 
carried out by MassLynx v.4.1 (Waters, Milford, MA, USA).

2.3. Results & discussion 

2.3.1. Exploratory analysis of factors affecting complexation  

The combined effect of 7 factors at 3 levels (Table 2.1) on iron-catechol complexation 
was assessed by measuring the absorbance spectra for all 243 combinations obtained 

by the FrFD. In this study, the iron salts ferric phosphate (FePO4) and ferric 
pyrophosphate (Fe4(P2O7)3, hereafter Fe4PP3), which are commonly used for food 
fortification, were compared to the well-documented iron salt ferric chloride (FeCl3). 
For the other factors, the levels were chosen based on relevance for food 

applications. To create a concise overview of the different absorbance spectra, two 
exploratory statistical analyses were performed: principal component analysis (PCA) 
and hierarchical cluster analysis (HCA). Analysis by PCA provides an unbiased 
overview of the absorbance spectra and simplifies the different factors and levels by 
reducing the data dimensionality. The first two principal components accounted for 
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95 % of the total variance. In the plot of PC1 vs. PC2, the three levels of each factor 

were defined and evaluated. The PCA plots indicated that the factors type of iron salt 
(A), pH (B), temperature (C), and presence of MSG (G) were the main effects defining 
the location of the sample in the PC1-PC2 plane (Fig. 2.2). However, the three levels 
could not be discriminated entirely for these factors. For the factors ionic strength (D), 
iron concentration (E), and ratio iron:catechol (F), no clear differences between the 
levels were observed (Fig. S2.1). 

Figure 2.2. PCA biplots showing the principal component scores based on the normalised 

absorbance spectra, with colour indication for the different levels of the factors: type of iron salt 

(A), pH (B), temperature (C), and MSG (G). 
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For better interpretation of the PCA data, and to visualise which factors were most 

influential, HCA was used to cluster the normalised absorbance spectra. Fig. 2.3 
represents the dendrogram obtained from HCA, which depicts the relationships 
between absorbance spectra and experimental factors. These results indicated that 
the samples could be objectively grouped into 8 distinct clusters with similar 
absorbance spectra (Fig. S2.2). Colours in the heatmap below the dendrogram, 
correspond with the different factors and levels as indicated in Fig. 2.3.  

Based on HCA, differences among the clusters were mainly the result of varying levels 

in the factors pH and type of iron salt. After clustering the average λmax value per 

cluster was calculated to obtain additional information regarding colour and 
complexation for each specific cluster. Typically, the LMCT absorbance band for iron-

catechol complexes is from 380-800 nm.[12] Based on the λmax values of the clusters, 1:1 

complexes (~714 nm) were expected in cluster 5, 7 and 8, 1:2 complexes (~570 nm) in cluster 
1, 2 and 4, and a mixture of 1:2 (~570 nm) and 1:3 (~490 nm) in cluster 3.[8,10] For the samples 
in cluster 6 no LMCT absorbance was observed (Fig. S2.2). The heatmap in Fig. 2.3 
shows that cluster 6 mainly contains samples at pH 3. This observation is explained 
by the reduced complexation affinity of catechol at pH < pKa. In addition to this, some 
samples in cluster 6 showed presence of white sediment, most likely due to the poor 

water solubility of the iron salts under the acidic conditions present in this cluster . 

Figure 2.3. Dendrogram of samples hierarchically clustered based on the normalised 

absorbance spectra. The heatmap indicates the different levels of factors for each cluster as 

shown in the table. The average maximum absorbance wavelength (λ max) for each cluster is 

indicated below the heatmap. n.d. indicates that no LMCT band was detected. 
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2.3.2. Stoichiometry in the clusters confirmed by ESI-Q-TOF-MS 

Analysis by ESI-Q-TOF-MS was used to investigate whether the maximum 

absorbance of each hierarchical cluster could indeed be linked to the stoichiometry 
of the complexes present in the samples from that cluster. To this end, three samples 
from each cluster were measured in negative (NI) and positive ionisation (PI) mode 
mass spectrometry. It was previously shown that due to the soft character of ESI, iron-
phenolic complexes remain intact.[16,24] Complexes of catechol with iron were 
detected at m/z 233.89, and 271.98 in NI (Fig. 2.4A) and m/z 163.96, 164.96, 273.99, and 
275.00 in PI mode (Fig. 2.4B). These signals were absent in the FeCl3, Fe4PP3, FePO4, 

catechol, and MSG blanks.  
 
The iron-catechol complexes were tentatively identified based on the m/z value and 
isotope pattern (Table 2.2). Monocatecholate complexes were annotated in NI as 
chloride adduct at an m/z of 233.89 [Fe3+ + (catechol − 2H+) + 2Cl−]− and in PI at m/z 
163.96 [Fe3+ + (catechol − 2H+)]+ or m/z 164.96 [Fe2+ + (catechol − H+)]. Dicatecholate 
complexes were annotated in NI at m/z 271.98 [Fe3+ + 2(catechol − 2H+)]− and in PI at 
m/z 273.99 [Fe3+ + 2(catechol − H+)]+ or at m/z 275.00 [Fe2+ + catechol + (catechol − H+)]+. 
These annotations are in agreement with previously reported complexes of Fe(III) with 

phenolic ligands such as catechol [25] or flavonoids,[26,27] using ESI-MS.[25-27] It is 

suggested that the complexes with Fe(II), as observed in PI, are a result of in-source 
charge reduction. In-source charge reduction reactions during ESI-MS in positive ion 
mode were reported previously for metal complexes.[28,29] Reduction of metal 
complexes in PI is a result of charge-transfer reactions between the iron complex and 
solvent molecules in the gas phase. Charge reduction was not observed for the iron-
catechol complexes in NI. 
 
Based on the results of ESI-Q-TOF-MS analysis, an overview was made of the 
distribution of stoichiometry of the complexes in each cluster (Fig. 2.4C). Samples in 

clusters 5, 7, and 8 showed mainly 1:1 stoichiometry, these outcomes are in agreement 

with the average λmax value of those clusters between 709 and 728 nm (Fig. 2.1). The 

samples in clusters 1, 2, and 4 were mainly 1:2 with minor amounts of 1:1, which 

matches with their average λmax (between 558 and 633 nm). Samples in cluster 3 

showed only 1:2 stoichiometry, consistent with the average λmax of 536 nm. Generally, 

a mixture of 1:2 and 1:3 metal to ligand species is present in the pH range of 7-9.[8] 
However, no tricatecholate complexes were detected in any of our samples. Based 

on the average λmax values of our clusters a mixture of 1:2 and 1:3 complexes was only 

expected in cluster 3 (average λmax 536 ± 16). For the samples of cluster 6, only trace 

amounts of the 1:1 complex could be observed, which is in agreement with the 

absence of an LMCT band in the absorbance spectra (Fig. S2.2).  
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Figure 2.4. Electrospray ionisation mass spectra of a solution of ferric chloride (FeCl3) and 

catechol, recorded in (A) negative (NI) and (B) positive (PI) ionisation mode. The insets 

represent the isotopic patterns of the monocatecholate and dicatecholate complexes. (C) 

Relative intensities of monocatecholate (grey) and dicatecholate (white) iron complexes in each 

of the hierarchical clusters (Figure 2.3) as measured in negative (NI) and positive (PI) ionisation 

mode (n=3, error bar is relative standard deviation). For cluster 6 only traces of complex/or no 

complex at all was observed in the mass spectra. 
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Table 2.2. Tentative structures of iron-catechol complexes with corresponding experimental 

and theoretical mass-to-charge ratios (m/z) and isotope abundance. 

Tentative Structures Isotopes 
m/z Isotope abundance (%) 

Exp. Theoretical Exp. Theoretical 

[Fe3++(Cat−2H+)+2Cl−]−

12C6H4O2
35Cl254Fe 231.89 231.90 2.3 6.4 

12C6H4O2
35Cl256Fe 233.89 233.89 100 100 

12C5
13CH4O2

35Cl256Fe 

and 12C6H4O2
35Cl257Fe 

234.89 234.90 4 6.5 

12C6H4O2
35Cl37Cl56Fe 235.88 235.89 51.9 63.9 

12C5
13CH4O2

35Cl37Cl56Fe 236.89 236.89 2.1 4.1 
12C6H4O2

37Cl256Fe 237.88 237.89 4.5 10.2 

[Fe3++2(Cat−2H+)−]− 12C12H8O4
54Fe 269.97 269.98 7.3 6.4 

12C12H8O4
56Fe 271.97 271.97 100 100 

12C11
13CH8O4

56Fe and 
12C12H8O4

57Fe 
272.97 272.98 13.4 13 

[Fe2++(Cat−H+)]+ 12C6H5O2
54Fe 162.97 162.97 3.2 6.4 

12C6H5O2
56Fe 164.96 164.96 100 100 

12C5
13CH5O2

56Fe and 
12C6H5O2

57Fe 
165.97 165.96 4.2 6.5 

[Fe3++(Cat−2H+)]+ 12C6H4O2
54Fe 161.96 161.96 3 6.4 

12C6H4O2
56Fe 163.96 163.96 100 100 

12C5
13CH4O2

56Fe and 
12C6H4O2

57Fe 
164.96 164.96 8.8 6.5 

[Fe2++Cat+(Cat−H+)]+ 12C12H11O4
54Fe 272.99 273.00 8.1 6.4 

12C12H11O4
56Fe 275.00 275.00 100 100 

12C11
13CH11O4

56Fe and 
12C12H11O4

57Fe 
276.00 276.00 10 13 

[Fe3++(2Cat−H+)]+ 12C12H10O4
54Fe 271.98 272.00 7.3 6.4 

12C12H10O4
56Fe 273.99 273.99 100 100 

12C11
13CH10O4

56Fe and 
12C12H10O4

57Fe
275.00 275.00 15.3 13 

2.3.3. Factors affecting iron-catechol complexation 

The results from PCA and HCA provide an unbiased overview of the main factors that 

affect the full absorbance spectra. To gain more in-depth insight concerning the 
influence of the 7 factors’ main effects and 21 two-way interactions on iron-catechol 
complexation, analysis of variance (ANOVA) was performed (Table 2.3). ANOVA 

requires a quantitative dependent variable, to this end, the λmax value of each 

independent sample was used. Absorbance intensity was not taken into account. The 
ANOVA results (Table 2.3) confirmed that several two-way interactions significantly 

(p < 0.05) contributed to changes in λmax, and therefore affected discolouration.  
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Table 2.3. Analysis of variance of the 7 main effects and 21 interaction effects affecting iron -

catechol complexation, significant factors and corresponding p-values are indicated in bold (R2 

= 0.76 and R2
adj = 0.70). 

Factor Sum of 
Squares 

Mean Square F Value p-value Contribution (%) 

A (type of iron salt) 937383 468691 115 6.68 × 10−40 19 
B (pH) 811126 405563 99 1.42 × 10−35 16 
C (temperature) 509469 254735 62 3.11 × 10−24 10 
D (ionic strength) 16304 8152 2 0.14 0 
E (concentration 
iron) 

100814 50407 12 6.27 × 10−6 2 

F (ratio [Fe]:[Cat]) 869 434 0 0.90 0 
G (MSG) 59483 29742 7 7.78 × 10−4 1 
A × B 780182 195045 48 1.15 × 10−32 16 
A × C 90012 22503 6 2.50 × 10−4 2 
A × D 73998 18500 5 1.36 × 10−3 1 
A × E 442251 110563 27 7.57 × 10−20 9 
A × F 2235 559 0 0.97 0 
A × G 9240 2310 1 0.69 0 
B × C 357090 89272 22 2.66 × 10−16 7 
B × D 32866 8216 2 0.09 1 
B × E 7930 1982 0 0.75 0 
B × F 11954 2989 1 0.57 0 
B × G 26167 6542 2 0.17 1 
C × D 5424 1356 0 0.86 0 
C × E 193111 48278 12 4.41 × 10−9 4 
C × F 33035 8259 2 0.09 1 
C × G 121354 30338 7 8.83 × 10−6 2 
D × E 8845 2211 1 0.70 0 
D × F 157640 39410 10 1.86 × 10−7 3 
D × G 40674 10169 2 0.04 1 
E × F 10606 2651 1 0.63 0 
E × G 81992 20498 5 5.86 × 10−4 2 
F × G 16030 4008 1 0.42 0 

Significant two-way interactions were observed for AB, AC, AD, AE, BC, CE, CG, DF, 
DG, and EG. Together the two-way interactions explained 51 % of the variance 

observed in λmax value. Interaction plots for these significant two-way interactions are 

shown in Fig. 2.5.  

The two-way interactions that explained more than 5 % of the variance (AB, AE, and 
BC) are further discussed in the sections below. For the other significant two-way 
interactions, the mechanisms underlying their effect have not yet been elucidated. To 
the best of our knowledge, previous studies on the effect of various factors on 
discolouration caused by iron-phenolic complexation did not take two-way 
interactions into account. [3,4] The obtained ANOVA model can be used to predict the 

λmax value of unknown combinations of factors (R2adj = 0.70). The parameter estimates 

of the prediction model are presented in Supplementary II (Table SII-1). 
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Figure 2.5. Interaction plots for the significant two-way interactions (p < 0.05) given by ANOVA 

(n=486), average maximum absorption wavelength is indicated on the y -axis. Letters indicate 

the factors corresponding with Table 2.1. 

Effect of iron salt, pH, and temperature on discolouration 
Significant interaction effects were observed between the type of iron salt (A) and pH 

(B). Generally, it was observed that mixtures with FeCl3 resulted in discolouration at all 

pH values, although the λmax varied depending on pH. At pH 8 a significant decrease 

in λmax was observed compared to pH 3 or 5 (Tukey p-values of 1.18 × 10-4 and 1.03 × 

10-7, respectively). This is in line with the enhanced complexing capacity at pH > pKa.
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For Fe4PP3 and FePO4, a significant increase in discolouration was observed at pH > 3 

(Fig. 2.5; Supplementary II, Table SII-2). To verify this conclusion, confirmatory 
experiments were performed with only the iron salt and pH as variable factors. In 
these experiments, iron-catechol mediated discolouration was observed for FeCl3 at 
all pH values. For the Fe4PP3 and FePO4 samples at pH 3, no colour was observed and 
white sediment (i.e. precipitate from undissolved iron salt) was present (Fig. S2.3). We 
believe that the interplay between the type of iron salt and pH (AB) could be explained 
by the enhanced dissolution of the iron ion from Fe4PP3 and FePO4 upon an increase 
in pH[30,31], whereas the iron ion from FeCl3 is readily soluble at pH 3. Enhanced 
dissolution of the iron ion from Fe4PP3 and FePO4 upon increasing pH may either result 

from weaker interactions of phosphate and pyrophosphate ions with Fe(III)  at elevated 
pH and/or from the formation of soluble complexes with deprotonated catechol. [32,33] 
Tukey’s post hoc comparison (Supplementary II, Table SII-2) also showed that, at pH 
3 and 5, FeCl3 significantly differed from Fe4PP3 and FePO4 (Tukey, p < 0.05). On the 
other hand, no significant difference between the two poorly soluble iron salts  Fe4PP3

and FePO4 was observed at any pH. These outcomes indicate the importance of the 

type of iron salt used for food fortification in relation to the pH of the food product.  

The interaction pH × temperature (BC) also significantly affected complexation. This is 

contrary to a previous report in which the temperature effect did not depend on pH 
for a combination of Fe(II) and flavonols. [3] Habeych and co-authors state that colour 
development and formation of a dark precipitate was observed after heat treatment 
at 95°C, independently of pH. To further investigate the combined effect of pH and 
temperature, we performed additional experiments with pH and temperature as the 
only two independent variables, which showed a hypochromic shift in absorbance at 
pH 3 and 5 upon an increase in temperature and a hypsochromic shift at pH 8 (Fig. 
S2.4). Post hoc comparisons show no significant difference between the temperatures 
at pH 3 and 8. At pH 5 no significant difference was observed between 23 °C and 40 
°C, but the results at 100 °C were significantly different (Supplementary II, Table SII-

3), in agreement with PCA results (Fig. 2.2). In some of the samples treated at 100 °C, 
a dark precipitate was observed (Fig. S2.5). Likely, this precipitate results from iron-
catalysed oxidation reactions that occur in parallel to, or as a continuation on the 

complexation reaction. Besides temperature, the oxidation of phenolics is influenced 
by pH,[34] possibly explaining the interaction between pH and temperature observed 
in this study. In a previous study, Fe(III)-catalysed oxidation of phenolic derivatives at 
room temperature was shown to be slow.[9] Faster oxidation at elevated temperatures 
is expected, as oxidation is a first-order reaction following a direct relation with 
temperature, as dictated by the Arrhenius equation. Further studies are necessary to 

gain more in-depth mechanistic insights into the effect of the two-way interaction of 
pH and temperature on iron-catechol complexation and the possible oxidation in iron-
fortified food under various conditions. The outcomes of this study implicate that iron-
catechol complexation may not be affected in regions with warmer climates (~40 °C), 
but is affected upon boiling (100 °C). 
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Effect of iron and catechol concentration on absorbance 

The interaction effect between concentration and type of iron salt (AE) significantly 
contributed to discolouration. Colour development (intensity) was previously shown 

to be proportional to the iron concentration.[4] However, the λmax was not expected to 

vary with the iron salt concentration. Tukey’s test showed significant differences for 
FeCl3 at the lowest concentration tested (Supplementary II, Table SII-4). The 
mechanism behind this effect is unclear.  

Addition of MSG affects iron-catechol complexation 
Interestingly, monosodium glutamate (MSG) showed significant interaction effects 

with temperature, ionic strength and concentration. PCA also showed that the addition 
of MSG affected the absorption spectra (Fig. 2.2). Binding of glutamate to Fe(III) was 
reported previously.[35,36] However, the effect was expected to be minimal as Fe(III) 

has a lower overall binding stability constant for glutamate (Log β = 5.5) compared to 

the catechol groups of phenolics (Log β = 43.8).[35-37]  

Competitive or ternary complexation between iron, catechol, and MSG was further 
investigated using ESI-Q-TOF-MS. In these analyses, a peak was observed at m/z 
308.98 in negative ionisation mode, which was only present in the samples that 

contained the combination of iron, catechol, and MSG. Based on the m/z, isotope 
pattern, and fragmentation spectra, this peak was tentatively identified as a ternary 
complex of catechol and iron with glutamate (Table S2.1). Glutamate most likely 
interacts with iron via the carboxylate oxygen and the amino nitrogen.[38] The 

difference in absorbance (λmax) upon formation of the ternary complex may be due to 

the weaker interaction of glutamate with Fe(III) compared to catechol. Because of this, 

the λmax value of the ternary complex is expected to be between that of a 1:1 and 1:2 

complex.[12] In line with this hypothesis, the λmax of cluster 1, which mainly contains the 

samples with high concentrations of MSG (Fig. 2.3) shows a hypsochromic shift 
compared to 1:1 and a bathochromic shift compared to 1:2 complexes. Further 

research regarding the apparent stability of the ternary complex is needed to confirm 
this hypothesis.  

2.3.4. Mechanism of discolouration by iron-catechol reactions 

The focus of this study was on the formation of water soluble iron-catechol 
complexes, under a wide variety of conditions, and the influence of this phenomenon 
on discolouration. Besides iron-catechol complexation, discolouration could also 
originate from iron-catalysed oxidation and polymerisation of catechol [8] or from the 

formation of the strongly light absorbing iron (hydr)oxides upon Fe(III) hydrolysis.[39] 

The latter is expected to be limited in the tested samples, as fast complexation of 
catechol to Fe(III) stabilises against the formation of Fe(III) hydrolysis products.[40,41] 
Moreover, neither ferric (hydr)oxides, nor polymeric catechol oxidation products, were 
detected in the UV-Vis and MS spectra. Despite this, after incubation for 1 hour, black 
precipitate formation was observed in some samples, especially at elevated 
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temperatures (Fig. S2.5). Precipitate formation is suggested to result from the 

formation of insoluble products upon iron-catalysed catechol oxidation. In absence of 
iron, catechol can undergo autoxidation reactions in aqueous solution around neutral 
pH.[13] The autoxidation products formed in the absence of iron are soluble and brown-
coloured, whereas a clear black colour was observed of the precipitate in presence 
of iron (Fig. S2.5), indicating that different products were formed upon iron-catalysed 
oxidation. The observation that catechol is already oxidised after 1 hour in presence 
of iron is contrary to our initial expectations based on previous reports, which describe 
slow Fe(III)-catalysed oxidation rates of phenolic derivatives.[9] The faster catechol 
oxidation rate observed in this study may result from elevated temperatures or 

different pH. Alternatively, the precipitate could be a result of the formation of iron-
catechol networks.[42] These networks between Fe(III) and phenolic derivatives can be 
formed thermodynamically at elevated temperature or due to kinetic assembly at low 
temperature.[43] The findings of this study indicate that precipitation might occur, 
depending on intrinsic and extrinsic factors, which warrants further research on the 
parallel occurrence of iron-phenolic complexation and oxidation.  

2.3.5. Implications for iron fortification of foods 

As many common food phenolics also contain a catechol moiety, the findings of this 

study can be applied to the design of iron-fortified food formulations. The outcomes 
in this study indicate that the combined effect of factors on iron-phenolic 
complexation should not be neglected in the development of iron-fortified food. Food 
production, storage, and preparation are dynamic processes during which intrinsic 
(e.g. pH) and extrinsic factors (e.g. temperature) continuously change, resulting in 
discolouration depending on product properties, as shown by the findings of this 
study. Implementation of the parameter estimates from the ANOVA model that was 
generated by this study (Supplementary II, Table SII-1) can be useful to predict the 

λmax value of previously untested combinations of factors in the design of novel i ron-

fortified foods. Nevertheless, it should be considered that this prediction model is 

based on a model system and should be validated for real food formulations.  
Our results indicate that usage of a combination of poorly soluble iron salts and low 
pH is a promising approach to limit discolouration due to iron-phenolic complexation. 
However, the effect of low pH on the sensory properties of food and the bioavailability 
of iron should also be considered. Even though the iron salts Fe4PP3 and FePO4 show 
poor solubility and low reactivity at pH 3, the bioavailability of the iron ion is not 
necessarily affected by low pH. In the gastric pH range (pH < 3), the solubility of the 
iron ion from Fe4PP3 and FePO4 is increased, enhancing the iron bio-accessibility.[31,44] 
In this study, bouillon cubes are mentioned as an example of iron-fortified food. 

Besides, the findings provided can also be implemented in the design of other i ron-
fortified phenolic containing food products. 
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2.4. Conclusion 
In this study, we successfully implemented a fractional factorial design to gain 
systematic insights into the combined effect of 7 experimental factors at 3 levels on 
iron-catechol complexation reactions and resulting discolouration in an iron-fortified 
food model system. HCA was used to identify 8 hierarchical clusters, each with 
different absorbance spectra resulting from varying stoichiometries of iron-catechol 
complexes, as confirmed by ESI-Q-TOF-MS. All three statistical methods revealed 
that the most important factors in iron-catechol complexation were the type of iron 
salt, pH, and temperature. Additionally, the interactions of several factors, such as type 

of iron salt × pH, pH × temperature, and type of iron salt × concentration significantly 
affect iron-catechol complexation and are of practical importance. These interaction 

effects should not be neglected in the development of iron-fortified food. To minimise 
discolouration in food due to iron-phenolic complexation, application of the iron salts 
Fe4PP3 or FePO4 in combination with low pH seems most promising. 
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2.7. Supplementary information 

Supplementary I 

Figure S2.1. Biplots showing the principal component scores based on the absorbance spectra, 

with colour indicating different levels of the corresponding factors: ionic strength ( D), 

concentration of iron (E), and ratio [Fe]:[Cat] (F). 
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Figure S2.2. Overview of the clustered absorbance spectra after normalisation and HCA, the 
numbers 1-8 correspond with the cluster numbers of the dendrogram obtained by HCA ( Figure 
2.3).  
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Figure S2.3. Photographs of Eppendorf showing colour formation of catechol in combination 

with the different iron salts at pH ranging from 3-10 after 1 hour incubation at 23 °C. 

Figure S2.4. Absorbance spectra of FeCl3-Catechol mixtures at (A) pH 3, (B) pH 5, and (C) pH 8 

after incubation at 23 °C (solid line), 40 °C (dashed line), and 100 ° C (dotted line) for 1 hour.  

Figure S2.5. Photographs of Eppendorf tubes showing colour formation and precipitation of 

iron-catechol mixtures (10 mM) at pH 3, 5, and 8 after 1 hour incubation at 23 °C or 100 °C. A 

catechol solution without iron (pH 8) after 1 hour incubation is shown as a reference.  
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Table S2.1. Tentative structure of the iron-catechol-glutamate complex with experimental and 

theoretical mass-to-charge ratios (m/z) and isotope abundance. 

Tentative Structure Isotopes 

m/z Isotope abundance (%) 

Exp. Theoretical Exp. Theoretical 

[Fe3+ + (Cat−2H+) + (Glu−2H+)]− 12C11H11NO6
54Fe 306.99 307.00 3.6 6.4 

12C11H11NO6
56Fe 308.99 308.99 100 100 

12C11H11NO6
57Fe or 

12C10
13C1H11NO6

56Fe 
309.99 310.00 9.8 14.2 

12C10
13C1H11NO6

57Fe 
or 12C9

13C2H11NO6
56Fe 

310.99 311.00 1.6 1.2 

Supplementary II 

The full supplementary information II file can be found on the publisher’s website 
(https://doi.org/10.1038/s41598-020-65171-1) the table numbers in the text refer to 

the corresponding table numbers in the tab of the excel file.  

https://doi.org/10.1038/s41598-020-65171-1
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Abstract 

Iron-flavonoid interactions in iron-fortified foods lead to undesirable 

discolouration. This study aimed to investigate iron-mediated 

complexation, oxidation, and resulting discolouration of flavonoids by 

spectrophotometric and mass spectrometric techniques. At pH 6.5, iron 

complexation to the 3-4 or 4-5 site instantly resulted in bathochromic 

shifting of the π→π* transition bands, and complexation to the 3ʹ-4ʹ site 

(i.e. catechol moiety) induced a π→dπ transition band. Over time, iron-

mediated oxidative degradation and coupling reactions led to the 

formation of hydroxybenzoic acid derivatives and dehydrodimers, 

respectively resulting in a decrease or increase in discolouration. 

Additionally, we employed XRD, SEM, and TEM to reveal the formation of 

insoluble black metal-phenolic networks (MPNs). This integrated study 

on iron-mediated complexation and oxidation of flavonoids showed that 

the presence of the C2-C3 double bond in combination with the catechol 

moiety and either the 4-carbonyl or 3-hydroxyl increased the intensity of 

discolouration, extent of oxidation, and formation of MPNs.  
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3.1. Introduction 
Food fortified with iron can effectively reduce the global prevalence of iron 
deficiency.[1] However, when food is fortified with iron, its colour and iron bioavailability 
can be compromised by the reactivity of the iron ion with flavonoids .[2] Flavonoids are 
secondary plant metabolites that are ubiquitous in vegetables, herbs, and fruits. These 
compounds affect food colour and flavour, and possess a broad range of biological 
activities. The class of flavonoids includes several subclasses that share the same 
flavan (2-phenylchromen-4-one) backbone but possess different structural features 
based on the degree of oxidation of the pyran C-ring (Fig. 3.1A).  

Figure 3.1. (A) Overview of the dietary flavonoids investigated in this study, the corresponding 

flavonoid subclass is indicated between brackets; (B) possible binding sites of iron ions (in 

ferrous or ferric state) on flavonoids; (C) oxidation of the flavonoid 3 ʹ-4ʹ site to a semiquinone-

type radical and eventually to a quinone in presence of ferric iron.  

Hydroxyl and carbonyl groups on the flavan backbone can coordinate metal ions to 
form stable complexes. Flavonoids possess several structural moieties that can bind 

metal ions via coordinate bonds: (i) the 3-hydroxy-4-ketone moiety in the C-ring (3-4 
site), (ii) 5-hydroxy-4-ketone moiety (4-5 site), and (iii) the 3ʹ-4ʹ-dihydroxy moiety 
located in the B-ring (3ʹ-4ʹ site) (Fig. 3.1B).[3] The stoichiometry of iron-flavonoid 
complexes (e.g. 1:1, 1:2, and 2:1) and preferred iron-binding sites are dependent on the 
solvent, the pH of the sample, iron source, and flavonoid structure.[4] Ferrous sulphate 
(FeSO4) is used as iron source, since it is the most common iron fortificant in food 
owing to affordability, bioavailability, and (regulatory) acceptance by authorities and 
consumers.[1] Complexation of flavonoids to Fe(II) is followed by fast auto-oxidation to 

Fe(III) because phenolic ligands stabilise Fe(III) over Fe(II).[5]  

Complexation of metals to flavonoids changes the flavonoids’ absorbance spectra, 
resulting in a bathochromic (red) shift.[4] Complexation of Fe(III) to the catechol moiety 
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(i.e. 3ʹ-4ʹ site in flavonoids) causes intense off-colour development resulting from 

ligand-to-metal charge transfer (LMCT) phenomena, also referred to as π→dπ

transitions.[6,7] Typically, these π→dπ transitions result in a bathochromic shift of the 

absorbance and formation of a broad absorbance band ranging from 380-800 nm. 

Besides this, bathochromic shifting of the π→π* transitions to around 425 nm has also 

been reported for flavonoids due to an increase in the size of the conjugated system 

upon Fe(III) complexation.[8,9] Such a shift of π→π* transitions was also reported for 

flavonoids, that contained solely a 4-5 binding site.[10] Iron complexation to flavonoids 

that contain solely a 3-4 site has hitherto not been reported and its effects on 
absorbance spectra, including the underlying transition mechanisms, are yet 

unknown. Thus far, it remains unclear whether the shift in absorbance upon 
complexation of iron to either one or all three of the different binding sites of 

flavonoids is due to LMCT (π→dπ transitions), increased size of the conjugated system 

(π→π* transitions), or a combination thereof.[4]  

Coordinate bond formation between Fe(III) and flavonoids can be followed by a redox 
reaction, via electron transfer (ET) from the flavonoid to iron.[11] In this process, the 
complexed Fe(III) is reduced to Fe(II) and the flavonoid is thereby oxidised to a 
semiquinone-type radical, and a quinone upon a second ET (Fig. 3.1C). Subsequent 

reactions of the flavonoid quinones yield a plethora of products arising from 
degradation and oxidative coupling. Extension of the conjugated system of the 
flavonoid upon oxidative coupling contributes to browning.[12] Additionally, the 
resulting degradation and oxidative coupling products may form complexes with iron, 
and thereby further affect the colour.  

Iron-mediated complexation and oxidation are affected by the structural features of 
flavonoids as previously demonstrated by the structure-activity relationships 
established for iron complexation and radical scavenging, both measures of the 

antioxidant activity of flavonoids. Flavonoids possessing the catechol or pyrogallol 
moieties are generally stronger antioxidants because of the stability constants for 
binding of the 3ʹ-4ʹ site to iron.[5,13] Furthermore, the presence of the 3-OH and/or the 
5-OH in combination with the C4 keto group and the C2-C3 double bond is also
associated with Fe(III)-complexation and reported to confer increased Fe(III)-reducing
capacity.[14,15] The Fe(III)-mediated oxidation of catechol and other phenolics at neutral
pH is reported to be slow.[16-18] However, in these reports, the interaction between
Fe(III) and phenolics was usually measured over a short timespan (e.g. 1 h). Longer-
term effects should be considered to more realistically mimic the iron-flavonoid
interactions that can take place during food processing, storage, and preparation.

The aforementioned studies have focussed primarily on separately assessing either 
iron-mediated complexation or oxidation of flavonoids, and not the combined and 
interconnected effect of these two interactions on discolouration. Therefore, we 
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aimed to comprehensively investigate the combination of iron-mediated 

complexation and oxidation on the discolouration of a set of structurally different 
flavonoids. Ten different flavonoids were incubated with iron (FeSO4) and the 
influence of structural features on discolouration was assessed. The contribution of 
complexation and oxidation to discolouration was elucidated via spectrophotometric 
and mass spectrometric techniques. Because complexation is known to affect iron 
bioavailability, the proportion of water soluble iron at pH 6.5 was investigated as a first 
indicator for iron bio-accessibility in presence of our broad set of flavonoids. [19]  

We hypothesised that (i) fast discolouration is caused by iron-flavonoid complexation; 

(ii) oxidation of flavonoids over time affects discolouration; (iii) structural features of
the flavonoid, specifically the hydroxylation of the B-ring, the C2-C3 double bond, and
the 3-hydroxy-4-keto moiety, and combinations thereof contribute to complexation
and oxidation; and (iv) that the catechol moiety on the B-ring is prerequisite for LMCT.
To the best of the authors’ knowledge, this is the first integrated study investigating
the combined effect of iron-mediated complexation and oxidation on the

discolouration of a structurally diverse set of flavonoids.

3.2. Materials & methods 

3.2.1. Materials 

Quercetin hydrate (≥ 95 wt. %), 4-hydroxybenzoic acid (≥ 99 wt. %), 3,4,5-
trihydroxybenzoic acid (≥ 98 wt. %), iron(II) sulphate heptahydrate (≥ 99 wt. %), and 3-
(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate (≥
97 wt. %; ferrozine) were obtained from Sigma Aldrich (St. Louis, MO, USA). Myricetin 
(≥ 97 wt. %), naringenin (≥ 93 wt. %), epicatechin (≥ 97 wt. %), 3,4-dihydroxybenzoic acid 
(≥ 98 wt. %) and 2,4,6-trihydroxybenzoic acid (≥ 98 wt. %) were purchased from TCI 
Europe NV (Zwijndrecht, Belgium). Kaempferol (≥ 99 wt. %), luteolin (≥ 98 wt. %), 
eriodictyol (≥ 99 wt. %), and taxifolin (≥ 98 wt. %) were purchased from Extrasynthese 

(Genay, France), apigenin (≥ 98 wt. %) from Indofine Chemical Company (Hillsborough, 
NJ, USA), and tricetin (≥ 95 wt. %) from Specs (Delft, The Netherlands). Ascorbic acid 
(≥ 99 wt. %) was obtained from VWR International (Radnor, PA, USA). 
Dimethylsulfoxide (DMSO) was obtained from Merck Millipore (Billerica, MA, USA). 
ULC-MS grade acetonitrile (ACN) and water, both containing 0.1 vol. % formic acid (FA) 
were purchased from Biosolve (Valkenswaard, the Netherlands). Water for other 
purposes than UHPLC was prepared using a Milli-Q water purification system (Merck 

Millipore, Billerica, MA, USA).  

3.2.2. Incubation of flavonoids with or without iron 

Stock solutions of each flavonoid were made by dissolving them in DMSO to a 20 mM 
concentration. Subsequently, each flavonoid stock solution was diluted either in water 
(flavonoid blank; final concentration flavonoid 1 mM; pH 6.0-7.5) or in a freshly 
prepared FeSO4 solution (iron-flavonoid; final concentration flavonoid 1 mM; final 
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concentration Fe(II) 1 mM; pH 4.5-5.0), for the iron blank a solution of 1mM FeSO4 was 

prepared (pH 5.0). The final volume of all samples was 10 mL, containing 5 vol. % 
DMSO. An aliquot of 0.5 mL was taken from the sample immediately after adding the 
flavonoid (t0ʹ). Subsequently, each sample was adjusted to pH 6.5 by using a pH-stat 
device (Metrohm, Herisau, Switzerland), and during the experiment the pH was 
maintained at 6.5 with automated titration using 0.05 M HCl and 0.05 M NaOH. This 
approach of maintaining pH with concentrated HCl and NaOH was chosen as buffer 
compounds can cause interference with complexation and oxidation reactions. [20,21] 
After pH adjustment, the samples were incubated at 40 °C under magnetic stirring 
(300 rpm) and aliquots (0.5 mL) were taken after 0, 1, 2, 4, and 24 h. During incubation, 

no measures were taken to reduce oxygen and light levels. The 0.5 mL samples were 
centrifuged (5 min, 15,000 × g) and the supernatant was separated to obtain the water 
soluble (WS) fraction. The pellet was solubilised with DMSO (100 vol. %), which is 
known to be a suitable solvent for metal:ligand systems. [22] The resulting suspension 
was centrifuged once more (5 min, 15,000 × g) and the supernatant was separated to 
obtain the DMSO soluble (DS) fraction. The DMSO insoluble pellet was freeze-dried 

to remove any remaining DMSO. Subsequently, 200 µL of 25 mM aqueous ascorbic 
acid was added to the freeze-dried pellet, which was then sonicated for 15 minutes, 
diluted 20 times with DMSO for a final DMSO concentration of 95 vol. %, and sonicated 

for an additional 15 min. After sonication, the sample was centrifuged for 5 min (15,000 
× g) and the supernatant was collected as the ascorbic acid soluble (AAS) fraction. The 
remaining pellet was not analysed further. The colour of the samples was recorded 
and assessed by spectrophotometric analysis and by taking pictures (Samsung-
G960F, Seoul, South Korea) against a white background. 

3.2.3. Monitoring complexation, oxidation, and discolouration by UV-Vis 

spectroscopy 

The effect of FeSO4 addition on complexation and oxidation reactions, and their effect 

on discolouration was monitored using UV-Vis spectroscopy according to a method 
adapted from.[16] In short, the UV-Vis spectra of the WS and DS fractions were 
obtained directly after sampling and centrifugation, 200 µL sample was transferred to 
a Corning UV-transparent flat-bottom polystyrene 96 well-plate (Sigma Aldrich, St. 
Louis, MO, USA). Spectra were recorded in the range from 250 – 750 nm in a 
SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA), at room temperature. The 
lower relative polarity of DMSO in the DS fractions (0.44) in comparison to water in the 
WS fractions (1.00) can affect electronic transitions and absorbance spectra.[23] In this 

study, a maximum bathochromic shift of the π→π* and π→dπ bands of 30 nm was 

observed in presence of DMSO. 
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3.2.4. Flavonoid quantification and identification of reaction products by 

RP-UHPLC-PDA-ESI-ITMSn 

DS, WS, and AAS fractions were immediately analysed by reversed-phase ultra-high 
performance liquid chromatography coupled to electrospray ionisation ion trap mass 
spectrometry (RP-UHPLC-PDA-ESI-ITMSn). Flavonoids and their oxidation products 
were separated on a Thermo Vanquish UHPLC system (Thermo Scientific, San Jose, 
CA, USA) equipped with an autosampler, a pump, a photodiode array (PDA) detector, 
and coupled in-line to an LTQ Velos Pro ion trap mass spectrometer (Thermo 
Scientific). The temperature of the autosampler was controlled at 25 °C to prevent 

solidification of DMSO (Tm = 18.5 °C). Sample (1 µL) was injected on an Acquity UPLC 
BEH C18 column (150 mm × 2.1 mm i.d., 1.7 µm) with a VanGuard (5 mm × 2.1 mm i.d., 
1.7 µm) guard column of the same material (Waters, Milford, MA). Water (A) and 
acetonitrile (B), both acidified with 0.1 vol. % formic acid, were used as eluents. The 
flow rate was 400 µL min-1, and the temperature of the column oven was 45 °C with 

the post-column cooler set to 40 °C. The following elution profile was used: 0.00 – 
1.09 min, isocratic on 1 vol. % B; 1.09 – 20.72 min, linear gradient from 1 to 55 vol. % B; 
20.72 – 21.81 min linear gradient from 55 to 100 vol. % B; 21.81 – 27.26 min isocratic on 
100 vol. % B; 27.26 – 28.35 min linear gradient from 100 to 1 vol. % B; 28.35 – 33.81 min 
isocratic on 1 vol. % B. The PDA detector was set to measure the wavelength range of 

190 – 680 nm. Mass spectrometric data were acquired using an ion trap mass 
spectrometer equipped with a heated electrospray ionisation probe (ESI-ITMSn). 
Nitrogen was used as a sheath gas (50 arbitrary units) and auxiliary gas (13 arbitrary 
units). Data were collected over the m/z range of 100 – 1,500 in negative and positive 
ionisation mode by using source voltages of 2.5 and 3.5 kV, respectively. For both 
modes, the S-lens RF level was set at 67 %, the ion transfer tube temperature was 263 
°C and the source heater temperature 425 °C. Data-dependent MS2 analysis was 
performed on the most intense ion by collision-induced dissociation (CID) with 
normalised collision energy of 35 %. A dynamic mass exclusion approach was used, in 

which the most intense ion was fragmented 3 times and was subsequently excluded 
from fragmentation for the following 5 seconds, allowing data-dependent MS2 of less 

intense co-eluting compounds. Data acquisition and processing were performed 
using Xcalibur (version 4.1, Thermo Scientific). Quantification of each flavonoid in the 
WS, DS, and AAS fraction was performed based on PDA peak area (280 nm) and an 
external calibration curve of the corresponding authentic standard (0.03 – 1 mM, in 
duplicate, R2 ≥ 0.99). The quantity of flavonoid over time was defined as recovery, in 
which the starting concentration of flavonoid (1 mM) was set as 100 % recovery. To 
test if the trend in flavonoid decrease over time was statistically significant, ANOVA 
analysis was performed using IBM SPSS Statistic v23 software (SPSS Inc., Chicago, IL, 

USA). Tukey’s post hoc comparisons (significant at p < 0.05) were carried out to 
evaluate differences per time point in the total flavonoid recovery and recovery of 
flavonoid in the WS, DS, and AAS fraction.  
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3.2.5. Determination of iron concentration by ferrozine-based 

colourimetric assay 

The total amount of iron in the WS, DS, and AAS fractions obtained at the different 
time points was quantified using a ferrozine-based colourimetric assay.[24] Binding of 
ferrous iron by 3-(2-pyridyl)-5-6-(bis(4-phenylsulfonic acid)-1,2,4-triazine (i.e. 

ferrozine) results in the formation of a complex with λmax at 565 nm. To ensure the 

reduction of ferric iron to its ferrous state, an excess of ascorbic acid (50 µL, 100 mM) 
was added to 50 µL sample (i.e. WS, DS, AAS fractions). After 1 h incubation with 

ascorbic acid, an excess of ferrozine (50 µL, 10 mM) was added. Ferrozine is a highly 

ferrous-stabilising ligand, therefore all ferrous iron binds to ferrozine to yield a ferrous 
iron-ferrozine complex.[25] Samples were transferred to 96-well microplates and the 
absorbance at 565 nm was measured in a SpectraMax iD3, at room temperature. All 
measurements were performed in duplicate, quantification of total iron was 
performed based on intensity (565 nm) and a calibration curve of FeSO4 (0.00625 – 
0.5 mM, in duplicate, R2 ≥ 0.99). Measurements were corrected for the flavonoid blank 
and it was confirmed that the presence of DMSO did not interfere with the 
quantification of soluble iron.

3.2.6. Characterisation of the nature and morphology of iron-flavonoid 

reaction products 

The nature and morphological characteristics of naringenin and quercetin samples 
prior to and after reaction with FeSO4 but before fractionation to WS, DS, and AAS 

were analysed using X-ray powder diffraction (XRD), scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM). The iron-flavonoid samples were 

prepared as described in section 3.2.2 and a sample was taken before (t0ʹ) and after 

adjustment of pH to 6.5 (t0). XRD measurements were performed with a Bruker D8 

Advance diffractometer (Bruker, Karlsruhe, Germany). The source consisted of Cu Kα 

radiation (λ = 1.54 Å). XRD patterns were recorded from 5° to 60° 2θ, with a step size of 

0.01° and a scan speed of 0.1 s/step. The XRD data was processed using the Bruker 

DIFFRAC.EVA software and the obtained patterns were identified by comparison with 
reference patterns in the Crystallography Open Database (COD). Optical analysis was 

carried out at the Wageningen Electron Microscopy Centre (WEMC). Prior to SEM, 

iron-flavonoid sample was applied to a 1 µm filter and air-dried. The sample was 

attached on a sample holder using carbon adhesive tabs and sputter-coated with 12 

nm tungsten using a Leica SCD 500 (Vienna, Austria). SEM analysis was performed on 
FEI Magellan 400 (FEI, Eindhoven, The Netherlands). For TEM analysis, 1 mM samples 

were added to a 400 mesh formvar/carbon grid and air-dried before measurement 

using a JEM-1400Plus (JEOL, MA, USA), operating at 120 kV. 
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3.3. Results & discussion 

3.3.1. Effect of flavonoid structure on iron-mediated discolouration  

Absorbance spectra of the flavonoid samples were recorded in the absence and 

presence of iron. Fig. 3.2A shows the λmax values and colour of the flavonoid and 

flavonoid + iron samples at pH 6.5. Full absorbance spectra of the water soluble (WS) 

and DMSO soluble (DS) fractions of all ten flavonoids are shown in the supplementary 

information (Fig. S3.1 to S3.4). 

Figure 3.2. (A) Maximum absorbance wavelength (λmax) of the flavonoids in the presence and 

absence of FeSO4 at pH 6.5, and pictures of the observed colour in the sample after 24 h 

incubation; (B) structural moieties of flavonoids responsible for the main π→π* absorbance 

bands: the benzoyl band (orange), cinnamoyl band (yellow), and phenol band (grey). Combined 

WS and DS absorbance spectra of (C) naringenin; (D) eriodictyol; (E) kaempferol; and (F) luteolin 

in presence of FeSO4 before pH adjustment (t0ʹ; dotted line) and after adjusting pH to 6.5 (t0; 

solid line), the conjugated system responsible for LMCT is marked in green; the conjugated 

system responsible for the benzoyl band is marked in orange; the conjugated system 

responsible for the cinnamoyl band in yellow. 

Two characteristic π→π* bands were observed in absorbance spectra of all flavonoids 

possessing a 4-keto group in conjugation with the C2-C3 double bond, namely the 

benzoyl (A-ring) and cinnamoyl (B-ring) bands with λmax values ranging from 260-290 

nm and 320-380 nm, respectively (Fig. 3.2B). The absence of the C2-C3 double bond 
in the flavanones (i.e. naringenin, eriodictyol, and taxifolin) resulted in weak 
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absorbance of the cinnamoyl band as a shoulder (sh) band.[26] Additionally, the larger 

conjugated system of flavonols and flavones led to a λmax of the cinnamoyl band at 

higher wavelengths. Epicatechin lacks the 4-keto and C2-C3 double bond and 
therefore only showed a phenol band at 280 nm. Before adjustment of the pH to 6.5 
(t0ʹ), no changes in the absorbance spectra of flavonoids were observed in the 
presence of FeSO4 compared to the spectra of flavonoids in absence of FeSO4.  

Generally, the iron-flavonoid samples at t0′ were transparent or yellow and showed 
the same benzoyl, cinnamoyl, and phenol bands compared to the flavonoid blanks 
(Fig. S3.3 and S3.4). Upon adjusting the pH to 6.5, a bathochromic shift to wavelengths 

in the visible spectrum was observed (Fig. 3.2C-F). These findings indicate that 
deprotonation of the hydroxyl substituents is a prerequisite for complexation, which 
subsequently leads to fast discolouration. Normally, the pKa value of the most acidic 
phenol moiety of flavonoids is around 9 but, because iron stabilises the deprotonated 
state, the apparent pKa is in the range of 5-8 in the presence of iron.[5,27]  

The structural features of flavonoids affected the electronic transition and the 

observed colour in presence of iron. The benzoyl π→π* transition band broadened to 

higher wavelengths for naringenin (Fig. 3.2C). This flavanone contains only the 4-5 

binding site and does not possess a C2-C3 double bond. Peak broadening resulted in 

an increased absorbance from 350 – 550 nm, which led to a light red-brown colour of 
these samples. Mellican et al. (2003) incubated similar concentrations of naringenin 
with ferric sulphate in pure water at pH 7. However, they reported that no colour 
formation was observed, even though their absorbance spectra also indicate an 
increase in absorbance from 400-650 nm, albeit at relatively low intensities. 

Formation of a broad absorbance band (Fig. 3.2D) with a λmax ranging from 550-560 

was observed for flavonoids possessing the 3 ʹ-4ʹ binding site (i.e. catecholate) but 

lacking the C2-C3 double bond (i.e. eriodictyol, epicatechin, and taxifolin). This 
wavelength is typical for LMCT in Fe(III)-catecholate complexes at pH ranging from 5-

7 and caused the purplish appearance of these samples.[6,16] Besides their 3ʹ-4ʹ binding 
site, eriodictyol and taxifolin also possess the 3-4 and 4-5 iron-binding sites. However, 
the absence of the C2-C3 double bond does not allow electron delocalisation through 
the whole structure, as a result, absorbance spectra of these flavonoids were 
dominated by the LMCT band (Fig. 3.2D, Fig. S3.4).  

Bathochromic shifting of the benzoyl and cinnamoyl π→π* band was observed for 

kaempferol and apigenin, both of which contain the 4-5 binding site in conjugation 

with the C2-C3 double bond (Fig. 3.2E). This bathochromic shifting was previously 

assigned to an extension of the conjugated π-π system induced by the positively 

charged metal.[8] Discolouration of these samples resulted from the extended 
conjugated system, leading to increased absorbance in the visible spectrum. The 
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bathochromic shift of the cinnamoyl band of kaempferol was more intense than that 

of apigenin and shifted to higher wavelengths, as kaempferol possesses the 3-4 
binding site in addition to the 4-5 binding site 

Bathochromic shifting of the benzoyl band and cinnamoyl band was also observed for 
flavonoids containing the 3ʹ-4ʹ binding site, and the 4-5 binding site in conjugation with 
the C2-C3 double bond (i.e. quercetin, myricetin, luteolin, tricetin) (Fig. 3.2F). 
Additionally, for these flavonoids a broad absorbance band was observed at higher 

wavelengths, resulting from π→dπ transitions (i.e. LMCT) of the catechol or pyrogallol 

moiety and the complexed iron. The combination of the bathochromic shift of the 

cinnamoyl band (π→π*) band and LMCT band (π→dπ) resulted in intense discolouration 

(Fig. 3.2A).  

To summarise, discolouration was observed for all tested flavonoids in presence of 
iron at pH 6.5. Moreover, the electronic transition responsible for discolouration was 
defined by the structural features of the flavonoid. The presence of the combination 
of the catechol moiety, the 4-keto, and the C2-C3 double bond resulted in the most 
intense colour by a combination of bathochromic shifting of the cinnamoyl band 

(π→π*) and LMCT phenomena (π→dπ). Presence of the 3-hydroxy group provided an 

additional binding site and therefore resulted in more intense discolouration.  

3.3.2. Solubility and stability of flavonoids in presence of iron 

The recovery of flavonoid over time in presence of iron was quantified by RP-UHPLC-
PDA-MSn (Fig. 3.3). An overview of the mass spectrometric and spectroscopic data 
used to identify the flavonoids is provided in the supplementary information (Table 
S3.1). Total recovery of flavonoid was followed over time in three different fractions, 
water soluble (WS), DMSO soluble (DS), and ascorbic acid soluble (AAS).  

Iron-flavonoid complexes were unstable in the LC mobile phase ( i.e. 
water/acetonitrile with 0.1 vol. % formic acid) because of protonation of the flavonoid 
at the acidic conditions.[28] Therefore, only free flavonoids were identified and 
quantified, which could directly be linked to the solubility and extent of oxidation. 
Before adjustment of the pH (t0ʹ), high recoveries were found for all flavonoids. 
Flavonoids with the C2-C3 double bond showed poor water solubility, as evidenced 
by their recovery in DS compared to WS, due to their planar ring structure facilitating 

hydrophobic interaction by π-π stacking of the aromatic nuclei in aqueous 

environments.  
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Figure 3.3. Recovery of kaempferol, quercetin, myricetin, epicatechin, taxifolin, apigenin, 

luteolin, tricetin, naringenin, and eriodictyol in the WS (blue), DS (green), and AAS (grey) 

fractions in presence of iron before adjustment of the pH (t 0ʹ) and after 0, 1, 2, 4, and 24 h of 

incubation at pH 6.5. Error bars indicate the standard deviation of independent duplicates. 

Different letters indicate a significant difference in total recovery compared to other time points 

for the same flavonoid (Tukey’s test, p < 0.05). Significance of differences in the three individual 

fractions (i.e. WS, DS, and AAS) per time point for each flavonoid is indicated in the 

supplementary information, Table S3.3. 

For the flavonoids with a pyrogallol moiety on the B-ring, i.e. myricetin and tricetin, a 
decreased recovery was observed over time, with respective losses of 78 % and 70 % 
of the initial amount after 24 h incubation. Pyrogallol moieties generally have a lower 

pKa than catechol moieties, resulting in a higher phenoxide concentration at pH 6.5, 
making the flavonoid more prone to oxidation.[2,29] For quercetin also a significant 

decrease of 14 % was observed after 24 h incubation. The iron-mediated oxidation rate 
increased due to the presence of the 3-hydroxy group (quercetin vs. luteolin) as well 
as the C2-C3 double bond (quercetin vs. taxifolin). For epicatechin, which lacks the 4-
keto moiety, a loss of 87 % was observed over time. It is well-established that 
epicatechin can easily be oxidised to brown-coloured coupling products by 
enzymatic oxidation and auto-oxidation.[12] The absence of the 4-keto group on 
epicatechin likely results in reduced oxidative stability compared to the other 
flavonoids tested.  

For kaempferol, taxifolin, apigenin, luteolin, naringenin, and eriodictyol, no significant 
decrease was observed over 24 h of incubation in presence of iron (p > 0.05). For some 
flavonoids, in particular those that possess multiple iron-binding sites, adjustment to 
pH 6.5 led to the formation of black precipitate that was only soluble after the addition 
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of an excess of ascorbic acid (AAS). In section 3.3.4 this phenomenon will be further 

discussed. 

As a control, all flavonoids were also incubated at pH 6.5 over time in absence of iron 
(Fig. S3.5). Most flavonoids were stable over 24 h aqueous incubation in absence of 
iron. However, myricetin and epicatechin showed decreases of 45 % and 22 % in total 
recovery after 24 h incubation, respectively. Auto-oxidation of flavonoids in an 
aqueous solution occurs via electron transfer (ET) reactions. Myricetin possesses all 
structural features essential for oxidation (i.e. 3-OH, 4ʹ-OH, and C2-C3 double bond) 
and is therefore also prone to auto-oxidation. However, the 78 % decrease in myricetin 

recovery in presence of iron shows that the oxidation reaction is accelerated by iron. 
In presence of iron, the degradation of tricetin was similar to myricetin (70 % vs. 78 % 
in 24 h). In absence of iron, no significant decrease was observed for tricetin. Tricetin 
lacks the 3-OH group, and cannot form quinone methides, which are chemically more 
reactive and unstable than ortho-quinones.[30]  

3.3.3. Flavonoid oxidation in the presence of iron 

The complexation reaction can be followed up by ET reactions that cause oxidation 
of flavonoids, as evidenced by the decreased recovery of flavonoids over time (Fig. 

3.3). These ET reactions yield a plethora of oxidation products by degradation or 
oxidative coupling reactions. The formation of flavonoid oxidation products was 
monitored by RP-UHPLC-PDA-MSn.  

The major oxidation products present in the WS and DS fractions were tentatively 
identified based on spectrometric and spectroscopic data (Table S3.2). The RP-
UHPLC-PDA chromatograms of quercetin with FeSO4 before and after 24 h of 
incubation (Fig. 3.4A) show that aqueous incubation of quercetin with FeSO4 resulted 
in the formation of several oxidation products. Chromatograms of the other flavonoids 
before pH adjustment (t0ʹ) and after 24 h incubation at pH 6.5 are provided in the 

supplementary information (Fig. S3.6 and S3.7).  

An overview was created of the main characteristic degradation end products and 
coupling products formed per flavonoid after 24 h of incubation (Fig. 3.4B). The 
oxidation products could not be quantified because the molar extinction coefficients 
of some of the formed compounds were unknown. However, the cumulative PDA (250 
to 400 nm) peak areas of the chromatograms were used as an indication for the total 

amount of oxidation products formed (Fig. 3.4C), as all oxidation products showed λmax

values within this range.  
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Figure 3.4. (A) RP-UHPLC-PDA (250-400 nm) profiles of quercetin × FeSO4 samples before 

incubation and pH adjustment (t0ʹ) and after 24 h incubation pH 6.5, 40 °C (t24). (B) Heatmap 

indicating the type and relative quantity of individual oxidation products formed per flavonoid 

after incubation for 24 h. Tentative identification of these compounds is based on Table S3.2, 

colour indicates the relative levels per oxidation product (grey = n.d., not detected; green = low 

PDA250-400 area; and orange = high PDA250-400 area). (C) Cumulative area of PDA peaks for 

oxidation products after 24 h of incubation, detected in the wavelength range of 250-400 nm. 

(D) Proposed pathway of Fe(III)-mediated oxidative cleavage of flavonols illustrated for

quercetin. HBA = hydroxybenzoic acid, DHBA = dihydroxybenzoic acid, THBA = 

trihydroxybenzoic acid, THPGA = trihydroxyphenylglyoxylic acid.
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Degradation reactions 

The main characteristic degradation products formed by iron-mediated oxidation of 
flavonoids in aqueous solution were 4-hydroxybenzoic acid (4-HBA), 3,4-
dihydroxybenzoic acid (3,4-DHBA; protocatechuic acid), or 3,4,5-trihydroxybenzoic 
acid (3,4,5-THBA; gallic acid), 2,4,6-THBA (i.e. phloroglucinol carboxylic acid), and 
2,4,6-trihydroxyphenylglyoxilic acid (2,4,6-THPGA). The proposed pathway of Fe(III)-
mediated oxidative degradation of quercetin is illustrated in Fig. 3.4D. The interaction 
of quercetin (1) with Fe(III), is followed by an ET from quercetin to Fe(III), leading to 
formation of a semiquinone (not shown) and upon a second ET an ortho-quinone (2) is 
formed. This ortho-quinone readily isomerises to a para-quinone methide 

intermediate (3), which is converted to a flavylium cation upon protonation  (4). 
Subsequent hydroxylation at the C2 position leads to formation of an unstable 2,5,7,3ʹ-
4ʹ-pentahydroxy-3,4-flavandione (5). Via ring-opening the intermediate 5,7,9,3 ʹ-4ʹ-
pentahydroxy-2,3,4-chalcantrione (6) is formed, this molecule is also unstable, and 
may rearrange to form the intermediate 2-(3ʹ-4ʹ-dihydroxybenzoyl)-2,4,6-
trihydroxybenzofuran-3(2H)-one (7).[31] Moreover, product 6 can undergo hydrolysis 

resulting in formation of lower molecular weight products. Cleavage of the C2-C3 
bond upon hydrolysis results in formation of the A-ring derived 2,4,6-THPGA (P1) and 
B-ring derived 3,4-DHBA (P2). Moreover, cleavage of the C3-C4 bond upon hydrolysis

results in the formation of A-ring derived 2,4,6-THBA (P3) and B-ring derived 3,4-
DHPGA (P4) (Fig. 3.4D). For all investigated flavonoids, except epicatechin, a distinct
peak was observed in RP-UHPLC-PDA-MSn with a difference in m/z of 16 amu,
probably this corresponds to one of the hydroxylated intermediates. Based on the
mass spectrometric data and the fragmentation profile, which show RDA
fragmentation typical for (oxidised) flavonoids. It seems unlikely that this peak was
chalcantrione (6), as we would expect to observe a distinct MS2 fragmentation profile
resulting from cleavage between the more labile C2 and C3 or C3 and C4 positions in
the MS. Therefore, it is expected that this peak corresponds to either the flavandione
(5) or benzofuranone (7) (Table S3.2). We cannot presently distinguish between these

two intermediate oxidation products.[32]

If the 3-OH group was present in conjugation with the C2-C3 double bond (flavonols), 

degradation to hydroxybenzoic acid derivatives was more prominent compared to the 
other flavonoid subclasses. The presence of these functional moieties enables keto-
enol tautomerisation and results in the formation of the para-quinone and highly 
reactive quinone methides. [30,33] As a result, oxidative degradation was preferred over 
oxidative coupling for flavonols, which is in line with previous findings regarding 
flavonol oxidation in aqueous environments.[34] In absence of the 3-OH group (i.e. 

flavones) only ortho-quinones can be formed, which are relatively more stable in 
aqueous solution than quinone methides, resulting in slower oxidation.[30] In absence 
of the C2-C3 double bond (i.e. taxifolin) also limited formation of degradation products 
was observed as keto-enol tautomerism is not present in taxifolin and formation of 
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the quinone methides is less likely.[33] If both of these moieties were absent ( i.e. 

naringenin, eriodictyol, and epicatechin), no degradation products were observed.  

Formation of degradation products over time lowered the absorbance in the visible 
range, as shown in the absorbance spectra of quercetin and myricetin  (Fig. S3.3). A 
decrease was observed in the absorbances of both the LMCT band and the 

cinnamoyl-iron bands. Simultaneously, a new peak with λmax at 290 nm appeared, 

resulting from the formed hydroxybenzoic acid derivatives that possess one phenolic 
moiety and a limited conjugated system. This decrease in absorbance in the visible 
range due to oxidation is in line with previous research on fading of the colour of 

aluminium-flavonoid complexes due to metal-mediated oxidation.[35] Preliminary 
experiments (results not shown) indicated that incubation of quercetin with iron under 
the same conditions for an extended time (i.e. weeks) prompted the formation of a 
new LMCT band, most likely resulting from complexation of the hydroxybenzoic acid 
derivatives to iron.  

Oxidative coupling reactions 
Oxidative coupling of the flavonoids in presence of Fe(III) was also followed by RP-
UHPLC-PDA-MS. Dimers were detected by creating extracted ion chromatograms 

with a dimer mass range of ((Mw×2)−2) ± 5, and were tentatively identified based on 
their mass spectra. Detailed mass spectrometric and spectroscopic data of the dimers 
is provided in the supplementary information (Table S3.2). All identified dimers were 

dehydro-type dimers. Extracted ion chromatograms for specific m/z values that 
correspond to benzotropolone-type dimers (e.g. theaflavins) indicated that none of 
these types of dimers was formed. These findings are in line with recent work on the 
auto-oxidative browning mechanism of epicatechin, in which it was shown that 
dehydrodicatechins were the main products of epicatechin auto-oxidation.[12] Thus, 
the iron-mediated dimerisation pathway is hypothesised to follow a similar 
mechanism as auto-oxidative dimerisation. Dimer formation was more prominent in 

the flavonoids lacking the C2-C3 double bond. Additionally, dimerisation was also 
observed for tricetin, which does possess the C2-C3 double bond. Thus, we suggest 
that the absence of the 3-OH group stabilised tricetin against undergoing degradation 
reactions, thereby directing the reaction towards oxidative coupling, resulting in dimer 
formation. Extracted ion chromatograms were also screened for trimers and 
oligomers. Except for epicatechin trimers, no tri- or oligomers were detected.  

Flavonoid oxidative coupling is hypothesised to contribute to discolouration in two 
ways: (i) the dimers’ extended conjugated systems give a brownish  colour; and (ii) the 

dimers can form coloured complexes with iron. Most of the flavonoid dimers that were 

identified by UHPLC-PDA-MS had a λmax ranging from 350-400 nm and thus showed 

absorbance in the visible light range (380-750 nm). However, even after 24 h, the 
relatively small amount of dimers formed via oxidative coupling did not affect the full 
absorbance spectra of the iron-flavonoid samples, except for epicatechin. The UV-Vis 
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absorbance spectra of epicatechin in presence of iron  (Fig. S3.8) indicated increased 

absorbance between 400 and 500 nm, resulting from the formation of brown coloured 
epicatechin dimers and trimers. In addition to this broad absorbance “hump”, the 

LMCT band with a λmax around 550 nm was also still present, indicating the presence 

of iron-flavonoid complexes. Interaction of the epicatechin with iron resulted in a 
purplish colour, whereas interaction of the dimers and trimers with iron resulted in 
black colour formation due to the extended conjugated system and a combination of  

π→π* and π→dπ transitions (Fig. S3.8). Furthermore, the number of iron-binding sites 

increases with the degree of polymerisation, as additional binding sites arise from 
hydroxyl/carbonyl groups. 

Overall, iron-mediated oxidation reactions of flavonoids led to degradation or 
oxidative coupling, that resulted in a decrease or increase in visible light absorbance, 
respectively. Considering the trends observed here, it is expected that upon 
incubation for more than 24 h, these colour changes will become more pronounced. 

3.3.4. Formation of iron-flavonoid networks 

The samples of quercetin, myricetin, luteolin, and tricetin with FeSO4 showed the 

formation of black particles with poor solubility and the flavonoids were only 

recovered after the addition of an excess of ascorbic acid (AAS) (Fig. 3.5). Recovery of 
flavonoids in the AAS fraction indicated that the poor solubility of flavonoids in 
presence of iron was caused by a reversible interaction ( i.e. complexation). Disruption 
of the reversible iron-flavonoid interactions by addition of ascorbic acid can be due 
to protonation of the hydroxyl groups at low pH, reduction of Fe(III) to Fe(II), 
competition by ascorbic acid for iron complexation, or a combination thereof . 
Exploratory experiments with concentrated HCl indicated that solely lowering the pH 
was sufficient to disrupt the iron-flavonoid interactions (results not shown). The main 
flavonoids that showed precipitation in our study ( i.e. quercetin, myricetin, luteolin, and 
tricetin) possessed the 3-4 site and/or the 4-5 site in combination with the 3 ʹ-4ʹ site. 

We, therefore, concluded that multiple iron-binding sites on flavonoids were a 
prerequisite for the formation of poorly soluble interaction products. Habeych and co-
authors also observed precipitate formation of phenolic compounds with multiple 
binding sites in presence of FeSO4.[2] These authors interpreted precipitation as either 
oxidation of phenolics to polymers, or formation of high molecular size networks by 

bridging of phenolics with iron, though neither of these mechanisms were 
confirmed.[2] Based on the reversibility of our iron-flavonoid interactions by the 
addition of ascorbic acid, we hypothesise that precipitation was mainly the result of 
the formation of insoluble complexes or networks rather than covalent oxidative 

coupling. In another study, it was also reported that myricetin, quercetin, and luteolin 
can form Fe(III)-coordinated metal-phenolic networks (MPN).[36] MPNs are 
supramolecular networks of metal ions coordinated to phenolic ligands and are 
commonly characterised by an amorphous nature.[37,38] To confirm that MPNs were 
formed, the nature and morphology of the iron-flavonoid interaction products were 
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analysed by powder X-ray diffraction (XRD). For these experiments, we selected two 

samples: iron-quercetin, representing flavonoids with two binding sites, and iron-
naringenin, representing flavonoids with one binding site (Fig. 3.5).  

The XRD patterns of quercetin (Fig. 3.5A) and naringenin (Fig. 3.5D) showed crystalline 
patterns that were respectively identified as triclinic quercetin dihydrate and 
monoclinic naringenin. XRD patterns of mixed iron-flavonoid samples at t0ʹ showed 
crystalline peaks indicative for a mixture of the flavonoid and FeSO4 without any 
interaction (Fig. 3.5B and 3.5E). The XRD pattern of the iron-flavonoid samples after 
pH adjustment to 6.5 (Fig. 3.5C and 3.5F) showed a broad “hump” caused by diffuse 

scattering. This broad “hump” is indicative for the disordered nature of an amorphous 
material. This is in line with previously reported results on the amorphous nature of 
the reaction product of iron with quercetin at pH 12.[39] The XRD patterns of the iron-
flavonoid samples after pH adjustment to 6.5 (Fig. 3.5C and 3.5F) were distinctly 
different from those obtained for FeSO4 on its own after pH adjustment to 6.5 (Fig. 
S3.9). Thus, we confirmed that the observed amorphousness is caused by an 

interaction between iron and the flavonoid and not by the formation of iron 
(oxy)hydroxide species. Also naringenin, for which no AAS fraction was observed, 
yielded an XRD pattern corresponding to an amorphous material. The amorphousness 

of iron-flavonoid reaction products can be a result of the formation of MPNs. Wang 
(2013) also showed that amorphousness may indicate the formation of iron-phenolic 
complex nanoparticles with a 1:3 stoichiometry.[37,40] The existence of coordination-
driven bridging interactions between iron and flavonoids via μ-oxo/hydroxo-bridged 
Fe(III) species can also result in amorphous MPNs (Fig. S3.10).[37,41] Although the 
amorphous nature of the samples was a clear indication of the formation of more 
intricate iron-flavonoid interaction products, the XRD patterns on their own did not 
provide sufficient insights into these products’ exact structural characteristics. To 
further investigate the potential presence of MPNs in our iron-flavonoid samples, 
electron microscopic measurements were performed. SEM images of quercetin 

showed rod-like or needle-like shapes representing its high crystallinity (Fig. 3.5A). 
After the addition of FeSO4 and adjustment of pH, the surface morphology became a 
dense, uniform, smooth film with an amorphous nature (Fig. 3.5C), further supporting 

the hypothesis that insoluble MPNs were present in the sample. [39] For naringenin, the 
morphology also changed after the addition of FeSO4 and pH adjustment (Fig. 3.5E). 
The surface morphologies of the iron-quercetin and iron-naringenin samples was 
distinctively different. The higher surface roughness and fracturing observed in the 
iron-naringenin sample compared to the iron-quercetin sample are indicative for 
discontinuous MPNs or nanoparticle deposition, rather than continuous extended 

MPNs.  
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Figure 3.5. Powder XRD patterns, SEM images, and TEM images for (A) quercetin; (B) quercetin 

× FeSO4 (before pH adjustment, t0ʹ); (C) quercetin × FeSO4 (pH = 6.5, t0); (D) naringenin; (E) 

naringenin × FeSO4 (before pH adjustment, t0ʹ); and (F) naringenin × FeSO4 (pH = 6.5, t0). 
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TEM was performed on the iron-flavonoid samples in suspension. TEM images of pure 

quercetin show aggregation (Fig. 3.5A). High electron density led to intense Bragg 
reflections and dark contrast in the TEM image. Upon addition of FeSO4 and before 
pH adjustment, the structure of quercetin still appeared needle-like and crystalline in 
SEM, but particles showed less aggregation in TEM (Fig. 3.5B). After adjustment to pH 
6.5 characteristic needle-shaped structures were visible representing precipitated 
quercetin.[42] In addition to that, irregularly shaped particles with morphologies in 
accordance with those of MPNs were revealed (Fig. 3.5C). This formation of networks 
was not observed for quercetin on its own. For naringenin, TEM revealed the presence 
of large aggregates, and the addition of FeSO4 did not have much influence on their 

size or morphology (Fig. 3.5D and 3.5E). The addition of iron to naringenin and pH 
adjustment to 6.5 led to the formation of amorphous particles of increased size (Fig. 
3.5F).  

Based on these results obtained for quercetin and naringenin, we concluded that 
formation of MPNs occurred in both samples upon addition of iron and adjustment of 

pH to 6.5. The presence of a binding site on the 3-4 site and/or the 4-5 site in 
combination with the 3ʹ-4ʹ site, as in quercetin, was a prerequisite to form continuous 
extended MPNs. Moreover, the higher AAS recovery of the flavone and flavonol 

subclasses compared to the flavan subclasses (Fig. 3.3) indicated that the presence 
of the C2-C3 double bond enhanced the formation of insoluble extended MPNs. 
Based on the results obtained for naringenin, we propose that even flavonoids with 
only one iron-binding site can form MPNs. The number of interactions per flavonoid 
and molecular size of the resulting amorphous interaction products of these 
flavonoids with only one iron-binding site is expected to be much lower compared to 
MPNs from flavonoids with multiple iron-binding sites. Therefore, flavonoids with only 
one iron-binding site had higher solubility, as shown by the fact that they were mainly 
recovered in the WS and DS fractions, rather than the AAS fractions. We suggest that 
the large conjugated system of insoluble, extended MPNs is responsible for the strong 

black discolouration of the observed precipitate (i.e. AAS fraction). Furthermore, we 
speculate that the reduced solubility of these MPNs may also lead to decreased bio-
accessibility compared to smaller, soluble complexes. 

3.3.5. Implications of iron-flavonoid interactions on bio-accessibility of iron 

In addition to flavonoid solubility, total iron solubility (as defined by Equation 3.1) was 
assessed.  

[𝑭𝒆]𝒕𝒐𝒕𝒂𝒍 =  [𝑭𝒆]𝟐+ + [𝑭𝒆]𝟑+ +  ∑[𝑺𝒐𝒍𝒖𝒃𝒍𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔 𝒐𝒇 𝑭𝒆𝟐+ 𝒂𝒏𝒅 𝑭𝒆𝟑+]  (Eq. 3.1) 

An overview of the recovery of iron, as determined by the ferrozine-based 
colourimetric assay, in the WS, DS, and AAS fractions are provided in the 
supplementary information (Fig. S3.11). The recovery of total iron in the water soluble 
(WS) fraction (Fig. 3.6) indicates its bio-accessibility.[19] The total iron solubility of the 
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FeSO4 control after pH adjustment to 6.5 decreased by 99 % due to the formation of 

poorly soluble iron (oxy)hydroxide species and hydrolytic polymers upon Fe(III) 
hydrolysis around neutral pH.[19,43]  

Figure 3.6. Heatmap showing total iron solubility over time in the WS fraction for the FeSO 4 

control and after incubation of FeSO4 with different flavonoids. 

The total solubility of iron in water at pH 6.5 was enhanced for most flavonoids in 

comparison to the control. The highest iron recovery was observed for the less planar 
flavonoids (i.e. flavonoids without the C2-C3 double bond), which also had a relatively 
high recovery of flavonoid in the WS fraction (Fig. 3.6). Moreover, it was observed that 
iron solubility was enhanced if two or more hydroxyl groups were present on the 
flavonoid B-ring. Complexation of Fe(III) to catechol stabilises Fe(III) against the 
formation of hydrolysis products.[16] On the other hand, combining iron with poorly 
water soluble flavonoids (i.e. kaempferol, quercetin, myricetin, apigenin, and 
naringenin) leads to precipitation of the complexes and/or MPNs, and thereby to low 
iron recovery in the WS fraction. The slight increase in iron solubility in the presence 
of some poorly water soluble flavonoids (e.g. quercetin and myricetin) over time 

indicates that their oxidative degradation products (i.e. hydroxybenzoic acid 
derivatives) may form water soluble complexes with iron. Most iron absorption occurs 
in the duodenum (pH 6-6.5) and the upper jejunum (pH 7-9).[19] Therefore, higher total 
recoveries of iron in the WS fraction in presence of flavonoids at pH 6.5 are indicative 
for better bio-accessibility, which is defined as the quantity of iron in solution and 

available for absorption in the gastrointestinal tract. It should be noted that although 
bio-accessibility of iron is a prerequisite for bioavailability, iron bio-accessibility 
cannot directly be correlated to iron bioavailability, which also includes digestion, 
absorption, and metabolism.[19] Nonetheless, based on these results, we expect that 

the formation of soluble iron-flavonoid complexes can still negatively affect iron 
bioavailability. Previous research on iron homeostasis in presence of quercetin and 
epigallocatechin gallate indicated an increase in apical uptake for the complexed iron, 
but a decrease in basolateral transport, leading to an overall reduction in iron 
bioavailability.[44] 
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3.4. Conclusion 
This is the first time that the combined effect of complexation, oxidation, and 
formation of networks on iron-mediated flavonoid discolouration, and the effect of 
flavonoids’ structural features thereon, was investigated. Complexation of iron to all 
investigated flavonoids resulted in fast discolouration in aqueous samples at pH 6.5. 
Binding of iron to the 3-4 site or 4-5 site resulted in bathochromic shifting of the 

cinnamoyl and/or benzoyl (π→π*) bands. In accordance with the hypothesis, the 

presence of the 3ʹ-4ʹ site (i.e. catechol or pyrogallol moiety) was a prerequisite for the 

formation of an LMCT (π→dπ) band. Flavonoids possessing the 3ʹ-4ʹ site in conjugation 

with the C2-C3 double bond, and the 4-5 site showed the most intense discolouration, 
resulting from a combination of bathochromic shifting of the cinnamoyl band and 
LMCT phenomena. In addition to more intense discolouration, the presence of the C2-
C3 double bond and more hydroxyl groups on the B-ring also led to a greater extent 
of iron-mediated oxidation reactions. The presence of the 3-hydroxy group also 
enhanced oxidative degradation by the formation of highly reactive quinone methides 

as reaction intermediates. Oxidative degradation or oxidative coupling of the 
flavonoid, respectively resulted in a decrease or increase in visible light absorbance. 
With XRD, SEM, and TEM, we confirmed that the black precipitate formed when iron 
was incubated with flavonoids that possess multiple iron-binding sites, was the result 

of the formation of extended MPNs. These extended MPNs likely possessed a higher 
number of interactions and molecular size compared to MPNs from flavonoids with 
only one iron-binding site. Additionally, the water solubility of iron in the presence of 
flavonoids was enhanced by flavonoids that possessed the 3ʹ-4ʹ binding site but 
lacked the C2-C3 double bond. This study shows that the structural features of 
flavonoids strongly influence their interactions with iron via complexation and 
oxidation, thereby affecting the resulting discolouration and formation of networks. In 
future work, it should be explored how these mechanistic insights into iron-flavonoid 
interactions can be used to develop approaches to prevent discolouration in novel 

mineral-fortified foods. 
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3.7. Supplementary information 

Figure S3.1. Absorbance spectra of flavonoid blanks at t0ʹ (dotted line), and after pH adjustment 

for the different timepoints: t0, t1, t2, t4 to t24 (gradient light to dark) (A) kaempferol WS; (B) 

kaempferol DS; (C) quercetin WS; (D) quercetin DS; (E) myricetin WS; (F) myricetin DS; (G) 

apigenin WS; (H) apigenin DS; (I) luteolin WS; (J) luteolin DS. 
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Figure S3.2. Absorbance spectra of flavonoid blanks at t0ʹ (dotted line), and after pH adjustment 

for the different timepoints: t0, t1, t2, t4 to t24 (gradient light to dark) (A) tricetin WS; (B) tricetin 

DS; (C) naringenin WS; (D) naringenin DS; (E) eriodictyol WS; (F) eriodictyol DS; (G) epicatechin 

WS; (H) epicatechin DS; (I) taxifolin WS; (J) taxifolin DS. 
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Figure S3.3. Absorbance spectra of iron-flavonoid samples at t0ʹ (dotted line), and after pH 

adjustment for the different timepoints: t0, t1, t2, t4 to t24 (gradient light to dark) (A) kaempferol 

WS; (B) kaempferol DS; (C) quercetin WS; (D) quercetin DS; (E) myricetin WS; (F) myricetin DS; 

(G) apigenin WS; (H) apigenin DS; (I) luteolin WS; (J) luteolin DS.
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Figure S3.4. Absorbance spectra of iron-flavonoid samples at t0ʹ (dotted line), and after pH 

adjustment for the different timepoints: t0, t1, t2, t4 to t24 (gradient light to dark) (A) tricetin WS; 

(B) tricetin DS; (C) naringenin WS; (D) naringenin DS; (E) eriodictyol WS; (F) eriodictyol DS; (G)

epicatechin WS; (H) epicatechin DS; (I) taxifolin WS; (J) taxifolin DS.
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Figure S3.5. Recovery of kaempferol, quercetin, myricetin, epicatechin, taxifolin, apigenin, 
luteolin, tricetin, naringenin, eriodictyol in the WS (blue) and DS (green) before adjustment of 
the pH (t0ʹ) and after 0, 1, 2, 4, and 24 hours of incubation at pH 6.5. Error bars indicate the 
standard deviation of independent duplicates. Different letters indicate a significant difference 
in total recovery compared to other time points for the same flavonoid (Tukey’s test, p < 0.05). 
Significance of differences in the three individual fractions (i.e. WS, DS, and AAS) per time point 
for each flavonoid is indicated in supplementary information,  Table S3.3. 
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Figure S3.6. Combined RP-UHPLC-PDA (250-400 nm) chromatograms from the WS and DS 

fractions of (A) kaempferol × FeSO4 (t0ʹ); (B) kaempferol × FeSO4 (t24); (C) quercetin × FeSO4 (t0ʹ); 

(D) quercetin × FeSO4 (t24); (E) myricetin × FeSO4 (t0ʹ); (F) myricetin × FeSO4 (t24); (G) apigenin ×

FeSO4 (t0ʹ); (H) apigenin × FeSO4 (t24); (I) luteolin × FeSO4 (t0ʹ); and (J) luteolin × FeSO4 (t24).
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Figure S3.7. Combined RP-UHPLC-PDA (250-400 nm) chromatograms from the WS and DS 

fractions of (K) tricetin × FeSO4 (t0ʹ); (L) tricetin × FeSO4 (t24); (M) naringenin × FeSO4 (t0ʹ); (N) 

naringenin × FeSO4 (t24); (O) eriodictyol × FeSO4 (t0ʹ); (P) eriodictyol × FeSO4 (t24); (Q) 

epicatechin × FeSO4 (t0ʹ); (R) epicatechin × FeSO4 (t24); (S) taxifolin × FeSO4 (t0ʹ); and (T) taxifolin 

× FeSO4 (t24). References table S3.2 d [31,45,46]; e [32]; f [12,47]; g [48]. 
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Figure S3.8. Absorbance spectra of epicatechin × FeSO4 over time upon incubation at 40 °C 
and pH 6.5, including images of the colour of the sample at the different time points. The inset 
shows proposed binding sites of iron to a δ-type dehydrodicatechin. 

Figure S3.9. Powder XRD pattern of (A) ferrous sulphate blank, pattern was identified as 
monoclinic FeH14O11S and (B) ferrous sulphate blank after incubation for 1 hour at pH 6.5, 
pattern was identified as orthombic iron oxyhydroxide [FeO(OH)], e.g. lepidocrocite.  
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Figure S3.10. Schematic illustration of coordination of Fe(III) to naringenin via μ-oxo/hydroxo-

bridged species in aqueous solution,based on μ-oxo-bridged species reported previously by 

Zhong et al.[41] 

Figure S3.11. Recovery of iron in the WS (yellow), DS (orange) and AAS (brown hashed) 

fractions of samples containing kaempferol, quercetin, myricetin, apigenin, luteolin, tricetin, 

naringenin, eriodictyol, epicatechin, and taxifolin before adjustment of the pH (t 0ʹ) and after 0, 

1, 2, 4, and 24 hours of incubation at pH 6.5. Error bars indicate the standard deviation of 

independent duplicates. Different letters indicate a significant difference in total iron recovery 

compared to other time points for the same flavonoid (Tukey’s test, p < 0.05). Significance of 

differences in the three individual fractions ( i.e. WS, DS, and AAS) per time point for each 

flavonoid is indicated in supplementary information, Table S3.3. 
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Table S3.3. Statistical analysis of the flavonoid and iron recovery in total and for the recovery 

in each of the three different fractions: water soluble (WS), DMSO soluble (DS), and ascorbic 

acid soluble (AAS) fractions. The quantitative differences were assessed by Tukey’s post hoc 

comparison (p < 0.05). Significant differences in recovery compared to the other time points for 

the same flavonoid are indicated with a different letter. 

Flavonoid Time 

Flavonoid recovery in 
presence of FeSO4

Flavonoid recovery in 
absence of FeSO4

Iron recovery in 
presence of flavonoid 

Tot. WS DS AAS Tot. WS DS AAS Tot. WS DS AAS 

Kaempferol 0' a a a a a a a n.a. a a b c 

0 a b a a a a a n.a. a b a ab 

1 a bc a a a a a n.a. a b a ab 

2 a bc a a a a a n.a. a b a b 

4 a bc a a a a a n.a. a b a ab 

24 a c a a a a a n.a. a b a b 

Quercetin 0' b b a b a a a n.a. a a b a 

0 a a bc a a a a n.a. a b a a 

1 ab a bc a a a a n.a. a b a a 

2 ab a bc a a a a n.a. a b a a 

4 ab a c a a a a n.a. a b a a 

24 c a d a a a a n.a. a b a a 

Myricetin 0' a a a c a a a n.a. a a c b 

0 ab a b a a a a n.a. a b a a 

1 bc b c a a a a n.a. a b ab a 

2 c c d a a a a n.a. a b abc a 

4 c c d a a a a n.a. a b abc a 

24 d d e b b b a n.a. a b bc a 

Epicatechin 0' a a a a a a a n.a. a a a a 

0 b b a a a a a n.a. a ab a a 

1 b c a a a a a n.a. a ab a a 

2 c d a a a a a n.a. a ab a a 

4 d e a a a a a n.a. a ab a a 

24 e f a a b b a n.a. a b a a 

Taxifolin 0' a a a a a a a n.a. a a a b 

0 ab ab a a ab b a n.a. a a a ab 

1 ab ab a a b b a n.a. a a a ab 

2 ab ab a a b b a n.a. a a a ab 

4 ab ab a a b b a n.a. a a a ab 

24 b b a a ab b a n.a. a a a a 

n.a. not applicable, no ascorbic acid soluble fraction was present.

Table S3.3. Continued 
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Flavonoid Time 

Flavonoid recovery in 
presence of FeSO4

Flavonoid recovery in 
absence of FeSO4 

Iron recovery in 
presence of flavonoid 

Tot. WS DS AAS Tot. WS DS AAS Tot. WS DS AAS 

Apigenin 0' a a a b a a b n.a. a a a b 

0 a a a b a b a n.a. a b a b 

1 a a a b a c a n.a. a b a b 

2 a a a a a c a n.a. a b a a 

4 a a a a a c a n.a. a b a a 

24 a a a a a c a n.a. a b a a 

Luteolin 0' a b a b a a a n.a. a a b b 

0 a a b a a a a n.a. a b a a 

1 a a b a a a a n.a. a b a a 

2 a a b a a a a n.a. a b a ab 

4 a a b a a a a n.a. a b a a 

24 a a b a a a a n.a. a b a a 

Tricetin 0' a c a b a a a n.a. a a b d 

0 ab a b a a a a n.a. a b a a 

1 ab a c ab a a a n.a. a b a bc 

2 ab ab c ab a a a n.a. a b a c 

4 ab ab c ab a a a n.a. a b ab b 

24 b b c ab a a a n.a. a b ab a 

Naringenin 0' a a b a a b a n.a. a a c c 

0 a ac ab a a a b n.a. a b b b 

1 a b ab a a a b n.a. a c ab a 

2 a b a a a a b n.a. a c a ab 

4 a b a a a b ab n.a. a c a ab 

24 a bc ab a a ab ab n.a. a c a ab 

Eriodictyol 0' a a a b a b ab n.a. a a a a 

0 a a a b a ab ab n.a. a a a a 

1 a a a b a ab ab n.a. a a a a 

2 a a a b a ab ab n.a. a a a a 

4 a a a b a b ab n.a. a a a a 

24 a a a a a a b n.a. a a a a 

n.a. not applicable, no ascorbic acid soluble fraction was present.
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Interaction of natural 
flavones with iron are 

affected by 7-O-
glycosylation, but not by 
additional 6″-O-acylation 



Abstract 

In iron-fortified bouillon cubes, reactivity of the iron ion with (acylated) 

flavone glycosides from herbs can affect product colour and 

bioavailability of iron. This study investigates the influence of 7-O-

glycosylation and additional 6″-O-acetylation or 6″-O-malonylation of 

flavones on their interaction with iron. Nine (6′′-O-acylated) flavone 7-O-

apiosylglucosides were purified from celery (Apium graveolens) and their 

structures were elucidated by MS and NMR. In presence of iron, a 

bathochromic shift and darker colour was observed for the 7-O-

apiosylglucosides compared to the aglycon of flavones that only possess 

the 4–5 site. Thus, the ability of iron to coordinate to the flavone 4–5 site 

is increased by 7-O-glycosylation. For flavones with an additional 3′–4′ 

site, less discolouration was observed for the 7-O-apiosylglucoside 

compared to the aglycon. Additional 6″-O-acylation did not affect the 

colour. These findings indicate that model systems used to study 

discolouration in iron-fortified foods should also comprise (acylated) 

glycosides of flavonoids.
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4.1. Introduction 
Food fortified with iron can effectively reduce the global prevalence of iron 
deficiency.[1] Bouillon cubes and other types of savoury concentrates are promising 
vehicles for iron fortification, as they are widely available, frequently consumed, and 
affordable.[2,3] However, when bouillon cubes are fortified with iron, the colour and the 
bioavailability of iron can be compromised by the reactivity of the iron ion with 
phenolics.[4] Bouillon cubes typically contains salt, carbohydrates, starch, fats, 
proteins, herbs, and spices. [3] The phenolics that react with iron mainly originate from 
the herbs and spices. Common herbs in bouillon cubes are parsley (Petroselinium 

crispum) and celery (Apium graveolens).[5] These herbs are especially rich in flavones, 
a subclass of flavonoids that possess a 2-phenylchromen-4-one backbone (Fig. 

4.1A).[6] Apigenin, chrysoeriol, diosmetin, and luteolin are examples of common 
flavone backbones that are present in celery and parsley. [7] Iron can coordinate to the 
5-hydroxy-4-ketone moiety (4–5 site) of flavones, as shown in Fig. 4.1A. Additionally,
iron coordination to the 3′-4′-dihydroxy moiety located in the B-ring (3′–4′ site) of
flavones can occur, such as the B-ring of luteolin.[8]

Figure 4.1. (A) Structures of common flavone aglycons present in celery and parsley including 

the proposed iron coordination to the 4–5 site for apigenin, chrysoeriol, and diosmetin and 

additional coordination to the 3 ′–4′ site for luteolin. (B) The structure of apigenin 7-O-

apiosylglucoside (i.e. apiin), apigenin 7-O-(6′′-O-acetyl)-apiosylglucoside (i.e. 6″-acetylapiin), 

and apigenin 7-O-(6′′-O-malonyl)-apiosylglucoside (i.e. 6″-malonylapiin).[9,10] 

In plants and plant-derived ingredients, the majority of flavones are glycosylated. 
Glycosylation of flavones reduces their reactivity and enhances their solubility in 

water.[11,12] Glycosylated flavones from celery and parsley can also possess additional 
acylation of the glycoside moiety’s hydroxyl groups by acetyl or malonyl 
groups.[7,9,10,13] So far, only the structures of apigenin 7-O-apiosylglucoside (also 
known as apiin), apigenin 7-O-(6′′-O-acetyl)-apiosylglucoside (also known as 6″-
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acetylapiin) and apigenin 7-O-(6′′-O-malonyl)-apiosylglucoside (also known as 6″-

malonylapiin) have been confirmed by NMR (Fig. 4.1B).[9,10] For the other (acylated) 
flavone glycosides in celery and parsley, identification was tentative and based solely 
on mass spectrometry.[7,13] Detailed structural elucidation of these other (acylated) 
flavone glycosides has to be performed to confirm these tentative identifications.  

To date, all research on understanding iron-phenolic interactions (i.e. complexation, 
oxidation, formation of networks) and its resulting discolouration in fortified foods has 
focused on model systems using simple phenolic and/or flavonoid aglycons. [8,14-18] 
These studies show that flavonoid aglycons can form complexes with ferrous [Fe(II)] 

or ferric [Fe(III)] iron. Due to the higher stability of the Fe(III) complexes, the complexes 
with Fe(II) autoxidise to form coloured Fe(III) iron complexes. [15] Moreover, the 
complexation of Fe(III) to flavonoids can lead to oxidative coupling or oxidative 
degradation of flavonoids and the formation of iron-phenolic networks.[8]  

The influence of 7-O-glycosylation and additional acylation on the interactions of 

flavones with iron is not yet understood. To be able to extrapolate the knowledge 
obtained using studies on flavonoid aglycons to real food fortification vehicles, such 
as bouillon cubes, it is important to investigate the effect of flavone glycosylation and 

additional acylation on iron interaction. It has already been shown that 3-O and 5-O 
glucosylation affects metal coordination to the anthocyanin subclass of flavonoids 
and quercetin.[19-24] However, because the 7–OH group of the flavone is not normally 
involved in iron complexation, we expect that 7-O-glycosylation of the flavone does 
not affect iron complexation and oxidation reactions. On the other hand, the addition 
of a malonyl group to the glycoside could potentially increase the stability of metal-
flavonoid complexes due to the coordination of iron by the free carboxylate group. [21]

For acetylation, no such effect on complexation with iron is expected since there is no 
free carboxylate group.  

In this study, we aimed to comprehensively investigate the effect of 7-O substitution 
of different flavone backbones with (acylated) apiosylglucosyl moieties. We first 
isolated and purified the flavones that are naturally present in bouillon cubes and 

herbs, by methanolic extraction and preparative chromatography, respectively. 
Structural elucidation was performed by employing ion trap mass spectrometry 
(ITMS), high resolution Orbitrap MS (FTMS), and nuclear magnetic resonance (NMR) 
spectroscopy. Subsequently, these purified compounds were incubated with iron(II) 
sulfate (FeSO4), and the influence of the flavones’ structural features on their 
interaction with iron in terms of complexation, oxidation, and discolouration was 

assessed via spectrophotometric and mass spectrometric techniques. 
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4.2. Materials & methods 

4.2.1. Materials 

From a local supermarket we purchased chicken bouillon cubes (Knorr, Unilever), 
containing the following ingredients as declared on the label: salt, vegetable fat (palm, 
shea butter, salt butter), flavour enhancer (E621, E627, E631), potato starch, sugar, 
onion powder, chicken fat (2 %) (chicken fat, antioxidant E392), spices (turmeric, celery 
seed), carrot 1 %, yeast extract, parsley, aroma, chicken meat extract (0.1 %), caramel 

syrup, maltodextrin. Dried celery leaves (Apium graveolens, Apiaceae) and dried 
parsley leaves (Petroselenium crispum, Apiaceae) (Verstegen Spices and Sauces BV) 

were also purchased at a local supermarket. Iron(II) sulfate heptahydrate (≥ 99 wt. %), 
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate 
(≥ 97 wt. %; ferrozine), formic acid (≥ 98 vol. %), and deuterium oxide (D2O) were 
obtained from Merck Life Science (Darmstadt, Germany). Luteolin (≥ 98 wt. %) was 
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA), apigenin (≥ 98 
wt. %) from Indofine Chemical Company (Hillsborough, NJ, USA), and chrysoeriol (≥ 95 
wt. %) from Extrasynthese (Genay, France). Ascorbic acid (≥ 99 wt. %) was obtained 
from VWR International (Radnor, PA, USA). Dimethylsulfoxide (DMSO) was obtained 
from Merck Millipore (Billerica, MA, USA). DMSO-d6 was purchased from Euriso-top 

(Saint-Aubin, France). ULC-MS grade acetonitrile (ACN) and water, both containing 0.1 
vol. % formic acid, and n-hexane (≥ 99 vol. %) were purchased from Biosolve 
(Valkenswaard, The Netherlands). Water for other purposes than UHPLC was 
prepared using a Milli-Q water purification system (Merck Millipore, Billerica, MA, 
USA).  

4.2.2. Extraction of phenolics from bouillon and herbs 

Phenolics were extracted from the chicken bouillon cubes and dried herbs. First, 2.5 
g of bouillon cube or dried herb was ground with a mortar and pestle and defatted by 
extraction with 50 mL n-hexane. To assist the extraction, the samples were vortexed 

and incubated in an ultrasonic bath (15 min, RT). Subsequently, the samples were 
centrifuged (10 min, 5000 × g), the n-hexane supernatants were discarded, and the 
pellets were subjected to two more identical extraction cycles. Any remaining n-
hexane was removed from the pellet by flushing it with nitrogen. The defatted pellets 
were subjected to four extraction cycles, each with 50 mL methanol (MeOH), using 
the same procedure as described for n-hexane. MeOH was evaporated by flushing 
with nitrogen, and the MeOH extracts were diluted to 1 mg mL -1 prior to analysis by 
reversed phase ultra-high performance liquid chromatography coupled to 
electrospray ionisation ion trap mass spectrometry (RP-UHPLC-PDA-ESI-ITMSn; 

section 4.2.6).  

4.2.3. Large-scale extraction of phenolics from celery 

Lyophilised celery leaves were bead milled (Cryomill MM440; Retsch GmbH, Haan, 
Germany) into a fine powder with stainless steel beads (ø 20 mm) at a frequency of 
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30 s-1, for 30 s. For the large-scale extraction, we optimised the extraction conditions 

and extracted the celery powder with 80 vol. % MeOH (5 mL g-1), as described 
elsewhere.[25] Samples were subjected to sonication for 15 min. The suspensions were 
filtered over a paper filter under reduced pressure and the retentate celery powders 
were subjected to four more identical extraction cycles. The MeOH extracts were 
combined and concentrated to 25 % of the initial volume under reduced pressure. 
Liquid-liquid partitioning with n-hexane (n-hexane:concentrated extract, 1:2.5 [v:v]) was 
performed three times to remove lipids and chlorophyll. The remaining MeOH in the 
cleaned MeOH extracts was evaporated under reduced pressure. Samples were 
resolubilised using tert-butanol and lyophilised to yield the cleaned extracts. Cleaned 

extracts were bead milled (ø 20 mm beads, 30 s-1, 30 s).  

4.2.4. Pre-purification and purification by preparative RP-HPLC 

Cleaned extracts were pre-purified with a Büchi Pure C-850 FlashPrep system, 

operated in flash mode, and equipped with a UV detector (Büchi, Flawil, Switzerland). 
Fractionation was performed on a Büchi FlashPure C18 cartridge (column size 80 g; 
particle size 40 μm) that was eluted with water (A) and acetonitrile (B), both acidified 
with 1 vol. % formic acid, at room temperature at a flow rate of 60 mL min -1. The 
settings and elution profiles can be found in Method S4.1. The pre-purified pools were 

subjected to evaporation under reduced pressure to remove acetonitrile, and were 
subsequently resolubilised using tert-butanol prior to lyophilisation. Four flavone-
enriched pools were further separated by preparative RP-HPLC, as described in 
Method S4.2, to obtain 9 purified compounds. The purified compounds were analysed 
by reversed-phase ultra-high performance liquid chromatography coupled to either 
electrospray ionisation ion trap mass spectrometry or electrospray ionisation hybrid 
quadrupole Orbitrap mass spectrometry (RP-UHPLC-PDA-ESI-ITMSn or RP-UHPLC-
PDA-ESI-FTMS2), and nuclear magnetic resonance (NMR) spectroscopy (section 
4.2.6). 

4.2.5. Incubation of flavones with iron 

Stock solutions of each flavone were prepared by dissolving them in DMSO to a 20 
mM concentration. Subsequently, each flavone stock solution was diluted either in 
water (flavone blank; final concentration flavone 1 mM; pH 6.0-7.5) or a freshly 
prepared FeSO4 solution (iron-flavone; final concentration flavone 1 mM; final 
concentration Fe(II) 1 mM; pH 4.5-5.0). The final volume of all samples was 1.50 mL, 
containing 5 vol. % DMSO. Samples were placed in a 15 mL Greiner tube, and no 
measures were taken to reduce oxygen levels in the headspace. Aliquots of 0.25 mL 
were taken from the samples immediately after adding the flavone (t0′). Subsequently, 

each sample was adjusted to pH 6.5 and during the experiment the pH was maintained 
at 6.5 by titration with 0.05 M HCl and 0.05 M NaOH using a pH-stat device (Metrohm, 
Herisau, Switzerland). This approach of maintaining pH with concentrated HCl and 
NaOH was previously used, [8] and is preferred over the use of buffers to minimise 
interference of buffer compounds with complexation and oxidation reactions. After 
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pH adjustment to 6.5 (t0), the samples were incubated at 40 °C under magnetic stirring 

(300 rpm) and aliquots (0.25 mL) were taken after 24 h (t24). Immediately after 
sampling, the samples were frozen in liquid nitrogen to stop any reactions. Samples 
were thawed on the day of analysis. The 0.25 mL samples were centrifuged (5 min, 
15,000 × g) and the supernatants were separated to obtain the water soluble (WS) 
fraction. The pellets were solubilised in DMSO and centrifuged once more (5 min, 
15,000 × g) and the supernatants were separated to obtain the DMSO soluble (DS) 
fraction. The DMSO insoluble pellets were freeze-dried to remove the remaining 
DMSO. Subsequently, 100 µL of 25 mM aqueous ascorbic acid was added to the 
freeze-dried pellets, which were then sonicated for 15 min, diluted 20 times with 

DMSO for a final DMSO concentration of 95 vol. %, and sonicated for an additional 15 
min. After sonication, the samples were centrifuged (5 min, 15,000 × g) and the 
supernatants were collected as the ascorbic acid soluble (AAS) fractions. The 
remaining pellets were not analysed further. DS, WS, and AAS fractions were 
immediately analysed by RP-UHPLC-PDA-ESI-ITMS (section 4.2.6). Quantification of 
the recovery of each flavone in the WS, DS, and AAS fraction was performed based 

on PDA peak area (280 nm) and a calibration curve of the corresponding purified 
flavone (0.03–1 mM, in duplicate, R2 ≥ 0.99). The relative quantity of flavone over time 
was defined as recovery, in which the starting concentration of flavone (1 mM) was set 

as 100 %. To test if the trend in flavone decrease over time was statistically significant, 
ANOVA analysis was performed using IBM SPSS Statistic v23 software (SPSS Inc., 
Chicago, IL, USA). Tukey’s post hoc comparisons (significant at p < 0.05) were carried 
out to evaluate differences per time point in the total flavone recovery and recovery 
of flavone in the WS, DS, and AAS fraction. 

4.2.6. Identification of phenolics 

RP-UHPLC-ESI-ITMS/FTMS analysis 
The extracts, pools, purified flavones, and flavones after incubation with iron were 
analysed using a Thermo Vanquish UHPLC system (Thermo Scientific, San Jose, CA, 

USA). The UHPLC was equipped with an autosampler, a pump, a degasser, and a 

photodiode array (PDA) detector. The UHPLC was coupled to an LTQ Velos Pro ion 
trap mass spectrometer (ESI-ITMSn) or a Thermo Q Exactive Focus hybrid quadrupole 
Orbitrap mass spectrometer (ESI-FTMS2). The injection volume, column temperature, 
gradient elution program, and MS settings were used as described in Method S4.3. 

NMR spectroscopy 
The purified compounds were dissolved in DMSO-d6 (1 mg/0.5 mL). NMR spectra of 
the purified compounds were recorded on a Bruker Avance-III-700 spectrometer at a 

probe temperature of 300 K. 1H, HMBC, and HSQC spectra were acquired. Due to their 
limited solubility in DMSO-d6 and various other deuterated solvents, no HMBC and 
HSQC NMR spectra were obtained for compounds with a luteolin backbone. For 

luteolin 7-O-(6′′-O-malonyl)-apiosylglucoside in D2O/DMSO-d6, the 1H spectrum 
could be acquired, which was solely used for purity determination. 
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4.2.7. Monitoring complexation, oxidation, and discolouration by UV-Vis 

spectroscopy 

The effect of FeSO4 addition on complexation and oxidation reactions, and their effect 
on discolouration was monitored using UV-Vis spectroscopy. The UV-Vis spectra of 
the WS and DS fractions were obtained after sampling and centrifugation, samples 
(50 µL) were diluted two times in water (WS fraction) or DMSO (DS fraction) and 
transferred to a Corning UV-transparent flat bottom polystyrene 96 well-plate (Sigma 
Aldrich, St. Louis, MO, USA). Spectra were recorded in the range from 230 to 750 nm 
in a SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA) at room temperature. 

The combined absorbance spectra (WS and DS) were normalised to the maximum 
absorption intensity. The colour of the samples was recorded and assessed by 
spectrophotometric analysis and by taking pictures (OnePlus 7T, Shenzhen, China) 
using a ring light to cast a uniform light onto the subject against a white background.  

4.2.8. Determination of iron concentration in solution by ferrozine-based 

colourimetric assay 

The total amount of iron in the WS, DS, and AAS fractions obtained at the different 
time points was quantified using a ferrozine-based colourimetric assay.[26] Binding of 
ferrous iron by ferrozine results in the formation of a ferrous-ferrozine complex with 

λmax at 565 nm.[27] To ensure the reduction of ferric iron to its ferrous state, an excess 

of ascorbic acid (50 µL, 100 mM) was added to 50 µL sample (i.e. WS, DS, AAS 
fractions). After 1 h incubation, an excess of ferrozine (50 µL, 40 mM) was added. 
Samples were transferred to 96-well microplates and the absorbance at 565 nm was 
measured in a SpectraMax iD3 at room temperature. All measurements were 
performed in duplicate. Quantification of total iron was performed based on a 
calibration curve of FeSO4 (0.00625 – 0.5 mM, in duplicate, R2 ≥ 0.99). Measurements 
were corrected for the flavone blank and it was confirmed that the presence of DMSO 
did not interfere with the quantification of total iron. 

4.3. Results & discussion 

4.3.1. Purification and structural elucidation of (acylated) flavone 

glycosides 

Eleven (acylated) flavone glycosides, six (acylated) phenolic acid glycosides, and 

three curcuminoids were tentatively identified in chicken bouillon methanol extract 
by RP-UHPLC-PDA-MS (Fig. S4.1, Table S4.1). The chromatographic profile of the 
extract of bouillon showed similarities with the extracts of celery and parsley, which 
are the main herbs present in the bouillon cubes. To get more insight into the effect 

of flavone glycosylation and acylation on the interaction of flavones with iron, these 
compounds had to be purified. Phenolic acids, especially those with a catechol 
moiety, and curcuminoids may also form dark-coloured complexes with Fe(III). [14,28] 
However, only one minor peak in the bouillon extract was identified as a phenolic acid 
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that possesses a catechol moiety (i.e. caffeoyl quinic acid), thus we do not expect that 

the phenolic acids affect discolouration. As the focus of this work was on the effect 
of flavone glycosylation and additional acylation, we did not further purify the 
phenolic acids and curcuminoids. The flavones were purified from celery extract as 
its flavone profile was most similar to that of bouillon extract and it contained fewer 
impurities than the bouillon extract itself (Fig. S4.1). Pre-purification by flash 
chromatography yielded four pools enriched in flavones (Fig. S4.2). Further 
purification by preparative RP-HPLC yielded nine purified flavones.  

The purity and structure of the purified compounds were further elucidated by ITMS 

and FTMS, of which the spectrometric and spectroscopic data are shown in Table 4.1. 

The peaks were tentatively annotated based on the UV-visible absorbance (λmax), the 

exact mass of the parent ions, product ions in positive and negative modes, and a 
comparison of these data with literature. [7,12,29] Based on the product ions in CID MS2, 
the purified compounds consisted of three different flavone backbones; apigenin, 
luteolin, and chrysoeriol or diosmetin. Neutral losses (NL) of 132 amu ( i.e. pentose) and 
294 amu (i.e. pentose + hexose) in the MS2 fragmentation spectra indicate substitution 
with a pentosylhexoside (Fig. S4.3).[29] Common glycosylation positions of flavones are 
C6, C8, or O7. Formation of ions with NL of 294 amu upon fragmentation indicates 

preferential cleavage at the glycosidic bond rather than cross-ring cleavage of the 
glycosyl moiety, thereby confirming O-glycosylation.[12] In a previous study on parsley, 
the glycosides of apigenin were confirmed to be apiosylglucosides.[9] Because parsley 
and celery both belong to the Apiaceae family and based on the neutral losses 
observed in UHPLC-MS, it is suggested that the pentosylhexoside substitutions on 
celery flavones are also apiosylglucosides. [7,30] The additional neutral losses of 42 and 
44 amu that we observed in the MS2 spectra of the acylated flavone glycosides (Fig. 

S4.3) are indicative for the substitution with acetyl or malonyl. [12] The selective loss of 
apiose as evidenced by a NL of 132 in the MS2 data of the acetylated flavones confirms 
that acylation is not occurring on the apiosyl moiety and must, therefore, occur on the 

glucosyl moiety (Fig. S4.3).  

Moreover, the initial annotations based on UHPLC-MS were verified by 2D NMR using 
HMBC and HSQC (Fig. S4.4 to Fig. S4.10). NMR spectra provided additional proof of 
glycosylation on the O7 position since the signals of H6 and H8 were present with a 
downfield shift compared to the flavone aglycon (Fig. S4.4). Additionally, the 
downfield shift of the H6′′ upon acylation also indicated that acetyl and malonyl were 
linked to O6″ of the glucosyl moiety. These spectral features are in line with previously 
reported results for apigenin 7-O-(6′′-O-acetyl)-apiosylglucoside and apigenin 7-O-

(6′′-O-malonyl)-apiosylglucoside.[9] For the methoxylated flavone, the chemical shifts 
of C5′ (Fig. S4.8 to Fig S4.10) confirmed that the methoxy group was present on the 
C3′ position (i.e. chrysoeriol) and not on the C4′ position (i.e. diosmetin).[31]  
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Annotations of the compounds with a luteolin backbone could not be confirmed by 

NMR due to their limited solubility. Considering the identification of the other 
apigenin- and chrysoeriol-glycosides, and the fact that the putative luteolin-
glycosides are produced via the same biosynthetic pathways, their structural 
elucidation based on ITMS and FTMS is very likely. The purity of all purified 
compounds was determined by UV280, MS in negative ionisation mode, and the 
aromatic region in the proton NMR spectrum and is shown in Table 4.1. Most purified 
compounds were very pure (~ 90 %) except for luteolin 7-O-(6′′-O-acetyl)-
apiosylglucoside and luteolin 7-O-(6′′-O-malonyl)-apiosylglucoside. Nevertheless, 
these compounds still have respective purities of ~ 65 % and ~ 50 %, with the impurities 

being other (acylated) flavone glycosides. Thus, these compounds could be used to 
obtain a better insight into the interaction with iron, as long as the impurity is taken 
into account for data interpretation. To conclude this section, purification yielded nine 
differentially (acylated) flavone glycosides that were used in the next  part of this study 
to identify the effect of flavone 7-O-glycosylation and 6′′-O-acylation on the 
interactions with iron. 

4.3.2. Effect of substitution and flavone backbone on recovery and 

solubility 

The purified (acylated) flavone glycosides and their commercial aglycons were 
incubated in the aqueous solution in the absence and presence of FeSO 4 (equimolar 
concentration) at pH 6.5. The recovery of flavone in the water soluble (WS), DMSO 
soluble (DS), and ascorbic acid soluble (AAS) fraction in absence and presence of 
equimolar concentration FeSO4 before pH adjustment (t0′), after adjustment of the pH 
to 6.5 (t0), and after incubation for 24 h at 40 °C (t24) was quantified by RP-UHPLC-PDA-
MS.  

For the blank flavones in absence of iron it was observed that the order of water 

solubility was malonyl apiosylglucoside > acetyl apiosylglucoside > apiosylglucoside 
> aglycon (Fig. S4.11A). Interestingly, after 24 h incubation of the flavones in absence
of iron, most of the (acylated) flavone glycosides were recovered in the pellet (DS)
and no longer in the supernatant (WS) (Fig. S4.11A). The precipitation of these acylated

glycosylated flavones in water over this time indicates the possible formation of larger
self-associated aggregates or micelle-like aggregates because of their pronounced
hydrophobic and hydrophilic moieties (Fig. S4.11B). The recovery of malonylated
glycosylated flavones in the WS fraction was higher than that of the (acetylated)
flavone glycosides. We suggest that the negatively charged malonyl group prevents
the formation of self-associated or micellar-like aggregates via repulsion.

The addition of FeSO4 resulted in fast precipitation of the acylated flavone glycosides 
in water, and a steep decrease in recovery for all flavones with the luteolin backbone 
(Fig. 4.2). 



INTERACTION OF (ACYLATED) FLAVONE GLYCOSIDES WITH IRON 

117 

Figure 4.2. Recovery of the flavone aglycons (Flav; black) and apiosylglucoside (ApGlc; blue) 

with additional acetylation (Ac; red) or malonylation (Mal; green) for (A) apigenin, (B) 

chrysoeriol, and (C) luteolin in the water soluble (WS), DMSO soluble (DS), and ascorbic acid 

soluble (AAS) fractions in presence of equimolar concentration FeSO 4. Time points shown are 

before the adjustment of the pH (t0′) and after 0 or 24 h of incubation at pH 6.5 in an aqueous 

solution. Error bars indicate the standard deviation of independent duplicates. Significance 

(Tukey’s test, p < 0.05) of differences in the total recovery are indicated in Table S4.2. 

This decreased recovery after iron addition may be due to degradat ion reactions or 

the formation of insoluble metal-phenolic networks (MPNs), which is more likely for 

luteolin derivatives because the aglycon possesses two iron-binding sites whereas 
apigenin and chrysoeriol only possess one iron-binding site.[8] For the luteolin aglycon 
and its glycosides in particular, a significant proportion could be recovered in the AAS 
fraction, indicating that they are likely involved in the formation of MPNs.  
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For the apigenin and chrysoeriol samples at 24 h, the malonylated flavone glycosides 

were also recovered in the AAS fraction. We suggest that malonylation provides an 
extra iron binding site and therefore allows for the formation of larger insoluble 
networks. Thus, the flavones are only recovered after the disruption of these networks 
by the addition of ascorbic acid.  

Besides the solubility of the flavones, the total iron solubility [ i.e. sum of Fe(II), Fe(III) 
and soluble products of Fe(II) and Fe(III)] [8] was also assessed (Fig. S4.12). Before pH 
adjustment (t0′) and complex formation, iron was mainly recovered in the WS fractions. 
After pH adjustment (t0), the (acylated) flavone glycosides showed higher iron 

recovery in the WS fraction than the aglycons, for which most iron was recovered in 
the DS fraction. In line with the decreased water solubility of the flavones in presence 
of iron over time, after 24 h most of the iron was recovered in the DS or AAS fractions 
for all samples.  

4.3.3. Colour and spectral properties of (acylated) flavone glycosides as 

iron complexes 

Absorbance spectra of the flavones in the absence or presence of FeSO 4 (equimolar 
concentration) were obtained by UV-Vis. For the samples incubated in absence of iron 

(Fig. 4.3A), we observed that the λmax values of the benzoyl (A-ring, 260-280 nm) and 

cinnamoyl (B-ring, 340-350 nm) bands were not affected by glycosylation and 
additional acylation. However, we did see that substitution resulted in the formation 
of a shoulder around 400 nm. First, we investigated whether this bathochromic shift 

was a result of self-association of the (acylated) flavone glycosides via π-π or CH-π 

stacking.[20,32] However, our results indicate that self-association was unlikely to be 
the underlying mechanism, as is further explained by Fig. S4.13. It is more likely that 
this bathochromic shift is observed because the pH of the aqueous solution is close 
to the first pKa of the flavone backbone, [33-35] resulting in (partial) deprotonation of the 

(acylated) flavone glycosides in the WS fraction. Formation of a new band ~ 400 nm 
was previously also observed for deprotonated species of other flavonoids. [36,37] For 
the aglycons, this bathochromic shift was not observed because they were poorly 
soluble in water, thus the spectra were measured in DMSO. The pKa of the flavone 
backbone in DMSO is increased, due to the lower dielectric constant of DMSO 
compared to water.[38] Therefore, the aglycons are fully protonated and no shoulder 
at 400 nm is observed. This reasoning was confirmed by measuring the flavones in 50 
vol. % aqueous ACN with 0.1 vol. % formic acid, which resulted in identical UV-Vis 

spectra of the aglycons and (acylated) flavone glycosides (data not shown).  

The addition of equimolar concentration FeSO4 to the flavones and adjustment of the 
pH to 6.5 resulted in a bathochromic shift for all samples (Fig. 4.3B). This bathochromic 
shift indicates that Fe(III)-flavone complexes are present in the solutions. Complexes 
of Fe(II) with phenolics in absence of oxygen were previously demonstrated to show 
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no bathochromic shift of the spectra to the visible range and were colourless.[39-41] In 

the presence of oxygen these Fe(II)-phenolic complexes show fast autooxidation to 
Fe(III)-phenolic complexes because of the higher stability of the Fe(III)-phenolic 
complexes.[42,43] 

Figure 4.3. Normalised UV-Vis absorbance spectra of the combined WS and DS spectra of the 

flavones at pH 6.5 (t0) in (A) absence and (B) presence of FeSO4 at equimolar concentration.

Insets show pictures of the aqueous solutions/dispersions of the flavones in absence and 

presence of FeSO4 at pH 6.5. Separate absorbance spectra for the WS and DS fraction are shown 

in Fig. S4.14 and Fig. S4.15. 

For the samples with an apigenin or chrysoeriol backbone the cinnamoyl band was 
shifted to the visible range, resulting in a light yellow-brown colour (Fig. 4.3B). For 
luteolin samples, additional formation of a broad absorbance band at 550-750 nm was 
observed due to ligand-to-metal charge transfer (LMCT), resulting in a darker 
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brownish or blackish colour (Fig. 4.3B). It is as expected that only the flavones with a 

luteolin backbone show an LMCT band, because it is the only tested flavone 
backbone with a catechol moiety on the B-ring.[8]  

Slightly more discolouration and a bathochromic shift of the cinnamoyl bands were 
observed for the (acylated) glycosides of apigenin and chrysoeriol samples in 
presence of FeSO4 compared to the aglycons. All (acylated) glycosides and aglycons 
in presence of FeSO4 were mainly recovered in the DS fraction (Fig. 4.2, Fig. S4.14, Fig. 
S4.15). Thus, the observed bathochromic shift is not a result of solvent effects, as 
described above for the samples in absence of FeSO4 but is apparently caused by the 

presence of the (acylated) apiosylglucosyl moiety. To verify that the lower relative 
polarity of DMSO (0.44) in comparison to water (1.00) did not affect the electronic 
transitions and absorbance spectra, we compared the WS and DS spectra for 
chrysoeriol 7-O-(6′′-O-malonyl)-apiosylglucoside in the presence of FeSO4. These 
spectra were almost identical, thereby confirming that the impact of the selected 
solvents (water and DMSO) on the obtained spectra was minimal (Fig. S4.16). 

Interestingly, no difference in absorbance was observed between the acylated 
glycosides and the non-acylated glycosides. Contrary to our hypothesis that 
malonylation would affect the stability of iron-flavonoid complexes, this indicates that 

the increase in discolouration is solely due to the presence of the 7-O-apiosylglucosyl 
moiety and is not enhanced by additional malonylation. The increased discolouration 
and more pronounced bathochromic shift for the apigenin and chrysoeriol 7-O-
apiosylglucosides, compared to the aglycon, indicates that the ability of the 4–5 site 
to coordinate iron at pH 6.5 is increased by 7-O-glycosylation.  

For luteolin, we observed less discolouration for the (acylated) glycosides compared 
to the algycon. It should be noted that the acylated glycosides are of lower purity 
(Table 4.1) and may therefore show less absorbance. However, luteolin 
apiosylglucoside (≥ 95 % purity) also showed a decrease in discolouration in presence 

of FeSO4 compared to the aglycon, which indicates that the decrease in discolouration 
is due to the addition of (acylated) 7-O-apiosylglucosyl moieties and not due to lower 
purity. Besides the 4–5 site, the luteolin backbone also possesses the 3′–4′ site, which 

is generally regarded as the strongest Fe(III) binding site. [44] Increased ability of iron to 
coordinate to the 4–5 site of luteolin 7-O-glycosides allows it to compete with 
coordination at the 3′–4′ site, which decreases discolouration.[8] We expect that when 
equimolar concentrations of iron and luteolin apiosylglucoside are present, a mixture 
of the 4–5 and the 3′–4′ complexes will exist in solution. We expected this effect to 
diminish at a 1:2 ratio of flavone:iron, as sufficient iron would be present to bind at the 

3′–4′ site and 4–5 site simultaneously. However, upon testing this experimentally, 
much more precipitation was observed in both the DS and WS fraction, which 
hindered further in-depth analysis. Increased precipitation suggested that increasing 
the relative amount of iron leads to the formation of insoluble metal-phenolic 
networks. 
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4.3.4. Increased iron coordination to the flavone 4–5 site by 7-O-

glycosylation 

There are several possible explanations why coordination to the 4–5 site is preferred 
for the flavone 7-O-apiosylglucosides compared to the aglycons. Our first hypothesis 

was that the apiosyl residue can stabilise the iron bound to the 4–5 site of the flavone 
by additional coordination of the glycosyl –OH groups to iron. However, in an 
additional experiment we also observed a bathochromic shift for apigenin 7-O-
glucoside, which lacks the apiosyl moiety, compared to the apigenin aglycon ( results 
not shown). This indicates that involvement of the apiosyl moiety is not the (sole) 

mechanism stabilising iron bound to the 4–5 site. Another possible explanation for the 
increased ability of iron to coordinate to the 4–5 site is a lower pKa of the 5–OH group 
due to 7-O-glycosylation and thus increased deprotonation of the 5–OH at pH 6.5, 
thereby enhancing its ability to coordinate iron.  

The pKa can either be lowered due to the absence of the free 7–OH group or because 
glycosylation introduces a bulky, electron-withdrawing group on the O7 position, 
thereby making the 5–OH slightly more acidic. [22,45] The last possible explanation for 
the increased ability of iron to coordinate to the 4–5 site is related to the lower 
planarity of the glycosylated flavones, compared to the flavone aglycons, which can 

decrease the hydrophobic π-π stacking interactions of the aromatic nuclei.[46] The π-π 

stacking interactions play an important role in metal-ligand complexes.[47] A decrease 
in stacking for the flavone 7-O-glycosides may potentially increase the ability of the 
4–5 site to coordinate iron. It can be concluded that the ability of the 4–5 site to 
coordinate iron is increased by 7-O-glycosylation, yet the underlying mechanism 
remains unclear and should be investigated in future experimental studies , and 
confirmed by additional in silico modelling. 

4.3.5. Effect of glycosylation and additional acylation on flavone stability 

in presence of iron 

It is known that, depending on the flavonoids’ aglycon structural features, 

complexation with Fe(III) can be followed up by electron transfer reactions, that cause 
oxidation of the flavonoid. [8,48] The formation of degradation and polymerisation 
products was investigated by RP-UHPLC-PDA-MS. The chromatograms of the 
flavones in presence of FeSO4 before pH adjustment (t0′), after adjustment of the pH 
to 6.5, and after incubation for 24 h (t24) are shown in Fig. S4.17. None of the 
characteristic degradation products of iron-mediated oxidative degradation of 
flavonoid aglycons, such as 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, and 

2,4,6-trihydroxyphenylglyoxilic acid, [8,48] were found in extracted ion chromatograms 
of the samples after 24 h incubation. Moreover, we also did not observe formation of 
other oxidative degradation products, dimers, or larger oxidative coupling products in 
any of the obtained chromatograms, including full MS (negative and positive mode) 
and PDA (190 to 680 nm). We also investigated the stability of the apiosylglucosyl, 
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acetylapiosylglucosyl, and malonylapiosylglucosyl moieties in presence of iron Fig. 

S4.18. No deglycosylation was observed for any of the flavones in the absence or 
presence of iron. Deacetylation was observed in minor amounts (< 1 %) in the absence 
and presence of iron. For the malonylated flavone glycosides, 10 to 20 % cleavage of 
the malonyl group was observed after 24 h incubation in an aqueous solution at pH 
6.5, regardless of the presence of iron. Thus, our results indicate that iron did not affect 
deglycosylation, deacetylation, and demalonylation reactions. Additionally, 
glycosylation and additional acylation did not affect the degradation of the flavone 
backbone. 

4.3.6. The effect of the structural features of flavones on their interaction 

with iron 

An overview of the effect of 7-O-apiosylglucosylation and additional 6″-O-acetylation 
or 6″-O-malonylation of the flavone backbone on its reactivity with iron is provided in 
Fig. 4.4.  

Figure 4.4. Structure-reactivity relationships highlighting the influence of flavon e backbone, 

glycosylation, and additional acylation on the reactivity ( i.e. complexation, oxidation, 

discolouration) with iron at equimolar concentration. 
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Overall, our findings show that 7-O-apiosylglucosylation of flavones affects the 

formed iron-flavone complex and the resulting colour. For the flavones that only 
possess the 4–5 binding site (i.e. apigenin and chrysoeriol), more bathochromic shifting 
and discolouration was observed for the (acylated) glycosides compared to the 
aglycon due to an increased ability of iron to coordinate to the 4–5 site. At equimolar 
iron:flavone concentration, the increased ability of iron to coordinate to the 4–5 site of 
(acylated) luteolin glycosides competes with binding to the 3′–4′ site, reducing 
observed discolouration compared to the aglycon. This is the result of lower intensity 
of the LMCT absorbance band that is typically observed for iron-catecholate 
complexes.  

The additional presence of the malonyl or acetyl moieties did not lead to changes in 
the absorbance spectra or colour. The Fe(III)-complexes with the malonylated flavone 
glycosides were water soluble at t0, but precipitation occurred after incubation for 24 
h. We suggest that this is due to the formation of MPNs, as the presence of malonyl
creates an additional binding site allowing the formation of MPNs over time. The

presence of iron did not increase the (oxidative) degradation of the backbones or
(acylated) apiosylglucosyl moieties of the tested flavones.

4.4. Conclusion 
In conclusion, the findings of this work indicate that 7-O-apiosylglucosylation of 
flavones affects their iron complexation behaviour by increasing the ability of iron to 
coordinate to the 4–5 binding site. The presence of iron does not affect the oxidative 

degradation of the flavone backbone. These results demonstrate that outcomes of 
iron interaction studies with flavonoid aglycon model systems cannot be directly 
extrapolated to iron-fortified food systems containing (acylated) flavonoid glycosides. 
Thus, to understand discolouration in iron-fortified foods, model systems should also 
comprise (acylated) glycosides of relevant flavonoids. Our results indicate that 
(acylated) flavone glycosides show less intense discolouration than what was 

previously reported for flavonoid aglycons and curcuminoids. Therefore, we expect 
that discolouration in fortified bouillon cubes is not only caused by the complexation 
of iron with natural flavones. 
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4.7. Supplementary information 

Method S4.1. Pre-purification by RP-flash chromatography 

Pre-purification of the celery extract was performed by use of a Büchi Pure C-850 
FlashPrep system, operated in flash mode and equipped with a UV detector (Büchi, 
Flawil, Switzerland). The cleaned celery extracts (4 g) were dissolved in 100 % MeOH 
and 8 g of C18 bulk sorbent was added (Bondesil, particle size 40 μm). Subsequently, 
the MeOH was evaporated under reduced pressure. The remaining powder was dry-

loaded in 15 g cartridges (Grace, Columbia, USA) on the FlashPrep system with a solid 
loader plunger. The fractionation was performed at room temperature on a Büchi 

FlashPure C18 cartridge (column size 80 g; particle size 40 µm). Water and ACN 
(ULC/MS grade), both acidified with 1 vol. % formic acid, were used as eluent A and B, 
respectively. The flow rate was 60 mL min-1 and UV detection was set from 254 to 400 
nm. The following elution profile was used: 0 – 7.3 min, isocratic at 20 vol. % B; 7.3 – 
36.6, linear gradient from 20 to 30 vol. % B; 36.6 – 38.1, linear gradient from 30 to 100 
vol. % B; 38.1 – 45.4, isocratic at 100 vol. % B; 45.4 – 46.9, linear gradient from 100 to 20 
vol. % B; 46.9 – 54.3, isocratic at 20 vol. % B. Several runs were performed to pre-purify 
a total of 44.5 g of celery extract. The collected fractions were analysed by RP -
UHPLC-PDA-ESI-ITMSn and those containing similar compounds were pooled. The 

ACN was removed under reduced pressure at 45 °C using a rotavapor (Büchi, Fawil, 
Switzerland) and the remaining water was removed by lyophilisation. Afterwards the 
flavone-enriched pools were solubilised in DMSO for analysis on RP-UHPLC-PDA-
ITMSn.  

Method S4.2. Preparative RP-HPLC-ESI-MS 

Purification of the flavone-enriched pools was performed using a Waters preparative 
HPLC, equipped with a 2545 quaternary gradient module, 2767 sample manager, fluid 
organiser, and 2998 photodiode array detector. The pools (~10 mg in 1 mL 20 % ACN) 
were injected on a Waters XBridge Prep C18 OBD column (19 × 250 mm, 5 μm particle 

size) (Waters, Milford, MA, USA) and eluents used were water (A) and ACN (HPLC-R 
grade) (B), both acidified with 1 vol. % formic acid. The elution programs for the 
different pools were as follows: Pool 1: Isocratic at 13 vol. % B for 5.65 min, linear 
gradient to 18 vol. % B from 5.65 to 40.48 min, linear gradient to 100 vol. % B from 40.48 
to 43.97 min, isocratic at 100 vol. % B from 43.97 to 61.39 min, linear gradient to 13 vol. 
% B from 61.39 to 64.87 min, isocratic at 13 vol. % B from 64.87 to 82.29 min. Pool 2: 
Isocratic at 15 vol. % B for 5.65 min, linear gradient to 20 vol. % B from 5.65 to 40.48 
min, linear gradient to 100 vol. % B from 40.48 to 43.97 min, isocratic at 100 vol. % B 
from 43.97 to 61.39 min, linear gradient to 15 vol. % B from 61.39 to 64.87 min, isocratic 

at 15 vol. % B from 64.87 to 82.29 min. Pool 3: Isocratic at 19 vol. % B for 5.65 min, linear 
gradient to 24 vol. % B from 5.65 to 40.48 min, linear gradient to 100 vol. % B from 40.48 
to 43.97 min, isocratic at 100 vol. % B from 43.97 to 61.39 min, linear gradient to 19 vol. 
% B from 61.39 to 64.87 min, isocratic at 19 vol. % B from 64.87 to 82.29 min. Pool 4: 
Isocratic at 22 vol. % B for 5.65 min, linear gradient to 27 vol. % B from 5.65 to 40.48 
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min, linear gradient to 100 vol. % B from 40.48 to 43.97 min, isocratic at 100 vol. % B 

from 43.97 to 61.39 min, linear gradient to 22 vol. % B from 61.39 to 64.87 min, isocratic 
at 22 vol. % B from 64.87 to 82.29 min. The purified fractions were subjected to 
evaporation under reduced pressure to remove acetonitrile, and were subsequently 
resolubilised using tert-butanol prior to lyophilisation. 

Method S4.3. Identification and quantification of phenolics in the extract 

by RP-UHPLC-PDA-ITMS/FTMS 

Samples were separated on a Thermo Vanquish UHPLC system (Thermo Scientific, 
San Jose, CA, USA) equipped with an autosampler, a pump, a photodiode array (PDA) 

detector. A sample (1 µL) was injected on an Acquity UPLC BEH C18 column (150 mm 
× 2.1 mm i.d., 1.7 µm) with a VanGuard (5 mm × 2.1 mm i.d., 1.7 µm) guard column of the 
same material (Waters, Milford, MA). Water (A) and acetonitrile (B), both acidified with 
0.1 vol. % formic acid, were used as eluents. The flow rate was 400 µL min-1, and the 
temperature of the column oven was 45 °C with the post column cooler set to 40 °C. 
Various elution profiles were used, depending on the type of sample. For the extracts 
and the enriched pools: 0.00 – 1.09 min, isocratic on 1 vol. % B; 1.09 – 33.26 min, linear 
gradient from 1 to 60 vol. % B; 33.26 – 34.35 min linear gradient from 60 to 100 vol. % 
B; 34.35 – 39.80 min isocratic on 100 vol. % B; 39.80 – 40.89 min linear gradient from 

100 to 1 vol. % B; 40.89 – 46.35 min isocratic on 1 vol. % B. For the purified compounds: 
0.00 – 1.09 min, isocratic on 1 vol. % B; 1.09 – 22.54 min, linear gradient from 1 to 55 vol. 
% B; 22.54 – 23.63 min linear gradient from 55 to 100 vol. % B; 23.63 – 29.08 min isocratic 
on 100 vol. % B; 29.08 – 30.17 min linear gradient from 100 to 1 vol. % B; 30.17– 35.62 
min isocratic on 1 vol. % B. For the reactivity of the purified compounds with iron : 0.00 – 
1.09 min, isocratic on 1 vol. % B; 1.09 – 20.72 min, linear gradient from 1 to 55 vol. % B; 
20.72 – 21.81 min linear gradient from 55 to 100 vol. % B; 21.81 – 27.26 min isocratic on 

100 vol. % B; 27.26 – 28.35 min linear gradient from 100 to 1 vol. % B; 28.35– 33.81 min 
isocratic on 1 vol. % B. The PDA detector was set to measure spectra in the wavelength 

range of 190 – 680 nm. The temperature of the autosampler was controlled at 10 °C, 
except the samples dissolved in DMSO, where the temperature was set at 25 °C to 
prevent solidification of DMSO (Tm = 18.5 °C). 

Electrospray ionisation ion trap mass spectrometry (ESI-ITMSn) 
Mass spectrometric data of the extracts, pools, and purified compounds were 
acquired using an LTQ Velos Pro linear ion trap mass spectrometer (Thermo Scientific) 
equipped with a heated electrospray ionisation probe (ESI-ITMSn) and coupled to the 
Vanquish UHPLC system. Nitrogen was used as a sheath gas (50 arbitrary units) and 
auxiliary gas (13 arbitrary units). Data were collected over the m/z range of 150 – 1,500 

in negative and positive ionisation mode by using source voltages of 2.5 and 3.5 kV, 
respectively. For both modes, the S-lens RF level was set at 67 %, the ion transfer tube 
temperature was 263 °C, and the source heater temperature 425 °C. Data-dependent 
MSn analysis was performed on the most intense ion by collision-induced dissociation 
(CID) with normalised collision energy of 35 %. A dynamic mass exclusion approach 
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was used, in which the most intense ion was fragmented 3 times and was 

subsequently excluded from fragmentation for the following 5 seconds, allowing 
data-dependent MSn of less intense co-eluting compounds. Data acquisition and 
processing were performed using Xcalibur version 4.1 (Thermo Scientific).  

Electrospray ionisation hybrid quadrupole Orbitrap mass spectrometry (ESI 
FTMS2) 
Accurate mass data of the purified compounds were acquired using a Thermo Q 
Exactive Focus hybrid quadrupole-Orbitrap Fourier transform mass spectrometer 
(FTMS) (Thermo Scientific) equipped with a heated ESI probe coupled to the Vanquish 

UHPLC system. Prior to analysis, the mass spectrometer was calibrated in the 
negative and positive ionisation mode using Tune 2.11 (Thermo Scientific) by injection 

of Pierce negative and positive ion calibration solutions (Thermo Scientific). Gas flows 
and source conditions were the same as for ESI-ITMS. Full MS and higher energy 
collisional dissociation (HCD) fragmentation data were recorded at 70.000 FWHM and 
35.000 FWHM resolution, respectively. Normalised collision energy was 35 %. MS2 
fragmentation was performed on the most intense product ion in the MS spectrum 
and the exact masses of the purified compounds were inserted in an inclusion list. 
Data acquisition and processing were performed using Xcalibur version 4.1 (Thermo 

Scientific). 
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Figure S4.1. RP-UHPLC-UV profile (280 nm) of the phenolic extracts from chicken bouillon (A), 

celery (B), and parsley (C). Peak numbers refer to the compounds in table S4.1. 

Figure S4.2. RP-UHPLC-UV profile (280 nm) of the celery extract (A), and pools derived from 

flash chromatographic separation; Pool 1 (B), Pool 2 (C), Pool 3 (D), and Pool 4 (E). Peak 

numbers refer to the compounds in table S4.1.References: cafquinic[29,49,50] coumacid hex [49] cynaroside[50] Coumaroyl

quinic acid[51] Luteolin 7-O-apiosylglucoside [7,13,29,52]; chrys apiosyl [7,13,29,52,53]; Malonyl coumaroyl feruloyl tartaric acid A [54]; Curcum 
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Figure S4.3. Negative mode CID MS2 fragmentation spectra of (A) apigenin 7-O-

apiosylglucoside; (B) apigenin 7-O-(6′′-O-acetyl)-apiosylglucoside; and (C) apigenin 7-O-(6′′-O-

malonyl)-apiosylglucoside. The cut-off value for fragment labelling was 10 % of the relative 

abundance. 
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Figure S4.3. continued. Negative mode CID MS2 fragmentation spectra of (D) chrysoeriol 7-O-

apiosylglucoside; (E) chrysoeriol 7-O-(6′′-O-acetyl)-apiosylglucoside; and (F) chrysoeriol 7-O-

(6′′-O-malonyl)-apiosylglucoside. The cut-off value for fragment labelling was 10 % of the 

relative abundance. 
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Figure S4.3. continued. Negative mode CID MS2 fragmentation spectra of (G) luteolin 7-O-

apiosylglucoside; (H) luteolin 7-O-(6′′-O-acetyl)-apiosylglucoside; and (I) luteolin 7-O-(6′′-O-

malonyl)-apiosylglucoside. The cut-off value for fragment labelling was 10 % of the relative 

abundance. 
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Figure S4.4. Overlayed 2D HSQC NMR spectra of the C6-H6 (star) and C8-H8 (triangle) region (δc 

90-102, δh 6.0-7.0) and the C6′′-H6′′ (circle) region (δc 58-70, δh 3.4-4.5) of the apigenin and

chrysoeriol aglycone (black), apiosylglucoside (blue), acetyl apiosylglucoside (red), and malonyl 

apiosylglucoside (green). Spectra confirm glycosylation at the O7 position due to the downfield

shifts of C6-H6 and C8-H8, and acylation at the O6′′ position due to the downfield shift of C6′′-H6′′.
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Figure S4.5. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of apigenin 7 -

O-apiosylglucoside (apiin) measured in DMSO-d6. The signal assignment of the 1H NMR spectra

matches with the chemical shifts of apiin reported by Eckey-Kaltenbach and co-authors.[9] The

HSQC and HMBC correlations also confirmed the structure of apiin. Grey correlations are 

unassigned signals originating from the solvent or impurities.



CHAPTER 4 

138 

Figure S4.6. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of apigenin 7-

O-(6′′-O-acetyl)-apiosylglucoside (6′′-acetylapiin) measured in DMSO-d6. The signal assignment 

of the 1H and 13C NMR spectra matches with the chemical shifts of 6′′-acetylapiin reported by 

Yoshikawa et al.[10] The HSQC and HMBC correlations also confirmed the structure of 

acetylapiin. Grey correlations are unassigned signals originating from the solvent or impurities.  
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Figure S4.7. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of apigenin 7-

O-(6′′-O-malonyl)-apiosylglucoside (6′′-malonylapiin) measured in DMSO-d6. The signal 

assignment of the 1H NMR spectra matches with the chemical shifts of 6 ′′-malonylapiin reported 

by Eckey-Kaltenbach et al.[9] The HSQC and HMBC correlations also confirmed the structure of 

malonylapiin. Grey correlations are unassigned signals originating from the solvent or 

impurities. 
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Figure S4.8. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of chrysoeriol 

7-O-apiosylglucoside measured in DMSO-d6. The signals for the phenolic backbone of this

compound were similar to chrysoeriol as reported by Park et al. [31] Different from the signals

reported by Park et al., H6 and H8 showed an downfield shift which is due to the presence of the 

apiosylglycoside on the O7 position similar to what was seen for compound A compared to the 

apigenin aglycon. Presence of the methoxy group at C3′ was evidenced by the new signals at

δ3.89 (s) in H and δ56 in C and the HMBC and HSQC spectra.[56] Grey correlations are unassigned

signals originating from the solvent or impurities.
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Figure S4.9. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of chrysoeriol 

7-O-(6′′-O-acetyl)-apiosylglucoside measured in DMSO-d6. The signals for the phenolic

backbone of this compound were similar to chrysoeriol as reported by Park et al. [31] Different

from the signals reported by Park et al., H6 and H8 showed an downfield shift which is due to 

the presence of the apioglycoside on the O7 position. Presence of the methoxy group at C3′ was

evidenced by the new signals at δ3.89 (s) in H and δ56 in C and the HMBC and HSQC spectra. [56]

This compound showed similar signals as compound G which was identified as a chrysoeriol 7 -

O-apiosylglucoside but the diagnostic differences of 42 in RP-UHPLC-MS indicated the

presence of an acetyl substitution. Presence of the acetyl was evidenced by the new signal for

the 2′′′′ position at δ2.03 in H and δ21.2 in C for acetyl.  Grey correlations are unassigned signals

originating from the solvent or impurities.
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Figure S4.10. 2D HSQC (blue) and HMBC (red) NMR spectra and peak annotations of chrysoeriol 

7-O-(6′′-O-malonyl)-apiosylglucoside measured in DMSO-d6. The signals for the phenolic

backbone of this compound were similar to chrysoeriol as reported by Park et al. [31] Different

from the signals reported by Park et al., H6 and H8 showed an downfield shift which is due to 

the presence of the apioglycoside on the O7 position. Presence of the methoxy group at C3′ was

evidenced by the new signals at δ3.89 (s) in H and δ56 in C and the HMBC and HSQC spectra. [56]

This compound showed similar signals as compound G which was identified as a chrysoeriol 7 -

O-apiosylglucoside but the diagnostic differences of 86 in RP-UHPLC-MS indicated the

presence of an malonyl substitution. Presence of the malonyl was evidenced by the new signal 

for the 2′′′′ position at δ3.07 in H and δ44.6 in C. Grey correlations are unassigned signals

originating from the solvent or impurities.
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Figure S4.11. (A) Recovery of the flavone aglycons (Flav; black) and apiosylglucoside (ApGlc; 

blue) with additional acetylation (Ac; red) or malonylation (Mal; green) in the WS and DS 

fractions in absence of FeSO4. Time points shown are before the adjustment of the pH (t0′) and 

after 0 or 24 h of incubation at pH 6.5 in an aqueous solution. Error bars indicate the standard 

deviation of independent duplicates. Significance (Tukey’s test,  p < 0.05) of differences in the 

total recovery are indicated in Table S4.2. (B) Proposed self-association or micelle-like 

aggregate formation of flavone glycosides, the hydrophilic moieties are indicated in blue and 

hydrophobic moieties in white. 
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Figure S4.12. Recovery of iron in presence of equimolar concentration of the flavone aglycons 

(Flav; black) and apiosylglucoside (ApGlc; blue) with additional acetylation (Ac; red) or 

malonylation (Mal; green) for (A) apigenin, (B) chrysoeriol, and (C) luteolin in the WS, DS, and 

AAS fractions. Time points shown are before the adjustment of the pH (t 0′) and after 0 or 24 h 

of incubation at pH 6.5 in an aqueous solution. Error bars indicate the standard deviation of 

independent duplicates. Significance (Tukey’s test, p < 0.05) of differences in the total recovery 

are indicated in Table S4.2. 
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Table S4.2. Statistical analysis of the flavone and iron recovery in total and for the recovery in 

each of the three different fractions: water soluble (WS), DMSO soluble (DS), and ascorbic acid 

soluble (AAS) fractions. The quantitative differences were assessed by Tukey’s post hoc 

comparison (p < 0.05). Significant differences in recovery compared to the other time points for 

the same flavone and of the three individual fractions ( i.e. WS, DS, and AAS) are indicated with 

a different letter. 

Flavone 
t 

(h) 

Flavone recovery in 
presence of FeSO4 

Flavone recovery in 
absence of FeSO4 

Iron recovery in 
presence of flavone 

Tot WS DS AAS Tot WS DS AAS Tot WS DS AAS 

apigenin 

0' a a a a a a a n.a. a a a a 

0 ab a a a a a a n.a. b b b a 

24 b a b a a a a n.a. c b c a 

apigenin 7-O-
apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a b a a a a a n.a. b b a b 

24 a b a b a b b n.a. b c a c 

apigenin 7-O-(6′′-
O-acetyl)-

apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a a a a a b b n.a. a b a a 

24 a a a b a b b n.a. a c a a 

apigenin 7-O-(6′′-
O-malonyl)-

apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 ab b a a a a a n.a. b b ab a 

24 b c b b a a a n.a. c c b b 

chrysoeriol 

0' a a a a a a a n.a. a a a a 

0 a a a a a a a n.a. ab b a a 

24 a a a a b a a n.a. b b a a 

chrysoeriol 7-O-
apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a a a a a a a n.a. b b b b 

24 a a a a a b b n.a. c c b b 

chrysoeriol 7-O-
(6′′-O-acetyl)-

apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a a a a a a a n.a. a b b a 

24 a a a a a b b n.a. a c b a 

chrysoeriol 7-O-
(6′′-O-malonyl)-
apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 ab b b a a a a n.a. a b a a 

24 b c c b a a a n.a. a c a a 

luteolin 

0' a a a a a a a n.a. a a a a 

0 a a ab ab a a a n.a. a b b a 

24 a a b b a a a n.a. a b b a 

luteolin 7-O-
apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a a b a a a a n.a. ab b a b 

24 a a b a a a a n.a. b b a b 

luteolin 7-O-(6′′-O-

acetyl)-

apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a a b a a a a n.a. a a a ab 

24 a a b a a a a n.a. b b a b 

luteolin 7-O-(6′′-O-

malonyl)-

apiosylglucoside 

0' a a a a a a a n.a. a a a a 

0 a ab b ab a a a n.a. ab b a b 

24 a b b b a a a n.a. b c a c 

n.a. not applicable, no ascorbic acid soluble fraction was present.



CHAPTER 4 

146 

Possible self-association of the flavones was tested using a dilution series of the 

(acylated) apigenin glycosides in phosphate buffer at pH 6.5. Self-associated 

complexes that are formed by π-π or CH-π stacking show a nonlinear relationship 

between the intensity of self-association induced absorbance and concentration of 

the flavones, because the complexes are disrupted below a certain concentration 

threshold (i.e, < 1 mM).[57] In our system, we observed a linear relationship between the 

concentration and absorbance at 400 nm (Fig. S4.13). This is an indication that the 
bathochromic shift of the (acylated) glycosides is not caused by self-association.  

Figure S4.13. Absorbance at 400 nm of apigenin 7-O-apiosylglucoside, apigenin 7-O-(6′′-O-

acetyl)-apiosylglucoside, apigenin 7-O-(6′′-O-malonyl)-apiosylglucoside at different 

concentrations of flavone and measured in phosphate buffer at pH 6.5. For apigenin 7 -O-(6′′-O-

acetyl)-apiosylglucoside the point at 1 mM could not be taken into account because of 

precipitation at this concentration. 
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Figure S4.14. UV-Vis absorbance spectra of the WS fraction of acylated flavone glycosides at 

pH 6.5 (t=0) in absence and presence of equimolar concentration FeSO 4. 
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Figure S4.15. UV-Vis absorbance spectra of the DS fraction of acylated flavone glycosides at pH 

6.5 (t=0) in absence and presence of equimolar concentration FeSO 4. 

The spectra of luteolin 7-O-apiosylglucoside and luteolin 7-O-(6′′-O-acetyl)-

apiosylglucoside in absence of iron show a shoulder band at 450 nm in the DS fraction. 

We suggest that the shoulder band that is observed here is probably caused by 

impurities that were present in the sample and not because of oxidation of the parent 

molecule. This is further confirmed by the fact that the new bands were also observed 

in the sample at t0’, which was the sample before pH adjustment and incubation.  
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Figure S4.16. UV-Vis absorbance spectra of the WS fraction (dashed line) and DS fraction (solid 

line) of chrysoeriol 7-O-(6′′-O-malonyl)-apiosylglucoside at pH 6.5 (t=0) in the presence of 

equimolar concentration FeSO4. 
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Figure S4.17. Combined RP-UHPLC-PDA (280 nm) chromatograms from the WS and DS 

fractions of (A) apigenin × FeSO4 (t0ʹ); (B) apigenin × FeSO4 (t24); (C) apigenin 7-O-

apiosylglucoside × FeSO4 (t0ʹ); (D) apigenin 7-O-apiosylglucoside × FeSO4 (t24); (E) apigenin 7-O-

6′′-acetyl apiosylglucoside × FeSO4 (t0ʹ); (F) apigenin acetyl 7-O-6′′-apiosylglucoside × FeSO4 

(t24); (G) apigenin 7-O-6′′-malonyl apiosylglucoside × FeSO4 (t0ʹ); and (H) apigenin 7-O-6′′-

malonyl apiosylglucoside × FeSO4 (t24). 
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Figure S4.17. continued Combined RP-UHPLC-PDA (280 nm) chromatograms from the WS and 

DS fractions of (I) chrysoeriol × FeSO4 (t0ʹ); (J) chrysoeriol × FeSO4 (t24); (K) chrysoeriol 7-O-

apiosylglucoside × FeSO4 (t0ʹ); (L) chrysoeriol 7-O-apiosylglucoside × FeSO4 (t24); (M) chrysoeriol 

7-O-6′′-acetyl apiosylglucoside × FeSO4 (t0ʹ); (N) chrysoeriol 7-O-6′′-acetyl apiosylglucoside ×

FeSO4 (t24); (O) chrysoeriol 7-O-6′′-malonyl apiosylglucoside × FeSO4 (t0ʹ); and (P) chrysoeriol 7-

O-6′′-malonyl apiosylglucoside × FeSO4 (t24).
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Figure S4.17. continued Combined RP-UHPLC-PDA (280 nm) chromatograms from the WS and 

DS fractions of (Q) luteolin × FeSO4 (t0ʹ); (R) luteolin × FeSO4 (t24); (S) luteolin 7-O-

apiosylglucoside × FeSO4 (t0ʹ); (T) luteolin 7-O-apiosylglucoside × FeSO4 (t24); (U) luteolin 7-O-

6′′-acetyl apiosylglucoside × FeSO4 (t0ʹ); (V) luteolin 7-O-6′′-acetyl apiosylglucoside × FeSO4 (t24); 

(W) luteolin 7-O-6′′-malonyl apiosylglucoside × FeSO4 (t0ʹ); and (X) luteolin 7-O-6′′-malonyl

apiosylglucoside × FeSO4 (t24).
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We also investigated the stability of the malonyl, acetyl, and apiosylglucosyl 

substituents in presence of iron. For the malonyl apiosylglucosides, we investigated 
the effect of iron on demalonylation and decarboxylation by screening for formation 
of the corresponding apiosylglucosides and acetyl apiosylglucosides over time in 
presence and absence of iron (Fig. S4.18A). In all tested samples demalonylation (~ 14 
%) occurred more extensively than decarboxylation (~ 1 %) after 24 h incubation. For 
the acetyl apiosylglucosides, we investigated the effect of iron on deacetylation by 
screening for formation of the corresponding apiosylglucosides (Fig. S4.18B). The 
acetyl group was more stable than the malonyl group, as < 1 % of deacetylation was 
observed. No relationship between the presence of iron and demalonylation or 

deacetylation was observed. Moreover, no deglycosylation of the samples in absence 
or presence of iron was observed.  

Figure S4.18. Stability of the malonylated (A) and acetylated (B) flavone 7-O-apiosylglucosides 

in presence or absence of equimolar concentration FeSO 4 before adjustment of the pH (t0′) and 

after 0 and 24 h of incubation at pH 6.5 in aqueous solution on product formation was 

investigated. Error bars indicate the standard deviation of independent duplicates.  
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Abstract 

Food-fortification using poorly water soluble mineral-containing 

compounds is a common approach to deliver iron. However, it comes with 

the challenge of ensuring iron bio-accessibility and limiting iron-phenolic 

interactions that can change sensory properties. Mixed Ca-Fe(III) 

pyrophosphate salts with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) were 

designed as a system for simultaneous delivery of iron and calcium. The 

salts were synthesised via a co-precipitation method and characterised 

by TEM-EDX, XRD, and FT-IR. All mixed salts with 0.14 ≤ x ≤ 0.35 yielded 

homogenous amorphous particles. The iron dissolution from these mixed 

salts showed a fourfold increase at gastric pH compared to iron(III) 

pyrophosphate (Fe4PP3). In the food-relevant pH range, the salts with x ≤ 

0.15 showed up to an eight-fold decrease in iron solubility. Despite this, 

reactivity of the mixed salts in tea was similar to that of Fe4PP3. Our results 

indicate that these mixed salts are potential dual-fortificants with 

tuneable iron content and solubility.  



DESIGN OF CA-FE(III) PYROPHOSPHATE SALTS WITH TUNEABLE SOLUBILITY 

159 

5.1. Introduction 
Micronutrient fortification of foods can effectively overcome mineral and vitamin 
deficiencies.[1,2] Among minerals, particularly iron receives significant attention since 
one-quarter of the world’s population is affected by iron deficiency anaemia.[3] 
However, iron is a challenging mineral to introduce to food products due to  the high 
reactivity of ‘free’ iron ions .[4] Iron compounds are highly reactive with food products 
because of the complexation and oxidation of iron with phenolics that are abundant 
in plants and vegetables.[5-7] This reactivity of iron with phenolics is responsible for a 
change in the sensory properties of the food and compromises iron bioavailability.[8,9] 

Several physical and chemical approaches are currently being used to control the 
reactivity of iron ions by limiting their exposure to reactive phenolics .[4] One strategy 

is the micro-encapsulation of soluble iron-containing salts.[10] However, encapsulated 
iron can lead to undesirable higher prices and therefore less acceptance by 
customers.[11] Another approach for fortification of food products with iron is the use 
of strong molecular complexes such as FeEDTA (Ferrazone) which reduces the 
reactivity of Fe ions while providing similar relative bioavailability as ferrous 
sulphate.[12] However, the relatively high costs and the concern that EDTA compounds 
may negatively influence the metabolism of other essential minerals, or increase 
absorption of potentially-toxic minerals limit consumer acceptance.[3] Another 

commonly used strategy is the use of water insoluble, or poorly soluble salts such as 
iron (III) pyrophosphate (FePP; Fe4PP3).[13-15]  

In food research, Fe4PP3 receives extensive attention and it is often used in iron 
fortification of food products such as infant cereal and chocolate drink powders.[16-18] 
The low solubility of iron from Fe4PP3 reduces the impact of Fe4PP3 on the sensory 
properties of the fortified food but also results in low iron bioavailability .[19] 
Micronisation (i.e. downsizing the particle size to the micron range, e.g. 0.3 to 0.5 µm) 

and emulsification techniques have been used to improve the bioavailability of Fe4PP3. 

The high costs of micronised Fe4PP3 currently limit its use.[19,20] Even though the 
solubility of (micronised) Fe4PP3 is limited in the pH range of 3-6, the addition of Fe4PP3 
to phenolic-rich foods or model systems still results in discolouration.[4,21]  

Iron (III) pyrophosphate has also been incorporated with secondary minerals for higher 
efficiency and multipurpose applications.[22,23] An example of this is the co-fortification 
of Fe4PP3 with zinc sulphate in extruded rice.[24] Furthermore, Fe4PP3 has been used in 
combination with citric acid or trisodium citrate in rice grains and with sodium 
pyrophosphate in bouillon cubes for relatively higher storage stability. [25,26] Inspired by 
nature, the main goal of this work is to integrate iron ions in an inorganic poorly water 

soluble matrix of another mineral as a carrier. For example, anastasenkoite 
(CaFeIIP2O7)[27] and anapaite (Ca2FeII(PO4)2·4H2O)[28,29] are naturally occurring but not 
necessarily edible mixed phosphates of multivalent metal salts .[29,30] We particularly 
focus on pyrophosphate salts because pyrophosphate anions form colourless and/or 
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white and water insoluble compounds with most metals.[14,15,31] To maintain the 

sensory properties and (chemical) stability of the iron-fortified food, iron dissolution 
from the iron-containing compound should ideally be limited in the pH range from 3-
7, which is the pH range of most common food and beverages.[4] The insolubility of 
the iron ions in the pH range from 3-7 will suppress iron-mediated reactivity in the 
food.[21] Additionally, to ensure bio-accessibility of iron, dissolution of iron from the 
iron-containing compound should be fast in gastric (i.e. pH 1-3) and/or intestinal (i.e. 
pH 6-8) conditions.[32-34] It should be noted that although bio-accessibility (i.e. the 
quantity of iron in solution and available for absorption in the gastrointestinal tract) is 
a prerequisite for bioavailability, it cannot directly be correlated to iron bioavailability, 

which also includes digestion, absorption, and metabolism.[34] Fe4PP3 salt has low 
solubility (< 5 %) at pH 3 with increased solubility to > 99 % at pH 7-8.[14] whereas the 
pyrophosphate salts of divalent metals, such as calcium pyrophosphate (Ca2PP), 
dissolve well (> 99 %) at pH 3 but are poorly soluble (< 5 %) at pH 7-8.[35] Doping of iron 
(III) oxide with calcium has previously shown improved iron solubility in dilute acid and
sensory characteristics in fortified foods.[23,36] Additionally, van Leeuwen and co-

authors have shown that incorporation of an excess of Mg in Fe4PP3 (i.e. Mg:Fe(III) ratio
50:1), reduced its reactivity towards phenolics.[22] Due to the reversed solubility
character of Ca2PP and Fe4PP3 salts, it is expected that the combination of Ca and

Fe(III) in one matrix will result in unique pH-dependent dissolution behaviour. Although
any non-iron divalent metal (e.g. Zn, Ca, Mg, or Mn) could be used, Ca is selected due
to its higher recommended nutrient intake and consequently less risk of overdosing
compared to the other divalent metals.[3,37] Besides decreasing the reactivity of iron
by embedding it in another less chemically reactive mineral carrier, the main
advantage of these systems is that they can be used for simultaneous delivery of
another essential mineral along with iron, in this case calcium.

In this study, we explore the possibility to design mixed Ca-Fe(III) pyrophosphate salts 
with the general formula, Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1), as a potential delivery system 

for two essential minerals. To this end, we develop a detailed synthesis for and 
perform in-depth characterisation of such mixed salts. The range of the ratios of iron 
to calcium is guided by the Recommended Dietary Allowance (RDA). Co-precipitation 

is used as a synthesis method to embed iron (III) ions homogenously into the calcium 
pyrophosphate matrix structure. After characterisation of the salts, the pH 
dependence of the dissolution behaviour of the mixed Ca-Fe(III) pyrophosphate salts 
with various Ca:Fe(III) ratios are investigated. Then, the effect of three food-relevant 
temperatures (23, 37, and 90 °C), as well as the dissolution time, are investigated. 
Finally, the designed salts are tested for their reactivity using a black tea model 

solution. The main aim of this study is to design mixed Ca-Fe(III) pyrophosphate salts 
with three main properties: (i) maximum iron content in which no physical segregation 
occurs, (ii) increased solubility at gastric/intestinal pH, and (iii) reduced iron solubility 
at food pH and thus decreased reactivity compared to iron (III) pyrophosphate.  
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5.2. Materials & methods 

5.2.1. Materials 

Iron (III) chloride hexahydrate (FeCl3.6H2O, > 99 wt. %), tetrasodium pyrophosphate 
decahydrate (Na4P2O7.10H2O, > 99 wt. %), calcium dichloride (CaCl2, > 93 wt. %), nitric 
acid (HNO3, 65 wt. %), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid 
monosodium salt hydrate (i.e. ferrozine; ≥ 97 wt. %), hydrochloric acid (HCl, 37 wt. %), 
sodium hydroxide (NaOH, ≥ 98 wt. %), and iron (II) sulphate heptahydrate (FeSO4.7H2O, 

≥ 99 wt. %) were obtained from Sigma Aldrich (St. Louis, MO, USA). Ethanol absolute ( 
≥ 99 wt. %) and ascorbic acid (≥ 99 wt. %) were obtained from VWR International 

(Radnor, PA, USA). The Milli-Q (MQ) water used was deionised by a Millipore Synergy 
water purification system (Merck Millipore, Billerica, MA, USA). The tea used for 
preparing the tea solutions was an Original English tea blend from Pickwick 
(Amsterdam, The Netherlands).  

5.2.2. Preparation of pure and mixed salts 

Pure salts 
Pure salts were synthesised as references for comparative purposes. The preparation 
procedure was a co-precipitation method similar to the methods described 

elsewhere.[15,31] Firstly, solutions of 0.857 mmol FeCl3.6H2O and 1.286 mmol CaCl2 in 
50 mL of MQ water were prepared independently. Following this, the solutions were 
added quickly (within 5 seconds) to a solution of 0.643 mmol Na4P2O7.10H2O (Na4PP) 

in 100 mL of MQ water to prepare iron (III) pyrophosphate (Fe4(P2O7)3, Fe4PP3) and 
calcium pyrophosphate (Ca2P2O7, Ca2PP), respectively. This was done while the Na4PP 
solution was stirred vigorously (~ 400 rpm) with a magnetic stir bar. In both cases, a 
turbid white dispersion was formed a few seconds after the addition. The samples 
were then centrifuged at 3273 × g for 15 minutes in 50 mL volume polypropylene 
conical centrifuge tubes using an Allegra X-12R Centrifuge (Beckman Coulter, Brea, 
CA, USA). This was followed by washing the precipitate with MQ water twice. The 

sediment was then post-treated by ultrasonication at 40 kHz for 10 minutes using a 
CPX8800H ultrasonic cleaning bath (Branson Ultrasonics™, Brookfield, CT, USA), after 
which they were dried overnight in an oven at 45 °C (Fe4PP3: 59 % yield, Ca2PP: 74 % 
yield). 

Mixed metal salts 
The mixed Ca-Fe(III) salts were prepared by the same procedure as the pure salts, by 
the addition of 50 mL of a mixed solution of FeCl3.6H2O and CaCl2 in MQ water to a 
solution of Na4PP with a fixed concentration of pyrophosphate ions (6.43 mM, 100 mL). 

Eight different salts containing different Ca to Fe(III) ratios were prepared, generally 
coded as Ca2(1-x)Fe4x(P2O7)(1+2x) (0 < x < 1), for different theoretical x-values (i.e. 0.005, 
0.006, 0.007, 0.011, 0.021, 0.051, 0.100 and 0.260, coded as Mix1 to Mix8). After adding 
the mixed solution to Na4PP the eight solutions were stirred vigorously (~ 400 rpm) 
with a magnetic stir bar (final concentration of Na4PP: 4.29 mM). In all ratios, a turbid 
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white or off-white dispersion was formed a few seconds after the addition. The 

samples were then centrifuged, washed, post-treated in an ultrasonic bath, and dried 
in an oven following the same procedures as explained for the pure salts, see section 
5.2.2. It is worth recalling here that the x-values in the general formula indicate the 
mineral composition of the salts. These values were chosen based on average 
nutritional requirements for the human body (i.e. 1000 mg calcium and 15 mg iron 
intake per day.[38] Consequently, the mole ratios were calculated based on which the 
x-value was found in the structural formula. The molar ratio of total metal ions (i.e. [Ca] 
+ [Fe], final concentration: 8.573 mM) to pyrophosphate ions was based on the 
stoichiometry of Ca2PP. The average yield of the prepared mixed salts was 67.3 ± 4.2 

%. Standard deviation was calculated based on three independent syntheses of all the 
mixed salts. 

5.2.3. Characterisation methods 

Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy 
(EDX) 
Water dispersions of the salts were dried on a carbon-coated copper grid and 
analysed by transmission electron microscopy (TEM) and energy-dispersive X-ray 
spectroscopy (EDX). This was performed on a Talos™ F200X (Thermo Fisher Scientific, 

San Jose, CA, USA) operated at 200 kV. The elemental composition of the mixed salts 
was obtained from EDX and used for finding the experimental x-value based on the 
general formula of the mixed salts. The ratios of the atomic percentages ( i.e. Ca/Fe  = 
2(1-x)/4x , Ca/P = 2(1-x)/2(1+2x), Fe/P = 4x/2(1+2x)) were used to find x in the structural 
formula Ca2(1-x)Fe4x(P2O7)(1+2x). The average x-value for each mixed salt was reported 
with a standard deviation based on 3 replicate preparations of the salts and 3 
independent measurements. The average x-values were incorporated in the general 
formula of the mixed Ca-Fe(III) pyrophosphate salts to obtain the final chemical 
formula of the salts. For the salts with heterogeneous morphology, this procedure was 
done separately on the different morphological phases. 

High-angle annular dark field scanning TEM (HAADF-STEM) 
High-angle annular dark-field scanning TEM (HAADF-STEM) was performed on a 
Talos™ F200X (Thermo Fisher Scientific, San Jose, CA, USA) operated at 200 kV. The 
elemental mapping was recorded by use of assigning a colour to each element. 
Colour indications are as follows: calcium: green, iron: red, and phosphorus: blue.  

X-Ray diffraction (XRD) spectroscopy 

The dried powders of the salts were analysed at room temperature with an AXS D2 
Phaser powder X-ray diffractometer (Bruker, Billerica, MA, USA), which was equipped 

with a LYNXEYE detector in Bragg-Brentano mode. The radiation used was cobalt 

Kα1,2, λ = 1.79026 Å, operated at 30 kV, 10 mA for 2θ = 5 to 70 degrees. A silicon holder 

was used and the measurements were repeated twice on the salts from independent 
synthesis batches. 
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Fourier transform infrared (FT-IR) spectroscopy 

FT-IR measurements were done on dried powders of the samples by an FT-IR 
spectrometer (PerkinElmer, Waltham, MA, USA), using the KBr pellet technique.[39] 2.5 
mg of each salt was mixed thoroughly with 250 mg of KBr (FT-IR grade) and dried in 
an oven at 60 °C overnight. Pellets were prepared using a press and the 
measurements were done in independent duplicates. The interferograms were 
accumulated over the spectral range of 1600 – 400 cm-1 using a nominal resolution of 
4 cm-1, with a background spectrum recorded before each measurement. 

5.2.4. Dissolution behaviour of iron in Fe4PP3 and the mixed Ca-Fe(III) 

pyrophosphate salts 

To perform the iron dissolution measurements, the synthesis of the pure Fe4PP3 and 
Ca2PP as well as the mixed Ca-Fe(III) pyrophosphate salts with measured 0.14 ≤ x ≤ 
0.35 were up-scaled, Method S5.1. The dried powders of the salts were then 
redispersed by stirring (~250 rpm) with a magnetic stir bar in MQ water (final 
concentrations: 10 mg mL-1). Next, the pH of the dispersions was adjusted using a pH-
stat device (Metrohm, Herisau, Switzerland) by the addition of 0.1 M HCl or 0.1 M NaOH. 
Subsequently, all dispersions were incubated at 1000 rpm using an Eppendorf 
Thermomixer F1.5 (Eppendorf, Hamburg, Germany) at pH values ranging from one to 

eleven (steps of one pH unit), over time (1, 2, and 48 h), and at three different 
temperatures (23, 37, and 90 °C). After incubation, the pH of each sample was 
measured again to determine the final pH. Finally, the samples were centrifuged at 
15,000 × g for 10 minutes using an Eppendorf Centrifuge 5415R and the supernatants 
were separated to quantify the dissolved iron concentration.  

Iron concentration measurement by ferrozine-based colourimetric assay 
Total iron in solution was quantified using a ferrozine-based colourimetric assay.[40] 
Binding of Fe(II) to 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid (i.e. 
ferrozine) results in the formation of a complex with absorbance at 565 nm.[6] To 

ensure the reduction of Fe(III) to Fe(II), first an excess of ascorbic acid (50 µL, 100 mM) 
was added to 50 µL sample (supernatant). After 30 min incubation of the sample with 
ascorbic acid, ferrozine (50 µL, 10 mM) was added. Samples were transferred to 96-
well microplates and the absorbance at 565 nm was measured at room temperature 
in a SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA). All measurements were 
performed in duplicate and quantification of total dissolved iron was performed based 
on intensity (A565 nm) with a calibration curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). It was 
confirmed that the presence of the Ca ion did not interfere with the quantification of 
total iron (Fig. S5.1). The pH of the samples was measured after the addition of 

ascorbic acid and ferrozine. Most samples had a pH of 2.7, except for the samples that 
were prepared at very acidic conditions (i.e. pH < 2). The pH of these samples after the 
addition of ascorbic acid and ferrozine was 1.7 ± 0.3. At this pH, less Fe(II)-ferrozine 
complex is formed.[40] We corrected the absorbances of these acidic samples using 
the pH-dependent absorbance factors previously reported for the Fe(II)-ferrozine 
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complex formation.[40] The iron quantification by the ferrozine assay was verified 

independently using inductively coupled plasma–atomic emission spectroscopy (ICP-
AES), Method S5.2. 

To test if the trend in iron dissolution was statistically significant, ANOVA analysis was 
performed using IBM SPSS Statistic v23 software (SPSS Inc., Chicago, IL, USA). Tukey’s 
post hoc comparisons (significant at p < 0.05) were carried out to evaluate the 
significance of differences in iron concentration.  

5.2.5. Assessment of the reactivity of selected mixed salts in a black tea 

solution 

To assess the reactivity of the iron in the mixed Ca-Fe(III) pyrophosphate salts, a black 
tea solution was used as a model system. Ground tea leaves of Original English blend 
(Pickwick) were added to boiling MQ water (1 g of tea leaves in 100 mL of water). After 
stirring for 3 minutes, the tea leaves were filtered out using 1541-125 cellulose filter 
papers (Whatman, Maidstone, UK). Selected mixed and pure Fe4PP3 salts with a 
normalised concentration of iron (i.e. 1.05 mg Fe in 100 mL tea) were added to the tea 
solution (pH 5.13 ± 0.13). For comparison, Ca2PP with a normalised concentration of 2.31 
mg Ca in 100 mL tea (i.e. the concentration of Ca in the salt with the highest calcium 

content) was added as well. After stirring for 10 minutes using an RCT basic stirrer 
(IKA-Werke, Staufen, Germany), the tea solutions were filtered first over Whatman 
cellulose filter papers and second over a 17845-ACK Minisart NY polyamide (nylon) 
filter with 0.2 micron pore size, (Sartorius, Göttingen, Germany) . During the procedure, 
the temperature was kept constant at approximately 90 °C in all steps. The residues 
on the filter papers were washed with ethanol to remove any unbound phenolics f rom 
the particle surface. The discolouration of the filtered tea solutions was quantified by 

ultraviolet-visible light (UV-Vis) spectroscopy at room temperature. UV-Vis spectra of 
the tea solutions were recorded on a Lambda-35 spectrophotometer (PerkinElmer, 

Waltham, MA, USA), using quartz cuvettes. The increase in absorbance at 550 nm 
compared to the blank black tea solution was used to quantify the iron-phenolic 
complexation.[13] All the measurements were done in independent triplicates and the 
average values along with standard deviations were reported. The colours of the tea 
solutions were visualised by taking an image of all tea solutions standing next to each 
other illuminated with a uniform light source at room temperature. The images were 
evaluated using an online colour conversion tool (https://imagecolorpicker.com) and 
converted to the L*a*b* colour space (i.e. L* dark or light, a* red vs green, b* yellow vs. 
blue) (Table S5.1).  

The concentration of the iron released from the salts in the tea solutions was 
measured by elemental analysis using ICP-AES. ICP-AES was performed on the tea 
solutions using an Optima 8300 instrument (PerkinElmer, Waltham, MA, USA). 
Electrodeposited samples were dissolved in 10 mL of a 2 % HNO3 solution to achieve 
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optimal measurement concentration ranges. The measurements were performed in 

triplicates. Statistical analysis was carried out to evaluate the significance of 
differences in iron concentration (significant at p < 0.05). 

5.3. Results & discussion  

5.3.1. Characterisation of the pure calcium and iron(III) pyrophosphate 

salts 

The morphology of the pure Ca2PP and Fe4PP3 salts was analysed by electron 
microscopy (Fig. 5.1). The dried dispersions of Ca2PP and Fe4PP3 showed noticeably 

different morphologies. The TEM images for Ca2PP showed large micron-sized 
needle-shaped aggregates (Fig. 5.1A), which is in line with a previous study.[41] 
However, the TEM image results for Fe4PP3 showed formation of large interconnected 
aggregates of roughly 25 nm irregularly shaped particles, see Fig. 5.1B.  
 
It has been previously shown that the degree of crystallinity in metal pyrophosphate 

particles can strongly depend on the valence of the metal ion.[15] This has been 
confirmed by XRD and FT-IR spectra of the pure Ca2PP and Fe4PP3 salts in this work 
as well. The X-ray diffraction pattern for Ca2PP indicated clear signals of crystallinity, 

while the spectrum for Fe4PP3 showed only noise and a broad peak indicating an 
amorphous structure for this salt (Fig. 5.1C). The XRD patterns of Ca2PP and Fe4PP3 
are consistent with previous studies.[15,31] However, we observed a strong, sharp signal 

at approximately 2θ = 9.2 degree for Ca2PP (Fig. 5.1C) that was not observed 

previously.[15,31] This could be because of different crystalline structures from the fast 
co-precipitation method compared to the preparation of colloidal particles,[15] or solid-
state preparation at high temperatures.[42] Moreover, ultrasonication treatment on the 

salts could have led to induced crystallinity and heterogenous nucleation .[43] The 
observed amorphous structure of Fe4PP3 is suggested to be a result of the so-called 
valence mismatch of the metal (Fe3+) and pyrophosphate (P2O74-) ions.[31] Therefore, 

the complicated stoichiometry to reach neutrality results in an amorphous matrix for 
Fe4PP3 in a fast co-precipitation process, while calcium and pyrophosphate ions can 
form electroneutral crystalline unit cells more easily.[15]  
 
The details of chemical bonding in both the Ca2PP and Fe4PP3 were investigated by 
FT-IR spectrometry (Fig. 5.1D). The FT-IR spectrum for Ca2PP showed sharp and well-
defined bands, whereas the peaks appeared broad and smooth for Fe4PP3 at the same 
wavenumbers. The sharper and well-defined bands were expected for crystalline 
materials. Spectral broadening in Fe4PP3 was a result of the pyrophosphates having 

to accommodate more types of bonding to reach neutrality, [44] and indicates the 
amorphous nature of Fe4PP3.[15,45] Despite different broadness, the peak positions of 
the main peaks matched with each other because the pyrophosphate groups are the 
main vibrationally active species. The characteristic peaks attributed to bending for 

O-P-O bonds in the P2O7 groups appeared around 500-600 cm-1. The signals observed 
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at 745 and 945 cm-1 were assigned to symmetric and asymmetric vibrations in P-O-P, 

respectively, and the peaks in the range of 1000 to 1200 cm -1 corresponded to P-O 
stretching vibration frequencies. All the peaks observed for the P2O74- anion are similar 
to previous reports.[45-47] 

Figure 5.1. TEM images of (A) Ca2PP and (B) Fe4PP3, representing the difference between 

calcium and iron(III) pyrophosphate salt morphologies. Ca2PP forms large aggregates of micron-

sized needles whereas Fe4PP3 yields large interconnected aggregates of approximately 25 nm 

irregularly shaped particles. (C) Comparison between XRD patterns of the two pure 

pyrophosphate salts shows that Ca2PP is crystalline, whereas Fe4PP3 is amorphous. (D) For the 

same reason, the FT-IR absorbance of the chemical bonds in the pyrophosphate ions appears 

sharp and strong for Ca2PP, and broad and smooth for Fe4PP3. 

5.3.2. Characterisation of the mixed Ca-Fe(III) pyrophosphate salts 

The morphology and chemical composition of the mixed metal salts, designed with 

0.005 ≤ x ≤ 0.260 in the general formula Ca2(1-x)Fe4x(P2O7)(1+2x), (coded as Mix1-Mix8) 
were characterised by electron microscopy (Fig. 5.2). TEM images of the salt with the 

lowest iron content, Mix1, indicated a single phase of micron-sized needle-shaped 
aggregates (Fig. 5.2A). The measured x-value was 0.009, as determined from EDX 
measurements, (Fig. 5.2B).  
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Figure 5.2.  (A) Morphology of the mixed Ca-Fe(III) pyrophosphate salts with the general 

formula Ca2(1-x)Fe4x(P2O7)(1+2x), coded as Mix1 to Mix8, obtained from TEM imaging. Comparison 

indicates that the iron-containing salts Mix1 and Mix6 to Mix8 are present in identical 

homogenous morphologies, whereas the samples Mix2 to Mix5 show segregation into two 

coexisting structural phases. (B) The measured x-value for the mixed Ca-Fe(III) pyrophosphate 

salts obtained from EDX quantification. Salts Mix2 to Mix5 show different measured x -values 

for the coexisting morphologies, while the salts Mix1 and Mix6 to Mix8 have identical x -values. 

The morphology of the aggregates is indicated by (N)   needle-shaped, (I) irregularly shaped, (E) 

ellipse-shaped, and (S) spherical. 

Detailed analysis of the TEM images and EDX results suggest that integrating Fe(III) 

as a second metal in the Ca2PP matrix can yield local segregation and coexistence of 
two morphological phases: a crystalline needle-shaped phase with relatively low Fe 
content, and amorphous irregularly shaped aggregates with higher Fe content (i.e. 
higher x-value). Samples Mix2 to Mix5 appeared to be a mixture of an iron-rich phase 
(mostly irregularly shaped particles) and a calcium-rich phase (needle-shaped 
particles) (Fig. 5.2A). EDX quantification indicated that the sample Mix2 is a mixture of 
micron-sized needles with x = 0.012 and irregularly shaped aggregates with x = 0.455 
(Fig. 5.2B). Similarly, in both samples, Mix3 and Mix4, micron-sized needles and 
irregularly shaped aggregates were in coexistence, and the latter yielded higher x-

values. In the case of the sample Mix5, the measured x-value was equal to 0.020 for 
the irregularly shaped aggregates, while the ellipse-shaped aggregates remained ill-
defined in this salt. These ill-defined particles can be oxide or hydroxide sediments of 

iron (III) formed during the synthesis or drying procedures (Fig. 5.2A and Fig. S5.2). The 
formation of the Ca-rich and Fe-rich phases of particles, resulting in different 
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measured x-values (from EDX quantification), might be explained by the possibility of 

phase separation in the resulting solid solutions.[48,49] The salts Mix6 to Mix8 showed 
uniform morphologies and chemical compositions. For Mix6 and Mix7, irregularly 
shaped aggregates of 50 to 80 nm in size were observed, (Fig. 5.2A). These 
morphologies were similar to the Fe4PP3 particle morphology and the x-values 
corresponding to these two salts were measured to be 0.140 and 0.150, respectively 
(Fig. 5.2B). Interestingly, TEM images of the mixed salt with the highest iron content, 
Mix8, showed almost perfect spherical particles (Fig. 5.2A), for which the x-value was 
measured to be 0.350 from EDX quantification (Fig. 5.2B). The formation of well-
defined needle-shaped or spherical particles can be caused by the ultrasonication 

treatment in the preparation method. Ultrasound energy fields have been shown to 
aid shape changes in particles by locally overcoming energy barriers for specific 
structures (Fig. S5.3).[50] The possible effects of ultrasonication are currently being 
studied separately.  

The elemental distribution in the mixed Ca-Fe(III) pyrophosphate salts with uniform 

morphologies (i.e. measured 0.14 ≤ x ≤ 0.35) was explored by HAADF-STEM. 
Homogenous distribution of the elements Ca, Fe and P was observed by elemental 
mapping of the mixed salts Mix6 to Mix8 (Fig. 5.3A). The corresponding dark-field 

scanning TEM images of each elemental mapping are shown in Fig. 5.3B as well.  

Figure 5.3. (A) Elemental mapping performed by HAADF-STEM on Mix6 (x = 0.14), Mix7 (x = 0 

.15) and Mix8 (x = 0.35). Colour indications are as follows: calcium (Ca): green; iron (Fe): red; and 

phosphorous (P): blue. Elemental mapping clearly shows homogeneous distribution of the 

elements in these salts. (B) The corresponding dark-field images.  
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The crystallinity of the mixed Ca-Fe(III) pyrophosphate salts was investigated by X-ray 

powder diffraction analysis (Fig. 5.4A). The XRD patterns of the mixed salts were not 
in agreement with any existing XRD reference patterns in the international centre for 
diffraction data (ICDD, https://www.icdd.com). In general, comparing the XRD 
patterns of the mixed salts to the diffraction peaks of the Ca2PP specified the gradual 
transformation of crystalline structures upon increasing iron content in these samples. 
Similar to the Ca2PP, the XRD patterns of the mixed Ca-Fe(III) pyrophosphate salts Mix1 
to Mix5 (i.e. measured 0 ≤ x < 0.14), show consistent sharp signals which were clear 
signs of crystalline structures in these salts.[15] The intensity of the diffraction peak at 
9.2 degree (peak a), which appeared sharp and strong for Ca2PP, decreased in the 

mixed Ca-Fe(III) pyrophosphate salts. Ultimately, this peak disappeared in the salt 
Mix4.  

Figure 5.4. (A) XRD and (B) FT-IR spectra of the mixed Ca-Fe(III) pyrophosphate salts with the 

general formula Ca2(1-x)Fe4x(P2O7)(1+2x) (0 < x < 1). The spectra of the pure Ca2PP (x = 0) and Fe4PP3 

(x = 1) are shown for comparison. (A) For the salts Mix1-Mix5 and Ca2PP (0 ≤ x < 0.14) samples 

show clear signals for crystalline structure. The spectra for the salts Mix6-Mix8 and Fe4PP3 (0.14 

≤ x ≤ 1) exhibit broad smooth peaks which indicate amorphous structures. (B) Positions of the 

peaks correspond to the chemical bonds in the pyrophosphate ions coincide between the mixed 

salts. Sharp and strong peaks are observed for the crystalline pyrophosphate salts Mix1 -Mix5 

and Ca2PP (0 ≤ x < 0.14), whereas broad and smooth peaks are obtained for the amorphous salts 

Mix6-Mix8 and Fe4PP3 (0.14 ≤ x ≤ 1).  

The diffraction patterns of the mixed salts in the range of 13-15 degrees (peaks b-d), 

22.5 degree (peak e), and 32-34 degrees (peaks f-h) indicate the presence of distinct 
crystalline phases and polymorphs in their structures. Peaks b, d, and g appeared with 
maximum intensity in the salt Mix1. A gradual decrease was observed upon increasing 
iron content in the salts Mix2, Mix3, and Mix4, and eventually, the peaks disappeared 
in the salt Mix5. Furthermore, the reflections c, e, f, and h slightly grew and reached a 
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maximum at Mix4. However, the intensity of these peaks was drastically reduced in 

the salt Mix5 and reached zero in the samples Mix6-Mix8 (0.14 ≤ x ≤ 0.35). 

Finally, the mixed Ca-Fe(III) pyrophosphate salts Mix6 to Mix8 (0.14 ≤ x ≤ 0.35) and 
Fe4PP3 (x =1) showed no distinct diffraction peaks in their X-ray diffraction spectra 
which was a clear indication of amorphous structure in these salts. The one exception 
to this was in the sample Mix7 (x = 0.15) which showed two weak absorbance peaks at 
10 and 14 degree. This could be related to the ultrasonication-induced crystallisation 
of the pyrophosphate salts resulting from the preparation method in this work ,[15,43] 
which is out of the scope of the present work. Nonetheless, no sign of crystalline 

needle-shaped aggregates with iron or calcium dominant regions was observed in 
the TEM images of this sample (Fig. 5.2A).  

The details of chemical bonds in the structure of the mixed Ca-Fe(III) pyrophosphate 
salts were explored by FT-IR spectroscopy (Fig. 5.4B). The analysis of the FT-IR 
spectra of the mixed salts showed that peak positions coincided between the salts 

because the vibrations only correspond to the chemical bonds present in the 
pyrophosphate ions. Pyrophosphate vibrations showed sharp and strong peaks for the 
crystalline salts with measured 0 ≤ x < 0.14, while the same peaks appeared broad and 

smooth for amorphous samples with measured 0.14 ≤ x ≤ 1. The peak positions 
coincided with the values observed for pyrophosphate in the individual Ca2PP and 
Fe4PP3 salts as discussed in section 5.3.1.  

5.3.3. Dissolution behaviour of iron in Fe4PP3 and the mixed Ca-Fe(III) 

pyrophosphate salts 

The challenge of novel iron-containing salts is to ensure appropriate pH-dependent 

dissolution behaviour of the iron compound. To limit iron-mediated reactions while 
ensuring bio-accessibility the iron dissolution should be limited at food pH (3-7) and 

fast at gastric pH (1-3) and/or intestinal pH (6-8). Therefore, we investigated the pH-
dependent dissolution behaviour of Fe4PP3 and mixed Ca-Fe(III) pyrophosphate salts. 
According to what was discussed above, the mixed Ca-Fe(III) pyrophosphate salts 
Mix6-Mix8 were most desirable for the main application of this study as they 
presented uniform morphologies and homogenous distribution of the elements ( i.e. 
Ca, Fe, P). On the contrary, the samples Mix2-Mix5 with two coexisting phases were 
not further investigated for their solubility or reactivity. This is because of the presence 
of multiple structural phases and hence different chemical compositions can result in 
unpredictable dissolution or reactivity behaviour of the salts. Furthermore, despite 
having a homogeneous morphology, sample Mix1 is not particularly suitable for food 

application because of the crystalline form and specific shape and size of its 
aggregate, besides having a very low iron content.[15,51] The amorphous form of the 
mixed minerals is generally preferred over the crystalline form due to faster 
dissolution and higher bioavailability.[52] 
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The three selected mixed Ca-Fe(III) pyrophosphate salts were prepared using the up-

scaled synthesis method (Method S5.1). Up-scaling the synthesis did not affect the 
morphology or the elemental homogeneity in the salts (results not shown). The 
dissolution behaviour of Fe4PP3 (x = 1) and the three mixed Ca-Fe(III) salts Mix6 to Mix8 
(x = 0.14, 0.15, and 0.35), was evaluated as a function of pH by UV-Vis spectroscopy 
using the ferrozine assay.[40] Quantification of the accuracy of total iron determination 
by the ferrozine assay was verified by comparison with the ICP-AES method (Fig. S5.4). 
The iron concentrations measured by both methods were found to be in good 
agreement (R2 = 0.99). Due to the affordability, availability, and high throughput of the 
ferrozine assay it was decided to use the ferrozine assay for further experiments. The 

aqueous dissolution behaviour of iron from Fe4PP3 and the three mixed Ca-Fe(III) 
pyrophosphate salts was evaluated in the pH range from 1-10 (Fig. 5.5A). 

Figure 5.5. (A) Dissolution of iron from Fe4PP3 and mixed Ca-Fe(III) pyrophosphate salts Mix6 (x 

= 0.14), Mix7 (x = 0.15), and Mix8 (x = 0.18) as a function of pH. (B) Dissolution of iron from the 

salts as a function of x-value at pH 2, pH 3, pH 6, and pH 8. (A) Compared to Fe4PP3, Mix6 (x = 

0.14) and Mix7 (x = 0.15) have a lower iron solubility at food-relevant pH (3-7), whereas at gastric 

pH (1-3), the salts show enhanced iron dissolution up to a four-fold increase. (B) Lower x-values 

(i.e. ≤ 0.15) have higher iron dissolution at low pH ( i.e. 2 and 3). However, the salts with higher 

x-values (i.e. 0.35 and 1.0) yielded the highest iron concentrations in solution at high pH ( i.e. 6 

and 8).

In the pH range 2-5.5, soluble iron concentrations from Fe4PP3 were below 0.50 mM 
(Fig. 5.5A). The limited solubility in this pH range is likely due to the presence of the 
solid species Fe4(P2O7)3.[14,53] Below pH 2, iron dissolution from Fe4PP3 increased to 1 

mM due to the presence of ionic Fe(III) and the formation of soluble ferric 
pyrophosphate complexes (i.e. FeH3P2O72+ and FeH2P2O7+).[53,54] Increased dissolution 
to 3.0 mM at pH > 5.5 could be explained by the formation of Fe(HP2O7)23-, which is 

one of the soluble Fe(III)-pyrophosphate species.[53,55]  

For Mix6 (x = 0.14) and Mix7 (x = 0.15) lower dissolved iron concentration (< 0.25 mM) 
was observed at the food-relevant pH values (i.e. pH 3-7). This indicated that the 
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ternary complex of Ca2(1-x)Fe4xP2O7(1+2x) with x = 0.14 and 0.15 shows lower solubility at 

pH 3-7 compared to Fe4PP3. The lower amounts of dissolved iron at pH 3-7 for the 
mixed salts are desirable for application in food, as it could potentially lead to reduced 
iron-mediated reactivity of the food products upon iron fortification. For Mix8 (x = 0.35), 
similar or even higher dissolution of iron was observed in the food-relevant pH range 
compared to Fe4PP3. These results indicate that in the mixed Ca-Fe(III) pyrophosphate 
salts the x-value should be ≤ 0.15 to reduce iron dissolution at pH 3-7.  
 
Interestingly, as the calcium content in the mixed salts increased, the salts showed 
enhanced iron solubility in the gastric pH range (1-3). For Mix6 (x = 0.14) and Mix7 (x = 

0.15), an increase in dissolved iron of at least a four-fold compared to Fe4PP3 was 
observed at pH 1. Higher quantities of total soluble iron at pH 1-3 and/or pH 6-9 are 
indicative of better bio-accessibility in the gastric and intestinal environment, 
respectively.[14,32-34,56] At pH > 6, the opposite behaviour was observed compared to 
acidic pH, with the highest iron dissolution for Fe4PP3 and Mix8 (x = 0.35) salts, and 
lowest for Mix6 (x = 0.14). Even though the dissolution of iron from Mix6 (x = 0.14) and 

Mix7 (x = 0.15) was decreased compared to Fe4PP3 at intestinal pH, the poor iron 
solubility of these salts at pH 3-7 and increased dissolution at pH 1-3 (Fig. 5.5A) 
indicates that these salts likely cause less sensory changes in food and are expected 

to show adequate bio-accessibility in the stomach.[32,56] It has previously been shown 
that in vitro solubility of Fe-containing salts at pH 1 is a good indicator for in vivo Fe 
uptake by rats.[33]  
 
Overall, these results indicate that increasing the proportion of calcium in the mixed 
pyrophosphate salts promotes dissolution at low pH (1-3), whereas increasing the 
proportion of iron promotes dissolution at high pH (6-9). This is in line with previous 
results obtained for pure pyrophosphate salts, in which pure Ca2PP and Fe4PP3 salts 
showed inverse pH-dependent solubility.[35] The dissolution behaviour of iron from 
Fe4PP3 and mixed Ca-Fe(III) pyrophosphate salts was evaluated as a function of the 

x-value in Ca2(1-x)Fe4xP2O7(1+2x). Fig. 5.5B shows the dissolution of iron from the salts as 
a function of x-value at four representative pH values (i.e. pH 2 for gastric conditions, 
pH 3 and 6 for food, and pH 8 for intestinal conditions). Lower x-values (i.e. ≤ 0.15) tend 

to have higher iron dissolution at low pH ( i.e. 2 and 3). Furthermore, the salts with higher 
x-values (i.e. 0.35 and 1.0) yielded the highest iron concentrations in solution at high 
pH (i.e. 6 and 8). These findings show that the mixed Ca-Fe(III) pyrophosphate salts 
possess pH-dependent dissolution behaviour which can be finetuned to the desired 
application by changing the x-value. 

5.3.4. Effect of temperature and time on dissolution behaviour of iron in the 

Ca-Fe(III) pyrophosphate salts 

To effectively apply the Ca-Fe(III) pyrophosphate salts in fortified food products the 
pH-dependent dissolution at pH 3-7 must be limited during storage (23 °C), 
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consumption (37 °C), and cooking (90 °C). Therefore, the effect of temperature on iron 

dissolution from Fe4PP3 and the mixed Ca-Fe(III) pyrophosphate salts was investigated 
by incubating the samples at different temperatures (23, 37, and 90 °C) (Fig. 5.6A). 
Overall, no significant change (p > 0.05) in iron dissolution in the pH range 1-10 was 
observed upon elevating the temperature from 23 °C to 37 °C. This is in line with a 
previous study, that observed no change in the dissolution of Fe(III) from Fe4PP3 upon 
elevating the temperature from 23 °C to 50 °C.[57] Increasing the incubation 
temperature to 90 °C resulted in a significant (p < 0.05) increase in dissolved iron from 
Fe4PP3 at pH 1 and 5.5 (Fig. 5.6A). The iron dissolution for Mix8 (x = 0.35) at pH ~7 also 
increased at 90 °C. 

Figure 5.6. Effect of (A) temperature and (B) time on pH-dependent dissolution behaviour of 

iron in Fe4PP3 and mixed Ca-Fe(III) pyrophosphate salts. (A) No significant change in iron 

dissolution (p > 0.05) was observed upon increasing the temperature from 23 °C to 37 °C in the 

studied pH range (1-10). Upon elevating the temperature to 90 °C, an increase in dissolved iron 

from Fe4PP3 at pH 1 and 5.5 and from Mix8 (x = 0.35) at pH ~7 was observed. (B) Iron dissolution 

pointed to no remarkable difference between iron dissolution for one and two hours of 

incubation. After 48 h, dissolution remained constant at all pH ranges for all salts except for 

Fe4PP3 with a significant increase at pH < 2 and pH 5-6. 

The iron dissolution of Mix6 (x = 0.14) and Mix7 (x = 0.15) decreased at pH 1-2 after 
heating at 90 °C. Possibly the ionic Fe(III) that is present in solutions of these mixed 
salts at pH < 3 underwent hydrolysis to insoluble species, which has been well-
documented for Fe(III) at elevated temperatures.[54,58] For the mixed salts with x ≤ 0.15, 
iron concentration in the solution remained similar at elevated temperatures at pH 3-

7. Therefore, these mixed salts could potentially be used for cooking without an
increase in reactivity. Monitoring time-dependent iron concentration in the solutions
pointed to no remarkable difference between iron dissolution for one and two hours
of incubation (Fig. 5.6B). Over 48 hours of incubation, dissolution remained constant
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at all pH ranges for all salts except for Fe4PP3 with a significant (p < 0.05) increase at 

pH < 2 and pH 5-6 after 48 h. 

5.3.5. Assessment of the reactivity of selected mixed salts by 

discolouration of a black tea solution 

Black tea was chosen as a model system to investigate the reactivity of the mixed Ca-
Fe(III) pyrophosphate salts in foods as, after water, it is the most widely consumed 
beverage in the world.[59] Black tea contains a considerable amount of phenolics that 
can trigger discolouration in the presence of iron ions, via iron-mediated complexation 
and oxidation.[6,9,60] The black tea model solution was exposed to the three selected 

mixed Ca-Fe(III) pyrophosphate salts (i.e. Mix6, Mix7, and Mix8), as well as the pure 
Ca2PP and Fe4PP3 salts (final pH of the solutions: 5.13 ± 0.13). Because the mixed salts 
Mix6 (x = 0.14) and Mix7 (x = 0.15) showed poor solubility at food-relevant pH, they were 
expected to show less reactivity and therefore less discolouration upon food 
fortification. The discolouration of the tea solution, caused by iron ions released from 
the salts after filtration is shown in Fig. 5.7A.  

Exposing the tea solutions to 1.05 mg Fe in the form of the pure Fe4PP3 and mixed Ca-
Fe(III) pyrophosphate salts for 10 minutes, resulted in the darkening of the tea 

solutions compared to the reference, the pure black tea solution. The visual colour 
comparison between tea solutions showed that surprisingly, the discolouration 
induced by these salts was a non-monotonic function of their iron content. The salts 
Mix6 (x = 0.14), Mix7 (x = 0.15), and Fe4PP3 (x = 1) resulted in visually similar discolouration 
in the black tea solution. However, exposing the tea solution to Mix8 (x = 0.35) 
increased the discolouration and resulted in the darkest tea solution compared to all 
other salts. 

The results obtained from the UV-Vis absorbance of the tea solutions are shown in 

(Fig. 5.7B). The UV-Vis absorbance of the tea solutions was consistent with the 
discolouration (Fig. 5.7A) and showed the same non-monotonic relation between 
absorbance at 550 nm and iron content of the salts. Using the mixed salt Mix6 (x = 0.14) 
resulted in equal absorbance compared to Fe4PP3, whereas for the salt Mix7 (x = 0.15) 
a slightly darker colour and higher absorbance was observed (Table S5.1). After being 
exposed to Mix8 (x = 0.35), which had the highest iron content, the darkness of the tea 
solution increased significantly with an approximate 1.5-fold increase in the UV-Vis 
absorbance compared to pure Fe4PP3 (p < 0.05). The discolouration induced by Ca2PP, 
shown for comparative purposes, caused slight darkening of the tea solution 
(lightness L* = 40 for Ca2PP versus L* = 49 for blank). It was previously reported in the 

literature that complexation of calcium with phenolics does not lead to a change in 
colour.[4] However, the slight discolouration observed in the tea solution in presence 
of calcium is suggested to be due to interaction and oxidation of polyphenols with 
calcium at elevated temperatures, which is also responsible for tea stains on the 
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surface of teacups.[61] The concentration of the dissolved iron from the salts in the tea 

solutions was measured by ICP-AES (Fig. 5.7B). 

Figure 5.7. The results of the reactivity assessment by exposure to a black tea solution.  (A) 

Images show discolouration of the black tea solution after 10 minutes exposure to the pure salts 

Ca2PP (x = 0), Fe4PP3 (x = 1), and the mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 

and 0.35 compared to the blank tea solution (pH 5.13 ± 0.13). (B) Increase in absorbance of the 

tea solutions compared to the blank black tea solution measured at 550 nm by UV -Vis 

spectroscopy (blue squares, primary y-axis) and concentration of the dissolved Fe in the tea 

solution is determined by ICP-AES (orange circles, secondary y-axis). The horizontal lines 

correspond to the absorbance of the tea solution (blue, dotted) and the Fe concentration 

(orange, dashed) obtained for the tea solution exposed to Fe4PP3. 

ICP-AES analysis of the pure black tea solution before the addition of any salts 
showed that it contained on average 2.7 ± 0.2 μg of iron per 100 mL of tea. Results 
showed that exposure to Fe4PP3 increased the iron concentration in the tea solution 

to 0.25 mg per 100 mL tea. Exposure to Mix6 (x = 0.14) resulted in a 28 % lower iron 
concentration compared to the Fe4PP3. In the tea solution tested with the salt Mix8 (x 
= 0.35), the dissolved iron concentration was almost 2.7-fold (0.67 mg per 100 mL tea) 

higher than in the tea exposed to Fe4PP3. Consequently, exposure to Mix8 (x = 0.35) 
resulted in significantly higher discolouration compared to the other samples (p < 
0.05). Despite the observed discolouration of tea upon exposure to the salts, the 
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highest measured iron concentration was only 64 % of the total amount of iron added. 

This indicates that a considerable amount of iron was retained in the salt matrix.  
Interestingly, discolouration was also observed on the surface of the insoluble 
proportion of the salt that was recollected as a residue upon filtration of the black tea 
solutions (Fig. S5.5). All salt powders were either white or off-white before performing 
the reactivity experiment. The colour of the residues of all iron-containing 
pyrophosphate salts changed to dark brown or black after being in contact with the 
tea solution, whereas the residue of Ca2PP remained white. We suggest that the iron-
containing salts show darkening due to the complexation of the iron ions on the 
surface of the salts with the phenolics present in the black tea solution.  

Although the main intention of the performed black tea experiment in this work is not 
to fortify tea, we used tea solution to investigate the reactivity of iron from the 
designed mixed salts, to show their potential for food fortification. Contrary to our 
expectations based on the pH-dependent dissolution assay, the mixed salts did not 
show noticeably less reactivity in black tea solution compared to Fe4PP3. In future 

experiments, the reactivity and surface interactions of the iron-containing 
pyrophosphate salts with phenolic compounds should be further explored using 
model systems of selected pure phenolic compounds to get more insights into the 

mechanism for phenolic-mediated discolouration by complexation and oxidation in 
the presence of the mixed Ca-Fe(III) pyrophosphate salts. Even though the mixed salts 
show similar reactivity compared to Fe4PP3 in foods, the increased dissolution at pH 
1-3 indicates that these salts likely possess improved bio-accessibility compared to
Fe4PP3. Assessment of the effect of these mixed salts on other sensory properties,
such as taste, and the required safety clearance, which can be product-specific are
beyond the scope of this manuscript.

5.4. Conclusion 
In the present study, we report the design, synthesis, and characterisation of mixed 

calcium and iron (III) pyrophosphate salts with the general formula Ca2(1-

x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1). Mixed salts with 0.14 ≤ x ≤ 0.35 were amorphous and uniform
in terms of their morphology. We demonstrate for the first time the tuneable pH-
dependent solubility of mixed Ca-Fe(III) pyrophosphate salts. Our results indicate that
the mixed salts with x = 0.14 and 0.15 have a lower iron solubility at food-relevant pH
(3-7) compared to Fe4PP3. Furthermore, at gastric pH (1-3), the salts show enhanced
iron dissolution with up to a four-fold increase of soluble iron compared to Fe4PP3.
Assessment of the reactivity of the selected mixed Ca-Fe(III) pyrophosphate salts in a
black tea solution showed that the concentration of the dissolved iron ions released

from the salts was a non-monotonic function of the x-values and that none of the salts

could reduce the development of discolouration compared to Fe4PP3. The present
findings indicate that the mixed Ca-Fe(III) pyrophosphate salts with experimental x ≤
0.15 in the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) can be potential food fortificants with
tuneable iron composition and dissolution behaviour. The main benefit of these salts
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is improved bio-accessibility resulting from increased dissolution at gastric pH (1-3) 

compared to Fe4PP3. Furthermore, our results demonstrate that the pyrophosphate 
salts can be used as a carrier for iron and as a potential delivery system for dual-
fortification. 
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5.7.  Supplementary information 

Method S5.1. Up-scaled synthesis of pure and mixed Ca-Fe(III) 

pyrophosphate salts 

The synthesis of the pure and mixed pyrophosphate salts described in this study was 

up-scaled. Iron (III) pyrophosphate (Fe4(P2O7)3, Fe4PP3) and calcium pyrophosphate 
(Ca2P2O7, Ca2PP) were separately prepared using a fast coprecipitation method similar 
to what was described in section 5.2.2. In short, 0.5 L solutions of 17.14 mM FeCl3.6H2O 
and 25.72 mM CaCl2 in water were made. The solutions were quickly added to an 
aqueous solution of Na4P2O7.10H2O (6.43 mM, 1 L) while stirring vigorously (~ 500 rpm) 

by an IKA RW16 basic electronic overhead stirrer (IKA-Werke, Staufen, Germany). A 
turbid white dispersion formed after a couple of seconds during addition. The samples 
were then centrifuged using an Avanti J-26 XP centrifuge (Beckman Coulter, Brea, CA, 
USA) using JLA-9.1000 rotor, at 6000 × g and 25 °C for 45 min in 1000 mL volume 
polycarbonate centrifuge bottles (95×191 mm-2Pk) with caps followed by washing the 
precipitates twice with water. The sediments were dried in an oven at 45 °C overnight. 
The mixed Ca-Fe(III) pyrophosphate salts were prepared by the same procedure as 
the pure salts, at a fixed concentration of Na4P2O7.10H2O (6.43 mM, 1 L) and by addition 
of a mixed solution of FeCl3.6H2O and CaCl2 in 0.5 L of water. Three different mixed 

salts were synthesised with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) (0 < x < 1), 
containing low to high Fe(III) content corresponding to three different theoretical x-

values (i.e. 0.05, 0.10, 0.26). The x-values were chosen based on the recommended 
nutrient intake of iron and calcium (respectively 20 and 833 mg for adult females, 
assuming 15 % bioavailability of Fe and 30 % of Ca in the salt) .[37,62] The molar ratio of 
total metal to pyrophosphate ion was based on the stoichiometry of calcium 
pyrophosphate (final concentration of [Ca] + [Fe] = 8.57 mM). The average yield of the 
prepared salts was 73.3 ± 5.5 %. 

Figure S5.1. Absorbance of the ferrozine complex at 565 nm in presence of increasing 

concentrations of iron, calcium, or a mixture containing equimolar concentrations of iron and 

calcium. Presence of the calcium ion (Ca) does not result in absorbance at 565 nm or interfere 

with the absorbance of the Fe-ferrozine complex. 
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Method S5.2. Iron concentration measurement by inductively coupled 

plasma – optical emission spectroscopy (ICP-AES)

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) was used for 
independent verification of the iron quantification by the ferrozine assay. For ICP-AES 
measurements, powders of pure Fe4PP3 and Ca2PP, as well as mixed Ca-Fe(III) 
pyrophosphate salts were dispersed in water to obtain final concentrations of 10 mg 
mL-1. pH was set to reach a target pH 3, 6, or 8 after 2 hours of incubation at 23 °C 
while mixing at 1000 rpm using an Eppendorf Thermomixer F1.5. Samples were five 
times diluted in 0.14 M HNO3, before injection in the ICP-AES system (Agilent 5110 

VDV; Agilent Technologies, Tokyo, Japan). Independent duplicate samples were taken 
from the salt at each pH point by independent titrations. The concentration of iron, 
calcium, and phosphorus was determined using scandium as an internal standard. The 
limit of detection (LOD) values of iron, calcium, and phosphorus were respectively 
0.05, 0.05, and 0.20 mg/L, the limit of quantification (LOQ) values were 0.15, 0.15, and 

0.61 mg/L, respectively. 

Figure S5.2. (A) Heterogenous distribution of iron and calcium in the salt Mix5 obtained by 

elemental mapping using HAADF-STEM. Colour indications are as follows: calcium (Ca): green; 

iron (Fe): red; and phosphorous (P): blue. The chemical composition of the needle -shaped 

particles in the salt Mix5 remains ill-defined (atomic percentages: O: 43.00 %, P: 0.98 %, Ca: 2.36 

%, Fe: 53.64 %). (B) The corresponding-dark-field images. 
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Figure S5.3. The mixed Ca-Fe(III) pyrophosphate salt Mix8 (x = 0.35), (A) before ultrasonication 

treatment and (B) after ultrasonication 10 minutes. The scale bar represents 200 nm. TEM 

images indicate the effect of ultrasonication treatment on the shape and size of the precipitates.  

Figure S5.4. Dissolution of iron from Fe4PP3 and mixed Ca-Fe(III) pyrophosphate salts as a 

function of pH determined by ICP-AES (filled markers) and by the ferrozine (open markers) 

methods. The inset depicts the correlation between the iron concentration measured using both 

methods. The iron concentrations in solution measured by the two different methods are found 

to be in good agreement (R2 = 0.99). 
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Table S5.1. The details of colour conversion of the black tea solutions obtained by an online 

colour measurement tool; https://imagecolorpicker.com. After exposing the tea solutions to the 

pure Ca2PP and Fe4PP3, and the selected mixed Ca-Fe(III) pyrophosphate salts, an image 

including all the solutions was taken while they were illuminated with a uniform light source. 

The image was then used to extract the colours. Using the mixed salt Mix6 (x = 0.14) results in 

equal darkness compared to Fe4PP3 (i.e. L* = 25), whereas for the salt Mix7 (x = 0.15) a slightly 

darker colour is observed (i.e. L* = 22). Interestingly, exposing the tea solution to Mix8 (x = 0.35) 

increases the discolouration and results in the darkest tea solution compared to all other salts 

Colour  
Conversion 

Black tea 
Ca2PP 
x = 0 

Mix6 
x = 0.14 

Mix7 
x = 0.15 

Mix8 
x = 0.35 

 Fe4PP3 
x = 1 

Shade 

L*a*b* 49, 20, 49 40, 24, 40 25, 19, 23 22, 18, 21 16, 12, 13 25, 19, 22 

Figure S5.5. Images of residue of the black tea solution after being exposed to Ca2PP (x = 0), 

Fe4PP3 (x = 1), and the mixed Ca-Fe(III) pyrophosphate salts Mix6 (x = 0.14), Mix7 (x = 0.15), and 

Mix8 (x = 0.35) on filter papers (background). All filtrates were washed with ethanol and then 

dried. The Ca2PP powder remained white. Darkening at the surface of the iron-containing salts 

is observed after being exposed to the tea solution. 
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Abstract 

Mixed pyrophosphate salts with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x)

potentially possess less iron-phenolic reactivity compared to ferric 

pyrophosphate (Fe4PP3), due to decreased soluble Fe in the food-relevant 

pH range 3-7. We investigated reactivity (i.e. complexation, oxidation, and 

surface interaction) of Fe4PP3 and mixed salts (with x = 0.14, 0.15, 0.18, and 

0.35) in presence of structurally diverse phenolics. At pH 5-7, increased 

soluble iron from all salts was observed in presence of water soluble 

phenolics. XPS confirmed that water soluble phenolics solubilise iron 

after coordination at the salt surface, resulting in increased 

discolouration. However, colour changes for mixed salts with x ≤ 0.18 

remained acceptable for slightly water soluble and insoluble phenolics. 

Furthermore, phenolic oxidation in presence of mixed salts was 

significantly reduced compared to Fe4PP3 at pH 6. In conclusion, these 

mixed Ca-Fe(III) pyrophosphate salts with x ≤ 0.18 can potentially be used 

in designing iron-fortified foods containing slightly water soluble and/or 

insoluble phenolics.  
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6.1 Introduction 
Fortification of food with iron is an effective approach to overcome the global iron 
deficiency.[1] However, the addition of iron to foods is problematic due to its high 
reactivity with phenolic compounds present in the food. Complexation and oxidation 
of phenolics in the presence of iron ions cause an undesirable change in the sensory 
properties of the food products such as discolouration resulting from dark brown or 
black colour formation upon iron-phenolic complexation.[2-4] Moreover, the reactivity 
of iron with phenolic compounds can hinder iron bioavailability and can consequently 
reduce iron uptake in the human body. [5] One strategy to limit reactivity is to use a 

poorly water soluble iron-containing salt such as iron(III) pyrophosphate (FePP; 
Fe4PP3).[2,6] However, even addition of iron as Fe4PP3 cannot fully prevent 

discolouration in phenolic-rich foods.[7,8] Moreover, the poor solubility of Fe4PP3 in the 
gastrointestinal tract results in limited iron bioavailability .[7,8]  

Our previous study indicated that including calcium as a divalent metal, alongside 
iron, in the pyrophosphate salt matrix can be utilised to design potential dual-
fortificants. The soluble iron concentration from these mixed salts, with the general 
formula of Ca2(1-x)Fe4xP2O7(1+2x), was reduced by up to eight-fold at food-relevant pH 
ranges, whereas it was enhanced up to four-fold in gastric relevant pH ranges, 

compared to Fe4PP3.[9] Additionally, the inclusion of calcium as the second metal in 
the mixed Ca-Fe(III) pyrophosphate salt is expected to lower the iron content at the 
surface of these salts and therefore lead to a decrease in reactivity, with respect to 
Fe4PP3. Despite much lower soluble iron concentration and the expected lower iron 
content at the surface, the mixed Ca-Fe(III) pyrophosphate salts previously did not 
show noticeably less reactivity compared to Fe4PP3 in a black tea system.[9] To create 
a clear link between the dissolution behaviour of iron from these mixed salts and the 
observed reactivity of the salts, the current work aims to investigate the soluble iron 

from the Ca-Fe(III) pyrophosphate salts in the presence of phenolics as representative 

food matrix compounds that can react with iron. 

We previously observed that the solubility of flavonoids affects the soluble iron 
concentration.[4] Therefore, a set of six model phenolic compounds with different 
chemical properties, most notably different water solubilities, were selected (Fig. 6.1) 
to investigate their interaction behaviour with the mixed Ca-Fe(III) pyrophosphate 
salts. The chosen phenolic compounds also differ in the most likely Fe(III) -
complexation sites, as is highlighted in Fig. 6.1.[4,10-12] The solubility values are 
calculated and shown as logS (i.e. the logarithm of water solubility in molar) in Fig. 6.1. 
Catechol, caffeic acid, and epicatechin show logS values ranging from 0 to −2, which 

was previously classified as water soluble by Sorkun and co-authors.[13] Accordingly, 
quercetin and apigenin (−4 < logS < −2) are slightly soluble, and curcumin (logS < −4) is 
insoluble. These phenolics were chosen because they are common in food 



CHAPTER 6 

188 

products,[2,14] except for catechol which was selected as a model for o-

dihydroxybenzenes. 

Fig. 6.1. Structure of phenolic compounds used in this study, and the most likely Fe(III) -

complexation sites. The pKa values for hydroxyl groups of the phenolics are shown in italic, and 

logS values of the phenolic compounds are given in brackets. LogS values were calculated using 

MarvinSketch 22.3 (ChemAxon). Based on the logS values, the water solubility of the phenolics 

was classified as soluble, slightly soluble, and insoluble.  

Deprotonation of the hydroxyl substituents is a prerequisite for iron coordination. [12] 
The pKa values of the hydroxyl groups are indicated in Fig. 6.1. It should be noted that 
in the presence of iron ions the deprotonated state of the phenolics is stabilised and 
that the apparent pKa values will therefore be lowered to values in the range of pH 5-

8 for the phenol moiety.[15] The actual pKa lowering effect is dependent on the 
structural features of the phenolic compound and the stabilisation of the resulting 
anion.[16] The stoichiometry and colour of iron-phenolic complexes (e.g. 1:1, 1:2, 2:1, etc.) 
and the preferred iron-binding sites are dependent on the solvent, the pH of the 
sample, iron salt, and the phenolic structure. [17,18] For caffeic acid, coordination of 

metals to the catecholate moiety is suggested to be preferred over coordination to 
the carboxylate moiety, because of the higher electron density of the catecholate 
oxygens and the stable five-membered ring that is formed upon coordination. 

We hypothesise that mixed Ca-Fe(III) pyrophosphate salts will show decreased 
reactivity towards phenolic compounds at food-relevant pH values compared to 
Fe4PP3 due to (i) decreased soluble iron concentration from the salts at pH 3-7, and (ii) 
decreased iron content at the surface of these salts. To this end, we evaluate iron 
dissolution behaviour, spectral changes indicating iron-mediated complexation, 

oxidation of the phenolic compounds, and reactions at the surface of these salts.  
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6.2 Materials & methods 

6.2.1 Materials 

Hydrochloric acid (37 wt. %), sodium hydroxide (≥ 98 wt. %), nitric acid (65 wt. %), iron(II) 
sulfate heptahydrate (≥ 99 wt. %), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-
disulfonic acid monosodium salt hydrate (≥ 97 wt. %; ferrozine), ferric chloride 
hexahydrate (FeCl3.6H2O, ≥ 99 wt. %), tetrasodium pyrophosphate decahydrate 
(Na4P2O7.10H2O, ≥ 99 wt. %, Na4PP), calcium dichloride (CaCl2, ≥ 93 wt. %), quercetin 

hydrate (≥ 95 wt. %), 1,2-dihydroxybenzene (≥ 99 wt. %; catechol), caffeic acid (≥ 98 wt. 
%), and curcumin (≥ 94 wt. %), were obtained from Merck Life Science (Darmstadt, 

Germany). (−)-Epicatechin (≥ 97 wt. %) was purchased from TCI Europe NV 
(Zwijndrecht, Belgium), apigenin (≥ 98 wt. %) from Indofine Chemical Company 
(Hillsborough, NJ, USA), and ascorbic acid (≥ 99 wt. %) was obtained from VWR 
International (Radnor, PA, USA). ULC-MS grade acetonitrile (ACN) and water, both 
containing 0.1 vol. % formic acid (FA) were purchased from Biosolve (Valkenswaard, 
The Netherlands). Water for other purposes than UHPLC was prepared using a Milli -
Q (MQ) water purification system (Merck Millipore, Billerica, MA, USA).  

6.2.2 Preparation of the Ca2PP, Fe4PP3, and mixed Ca-Fe(III) pyrophosphate 

salts 

Iron (III) pyrophosphate (Fe4(P2O7)3, Fe4PP3), calcium pyrophosphate (Ca2P2O7, Ca2PP), 
and mixed Ca-Fe(III) pyrophosphate salts with different iron to calcium ratios 
according to the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) with x = 0.14, 0.15, 0.18, and 0.35 
were prepared using a coprecipitation method as described elsewhere. [9] Uniformity 
in morphology was confirmed by transmission electron microscopy (TEM). Bulk 
morphology and chemical compositions of the mixed salts, obtained by energy-
dispersive spectroscopy (TEM-EDX) are reported in Fig. S6.1. 

6.2.3 Reactivity of the Ca2PP, Fe4PP3, and mixed Ca-Fe(III) pyrophosphate 

salts with phenolics 

The Ca2PP, Fe4PP3, and the mixed Ca-Fe(III) pyrophosphate salts were redispersed in 
water by stirring (~250 rpm) with a magnetic stir bar (final amount of salt 10 mg mL-1) 
followed by the addition of aqueous solutions ( i.e. catechol, caffeic acid, and 
epicatechin) or dispersions (i.e. quercetin, apigenin, and curcumin) of the phenolics to 
reach a final concentration of 5 mM phenolic. Next, the pH of the dispersions was 
adjusted using a pH-stat device (Metrohm, Herisau, Switzerland) by automatic titration 
using 0.1 M HCl or 0.1 M NaOH. Subsequently, the dispersions with pH values ranging 
from one to eleven (steps of one) were incubated for 2 h at 23 °C under continuous 

stirring at 1000 rpm. After incubation, the pH of each sample was measured again to 
determine the final pH. Finally, the samples were centrifuged at 15,000 × g for 10 min, 
and the supernatants were separated to quantify the dissolved iron concentration and 
obtain the absorbance spectra.
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6.2.4 Iron concentration measurement by ferrozine-based colourimetric 

assay 

The total iron in the solution was quantified using a ferrozine-based colourimetric 
assay,[19] with slight adaptations as described elsewhere. [9] In short, the absorbance of 
the iron(II)-ferrozine complex at 565 nm was measured at room temperature in a 
SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA). All measurements were 
performed in duplicate and quantification of the total dissolved iron was performed 
with a calibration curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). The relative change in 
soluble iron concentration after addition of phenolics was defined according to 

equation 6.1. 

 Relative change =
𝐢𝐫𝐨𝐧 𝐬𝐨𝐥𝐮𝐛𝐢𝐥𝐢𝐭𝐲 𝐰𝐢𝐭𝐡 𝐩𝐡𝐞𝐧𝐨𝐥𝐢𝐜𝐬 − 𝐢𝐫𝐨𝐧 𝐬𝐨𝐥𝐮𝐛𝐢𝐥𝐢𝐭𝐲 𝐛𝐥𝐚𝐧𝐤

𝐢𝐫𝐨𝐧 𝐬𝐨𝐥𝐮𝐛𝐢𝐥𝐢𝐭𝐲 𝐛𝐥𝐚𝐧𝐤
     (Eq. 6.1) 

The iron quantification in presence of phenolics by the ferrozine assay was verified 
independently using inductively coupled plasma–atomic emission spectroscopy (ICP-
AES) (Method S6.1). 

6.2.5 Monitoring reactivity and discolouration by UV-Vis spectroscopy 

The reactivity of the pure Fe4PP3 and Ca2PP, as well as the mixed Ca-Fe(III) 
pyrophosphate salts in the presence of the different phenolic compounds, was 
monitored using ultraviolet-visible light (UV-Vis) spectroscopy. After centrifugation, 
200 µl sample was transferred to a Corning UV-transparent flat-bottom polystyrene 
96-well plate (Sigma Aldrich, St. Louis, MO, USA). Spectra were recorded in the range
from 250 to 750 nm in a SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, USA), at
room temperature. The colour of the samples was visualised by taking an image
(OnePlus 7T, Beijing, China) of the Eppendorf tubes with a uniform light source against
a white background. The images were evaluated using the L*a*b* colour space (i.e. L*
dark or light, a* red vs. green, b* yellow vs. blue). The values were extracted using the

standard image analysis software (Photoshop CC 2021, Adobe). In this procedure, the
L*a*b* value was taken at five different spots in the supernatant and five spots in the
precipitate (Fig. S6.2). The degree of difference between the phenolic blank and the

samples of phenolics in presence of the iron-containing salts, ΔEab, corresponds to

the distance between two points within the L*a*b* colour space. The ΔEab value (e.g.

the absolute value of the colour difference, not the direction) was calculated
according to equation 6.2.[20,21]

Δ𝐸𝑎𝑏 = [(𝐿0
∗ − 𝐿𝑥

∗ )2 + (𝑎0
∗ − 𝑎𝑥

∗ )2 + (𝑏0
∗ − 𝑏𝑥

∗)2]1/2    (Eq. 6.2) 

Where 𝐿0
∗ , 𝑎0

∗ , 𝑏0
∗ and 𝐿𝑥

∗ , 𝑎𝑥
∗ , 𝑏𝑥

∗  are the colour space values for the blank phenolic and 
the phenolic exposed to the iron-containing salts, respectively.
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6.2.6 Monitoring phenolics solubility and oxidation by RP-UHPLC-PDA-ESI-

ITMSn 

The water solubility of the blank phenolics at pH 3, 6, and 8, and oxidation of 
epicatechin and quercetin at pH 3, 6, and 8 after incubation with the iron-containing 
salts, were analysed by reversed-phase ultra-high performance liquid 
chromatography coupled to electrospray ionisation ion trap mass spectrometry (RP-
UHPLC-PDA-ESI-ITMSn). Here, pH 3, 6, and 8 were chosen as they respectively 
represent gastric, food, and intestinal conditions. [2,22]  

To test the oxidation of epicatechin and quercetin after incubation with the iron-
containing salts, the supernatants from section 6.2.3 were separated from the 
precipitate to obtain the water soluble fractions. The precipitates were then 
solubilised in DMSO (100 vol. %), which is known to be a suitable solvent for 
metal:ligand systems.[4,23] The resulting suspensions were centrifuged once more (at 

15,000 × g for 5 min) and the supernatants were separated to obtain the DMSO-
soluble fractions. Phenolics’ recovery and their oxidation products in the water soluble 
and DMSO-soluble fractions were separated on a Thermo Vanquish UHPLC system 
(Thermo Scientific, San Jose, CA, USA) equipped with an autosampler, a pump, and a 
photodiode array (PDA) detector. A sample (1 µl) was injected on an Acquity UPLC 

BEH C18 column (150 mm × 2.1 mm i.d., 1.7 µm) with a VanGuard (5 mm × 2.1 mm i.d., 
1.7 µm) guard column of the same material (Waters, Milford, MA). Water (A) and 
acetonitrile (B), both acidified with 0.1 vol. % formic acid, were used as eluents. The 
flow rate was 400 µl min-1, and the temperature of the column oven was 45 °C with 
the post-column cooler set to 40 °C. The elution profiles can be found in Method S6.2. 
The PDA detector was set to measure the wavelength range of 190 – 680 nm. Mass 
spectrometric data were acquired using a Velos Pro ion trap mass spectrometer 
(Thermo Scientific) equipped with a heated electrospray ionisation probe (ESI-ITMSn) 
coupled in line to the Vanquish UHPLC system. Nitrogen was used as a sheath gas (50 

arbitrary units) and auxiliary gas (13 arbitrary units). Data were collected over the m/z 
range of 100 – 1,500 in negative and positive ionisation mode by using source voltages 

of 2.5 and 3.5 kV, respectively. For both modes, the S-lens RF level was set at 67 %, 
the ion transfer tube and the source heater temperatures were 263 and 425 °C, 
respectively. Data-dependent MS2 analysis was performed on the most intense ion by 
collision-induced dissociation (CID) with a normalised collision energy of 35 %. A 
dynamic mass exclusion approach was used, in which the most intense ion was 
fragmented 3 times and was subsequently excluded from fragmentation for the 
following 5 seconds, allowing data-dependent MS2 of less intense co-eluting 
compounds. Data acquisition and processing were performed using Xcalibur (version 

4.1, Thermo Scientific). Quantification of phenolic was performed based on PDA peak 
area (280 nm) and an external calibration curve of the corresponding authentic 
standard (0.003 – 0.5 mM, in duplicate, R2 = 1.00). To assess whether the change in 
phenolic recovery was statistically significant, ANOVA analysis was performed using 

https://www.sciencedirect.com/topics/chemistry/water-soluble
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IBM SPSS Statistic v23 software (SPSS Inc., Chicago, IL, USA). Tukey’s  post 

hoc comparisons (significant at p < 0.05) were carried out to evaluate the total 
concentration of the phenolics at different pH values in presence of the different salts. 

6.2.7 Surface composition of the Ca2PP, Fe4PP3, and mixed Ca-Fe(III) 

pyrophosphate salts by X-ray photoelectron spectroscopy 

The surface composition of Ca2PP, Fe4PP3, and Ca-Fe(III) pyrophosphate particles was 
determined by X-ray photoelectron spectroscopy (XPS), the sampling depth of XPS is 
3-10 nm.[24] The salts were also analysed after incubation with epicatechin (pH 6) using
the same incubation setup as in section 6.2.3. After incubation, the samples were

centrifuged at 5,000 × g for 10 min and the precipitate was washed twice with water.
Complete removal of water from the samples was ensured by overnight drying in a
vacuum oven at 50 °C. Samples were prepared on indium foil. XPS measurements
were performed using a JPS-9200 photoelectron spectrometer (JEOL Ltd., Japan). All

samples were analysed using a focused monochromated Al Kα X-ray source (spot

size of 300 µm), wide scans were recorded at a constant dwelling time of 50 ms and
pass energies of 50 eV. The power of the X-ray source was 240 W (20 mA and 12 kV).
The charge compensation was used during the XPS scans with an accelerating
voltage of 2.8 eV and a filament current of 4.8 A. XPS wide-scan were obtained under

ultrahigh-vacuum conditions (base pressure, 3×10−7 Pa). The spectra were fitted with

symmetrical Gaussian/Lorentzian (GL(30)) line shapes using CasaXPS (version
2.3.22PR1.0). All spectra were referenced to the C 1s peak attributed to C−C and C−H
atoms at 285.0 eV.

6.3 Results & discussion 

6.3.1 Dissolution behaviour of iron from Fe4PP3 and the mixed Ca-Fe(III) 

pyrophosphate salts in the presence of phenolics 

The dissolution of total iron from Fe4PP3 and the mixed Ca-Fe(III) pyrophosphate salts 
in the presence of phenolic compounds was studied as a function of pH, using the 
ferrozine assay.[19] This assay was verified for the combination of epicatechin and all 
salts by comparison with the ICP-AES method (Fig. S6.3). The soluble iron 
concentration from 10 mg mL-1 dispersions of Fe4PP3 and the four mixed salts in the 
presence of the six different phenolics was evaluated in water in the food-relevant 
pH range 3-7 (Fig. 6.2A). The dispersions were prepared based on an equal amount of 
the salts (10 mg mL-1). No direct relationship was observed between the theoretical 

maximum iron concentration of the dispersion and the measured iron concentration 
in solution (Table S6.1). The soluble iron concentrations presented here were 

determined after two hours incubation of the salt dispersions, and are therefore not 
necessarily equal to the solubilities (i.e. the equilibrium saturation concentrations). We 
assume that the iron dissolution from the mixed salt was complete at that time point. [9] 
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We confirmed experimentally that at pH 3, 6, and 8 epicatechin, caffeic acid, and 

catechol showed good water solubility and that quercetin, apigenin, and curcumin 
were slightly soluble or insoluble in water in the absence of iron (Fig. S6.4). At food-
relevant pH values (3-7), the mixed salts with x ≤ 0.18 exhibit a lower soluble iron 
concentration than Fe4PP3 (Fig. 6.2A, blank). Additionally, the soluble iron 
concentration from the mixed salts with x ≤ 0.18 depended on the pH and water 
solubility of the phenolic compound as well.  

Figure 6.2. (A) Dissolution behaviour of iron at pH 3-7 from Fe4PP3 (x = 1) and mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, x = 0.15, x = 0.18, and x = 0.35, in the absence of phenolics 

(blank), and in presence of catechol, caffeic acid, epicatechin, quercetin, apigenin, and curcumin 

at 23 °C. (B) Relative change (equation 6.1, section 6.2.4) in the soluble iron concentration from 

the salts in presence of the phenolic compound compared to the salts in absence of phenolic 

compound at pH 6-6.5.  

In the range from pH 3 to 5, iron from the mixed Ca-Fe(III) pyrophosphate salts with x 

≤ 0.18 was (practically) insoluble regardless of the presence of phenolics, i.e. iron 
concentration in solution was < 0.18 mM which equals < 0.1 g L-1.[25] In the pH range 
from 3 to 5, the phenolics did not affect the iron dissolution because all hydroxyl 

groups are protonated (the apparent pKa range of phenolate is 5-8) and therefore do 
not coordinate iron.[15] Upon increasing the pH from 5 to 7 the hydroxyl groups of the 
phenolics are deprotonated, leading to differential iron dissolution from the 
pyrophosphate salts for the different categories of phenolics (Fig. 6.2A). For the water 
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soluble phenolics (i.e. catechol, caffeic acid, and epicatechin), an up to 11-fold increase 

in soluble iron concentration from the mixed Ca-Fe(III) pyrophosphate salts with x ≤ 
0.18 was observed at pH 6-6.5 compared to the iron salt in the absence of the 
phenolics (Fig. 6.2B). However, in the presence of the slightly water soluble (i.e. 
quercetin and apigenin) and insoluble phenolics ( i.e. curcumin), the relative change in 
soluble iron concentration was lower compared to water soluble phenolics and the 
iron remained practically insoluble. Interestingly, a higher dissolved iron concentration 
was measured for the salts with x = 0.35 and x = 1 in the presence of quercetin, 
compared to apigenin, despite the similar pKa and logS values for these flavonoids 
(Fig. 6.1A). We suggest that the observed difference in the measured iron 

concentration in solution is because a charged, and therefore soluble, iron-phenolic 
complex is more likely for quercetin than for apigenin. This is expected to be due to 
the multiple iron-binding sites in the case of quercetin and the relatively high reported 
stability constant of iron-quercetin complexes resulting from the presence of a 
catecholate moiety (Table S6.2).[26] Furthermore, the salt with x = 0.35 showed the 
highest absolute soluble iron concentration among the mixed salts and was similar to 

Fe4PP3 (x = 1) in the presence of all phenolics over the food-relevant pH range (3-7) 
(Fig. 6.2A). At pH 6-6.5 the soluble iron concentration from the salts with x = 0.35 and 
x = 1 was not affected by the solubility of the phenolic (Fig. 6.2B).  

At pH < 3, in the blank and in presence of all phenolics, an increase in soluble iron 
concentration was observed from all mixed Ca-Fe(III) pyrophosphate salts compared 
to pure Fe4PP3 (Fig. S6.5). No clear trend was observed below pH 3 between the 
category of the phenolic and the soluble iron. At pH > 7, which includes the intestinal 
pH range, irrespective of the phenolic compound, lower iron concentrations in 
solution were measured for all the mixed Ca-Fe(III) pyrophosphate salts compared to 
Fe4PP3. There was only one exception to this observation: For the salt with x = 0.35,  at 
pH > 8 in the presence of epicatechin and caffeic acid, the soluble iron concentration 
was measured to be equal to and higher than that of Fe4PP3, respectively (Fig. S6.5). 

Finally, the soluble iron from the mixed salts with x = 0.14 and 0.15 remained low ( i.e. < 
0.15 mM) and in line with the blank (no phenolics) in the presence of apigenin and 
curcumin at pH > 8. The effect of temperature on the dissolution behaviour of iron 

from the pyrophosphate salts in the presence of epicatechin was also investigated. 
The soluble iron concentration from the salts with x ≤ 0.18 was observed to be similar 
at 23, 37, and 90 °C in the gastric and food-relevant pH ranges (Fig. S6.6). These results 
suggest that the soluble iron does not change in gastric conditions (37 °C), and after 
cooking (90 °C).[27] 

6.3.2 Discolouration of Ca2PP, Fe4PP3, and mixed Ca-Fe(III) pyrophosphate 

salts with phenolics 

The total absorbance in the visible light spectra of the Ca2PP, Fe4PP3, and the mixed 
Ca-Fe(III) pyrophosphate salts in the presence of all phenolics was assessed at pH 6-
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6.5 (Fig. 6.3A). This pH range was explored as it is in the range of most food products, 

and more particularly bouillon cubes, which is one of the preferred foods for iron 
fortification.[28] The pH of three commercial bouillon cubes was measured to be 6.27 
± 0.59. The colour of the supernatants and the precipitates were evaluated visually 
(Fig. 6.3B) and according to the CIELab* colour space. The L*a*b* values were used to 

calculate the ΔEab as a qualitative tool for the colour difference between the 

supernatant and precipitate after exposing the phenolics to the iron-containing salts 

(Fig. 6.3C). It was assumed that when the ΔEab value is 3-5, the colour difference can 

be observed by an average consumer. [29] An ΔEab value of up to 10 is considered to 

indicate an acceptable colour change for iron-fortified salts.[30] For all samples the 

ΔEab value was > 5, indicating that a colour difference could be observed (Fig. 6.3C).  

For the samples in the presence of the water soluble phenolics (i.e. epicatechin, 

caffeic acid, and catechol), an absorbance band was observed with λmax ~580 nm (Fig. 

6.3A). This broad absorbance band is due to the ligand-to-metal charge transfer 

(LMCT) phenomenon. This absorbance band with λmax ~580 nm is typically observed 

for Fe(III)-catechol complexes with a stoichiometry of 1:2 at pH ranging from 5-7 and 
causes the bluish to purplish appearance of the supernatants (Fig. 6.3B).[18,31] 
Moreover, in the presence of the water soluble phenolics, the precipitate changed 

from white to a greyish/bluish colour. We hypothesised previously that the 
discolouration of the precipitates at pH 6.5 can be due to the formation of Fe(III) -
phenolic complexes at the surface of the salts, [9] which is further discussed in section 

6.3.4. In line with these colour changes in the supernatant and precipitate, the ΔEab 

differences for water soluble phenolics in presence of the Fe(III)-containing salts were 
unacceptable and much larger than for the slightly water soluble and insoluble 
phenolics (quercetin, apigenin, and curcumin) (Fig. 6.3C). In the case of quercetin, 
increased absorbance in the visual spectra was observed in the presence of Fe4PP3 

and the mixed salt with x = 0.35 (Fig. 6.3A). The absorbance band with λmax ~570 nm is 

due to the LMCT phenomenon and the increase in the intensity of absorbance at 450 
nm is due to the bathochromic shift of the cinnamoyl band of quercetin. [4] In the 
absence of any of the iron-containing salts or in the presence of the mixed salts with 
x ≤ 0.18, the supernatant of the quercetin sample did not show any absorbance due 

to the poor solubility of quercetin in water. The increased absorbance observed in the 
supernatant in presence of the salts with x = 0.35 and x = 1 is suggested to be a result 
of the formation of a charged Fe(III)-quercetin complex that improves the solubility of 
quercetin.[32] For apigenin and curcumin, no increase in absorbance was observed in 
the presence of iron-containing salts (Fig. 6.3A), in line with the transparent 
supernatants of these samples (Fig. 6.3B). For the supernatants of quercetin in the 

presence of Ca2PP and the mixed salts (with x ≤ 0.18) and for apigenin and curcumin 

in presence of all salts the ΔEab value was at maximum around 10. The images of 

apigenin indicate that the precipitates in the presence of Fe4PP3 and the mixed salt 
with x = 0.35 turned dark brown. 
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Figure 6.3. (A) Absorbance spectra of the supernatants of Ca2PP (x =0), Fe4PP3 (x =1), and mixed 

Ca-Fe(III) pyrophosphate salts with 0.14, 0.15, 0.18, and 0.35 in the presence of the different 

phenolics at pH 6. The dashed lines indicate the absorbance of the pure phenolics (in the 

absence of the salts). (B) Pictures of the supernatants and precipitates in the Eppendorf tubes. 

(C) The values of ΔEab correspond to the colour changes in the supernatant (filled bar) and 

precipitate (striped bar) after being exposed to Ca2PP, Fe4PP3, and the mixed Ca-Fe(III)

pyrophosphate salts, compared to no salts ( i.e. blank phenolics). The dashed line indicates the 

maximum acceptable colour change (i.e. ΔEab = 10). 
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Additionally, for curcumin a slightly darker layer was observed on the precipitate in 

the presence of Fe4PP3 (Fig. 6.3B). This indicates that complexation reactions between 
iron and apigenin or curcumin occurred, but the formed products remained insoluble.  
This is most likely for one or a combination of the following three reasons: (i) Fe(III) -
phenolic complexation at the surface of the undissolved salt particles, (ii) the 
formation of neutral and/or insoluble complexes of iron with these phenolics, [32] or (iii) 
the inherently poor solubility of these phenolics (Fig. S6.4). In line with the observed 

discolouration in the precipitate (Fig. 6.3B), the ΔEab value of quercetin and apigenin 

in the presence of Fe4PP3 or the salt with x = 0.35 was unacceptable (> 10). The ΔEab 

value for the precipitate of curcumin in the presence of the salts with x ≤ 0.15 was also 

> 10. This apparent colour change to lighter shades of orange (lightness L* = 48 for
blank versus L* = 64 for Ca2PP) is resulting from the presence of white or off-white
insoluble pyrophosphate salts in these precipitates that mix with curcumin, compared
to the orange colour of pure curcumin (blank), rather than from dark-colour formation.

We observed that the intensity of the LMCT absorbance band (Fig. 6.3A) increased 
monotonically with the x-value of the mixed Ca-Fe(III) pyrophosphate salts. For the 
mixed salts with 0 ≤ x ≤ 0.35 in presence of catechol, caffeic acid, epicatechin, and 
quercetin, the area under the curve in the visible range (AUC380-750) showed a linear 

relationship with the iron concentration in solution (R2 > 0.97) (Fig. S6.7). For 

epicatechin and quercetin the R2 value decreased from 0.995 to 0.970 and from 0.990 
to 0.872, respectively, if the point corresponding to Fe4PP3 (x = 1) was included, 
because the slope of AUC380-750 suddenly increased from x = 0.35 to x = 1. It has 
previously been shown that the inclusion of the divalent metals ( i.e. M(II)), such as 
calcium, can change the dark-coloured iron-phenolic complexation product towards 
a colourless M(II)-phenolic reaction product via metal competition for complexation 
with phenolics.[33] If this competition would occur in these samples, then we would 
expect this relation between AUC380-750 and iron concentration to be non-linear, 
because the samples at lower x-value contain relatively more Ca compared to higher 

x-values (i.e. for x = 0.14 Ca/Fe = 3.1 and for x = 0.35 the Ca/Fe = 0.93). However, our
findings show a direct linear relationship between the iron concentration and colour,
thus, we conclude that the effect of metal competition on colour was likely very
limited in these samples. We suggest that competition is limited because Fe(III)  is a
harder Lewis acid compared to Ca, and therefore a much larger excess of Ca ( i.e.
Ca/Fe ≥ 10) should be present to effectively limit colour change via metal
competition.[2]

Overall, for water soluble phenolics, the use of mixed Ca-Fe(III) pyrophosphate salts 

did not protect against adverse colour changes that are caused by iron-phenolic 
complexation, as is indicated by the observed colour change and presence of the 
LMCT band in the absorbance spectra. For quercetin, apigenin, and curcumin, the 

colour change was limited to acceptable values (ΔEab ~ 10) in the presence of salts 

with x ≤ 0.18. These outcomes show that the mixed Ca-Fe(III) pyrophosphate salts are 
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more suitable for fortification of food products that do not contain water soluble 

phenolic compounds. Moreover, these findings explain why the mixed salts show 
comparable reactivity to Fe4PP3 in a model black tea solution, which mainly contains 
water soluble phenolics.[9] 

6.3.3 Oxidation rate of phenolics in the presence of the Ca2PP, Fe4PP3, and 

mixed Ca-Fe(III) pyrophosphate salts 

Complexation reactions can be succeeded by oxidation reactions of phenolics 
because the complexation can be followed by an electron transfer from the ligand to 
Fe(III).[34] Subsequent reactions of the oxidised phenolics yield a plethora of products 

that can arise from phenolic degradation and oxidative coupling. Because of the 
extended conjugated system of phenolics after oxidative coupling, these products 
may also contribute to discolouration.[35] To date, the effect of Fe4PP3 and mixed Ca-
Fe(III) pyrophosphate salts on phenolic oxidation is unknown. Therefore, we quantified 
the recovery of phenolics after incubation in the presence of the studied 
pyrophosphate salts at selected pH values (i.e. 3, 6, and 8) by RP-UHPLC-PDA-MSn 

(Fig. 6.4). Epicatechin and quercetin were chosen as representatives for water soluble 
and slightly soluble/insoluble categories of the studied phenolics, respectively. 

Figure 6.4. Recovery of (A) epicatechin and (B) quercetin in the absence and presence of Ca2PP 

(x = 0), Fe4PP3 (x =1), and mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35 

at pH 3 (striped bar), 6 (dotted bar), and 8 (filled bar) after incubation for 2 h at 23 °C. The error 

bars indicate the standard deviation of independent duplicates. The dashed line indicates the 

initial concentration of the phenolics (5 mM). Different letters indicate a significant difference 

in the concentration compared to the other x-values for the same pH value (Tukey’s test, p < 

0.05). * indicates that the concentration was below the limit of quantification.  

At pH 3, no significant difference (p > 0.05) was observed in the recovery of 

epicatechin in the presence of the different pyrophosphate salts (Fig. 6.4A). Because 
the hydroxyl groups are protonated at pH 3 (Fig. 6.1), no complexation and subsequent 
oxidation reactions occurred at pH 3. In the case of quercetin at pH 3, a significant 

decrease in recovery was observed for the blank and in presence of the different salts. 
(Fig. 6.4B). These differences could not be linked to the x-value of the salts, and 
because no oxidation products were detected in these samples (results not shown) it 
remains unclear why significantly different recoveries were observed at pH 3. Possibly 
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some quercetin was lost due to the poor solubility and adsorption on the electrode 

during pH adjustment.  

At pH 6, a significant decrease (p < 0.05) in the recovery of epicatechin and quercetin 
in the presence of Fe4PP3 (x = 1) was observed compared to the blank, Ca2PP, and all 
mixed Ca-Fe(III) pyrophosphate salts. The significant decrease in intact epicatechin 
and quercetin by 35 % and 55 % of their initial amount, respectively, after 2 hours of 
exposure to the Fe4PP3 is suggested to be due to oxidation of the phenolic 
compounds. This was supported by an increase in peak areas of the main oxidation 

products from epicatechin (δ-type dehydrocatechin) and quercetin (2,4,6-

trihydroxyphenyl glyoxylic acid and 3,4-dihydroxybenzoic acid) upon increasing x-
value (Fig. S6.8, and Fig. S6.9).[4,35] For quercetin, more oxidative degradation products 
rather than oxidative coupling products were observed compared to epicatechin due 
to the presence of the 3-OH group in conjugation with the C2-C3 double bond, which 
enables formation of the highly reactive quinone methides as intermediates in the 
degradation of quercetin. [36] Faster oxidation of the phenolics in the presence of 
Fe4PP3 at pH 6 can be linked to a higher degree of complexation as shown in section 
6.3.2. Exposure to Fe4PP3 resulted in the most intense discolouration caused by more 
complex formation of quercetin and epicatechin with iron ions. 

After 2 h incubation of epicatechin at pH 8 in the presence of Fe4PP3, the epicatechin 
concentration significantly decreased compared to incubation of the blank or in the 
presence of Ca2PP (p < 0.05) (Fig. 6.4A). The concentration of recovered epicatechin 
was not significantly different in the presence of the various mixed Ca-Fe(III) 
pyrophosphate salts. Similarly, no significant difference between the salts could be 
found for quercetin because its fast oxidation in the presence of the Fe(III)-containing 

pyrophosphate salts at pH 8 resulted in concentrations being below the limit of 
quantification. However, in the blank or in presence of Ca2PP, a significantly higher 
amount of quercetin was recovered compared to all iron-containing salts.  

At food-relevant pH (i.e. 6), the inclusion of calcium in the Fe(III)-containing 
pyrophosphate salts resulted in less oxidation of the phenolic compound compared 
to pure Fe4PP3. This is the first indication that fortification of foods with mixed Ca-
Fe(III) pyrophosphate salts instead of pure Fe4PP3 can potentially limit the extent of 
iron-mediated food oxidation. Even though oxidation is already limited to a certain 
extent in the presence of Fe4PP3 compared to FeSO4, because of the decreased 
soluble iron concentration,[30,37] inclusion of calcium in the Ca-Fe(III) pyrophosphate 
salts further lowers the soluble iron concentration, thereby limiting phenolic oxidation 

as well. Another added benefit of the limited phenolic oxidation in the presence of the 
mixed Ca-Fe(III) pyrophosphate salts is inhibition of the formation of the potentially 
toxic or mutagenic oxidative degradation products of quercetin upon iron 
fortification.[38] Besides oxidation of phenolics, oxidation of fatty acids, amino acids, 

and other micronutrients may also occur in presence of Fe(III). [37] It should be further 
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investigated whether these iron-mediated oxidation reactions are also limited in the 

presence of the mixed Ca-Fe(III) pyrophosphate compared to Fe4PP3.  

6.3.4 Surface composition of Ca2PP, Fe4PP3, and mixed Ca-Fe(III) 

pyrophosphate salts in the absence and presence of phenolics 

The mixed Ca-Fe(III) pyrophosphate salts based on the general formula, Ca2(1-

x)Fe4x(P2O7)(1+2x) with a theoretical x-value < 0.33 contain a lower percentage of Fe
compared to Ca in bulk. This Ca/Fe > 1 has previously been confirmed for the salts
with x ≤ 0.18 by TEM-EDX,[9] and is indicated by the ratios of Fe/P and Ca/P for the
salts as shown in Fig. 6.5A.

Figure 6.5. Analysis of the elemental composition of the Ca2PP (x = 0), Fe4PP3 (x = 1), and mixed 

Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, ( A) in the bulk by TEM-EDX 

obtained from,[9] (B) at the surface by XPS, and (C) at the surface after reactivity with 

epicatechin at pH 6. The data labels on the bars indicate the Fe/P ratios. 

We hypothesised that the incorporation of calcium as a second mineral along with 
iron in the pyrophosphate matrix would reduce the iron content at the surface of the 
mixed Ca-Fe(III) pyrophosphate salts and thereby lower the soluble iron concentration 
and iron-mediated reactivity. XPS measurements were employed to find the 
elemental composition at the surface of these salts (Fig. 6.5B, wide scan XPS spectra 

in Fig. S6.10. To interpret the data, the elemental percentages of the salts obtained 
from XPS were normalised with respect to phosphorus. It was confirmed that Fe4PP3 
and all the mixed salts contained a lower iron to phosphorus ratio (Fe/P) at the surface 

than in the bulk, with up to a 5.5-fold decrease in the case of the mixed salt with x = 
0.14. This variation in distribution of iron elements in the salt matrix ( i.e. surface vs. bulk) 
can be caused by the higher dissolution of Fe ions than Ca ions from the surface of 
the pyrophosphate salts in water at the pH of the reaction mixture which results in 
higher Fe solubilisation from the salts during the washing steps for purification.[9,39] 
This solubilisation of Fe from the surface of the salts can be experimentally linked to 

the negative surface charge of the salts particles in their colloidal state (before drying 
to powder) at this pH range as well (Fig. S6.11). However, comparing the calcium to 
phosphorus ratio (Ca/P) in the bulk and at the surface of the salts showed that this 
ratio was the same or slightly lower (on average 1.18 ± 0.18 fold). These results suggest 
that the mixed pyrophosphate salts have a lower iron to calcium ratio at their surface 
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compared to their bulk composition, despite having homogeneous elemental 

distribution throughout their aggregates. [9]  

The XPS measurements were also utilised to obtain the carbon to phosphorus ratio 
(C/P) as an indication of the presence of phenolics on the surface of the salts. 
Accurate determination of elemental ratios of carbon in the bulk using TEM-EDX was 
not possible due to the carbon film on the TEM grids. The XPS measurements 
indicated that after exposing the salts to epicatechin and removal of the free 
epicatechin by washing with water, C/P at the surface of the salts increased 
noticeably, by up to 13-fold (Fig. 6.5C, wide scan XPS spectra in Fig. S6.12. Although 

the minor amounts of carbon present in XPS spectra are inevitable (e.g. due to the 
presence of atmospheric carbon dioxide impurities), this considerable increase in the 
carbon content at the surface of the Fe(III)-containing iron salts is additional 
confirmation, besides the colour of the precipitates, for the presence of epicatechin 
at the surface of the insoluble pyrophosphate salts. In addition, Fe/P at the surface of 
the iron-containing salts decreased substantially, up to a 3.2-fold, after incubation with 

epicatechin, whereas the Ca/P ratio remained similar (Fig. 6.5C). This indicates that 
besides binding of Fe at the surface of the salt by epicatechin, a significant proportion 
of Fe was released into the solution after complexation with epicatechin, which is in 

line with the increased soluble iron concentration in the presence of epicatechin (Fig. 
6.2, and Fig. S6.13). Furthermore, it is possible that a fraction of Fe at the surface of 
these salts is covered by the bound epicatechin and therefore the detection intensity 
of iron can be decreased in XPS measurements due to this spatial hindrance.  

6.3.5 Possible mechanism for reactivity of iron from Fe4PP3 and mixed Ca-

Fe(III) pyrophosphate salts 

This study demonstrated that the dissolution behaviour of iron from Fe4PP3 and mixed 
Ca-Fe(III) pyrophosphate salts depends on the x-value of the salt, the pH, the solubility 

of the phenolic compound, and the Fe(III)-coordinating group(s) of the phenolic 
compound. Fig. 6.6 schematically summarises the fate of the Fe(III)-containing 
pyrophosphate salts with different x-values in the absence and presence of phenolics 
at pH 6-6.5 (representative for food products).  

In the absence of phenolics, the salts with x ≤ 0.18 show up to an eight-fold decrease 
in soluble iron concentration compared to Fe4PP3. In the presence of water soluble 
phenolics, the colour of both the supernatant and the precipitate is negatively 
affected. Firstly, the precipitate turns dark due to interactions of the water soluble 
phenolic with iron present at the surface of the salts. Secondly, after binding the water 

soluble phenolic to the iron at the surface, the iron-phenolic complex releases into 
solution and becomes soluble, causing discolouration of the supernatant.  For slightly 
water soluble and insoluble phenolics with an ortho-diphenolic group, we suggest 
that the soluble iron can form stable charged complexes that are solubilised in water, 
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leading to discolouration in both the supernatant and precipitate. For slightly water 

soluble and insoluble phenolics without the ortho-diphenolic group, there is no 
interaction between the iron and the phenolic for the mixed salts with x ≤ 0.18. If iron 
is already present in the solution ( i.e. x = 0.35 and 1), it can coordinate to the insoluble 
phenolic and cause discolouration in the precipitate but these Fe(III)-phenolic 
coordinates remain insoluble. The schematic overview in Fig. 6.6 only applies when 
the pH is above the apparent pKa of the phenolic compounds, as deprotonation of the 
phenolic hydroxyl groups is a prerequisite for these interactions.   

Figure 6.6. Schematic overview of the proposed mechanism underlying the observed 

dissolution behaviour of iron at the surface of the Fe4PP3 (x = 1) and mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, and the reactivity of iron from these salts 

in the presence of phenolics at pH 6. The colours in the squares are in line with the 

experimentally observed colour of the supernatant, a dark outline on the salt surface indicates 

the discolouration observed in the precipitate. WS = water soluble, WIS = slightly water soluble 

or water insoluble. 

This is the first study to report that the reactivity of Fe(III)-containing pyrophosphate 

salts in the presence of phenolic compounds is dependent on the solubility and iron-
coordinating groups of the phenolic. Understanding the reactivity of the mixed 
pyrophosphate salts with phenolics is helpful for the application of these salts  in the 
design of iron-fortified food products. The present findings show that these salts are 
potential iron-fortificants for application in food products that mainly contain poorly 
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water soluble phenolic compounds, such as bouillon cubes. In future studies, the 

reactivity of the mixed salts can be assessed in real food products and in the presence 
of product-specific mixtures of phenolic compounds. 

6.4 Conclusion 
In this study, we investigated the reactivity of Fe4PP3 and mixed Ca-Fe(III) 
pyrophosphate salts (based on the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) with 0 ≤ x ≤ 1) 

in the presence of six different phenolic compounds. Besides iron-phenolic reactivity, 
which results in complexation and oxidation, the effect of the presence of phenolic 
compounds on iron solubility from the salts was also assessed. At pH 5-7, the water 

soluble phenolics (i.e. catechol, caffeic acid, and epicatechin) increased iron solubility 
from the mixed pyrophosphate salts by up to 11-fold, by solubilisation of iron from the 
surface of the salts. This led to unacceptable discolouration as a result of Fe(III)-
phenolic complexation. In the presence of the slightly water soluble (i.e. quercetin and 
apigenin) and insoluble phenolics (i.e. curcumin), iron from the salts remained 
practically insoluble. Furthermore, for the salts with x ≤ 0.18, the colour change after 
exposure to these poorly water soluble phenolics remained acceptable for 
application. In addition, all mixed Ca-Fe(III) pyrophosphate salts resulted in 
significantly less oxidation of epicatechin and quercetin at pH 6 compared to Fe4PP3. 

In conclusion, mixed pyrophosphate salts with x ≤ 0.18 cause limited iron-mediated 
discolouration and oxidation. Thereby, they can potentially be used in designing iron-
fortified foods containing slightly water soluble and/or water insoluble phenolics. In 
future studies, the reactivity of these salts in real food products, along with associated 

changes in other sensory properties should be investigated. Additionally, the in vivo 
iron bioavailability and the potential of these salts as dual-fortificants have to be 
investigated in future work.  
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6.7 Supplementary information 

Figure S6.1. TEM images of the Ca2PP (x = 0), Fe4PP3 (x = 1), and mixed Ca-Fe(III) pyrophosphate 

salts with x = 0.14, 0.15, 0.18, and 0.35 prepared by coprecipitation. The x -values and chemical 

formula of the pure and mixed salts were obtained from the elemental composition determined 

by EDX. 

Method S6.1. Dissolution of Ca2PP, Fe4PP3, and mixed Ca-Fe(III) 

pyrophosphate salts in the presence of phenolics by 

inductively coupled plasma – atomic emission 

spectroscopy (ICP-AES) 

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) was used for 
independent verification of the iron quantification by the ferrozine assay. For ICP-AES 
measurements, Ca2PP, Fe4PP3, and the mixed Ca-Fe(III) pyrophosphate salts were 

redispersed in water by stirring (~250 rpm) with a magnetic stir bar (final amount of 
salt 10 mg mL-1) followed by the addition of aqueous solutions ( i.e. catechol, caffeic 
acid, and epicatechin) or dispersions (i.e. quercetin, apigenin, and curcumin) of the 
phenolics at a final concentration of 5 mM. pH was set to reach a target pH 3, 6, or 8 
after 2 h of incubation at 23 °C while mixing at 1000 rpm. Samples were five times 
diluted in 0.14 M HNO3, before injection in the ICP-AES system (Agilent 5110 VDV; 
Agilent Technologies, Tokyo, Japan). Independent duplicate samples were taken from 

the salt at each pH point. The concentration of iron, calcium, and phosphorus was 
determined using scandium as an internal standard. The limit of detection values of 
iron, calcium, and phosphorus were respectively 0.05, 0.05, and 0.20 mg/l, the limit of 

quantification values were 0.15, 0.15, and 0.61 mg/l respectively. 
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Figure S6.2. Images of Eppendorfs containing phenolics in combination with Ca2PP (x = 0), 

Fe4PP3 (x = 1), and mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35 at pH 

6. The red spots indicate the positions where the L*a*b* values were extracted using a standard

image analysis software (Photoshop CC2021, Adobe)

Method S6.2. Elution profiles reversed-phase chromatography 

The following elution profile was used to measure the solubility of the phenolics at 
pH 3, 6, and 8: 0.00 – 1.09 min, isocratic on 1 vol. % B; 1.09 – 20.72 min, linear gradient 

from 1 – 55 vol. % B; 20.72 – 21.81 min linear gradient from 55 – 100 vol. % B; 21.81 – 
27.26 min isocratic on 100 vol. % B; 27.26 – 28.35 min linear gradient from 100 – 1 vol. 
% B; 28.35 – 33.81 min isocratic on 1 vol. % B.  

The following elution profile was used to monitor the oxidation of epicatechin and 
quercetin: 0.00 – 1.09 min, isocratic on 1 vol. % B; 1.09 – 13.45 min, linear gradient from 
1 – 35 vol. % B; 13.45 – 14.54 min linear gradient from 35 – 100 vol. % B; 14.54 – 19.99 
min isocratic on 100 vol. % B; 19.99 – 21.08 min linear gradient from 100 – 1 vol. % B; 
21.08 – 26.54 min isocratic on 1 vol. % B.  
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Figure S6.3. Soluble iron concentration from Fe4PP3 (x = 1) and mixed Ca-Fe(III) pyrophosphate 

salts with x = 0.14, 0.15, 0.18, and 0.35 in the presence of epicatechin as a function of pH 

determined by ICP-AES (filled markers) and by the ferrozine (open markers) methods. The inset 

depicts the correlation between the iron concentration measured using both methods. The iron 

concentrations in solution measured by the two different methods were found to be in good 

agreement (R2 = 0.96). 

Table S6.1. Iron content (%), theoretical maximum concentration (mM), and measured iron 

concentration (mM) from Fe4PP3 (x =1) and mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 

0.15, 0.18, and 0.35, based on the iron content of the salt and the amount of salt in the starting 

dispersion (10 mg mL-1 for all salts). 

x-value
Iron content 

(Mole %) 

Theoretical maximum 

iron concentration (mM) 

Measured iron concentration (mM) 

pH 3 pH 6 pH 8 

0.14 4.06 17.35 0.232±0.000a 0.006±0.000 0.059±0.001 

0.15 4.29 17.75 0.365±0.017 0.032±0.003 0.307±0.014 

0.18 4.93 21.03 0.265±0.005 0.147±0.002 0.608±0.009 

0.35 7.78 32.87 0.080±0.004 1.422±0.037 3.148±0.037 

1 12.90 53.69 0.028±0.001 0.810±0.029 3.198±0.016 

a standard deviation of independent duplicates 
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Figure S6.4. Water solubility of the phenolics in absence of any iron- or calcium-containing salts 

at pH 3, 6, and 8 as quantified by RP-UHPLC-PDA-MS. The dashed line indicates the prepared 

concentration of the phenolic solution.  

Table S6.2. Reported stability constants of Fe(III) with the phenolic compounds tested in this 

study.  
Phenolic Log β Reference 

Catechol 43.8 [40]

Caffeic acid 18.9 [41]

Catechin 47.4 [12]

Quercetin 44.2 [42]

Apigenin Not reported 

Curcumin 22.1 [43]
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Figure S6.5. Dissolution behaviour of iron from Fe4PP3 (x = 1) and the mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, x = 0.15, x = 0.18, and x = 0.35 at pH 1 -10; in the absence of 

phenolics (blank), and in presence of catechol, caffeic acid, epicatechin, quercetin, apigenin, 

and curcumin at 23 °C. 

Figure S6.6. Dissolution behaviour of iron from Fe4PP3 (x = 1) and the mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, x = 0.15, x = 0.18, and x = 0.35 at pH 1 -10 in the presence of 

epicatechin at 23, 37, and 90 °C.  



REACTIVITY OF FE(III)-CONTAINING PYROPHOSPHATE SALTS WITH PHENOLICS 

211 

Figure S6.7. (A) Relationship between the area under the curve in the visible light spectra 

(AUC380-750) versus the iron concentration in solution and (B) R1
2 the regression value from the 

mixed salts and Fe4PP3 (including the red dashed point from A), and R2
2 the regression value of 

the mixed salts only (excluding the red dashed point from A). 
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Fig. S6.8. (A) Proposed main oxidation compound (δ-type dehydrocatechin; δ-type DhC2) of 

Fe(III)-mediated oxidation of epicatechin. [4,35] (B) Bar graph indicating the peak area of δ-type 

DhC2 after incubation of Ca2PP (x =0), Fe4PP3 (x = 1), and mixed Ca-Fe(III) pyrophosphate salts 

with epicatechin at pH 6. 

Fig. S6.9. (A) Main oxidation compounds of Fe(III)-mediated oxidation of quercetin.[4] (B) Bar 

graph indicating the peak area of THPGA and (C) of DHBA after incubation of Ca2PP (x = 0), 

Fe4PP3 (x = 1), and mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, with 

quercetin at pH 6. 
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Fig. S6.10. XPS Wide scan spectrum of Ca2PP (x = 0), Fe4PP3 (x =1), and mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35. The salts were measured on a indium (In) 

surface. 

Fig. S6.11. Zeta potential of Ca2PP (x = 0), Fe4PP3 (x =1), and mixed Ca-Fe(III) pyrophosphate 

salts with x = 0.14, 0.15, 0.18, and 0.35 as a function of the pH of their dispersions.  
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Fig. S6.12. XPS Wide scan spectrum of Ca2PP (x = 0), Fe4PP3 (x =1), and mixed Ca-Fe(III) 

pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35 after incubation with epicatechin (pH 6). 

The salts were measured on a indium (In) surface. 
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Fig. S6.13. Concentration of iron (red triangle), calcium (green square), and phosphorus (blue 

circle) quantified by ICP-AES in aqueous supernatant for (A) Ca2PP (x = 0) and the mixed Ca-

Fe(III) pyrophosphate salts with (B) x = 0.14; (C) x = 0.15; (D) x = 0.18; (E) x = 0.35; and (F) Fe4PP3 

(x = 1) in the absence (filled markers) and presence (open markers) of epicatechin. The insets 

show the corresponding iron concentration in solution. 
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Abstract 

Iron interactions in iron-fortified bouillon cubes lead to undesirable 

discolouration, even when poorly-water soluble iron salts such as ferric 

pyrophosphate (Fe4PP3) are used. This is the first study to comprehensively 

investigate the interaction of Fe(III) with three common taste enhancers: 

glutamate (Glu), inosine monophosphate (IMP), and guanosine 

monophosphate (GMP). The stability of the complexes of Fe(III) with IMP or 

GMP is higher compared to that with Glu. Neutrality of IMP or GMP species 

with Fe(III) at pH 3-8 resulted in precipitation. This property was exploited 

to synthesise Fe(III) salts of IMP or GMP (i.e. Fe2IMP3 and Fe2GMP3) by 

aqueous chemical precipitation. Iron dissolution from Fe2IMP3 and 

Fe2GMP3 was up to twenty-fold higher at gastric pH (1-3), indicative of 

better bio-accessibility, and up to fifteen-fold lower at food pH (3-7), 

indicative of decreased reactivity in food, compared to Fe4PP3. 

Consequently, Fe2IMP3 and Fe2GMP3, compared to Fe4PP3, led to less 

discolouration in combination with the poorly soluble phenolics similarly 

to those that are commonly present in bouillon cubes. We conclude that 

Fe(III) salts of IMP or GMP can potentially serve as iron fortificants due to 

their increased solubility at gastric pH and decreased reactivity at food 

pH. 
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7.1. Introduction 
Fortification of savoury concentrates (e.g. bouillon cubes) with iron can effectively 
reduce the global prevalence of iron deficiency. [1-3] Bouillon cubes are typically 
composed of salt, fat, carbohydrates, proteins, herbs, and spices. Additionally, they 
may contain taste enhancers. The most widely used taste enhancer in food is the 
monosodium salt of glutamate (MSG, NaGlu; E621), which is often used in combination 
with the disodium salts of 5′-ribonucleotides such as guanosine 5′-monophosphate 
(Na2GMP; E626) and inosine 5′-monophosphate (Na2IMP; E630), to further boost the 
umami taste.[4,5] For example, dry bouillon cubes from different local supermarkets in 

Argentina contained 38 ± 17 wt. % MSG, 0.23 ± 0.16 wt. % IMP, and 0.06 ± 0.05 wt. % of 
GMP.[4]  

When bouillon cubes are fortified with iron, the product colour and iron bioavailability 
can be compromised due to iron-phenolic interactions.[6-8] These phenolics are 
naturally present in the herbs. To limit these iron-phenolic interactions, insoluble iron 
fortificants, such as ferric pyrophosphate (i.e. ferric diphosphate; Fe4PP3), are used for 
the fortification of bouillon cubes. [8,9] Fe4PP3 is practically insoluble (< 0.1 mg L-1) in 
aqueous solution at pH 3-5 and sparingly soluble (10-33 mg L-1) at pH 1-2.[10-12] Despite 
its water insolubility at food pH discolouration with phenolics can still be observed in 

presence of Fe4PP3.[10,13-15] 

The presence of glutamate (Glu) was previously associated with increased 
discolouration in an iron-phenolic model system and iron-fortified bouillon cubes.[16,17] 
Ferric iron (Fe(III)) was previously reported to coordinate to glutamate via the 
carboxylate oxygen atoms. [18] Additionally, nucleotides strongly coordinate metals, 
although the metal binding preference is metal and nucleobase dependent. [19-21] Metal 
ions may be coordinated to nucleotides via the oxygen donor atoms of the phosphate 

group, the nitrogen atom in the nucleobase, the oxygen atoms of the sugar moiety, or 

a combination thereof.[22-24] As hard Lewis metals prefer to coordinate to hard Lewis 
ligands such as the phosphate group, it is expected that Fe(III) primarily coordinates 
to the phosphate groups of the nucleotides.[25-27] The pH strongly influences the 
coordination of metals to ligands because it affects the ligand protonation state and 
the hydrolytic processes of the metal ions. Despite this, little is known about the effect 
of pH on the coordination and speciation of Fe(III) in presence of IMP or GMP.  

Here we comprehensively study the interaction of Fe(III) and all taste enhancers in 
aqueous solution at different pH. IMP and GMP are expected to coordinate Fe(III) via 
their phosphate group, therefore, we also included monophosphate (MP) and 

pyrophosphate (PP) for comparison. Fe4PP3 is one of the most commonly used salts 
in iron fortification but, despite its wide use, data regarding the basic properties, 
formed complexes, stability constants, and solubility are inconsistent. [11,28-32] In general 
Fe(III) phosphates form neutral insoluble complexes in aqueous solution in the food 
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pH range (3-7).[10-12] Since IMP and GMP also coordinate Fe(III) via the phosphate group, 

we expect that their complexes with iron will also be insoluble in aqueous solution at 
food pH (3-7).  

This work aims to provide more insights into the interaction of Fe(III) with Glu, IMP, 
GMP, MP, and PP. To this end, pH-potentiometric and UV-Vis spectrophotometric 
methods in model systems were utilised to determine stability constants and to study 
the speciation over a wide pH range. We hypothesised that (i) all taste enhancers 
coordinate Fe(III) but that, due to the hard Lewis nature of the phosphate groups, IMP, 
GMP, MP, and PP form more stable complexes with Fe(III) compared to Glu, and (ii) 

that complexes of Fe(III) with IMP or GMP possess limited solubility at food pH (3-7) 
due to coordination via the phosphate group.  

7.2. Materials & methods 

7.2.1. Materials 

Ferric chloride hexahydrate (FeCl3·6H2O; a.r. grade) was purchased from Reanal 
(Budapest, Hungary). Pyrophosphate (PP) tetrasodium salt decahydrate (Na4PP, 
Na4P2O7·10H2O, ≥ 99 wt. %), dihydrogen phosphate (MP) monosodium salt 

monohydrate (NaH2MP, NaH2PO4·H2O, ≥ 99 wt. %), L-glutamate (Glu) monosodium salt 

monohydrate (NaHGlu, NaC5H8NO4·H2O, ≥ 98 wt. %), inosine 5′-monophosphate (IMP) 
disodium salt hydrate (Na2IMP, Na2C10H11N4O8P·xH2O, ≥ 99 wt. %), guanosine 5′-
monophosphate (GMP) disodium salt hydrate (Na2GMP, Na2C10H12N5O8P·xH2O, ≥ 99 wt. 
%), ferric chloride (FeCl3, ≥ 97 wt. %, for synthesis), quercetin hydrate (≥ 95 wt. %), 1,2-
dihydroxybenzene (≥ 99 wt. %; catechol), caffeic acid (≥ 98 wt. %), curcumin (≥ 94 wt. 
%), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt 
hydrate (≥ 97 wt. %; ferrozine), hydrochloric acid (HCl), and potassium hydroxide (KOH) 
were obtained from Merck Life Science (Darmstadt, Germany). (−)-Epicatechin (≥ 97 
wt. %) was purchased from TCI Europe NV (Zwijndrecht, Belgium), apigenin (≥ 98 wt. 

%) from Indofine Chemical Company (Hillsborough, NJ, USA), and ascorbic acid (≥ 99 
wt. %) was obtained from VWR International (Radnor, PA, USA). ULC-MS grade 
acetonitrile (ACN) and water both containing 0.1 vol. % formic acid, and pure formic 
acid (FA, ≥ 99 vol. %) were purchased from Biosolve (Valkenswaard, The Netherlands). 
Water for other purposes than UHPLC was prepared using a Milli-Q water purification 
system (Merck Millipore, Billerica, MA, USA). 

7.2.2. Potentiometric and spectrophotometric studies 

The metal ion stock solutions for pH-potentiometric and spectrophotometric 

measurements were prepared from FeCl3·6H2O (Reanal, Hungary), the stock solution 
also contained 0.10 M hydrochloric acid to prevent hydrolysis. Metal ion 
concentrations were determined by complexometric titration. The acid content of 
Fe(III) stock solution and the purity and exact concentration of the ligand stock 
solutions were determined by Gran’s method. [33] Due to the limited water solubility of 
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some of the Fe(III) complexes, pH-potentiometric and spectrophotometric 

measurements were carried out in aqueous solution (water) and also in DMSO/water 
70/30 wt. % at an ionic strength of 0.20 M (KCl) and at 25.0 ± 0.1 °C. A carbonate-free 
0.20 M KOH solution of known concentration in water or the solvent mixture was used 
as titrant. HCl stock solutions in water or the solvent mixture were prepared and their 
concentrations were determined by potentiometric titrations. A Mettler T50 
instrument equipped with a Metrohm combined electrode (type 6.0234.100) and 
Metrohm T5 instrument with Metrohm combined electrode (type DG1114-SC) were 
used for the pH-potentiometric measurements. The IUPAC recommendations were 
employed to perform the measurements in the DMSO/water 70/30 wt. % solvent 

mixture. The combined glass electrode was conditioned for three days before the 
measurements in the solvent mixture. [34] The electrode system was calibrated 
according to Irving et al.[35] pH-metric readings could therefore be converted into 
hydrogen ion concentration. The water ionisation constant (pKw) was 13.74 ± 0.01 in the 
aqueous system and 17.01 ± 0.01 in the solvent mixture. The titrations in aqueous 
solution were performed in the pH range 2.0-11.0 and in solvent mixture in the pH 

range 3.0-15.0 or until precipitation occurred. The initial volume of the samples was 
15.0 mL. Ligand concentrations were kept constant at 4.0 mM and the Fe(III) to ligand 
ratios were 1:1, 1:2, 1:4 and 1:10. All samples were completely deoxygenated by 

bubbling with purified argon for ca. 15 min before the measurements. The protonation 
constants of the ligands were determined with the computer program SUPERQUAD.[36] 
Standard deviations are indicated as 3σ values (i.e. data within three standard 
deviations from the mean so covering 99.7 % of the data), the standard deviations over 
the last decimal are indicated in parentheses; i.e, 9.49(1) equals 9.49±0.01. 
Potentiometric data were used to find the stoichiometry of the species and calculate 
their stability constants. The calculations were performed using the  PSEQUAD [37] 

computer program and the literature data (Log β) for hydrolytic Fe(III) species, taking 

into account the different ionic strengths by the Davies equation. The following values 
were used in the calculations: [FeH−1]2+ = −3.21; [FeH−2]+ = −6.73; [Fe2H−2]4+ = −4.09; and 

[Fe3H−4]5+ = −7.58; H−1 relates to the metal induced ionisation of the coordinated 
water.[38,39] Titration points with a waiting time of 10 min or more were omitted from 
the calculations and about 200 titration points were used for each system. 

A Perkin-Elmer Lambda 25 spectrophotometer was used to record the UV-Vis spectra 
over the range 200-800 nm with a path length of 1 cm. Measurements were carried 
out by preparing individual samples in which the 0.20 M KCl was partially or 
completely replaced by HCl. pH values, varying in the range ca. 0.7-1.6 were 
calculated from the HCl content. Iron(III) ion concentrations were in the range 0.025-

0.10 mM and the metal ion to ligand ratios were in the range 1:3-1:6.  

7.2.3. Preparation of Fe4PP3, Fe2IMP3, and Fe2GMP3 salts 

Iron(III)-IMP (Fe2(C10H11N4O8P)3; Fe2IMP3) and iron(III)-GMP (Fe2(C10H12N5O8P)3; 
Fe2GMP3) salts were separately prepared using an aqueous chemical precipitation 
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method as described elsewhere.[12] Iron(III)-pyrophosphate (Fe4(P2O7)3; Fe4PP3) was 

also prepared for comparison. The precipitation reactions of the three different salts 
are indicated by equations 7.1-7.3. 

Fe4PP3: 4FeCl3 (aq) + 3Na4P2O7(aq) → Fe4(P2O7)3(s) + 12NaCl(aq)  Eq.7.1. 
Fe2IMP3: 2FeCl3(aq) + 3Na2IMP(aq) → Fe2IMP3(s) + 6NaCl(aq)  Eq.7.2. 
Fe2GMP3: 2FeCl3(aq) + 3Na2GMP(aq) → Fe2GMP3(s) + 6NaCl(aq)  Eq.7.3. 

The reactions were performed at room temperature by mixing the following 
stoichiometric ratios of the reactants: 4:3.1 for Fe4PP3 and 2:3.1 for Fe2IMP3 and 

Fe2GMP3. A small excess of the ligand solution was added to ensure binding of all iron, 
i.e. 3.1 times instead of 3 in equations 7.1-7.3. For Fe2IMP3 and Fe2GMP3, solutions of
2.07 mmol FeCl3 in 250 mL MQ water (i.e. 8.30 mM) were prepared. Subsequently, they
were quickly added to solutions of 3.22 mmol Na2IMP or Na2GMP in 500 mL of MQ
water (i.e. 6.43 mM) while stirring at 500 rpm. For Fe4PP3, a solution of 4.15 mmol FeCl3

in 250 mL MQ water (i.e. 16.59 mM) was quickly added to a solution of Na4(P2O7) (3.22

mmol, 500 mL) while stirring at 500 rpm. For all three systems, a turbid dispersion was
rapidly formed upon mixing. Freshly prepared solutions were used for every synthesis
and two independent syntheses were performed for each salt. The dispersions were

then centrifuged (6,000 × g, 25 °C, 45 min) in 500 mL centrifuge bottles followed by
washing the precipitates twice with Milli-Q water to remove the aqueous NaCl. The
sediments were dried in a vacuum oven at 50 °C overnight (Fe2IMP3: 27±2 % yield;
Fe2GMP3: 50±0 % yield; Fe4PP3: 46±10 % yield). The salts were characterised by XRD,
TEM, SEM-EDX, and by elemental analysis (CHNS, ICP-AES) (Method S7.1). Results on
characterisation, dissolution, and reactivity are displayed as one of the duplicate salts
after a reproducibility check.

7.2.4. Iron dissolution and reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 salts 

Iron dissolution from Fe4PP3, Fe2IMP3, and Fe2GMP3 

The Fe4PP3, Fe2IMP3, and Fe2GMP3 salts were redispersed in Milli-Q water to obtain 

final concentrations of 10 mg mL-1. The pH of the dispersions was adjusted by 
automatic titration with 0.1 M HCl or 0.1 M NaOH in a pH-stat device (Metrohm, Herisau, 
Switzerland). The dispersions were incubated at 1,000 rpm using an Eppendorf 
Thermomixer F1.5 (Eppendorf, Hamburg, Germany) at pH values ranging from one to 
eleven (steps of one), for 2 h at 23 °C. After incubation, the pH of each sample was 
measured again to determine the final pH. The samples were centrifuged at 15,000 × 
g for 10 min and supernatants were isolated to measure the dissolved iron 
concentrations. Total iron in solution was quantified using a ferrozine-based 

colourimetric assay as reported previously. [12] 

Reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 with phenolics 

The reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 salts with phenolics was assessed 
according to our previously published method with slight modifications. [15] To this end, 
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three water soluble phenolics (i.e. catechol, caffeic acid, and epicatechin) and three 

poorly water soluble phenolics (i.e. quercetin, apigenin, and curcumin) were 
investigated. The reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 in the presence of the 
different phenolic compounds after incubation at pH 6.5 for 2 h at 23 °C, was monitored 
using ultraviolet-visible light (UV-Vis) spectroscopy and the dissolved iron resulting 
from phenolic interactions was quantified using a ferrozine-based colourimetric 
assay.[12] 

7.2.5. Nucleotide and nucleoside quantification by HILIC-PDA-ESI-ITMSn  

To investigate if dephosphorylation occurred we analysed the nucleotides and 

nucleosides by hydrophilic interaction liquid chromatography coupled to electrospray 
ionisation ion trap mass spectrometry (HILIC-PDA-ESI-ITMSn). The injection volume, 
column information, temperature, gradient elution program, and MS settings were 
used as described in Method S7.2. 

7.3. Results & discussion 

7.3.1. Interaction of iron(III) with taste enhancers and phosphates 

Proton equilibria of the ligands 

The fully protonated ligands H3MP and H3(Glu)+ have three dissociable protons and 
H4PP, H3(IMP)+, and H3(GMP)+ have four dissociable protons (Fig. 7.1).  

Figure 7.1. Chemical structure of monophosphate (MP), pyrophosphate (PP), glutamate (Glu), 

inosine 5′-monophosphate (IMP), and guanosine 5 ′-monophosphate (GMP) in their protonated 

state. The orange circles highlight the dissociable protons. 

The corresponding dissociation constants of the ligands in aqueous solutions were 
determined by pH-potentiometric titrations at the same conditions as used to 

investigate the interaction with Fe(III) (25 °C, 0.20 M KCl) (Table 7.1). 
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Table 7.1. Dissociation constants of the studied ligands determined by pH-potentiometric 

titrations (T = 25.0 °C, I = 0.20 M (KCl) in aqueous solution). 

H3(Glu)+ H3(IMP)+ H3(GMP)+ H3MP H4PP 

pK1 2.11(2)a < 1b < 1 1.78(1) < 1 
pK2 4.08(1) 1.19(2) 2.18(3) 6.64(1) 1.54(1) 
pK3 9.49(1) 6.09(1) 6.08(2) 11.57(1) 5.84(1) 
pK4 8.94(1) 9.39(1) 8.19(1) 

a Standard deviations (3σ values) of the last decimal are given in parentheses; b it was not possible to measure at pH < 1 
using the potentiometric setup but it is known that the first pKa of these compounds is at very acidic pH.[18,30,40,41] 

Since the pH-effect of the deprotonation processes is not sensitive for the dissociation 
sites, if a compound has more than one dissociable proton, the dissociation constants 

(so called macro-constants) determined by pH-potentiometric method cannot be 

assigned to the individual sites; assumptions can only be made based on chemical 
evidence. For the compounds in this study, the acidity orders are known from 
literature. It was previously described that for H3(IMP)+ and H3(GMP)+ the first proton is 
released from the phosphate, the second from N7 on the nucleobase, the third one 
from the phosphate, and the fourth proton in the alkaline pH range from N1.[40,42] For 

H3Glu+ it was previously reported that the first proton is released from the α-

carboxylate, the second from the γ-carboxylate, and the third from the α-amino 

group.[43] Taking the different experimental conditions into account, the dissociation 

constants of the ligands are in reasonable agreement with the reported data in 
literature.[18,30,40,41]  

The hydrolytic stability of IMP, GMP, and PP was monitored by a second titration 
similar to what was done previously.[44,45] After the titration of IMP, GMP, and PP with 
KOH titrant up to pH around 12, HCl was added to set the pH at 2 again after which 
the sample was titrated with KOH again. The obtained titration curves were 
superimposed (results not shown) and therefore indicate that IMP, GMP, and PP do 
not hydrolyse in aqueous solution in the measured pH-range during the run time of 
one titration (i.e. several hours). 

Investigation of Fe(III) complexes of the ligands by potentiometric titration 
The pH-potentiometric titrations of Fe(III) with all ligands were performed in aqueous 
solution (water) and in the solvent mixture (DMSO/water 70/30 wt. %) and were 
terminated when precipitation occurred. For the system of Fe(III) in presence of MP at 
a 1:4 ratio precipitation occurred at pH > 3.5 (Fig. S7.1). The Fe(III) systems with PP 
displayed white precipitate from the start ( i.e. pH 2) for all measured ratios (i.e. 1:1, 1:2, 

and 1:4). Due to the low dissociation constants (Table 7.1) and bidentate binding, PP 
already forms stable chelates with Fe(III) at acidic pH. 

The pH-potentiometric titration curves of the taste enhancers Glu, IMP, and GMP with 
Fe(III) are provided in Fig. 7.2. The investigation of the Fe(III) complexes with all the 
taste enhancers was hindered by the very low solubility of the iron complexes and/or 
by the formation of iron hydrolysis products. 
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Figure 7.2. pH-potentiometric titration curves in aqueous solution for 4.0 mM Glu, IMP, and 

GMP in (a) absence and in presence of Fe(III) at a ratio of Fe(III):ligand (b) 1:1, (c) 1:2, (d) 1:4, and 

(e) 1:10 at I = 0.20 M (KCl), and T = 25.0 °C.

For the Fe(III) systems with Glu, orange-red precipitate was observed for all ratios. We 
suggest this is due to the formation of iron hydrolysis products which were previously 
reported to have this colour.[46] When more ligand was present (1:4 ratio), precipitation 
occurred at a higher pH. These outcomes indicate that Glu competes with hydroxide 
for iron coordination. This was further confirmed by the 1:10 ratio sample, in which iron 
precipitated at an even higher pH. For IMP or GMP the titrations were terminated upon 
the formation of a white precipitate, we suggest that precipitation is a result of the 
coordination of Fe(III) to the phosphate anion in the nucleotides. For Fe(III) in presence 

of GMP the precipitate at 1:4 ratio was formed at pH > 3.0 and for IMP at pH > 4.7. It is 
interesting that for GMP the precipitation occurs at lower pH compared to IMP 

because the only structural difference between these ligands is the presence of -NH2 

for GMP, and this amine is unlikely to coordinate Fe(III). [20] We tried to describe the 
Fe(III) complexes in the pH-range in which no precipitation was observed by fitting the 
experimental data using the PSEQUAD program. The stability constants of Fe(III) 
complexes with Glu and MP are given in Table 7.2.  

Table 7.2. Protonation constants of Glu and MP and stability constants (Log β) of the Fe(III) 

complexes of Glu and MP determined by pH-potentiometric titrations (T = 25.0 °C, I = 0.20 M

(KCl) in aqueous solution). 

Log β Glu a MP a 

H3L 15.68(2) 19.99(1) 
H2L 13.57(1) 18.21(1) 
HL 9.49(1) 11.57(1) 

[FeHL] 12.90(2) - 
[FeL] 10.82(6) 19.92(9) 

[FeH-1L] 7.92(3) - 
Fittingb 0.0362 0.0305 

a Standard deviations (3σ values) are in parentheses.  
b Average difference between experimental and calculated titration curves expressed in cm 3 of titrant. 

The model and the stability constants of the 1:1 species with different protonation 

degree obtained in the Fe(III)-Glu system were similar to those previously reported.[18] 
Calculations with MP indicated the formation of a 1:1 FePO4 species. Including the 
previously reported 1:1 complexes FeH2PO42+ and FeHPO4+,[28] into the model resulted 
in lower fitting parameters. It should be noted that stoichiometries of the species in 
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Table 7.2 may cover mixed hydroxido complexes (e.g. FeL = [Fe(HL)(OH)]) in which, 

besides the differently protonated ligand, hydroxide ion(s) can also be found in the 
coordination sphere of the metal ion due to the high tendency of Fe(III) to hydrolyse. 
Due to the precipitation reactions, no acceptable fitting was obtained for complexes 
of Fe(III) with PP, IMP, and GMP. Thus, it was not possible to obtain quantitative data 
about the stoichiometries and stability of the complexes in these systems. 

Previously, stoichiometric data and stability constants of poorly water soluble ligands 
could be measured in DMSO/water mixtures. [47,48] So, we also investigated if stability 
data of combinations of Fe(III) with the ligands could be obtained in a mixture of 

DMSO/water 70/30 wt. %. The dissociation constants of Glu, IMP, and MP in 
DMSO/water 70/30 wt. % are given in (Table S7.1). Although the 1:1 combinations of 
Fe(III) with Glu, IMP, and GMP indicated slightly improved solubility in the solvent 
mixture, precipitation still occurred at pH 5.2, 3.9, and 3.4, respectively. Thus, the 
titration curves could not be acceptably fitted in PSEQUAD. These results implied that 
investigation of the systems of Fe(III) in presence of PP, IMP, or GMP by pH-

potentiometric titrations was not possible due to the poor solubility of these ligands 
and their ready complexation at very acidic pH. Therefore, the speciation was further 
investigated by spectrophotometric analysis.  

Investigation of Fe(III) complexes of the ligands by spectrophotometry 
Qualitative information about the speciation was obtained by spectrophotometry (Fig. 
7.3). With spectrophotometric measurements the acidic pH region in aqueous solution 
can be extended to a pH around 0.7 and measurements can be carried out at a lower 
concentration of metal and ligand, thus precipitation is less likely.  

At pH 0.7-1.5 monochloro complexes of Fe(III) (i.e. [FeCl]2+) were identified by the 

typical absorption band with a λmax of 334-336 nm both for FeCl3 without ligands and 

in the systems in presence of MP, Glu, IMP, or GMP. [49,50] FeCl3 solution without ligand 

or in presence of MP and Glu also showed the typical [FeCl]2+ band at 223 nm, which 
was not observed in presence of IMP or GMP, most likely due to overlap with the 
intense absorbance of the nucleotides at < 280 nm. 

In absence of ligand or in presence of Glu, a band with λmax ~ 300 nm was observed at 

pH 3.4-3.5, corresponding to the hydrolytic products [Fe(OH)]2+ or [Fe2(OH)2]4+[51] At pH 
> 3.5, in absence of ligand and in the presence of Glu, a broad band from 200-600 nm
was observed. This band is a result of the formation of the red-orange coloured
(hydr)oxide species.[46] Formation of this band for Fe(III) (hydr)oxide species was

hindered by the presence of the ligands with a phosphate group (MP, PP, IMP, and
GMP) until pH > 10. However, it cannot be ruled out that other (colourless) mixed
(hydr)oxide species are present.
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Figure 7.3. Representative UV-Vis absorption spectra of the Fe(III) system in (A) absence of 

ligand and in presence of (B) MP, (C) PP, (D) Glu, (E) IMP, and (F) GMP at different pH values 

(CFe(III) = 0.1 mM, CLigand = 0.4 mM, and I = 0.20 M (KCl)). 

In the presence of MP a band with a λmax at 275 nm was observed from pH 2.8 to 7.3, 

this corresponds to the 1:1 species of Fe(III) with MP (i.e. [FeH2PO4]2+).[52] In presence of 

PP a band with a shoulder at 250 nm was present at pH 0.7, which indicates that at pH 

0.7 the complexation of Fe(III) by PP is already complete. In presence of PP a band 

with a λmax at 262 nm was formed at pH 1.8-3.5 and at pH ~ 5.9 a band with λmax at 270 

nm was present. We suggest that these bands correspond to the formation of 

[FeH3P2O7]2+, [FeH2P2O7]+, and Fe4(P2O7)3, respectively.[32]  

The fact that similar spectra were obtained in presence of Glu as for FeCl3 in absence 

of ligand, indicates that there were only weak interactions of Glu with Fe(III) at these 

concentrations. Previously, at higher concentrations of Fe(III) and Glu, a change in 
absorbance was reported at a λmax of 450 nm.[18] We confirmed that in a more highly 

concentrated Fe(III) and Glu system (i.e. 30 mM Glu and 3 mM Fe(III)) a species with a 

poorly defined maximum around 450 nm at pH ~ 3 was formed (Fig. S7.2). Formation 

of this species indicates that at higher Glu and Fe(III) concentrations there is a 

competition between the carboxylate moieties of glutamic acid and hydroxide for iron 

coordination. The interaction of Fe(III) with carboxylate is weaker than that of Fe(III) 

with hydroxide due to the lower electron density of the conjugated base pair of the 

carboxylate compared to the hydroxide. If present in high concentrations, as in some 

bouillon cubes (e.g. 38 wt. % MSG),[4] the carboxylate moieties of Glu may be able to 

compete with hydroxide and coordinate Fe(III) at low pH.  
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In presence of IMP or GMP, the formation of a soluble species at pH ~ 3 was followed 

by the formation of a second poorly soluble species as indicated by the increase of 
the baseline around 700-800 nm. Based on the dissociation constants of IMP and GMP 
(Table 7.1) we suggest that the soluble species of IMP or GMP at pH ~ 3 could be due 
to the formation of a soluble macrochelate of Fe(III) with GMP or IMP via coordination 
to the deprotonated phosphate and N7, as previously reported for these ligands in the 
presence of divalent metals. [40] Alternatively, these species may be stabilised by 
secondary interactions such as hydrogen bonding or stacking when N7 is 
deprotonated. The insoluble species that are formed at pH > 4.8 for IMP and pH > 3 
for GMP are more likely to result from the formation of charge neutral coordination 

complexes of Fe(III) with the phosphate group. These spectrophotometric results are 
in line with the potentiometric titrations in which precipitation of Fe(III)  with GMP was 
also observed at lower pH compared to Fe(III) with IMP.  

The stability of the complexes of Fe(III) with IMP or GMP is higher compared to Glu, as 
they form species at lower ratios of ligand (1:1), whereas for Glu higher concentrations 

ligand (1:10) are needed to compete with the hydroxide for coordination. Moreover, 
our results indicate that the presence of IMP or GMP can hinder the formation of the 
red-orange coloured Fe(III) (hydr)oxide species up to pH > 10. The fact that IMP or GMP 

can form water soluble Fe(III) species at pH < 3 (i.e. gastric pH) but insoluble Fe(III) 
species at pH 3-7 (i.e. food pH) makes them promising iron salts for fortification of 
foods.[10-12] Therefore, we decided to synthesise and characterise salts of Fe(III) and 
IMP or GMP. 

7.3.2. Synthesis and characterisation of Fe4PP3, Fe2IMP3, and Fe2GMP3 salts 

To investigate the potential of insoluble salts of Fe(III) with IMP, GMP, and PP as iron 
fortificants with a decreased reactivity we synthesised Fe4PP3, Fe2IMP3, and Fe2GMP3 
salts using an aqueous chemical precipitation method. The Fe4PP3, Fe2IMP3, and 
Fe2GMP3 salts were characterised by XRD, TEM, SEM-EDX, ICP-AES, and the 

elemental analyser (see supplementary information for a detailed description of the 

results per analysis). The dried Fe(III) salts had different colours (Fig. 7.4A); Fe4PP3 was 
white, Fe2IMP3 was yellow, and Fe2GMP3 orange. XRD analyses of the Fe4PP3, Fe2IMP3, 
and Fe2GMP3 salts indicated that they were all amorphous (Fig. 7.4B).  

With TEM analysis, these amorphous particles were confirmed, although different 

types of shapes and particle sizes were observed (Fig. 7.4C, Fig. S7.3). Fe4PP3 
consisted of aggregates of colloidal particles typical for precipitation with sizes from 

5-30 nm, which is in line with previous reports. [29,53] Fe2IMP3 consisted of aggregates

of spherical particles with an average size of 100 nm, whereas Fe2GMP3 aggregates

consisted of more elongated primary particles with an average size of 50 nm. We

suggest that differently shaped particles were created for GMP because it can form
G-quadruplexes that are crosslinked by Fe(III) to assemble into larger coordination

polymers (Fig. S7.4 and Fig. S7.5).[54-57]
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Figure 7.4. (A) Synthesis of iron-containing salts via an aqueous chemical precipitation 

procedure and colour of the dried salts; (B) Powder XRD patterns of the ligands before and after 

reacting with iron; (C) TEM and (D) SEM images of Fe4PP3, Fe2IMP3, and Fe2GMP3.

Homogenous distribution of the elements in the salts was confirmed by SEM-EDX (Fig. 

S7.6). A high abundance of H as detected in the elemental analysis (Table S7.2) 
indicated that the salts were hydrated. Furthermore, the analysed elemental ratios 

were in good agreement with the calculated elemental ratios (Table S7.3) based on 
the molecular formulas for stoichiometric ratios as provided in Method 7.2.3. 

7.3.3. pH-dependent dissolution behaviour and iron-phenolic reactivity 

pH-dependent iron dissolution from Fe4PP3, Fe2IMP3, and Fe2GMP3 
For food fortification purposes it is important that iron salts possess pH-dependent 
dissolution behaviour. To limit iron-mediated reactions, while maximising bio-
accessibility, iron dissolution from the iron salts should be limited in the pH range of 

food (3-7) and fast at gastric (1-3) and/or intestinal pH (6-8). Therefore the pH-
dependent dissolution behaviour of iron from Fe4PP3, Fe2IMP3, and Fe2GMP3 salts was 
investigated (Fig. 7.5). It can be observed that Fe4PP3 possessed low solubility in the 
acidic pH range (1-4), whereas the iron dissolution increases around pH 4. For Fe2IMP3, 
iron dissolution from the salt was observed at pH < 3 and pH > 6. Similarly, Fe2GMP3 
also possessed iron dissolution at pH < 3 and at pH > 6.5. 

Up to a fifteen-fold decrease of soluble iron for Fe2IMP3 and Fe2GMP3 at food pH (3-
7) was observed compared to Fe4PP3. This dissolution behaviour makes Fe2IMP3 and

Fe2GMP3 desirable as fortification salts for food, as it could potentially lead to reduced
iron-mediated reactivity in the food products since less iron is in solution. Moreover,
the up to a twenty-fold increase in iron solubility of Fe2IMP3 and Fe2GMP3 salts in the
gastric pH range (1-3), compared to Fe4PP3, are indicative of better bio-accessibility in
the gastric environment. [11,12,58,59] At intestinal pH (6-8) the Fe2IMP3 and Fe2GMP3 salts
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show a decrease in solubility compared to Fe4PP3. However, the solubility in acid is 

the common measure used to indicate bio-accessibility,[10] and was shown to be a 
good indication for in vivo iron uptake.[59]  

Figure 7.5. Iron dissolution from Fe4PP3 (grey square), Fe2IMP3 (yellow triangle), and Fe2GMP3 

(orange circle) as a function of pH.

Reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 with phenolics 
Besides the iron dissolution from the iron salts, we also evaluated the reactivity of the 
iron salts with phenolics. Prevention of iron-phenolic interactions is important to 
ensure iron bio-accessibility and limit discolouration.[60] For these phenolic reactivity 

measurements, we applied a set of six model phenolic compounds with different 
chemical properties, most notably different water solubilities, as previously 
reported.[15] Fig. 7.6 shows the total absorbance, colour, and iron in a solution of the 
three salts after incubation with different phenolics at pH 6.5 (2 h, 23 °C). This pH was 
chosen as it is in the pH range of bouillon cubes. For the water soluble phenolics ( i.e. 

catechol, caffeic acid, and epicatechin) an absorbance band at λmax ~ 580 nm was 

observed for all three salts (Fig. 7.6A). This absorbance at 580 nm is indicative for 1:2 
complexes of Fe(III) from the salts with the catecholate moiety of the phenolic, and is 
responsible for the bluish to purplish appearance (Fig. 7.6B).[17,61]  

It was observed that in presence of the water soluble phenolics the total absorbance 
and discolouration in the Fe2IMP3 and Fe2GMP3 samples was equal or even showed a 
slight increase compared to Fe4PP3. This was contrary to our expectations, because 
much lower iron solubilities for Fe2IMP3 and Fe2GMP3 salts in aqueous solution were 
observed at pH 6.5 in Fig. 7.5. However, we also measured the iron solubilities of the 

salts in presence of the phenolics and noticed a fast increase in iron dissolution from 
the salt in presence of the water soluble phenolics compared to the insoluble 
phenolics (Fig. 7.6C).  
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Figure 7.6. (A) Absorbance spectra of the supernatants of Fe4PP3, Fe2IMP3, and Fe2GMP3 in the 

presence of different phenolics at pH 6.5. (B) Pictures of the samples in the Eppendorf tubes 

after incubation and centrifugation. (C) Soluble iron concentration in solutions of Fe4PP3, 

Fe2IMP3, and Fe2GMP3 after incubation (2 h, pH 6.5) with different phenolics. 
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As suggested previously, the water soluble phenolics may coordinate Fe(III) on the 

surface of the insoluble salt particles and thereby bring it in solution, forming soluble 
coloured complexes.[15] This interaction of Fe(III) with phenolics can compete with the 
Fe(III) interactions with PP, IMP, and GMP at neutral pH because the phenolate 
oxygens are more electron-rich compared to the phosphate oxygens. In general, very 
strong coordinate bonds with Fe(III) are formed for highly electron-rich binding 
sites.[62] 

In presence of quercetin and curcumin, absorbance in the visible spectra increased 
and discolouration of the samples was observed in presence of Fe4PP3 (Fig. 7.6A and 

6B). For Fe2IMP3 and Fe2GMP3 with these phenolics, no increased absorbances of the 
supernatants were observed. The precipitate changed from a yellow to brownish 
colour. We hypothesised previously that the discolouration of these precipitates can 
be due to formation of Fe(III)-phenolic complexes on the surface of the salts. [15] For 
apigenin, no absorbance was observed with any of the Fe(III) salts. These poorly water 
soluble phenolics do not increase the Fe(III) dissolution (Fig. 7.6C) from the surface of 

the salts and therefore no discolouration was observed for Fe2IMP3 and Fe2GMP3 in 
aqueous solutions at pH 6.5. These findings indicate that Fe2IMP3 and Fe2GMP3 are 
promising salts for the fortification of food products containing poorly soluble 

phenolic compounds, such as the phenolics that are commonly present in bouillon 
cubes.  

7.3.4. Dephosphorylation of GMP and IMP in presence of Fe(III) 

Dephosphorylation of nucleoside 5′-mono, -di-, and -triphosphates was previously 
reported to be catalysed by metal coordination. [45,63,64] To check if dephosphorylation 
occurred in the Fe(III) salts of the nucleotides, we separated and quantified the 
amounts of nucleotides and nucleosides in the synthesised salts of Fe2IMP3 and 
Fe2GMP3 using HILIC-PDA-MSn (Fig. S7.7). We observed a small peak for inosine and 
guanosine but for both salts > 98 % of the total peak area was still the intact nucleotide. 

This indicates that the nucleotides are stable in a coordination complex with Fe(III).  

7.3.5. Implications of iron fortification using Fe2IMP3 and Fe2GMP3 

The Fe(III) salts of IMP or GMP can potentially serve as food fortificants because of 
their pH-dependent iron dissolution and decreased reactivity with poorly soluble 
phenolics similarly to those that are commonly present in bouillon cubes. The 
implications of Fe(III) coordination to IMP and GMP on the umami perception has to be 
confirmed in future sensory studies. We expect that the coordination of Fe(III) to IMP 
or GMP may affect their interaction with the umami receptor because the negatively 

charged phosphate group is normally involved in stabilisation of that interaction. [65]  

Previously, we have also synthesised mixed Ca-Fe(III) pyrophosphate salts that 
already possessed very promising dissolution behaviour.[12] Compared to the Ca-Fe(III) 
pyrophosphate salts, these nucleotide salts are even five times more soluble in the 
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gastric pH range and two times less soluble in the food pH range. Additionally, the 

presence of dietary nucleotides has already been demonstrated to enhance the 
intestinal absorption of iron in rats. [66,67] However, additional experiments have to be 
performed to confirm the bioavailability of iron from the Fe2IMP3 and Fe2GMP3 salts. 
Based on the increased dissolution of Fe2IMP3 and Fe2GMP3 at gastric pH, these salts 
may be preferred over Fe4PP3 and Ca-Fe(III) pyrophosphate salts as iron fortificant.  

7.4. Conclusion 
This work reports the pH-dependent interaction of taste enhancers (Glu, IMP, and 
GMP) and phosphates (MP and PP) with Fe(III) in aqueous solutions. All three taste 

enhancers can coordinate Fe(III), however, coordination was more stable with the 
phosphate moiety of the nucleotides (IMP and GMP) than with the carboxylate 
moieties of glutamate (Glu). Similar to complexes of Fe(III) with PP, complexes of Fe(III) 
with IMP or IMP possess limited solubility in aqueous solution at pH 3-8, leading to 
their precipitation. The precipitation of these species with Fe(III) was utilised to 
synthesise salts of Fe(III) with IMP, GMP, and PP using an aqueous chemical 
precipitation method. The synthesised Fe(III) salts of IMP or GMP possessed increased 
iron dissolution at gastric pH (1-3), decreased iron dissolution at food pH (3-7), and less 
discolouration with poorly soluble phenolics compared to the currently used 

fortification salt Fe4PP3. In conclusion, these Fe(III) salts with IMP or GMP have the 
potential to be used to design more stable iron-fortified foods. 
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7.7. Supplementary information 

Method S7.1. Characterisation of Fe4PP3, Fe2IMP3, and Fe2GMP3 salts 

X-ray diffraction (XRD)
XRD measurements of the dried salts were performed with a Bruker D8 Advance

diffractometer (Bruker, Karlsruhe, Germany). The source consisted of Cu Kα radiation

(λ = 1.54 Å). XRD patterns were recorded from 5° to 70° 2θ, with a step size of 0.01° and

a scan speed of 0.1 s/step. The XRD data was processed using the Bruker
DIFFRAC.EVA software and the obtained patterns were compared with reference
patterns in the Crystallography Open Database (COD).

Electron microscopy and energy dispersive X-ray spectroscopy (EDX) 
Optical analysis was carried out at the Wageningen Electron Microscopy Centre 
(WEMC). The transmission electron microscopy (TEM) analysis, was done on the 
dispersions after washing but before the drying step. Dispersions (5 µL) were added 
to a 400 mesh formvar/carbon grid (after discharging the grid) and incubated for 2 
min at room temperature. The grid was washed with 5 µL MQ, and after 2 min the 
excess water was removed with a blotting paper. Next, the sample was negatively 
stained with 5 µL of 2% uranyl acetate, and after 30 s the excess was removed with a 

blotting paper and the sample was air-dried before measurement using a JEM-
1400Plus (JEOL, MA, USA), operating at 120 kV. The particle size distribution was 
obtained by analysis of TEM images using the ImageJ software (Version 1.53t, Wayne 
Rasband, National Institutes of Health, USA).  

For scanning electron microscopy (SEM), the dried salts were applied to a carbon 
adhesive tab attached to a sample holder and the excess powder was removed with 
compressed air. The sample was sputter-coated with 12 nm tungsten using a Leica 
SCD 500 (Vienna, Austria). SEM analysis was performed on FEI Magellan 400 (FEI, 
Eindhoven, The Netherlands), operating at 2 kV and 13 pA. Energy dispersive X-ray 

(EDX) analysis was performed using a SEM equipped with an EDX system (SEM-EDX). 
The measurements were performed on the thick powder sediments to obtain 
information about the samples’ homogeneity and the elemental composition.  

Elemental analysis 
The dried salts were milled and homogenised and weighed into a tin foil cup (2-10 
mg). Carbon, nitrogen, and hydrogen contents of the samples were measured in 

duplicate using the Thermo Flash 2000 CHNS elemental analyser based on the 
modified Dumas method.  

For the determination of phosphorus and iron 0.1 g of sample was weighed and 
digested in 70 vol. % nitric acid (HNO3) at medium pressure and 185 °C in the 
microwave digestion system (Multiwave Go, Anton Paar, Graz, Austria). Inductively 
coupled plasma atomic emission spectroscopy (ICP-AES; Agilent 5110 VDV; Agilent 
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Technologies, Tokyo, Japan), was used to quantify the amount of P and Fe in the 

digestates using scandium as an internal standard. The limit of detection (LOD) values 
of iron and phosphorus were respectively 0.05 and 0.20 mg L-1, and the limit of 
quantification (LOQ) values were respectively 0.15 and 0.61 mg L-1. 

Method S7.2. Identification and quantification of nucleotides by HILIC-

PDA-ITMSn

The salts were dissolved at 0.1 mg mL-1 in 50 vol. % ACN + 0.2 vol. % FA and separated 
on a Thermo Vanquish UHPLC system (Thermo Scientific, San Jose, CA, USA) 
equipped with an autosampler, a pump, a degasser, and a photodiode array (PDA) 

detector. A sample (1 µL) was injected on an Acquity UPLC BEH amide column (150 
mm × 2.1 mm i.d., 1.7 µm) with a VanGuard (5 mm × 2.1 mm i.d., 1.7 µm) guard column 
of the same material (Waters, Milford, MA, USA). Water (A) and acetonitrile (B), both 
acidified with 0.2 vol. % formic acid, were used as eluents. The flow rate was 400 µL 
min-1, and the temperature of the column oven was 35 °C. The following elution profile 
was used: 0.00 – 1.09 min, isocratic on 95 vol. % B; 1.09 – 13.81 min, linear gradient from 
95 to 60 vol. % B; 13.81 – 14.90 min linear gradient from 60 to 50 vol. % B; 14.90 – 20.36 
min isocratic on 50 vol. % B; 20.36 – 21.45 min linear gradient from 50 to 95 vol. % B; 
21.45 – 26.90 min isocratic on 95 vol. % B. The PDA detector was set to measure the 

wavelength range of 190 – 680 nm. Mass spectrometric data were acquired using an 
LTQ Velos Pro linear ion trap mass spectrometer (Thermo Scientific) equipped with a 
heated electrospray ionisation probe (ESI-ITMSn) and coupled in-line to the Vanquish 
UHPLC system. Nitrogen was used as a sheath gas (50 arbitrary units) and auxiliary 
gas (13 arbitrary units). Data were collected over the m/z range of 150 – 1,500 in 
negative and positive ionisation mode by using source voltages of 2.5 and 3.5 kV, 
respectively. For both modes, the S-lens RF level was set at 67 %, the ion transfer tube 

temperature was 263 °C and the source heater temperature was 425 °C. Data-
dependent MSn analysis was performed on the most intense ion by collision-induced 

dissociation (CID) with a normalised collision energy of 35 %. A dynamic mass 
exclusion approach was used, in which the most intense ion was fragmented 3 times 
and was subsequently excluded from fragmentation for the following 5 seconds, 
allowing data-dependent MSn analysis of less intense co-eluting compounds. Data 
acquisition and processing were performed using Xcalibur version 4.1 (Thermo 
Scientific). Quantification of the nucleotides and nucleosides was performed based 
on PDA peak area (280 nm) and an external calibration curve of the corresponding 
authentic standards (0.06–1 mM, in duplicate, R2 ≥ 0.99).  
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Figure S7.1. pH-potentiometric titration curves for 4.0 mM MP in (a) absence and in presence 

of Fe(III) at a ratio of Fe(III):ligand (b) 1:1, (c) 1:2, and (d) 1:4 at I = 0.20 M (KCl), and T = 25.0 °C. 

Table S7.1. Dissociation constants of the studied ligands determined by pH-potentiometric 

titrations (T = 25.0 °C, I = 0.20 M (KCl) in DMSO/water 70/30 wt. %). 
Glu IMP GMP MP PP 

pK1 3.71(2)a < 3b n.dc 4.40(6) n.d.
pK2 5.94(1) 4.62(4) n.d. 8.70(5) n.d.
pK3 10.25(1) 8.91(3) n.d. 13.76(4) n.d.
pK4 14.12(2) n.d. n.d.

a Standard deviations (3σ values) of the last decimal are given in parentheses; b it was not possible to measure at pH < 3 in 
DMSO/water 70/30 wt. % using the potentiometric setup; c dissociation constants could not be obtained due to 
precipitation of the ligand in absence of iron in the solvent mixture. 

Figure S7.2. UV-Vis absorption spectra of FeCl3 alone and in presence of Glu at different pH 

values (CFe(III) = 3 mM, CLigand = 30 mM, and I = 0.20 M (KCl)). 
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Characterisation of Fe2IMP3 and Fe2GMP3 salts 
XRD analysis 

The starting material (i.e. sodium salt of PP, IMP, and GMP) had clear XRD signals, 
indicating the crystalline nature of these materials. After the chemical precipitation 
with Fe(III), the XRD patterns only showed noise, indicative for amorphous materials. 
The amorphous nature of these salts is suggested to be a result of the valence 
mismatch between iron (Fe3+) and pyrophosphate (P2O74-), IMP (C10H13N4O8P2-), and 
GMP (C10H12N5O8P2-). Due to this valence mismatch, a more complicated stoichiometry 
is required to reach charge neutrality, resulting in formation of an amorphous matrix 

during the fast aqueous chemical precipitation process. [12,29,53] 

TEM analysis 
We also used TEM analysis to compare the influence of the ligand on the particles 
that were formed during chemical precipitation (Fig. 7.4C). TEM analysis showed 

amorphous particles for all three systems although different types of shapes and 
particle sizes were observed. For Fe4PP3, typical colloidal particles were observed for 
chemical precipitation using stoichiometric ratios of iron and pyrophosphate ions. The 
primary particle sizes ranged from 5 to 30 nm (Fig. S7.3), and were in line with the 
previously reported particle sizes.[29,53]  

Figure S7.3. Particle size distribution of the primary particles in the amorphous aggregates as 

obtained from TEM images using ImageJ. The number (n) of primary particles that were 

measured by ImageJ were; Fe4PP3 n=57; Fe2IMP3 n=107; Fe2GMP3 n=102. 
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For Fe2IMP3 and Fe2GMP3, different morphologies were observed with TEM. Fe2IMP3 

consisted of spherical particles with an average size of 100 nm, whereas Fe2GMP3 
consisted of more elongated primary particles with an average diameter of 50 nm. 
This elongation is an indication for interactions between the particles. These chain-
like aggregated structures for Fe2GMP3 were previously reported to be the result of 
the formation of coordination polymers. [20,68,69] Based on these differences in particle 
shape, we suggest that complexes of IMP with Fe(III) formed mononuclear species in 
which the phosphate coordinates Fe(III) (Fig. S7.4A). For GMP we suggest that a 
coordination polymer was formed (Fig. S7.4B). The only structural difference between 
IMP or GMP is the amine group on the guanine nucleobase at the C2 position, this 

amine is unlikely to coordinate metals.[20] However, the presence of these amine 
groups is responsible for Hoogsteen type-hydrogen bonding that can lead to 
formation of planar aromatic G-quartet structures from the guanosine bases.[55] 
Stacking of these G-quartets in presence of small amounts of potassium or sodium 
leads to the formation of G-quadruplexes.[56,57] Therefore, we suggest that the 
elongated polymer observed for Fe2GMP3 in comparison to Fe2IMP3 is because of the 

formation of G-quadruplexes that are further crosslinked by Fe(III). Crosslinked G-
quadruplexes by Fe(III) were discussed previously.[54]  

Figure S7.4. (A) Scheme for the self-assembly of IMP and Fe(III) to form nanoparticles; (B) 

Scheme for the self-assembly of GMP and Fe(III) into Fe(III) crosslinked G-quadruplexes that 

form coordination polymers, based on literature.[54,55] 

Additional proof for these G-quadruplexes is gel formation observed in the Fe(III)-GMP 

solutions at acidic (Fig. S7.5). Gel formation was not observed for Fe2IMP3. The 

formation of this coordination polymer may also explain the low solubility of the Fe(III)-
GMP species as was shown in section 7.3.1.  
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Figure S7.5. (A) Gel formation in a 10 mg mL-1 solution of Fe2GMP3 at pH 2; (B) no gel is formed 

at pH 9. 

Elemental analysis 
SEM-EDX was performed on the particle sediment to obtain qualitative information on 
the elemental ratios. With SEM-EDX we confirmed homogeneous distribution of the 
elements O, P, and Fe for Fe4PP3 and O, P, C, N, and Fe for Fe2IMP3 and Fe2GMP3 (Fig. 
S7.6). Quantitative information on the elemental ratios was obtained by elemental 

analysis using ICP-AES (Fe, P) and the elemental analyser (H, C, N, S) (Table S7.3). The 
abundance of H in all samples indicated that all salts were hydrated. Because we did 

not know the degree of hydration for each of the salts, H could not be taken into 
account to determine the elemental ratios, thus we compared the relative ratios of C, 
N, P, and Fe instead. These elemental ratios were in good agreement with the 
elemental ratios calculated based on the molecular formulas (Table S7.4). 
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Table S7.2. Elemental composition of Fe4PP3, Fe2IMP3, and Fe2GMP3. 

Sample/Element N (% m/m) C (% m/m) H (% m/m) Fe (% m/m) P (% m/m) 

Fe4PP3 n.d. n.d. 3±0.1 21±0.6 16±0.0 

Fe2IMP3 12±0.6 25±0.0 4±0.1 11±0.6 6±0.0 

Fe2GMP3 14±0.0 24±0.6 4±0.2 10±0.1 6±0.0 

Table S7.3. Comparison of analysed and calculated relative ratios of C, N, P, and Fe  in Fe4PP3, 

Fe2IMP3, and Fe2GMP3. 
Analysed elemental ratios % (calc.) 

Salt Molecular formula C N P Fe 

Fe4PP3 Fe4(P2O7)3 n.d. n.d. 58±0.8 (59) 42±0.8 
(41) 

Fe2IMP3 Fe2(C10H13N4O8P)3 63±0.7 (64) 25±1 
 (26) 

6±0.1 
(6) 

6±0.4 
(4) 

Fe2GMP3 Fe2(C10H12N5O8P)3 59±0.8 (59) 30±0.5 (27) 6±0.1 
(5) 

5±0.2 
(4) 

Figure S7.7. HILIC-MS base peak chromatograms (negative ionisation mode) of the Fe2IMP3 and 

Fe2GMP3 salt, the nucleoside and nucleotide are indicated. Peak labels show the base peak m/z 

value, identification of inosine, IMP, and GMP was based on commercially available standards.  







 
 General discussion 



Outline of the general discussion 

Iron fortification of food is an effective solution to counter iron 

malnutrition but is often compromised by the reactivity of the iron ion with 

phenolics in the food. The main aims of this thesis were to gain insights 

into the chemistry of iron-phenolic interaction at the molecular level and 

to explore potential strategies to limit the discolouration mediated by 

Fe(III)-phenolic interactions.  

In this chapter, the main findings of the previous chapters on the insights 

into the chemistry of iron-phenolic interactions (section 8.1), and 

strategies to limit iron-phenolic interactions (section 8.2) will be 

discussed and placed in perspective alongside other (unpublished) 

results. We also explore how our new insights into iron-phenolic 

interactions can be extrapolated to applications beyond fortified food 

(section 8.3), and provide an outlook on future opportunities for iron 

fortification of food (section 8.4).  
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8.1. Unravelling iron-phenolic interactions 
This research aimed to unravel the chemistry of iron-phenolic interactions at the 
molecular level. In this section, we depict and discuss the main parameters and 
mechanism responsible for the discolouration mediated by iron-phenolic interactions. 
We also reflect on the analysis of the interaction products and colour. 

8.1.1. Main parameters defining Fe(III)-phenolic mediated discolouration  

This PhD study comprehensively maps the key factors affecting discolouration 

mediated by iron-phenolic interactions, an overview of which is shown in Fig. 8.1. This 

overview offers a route towards the selection of the parameters for the design of iron-
fortified food products to limit discolouration mediated by iron-phenolic interactions.  

Figure 8.1. Schematic overview of the parameters affecting the discolouration mediated by 

Fe(III)-phenolic interactions, according to the main findings of this thesis.  
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In Chapter 2 we revealed that the pH, type of iron salt, temperature, and presence of 

the taste enhancer MSG were the main factors that affected the discolouration of 
Fe(III)-catecholate systems. Additionally, the interplay of iron salt × pH and 
temperature × pH were demonstrated, amongst others, to significantly affect 
discolouration. In Chapters 3 and 4, we investigated the effect of phenolic structure 
on discolouration mediated by Fe(III)-phenolic interactions. The results of Chapter 3 
indicated that complexation of iron (i.e. Fe(II) and/or Fe(III)) to the 3–4 or 4–5 site of 

flavonoid aglycons instantly resulted in bathochromic shifting of the π→π* transition 

band and a red-brown colour, and that complexation to the 3ʹ–4ʹ site induced a π→dπ 

transition band (LMCT) and resulted in a purplish appearance. The combination of 

π→π* and π→dπ transitions resulted in intense black colour. As the majority of flavones 

that are present in nature and in bouillon cubes (and other savoury concentrates) are 
acylated and glycosylated, we also investigated the effect of the (acylated) 7-O-
apiosylglucosyl moiety on the interaction with iron in Chapter 4. The 7-O-

apiosylglucosyl moiety increased the ability of iron to coordinate to the 4–5 site, and 
thereby affected iron complexation. The presence of the 7-O-apiosylglucosyl moiety 
led to an increase of absorbance in the visible light region of the spectra and 
discolouration for flavones that possessed solely the 4–5 binding site, whereas it led 
to a decrease in absorbance and colour for flavones with an additional 3 ′-4′ site. 

Additional substitution of the 7-O-apiosylglucosyl moiety by 6″-O-acetyl or 6″-O-
malonyl did not affect the discolouration mediated by Fe(III)-phenolic interactions. 

Two results of Chapter 2 in particular offered opportunities for further studies: (i) the 
poorly water soluble ferric (pyro)phosphate salt (Fe4PP3 and FePO4) showed less 
discolouration compared to soluble iron salt (FeCl3); and (ii) presence of the taste 
enhancer MSG affected discolouration. As confirmed by (i), fortification with poorly 
soluble iron salts is a promising approach to limit discolouration. Nonetheless, even 
Fe4PP3 induced colour changes at the pH of interest (6.5) due to partial iron dissolution 

via interactions with catechol at this pH (see section 8.2.1), thus this approach needs 
further development. The second result demonstrated that the interaction between 

iron and taste enhancers warrants further investigation.  

In Chapters 5 and 7, mixed Ca-Fe(III) pyrophosphate salts (Ca2(1-x)Fe4x(P2O7)(1+2x)) and 
Fe(III)-nucleotide salts (Fe2GMP3 and Fe2IMP3) were synthesised, respectively. These 
salts exhibited decreased solubility at pH 6.5 and less discolouration with water 
insoluble phenolic compounds compared to Fe4PP3. Compared to the Ca-Fe(III) 
pyrophosphate salts with the lowest x-value (i.e. 0.14), the Fe(III) nucleotide salts were 
even two times more insoluble at pH 6.5. However, the findings of Chapters 6 and 7 

indicated that when these insoluble salts were combined with water soluble phenolics 
(LogS ≥ –2) discolouration could still be observed because the phenolics solubilised 
iron from the surface of the salts. To limit discolouration mediated by Fe(III)-phenolic 
interactions upon iron fortification, it is preferred to use low pH, a water insoluble iron 
salt (e.g. Fe2GMP3), and a fortification vehicle that does not contain water soluble 
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flavonoids (aglycons) with a 3ʹ–4ʹ site. The development of proof-of-concept iron-

fortified bouillon cubes should be the next step to confirm these selected parameters. 

8.1.2. Analysis of iron-phenolic interaction products and colour  

In this research the contribution of three different iron-phenolic interaction products 
(i.e. complexation, oxidation, metal-phenolic networks) to discolouration in aqueous 
solutions were investigated using the approach as depicted in Fig. 8.2. This approach 
allowed us, for the first time, to unravel the combined contribution of these different 
interaction products. 

Figure 8.2. Schematic representation of the general approach that was used in this thesis to 

analyse iron-phenolic complexation, oxidation, formation of networks, and the resulting colour 

after incubation in aqueous solutions.  

Incubation of iron with phenolics in aqueous model systems 
The iron-phenolic interactions were studied after incubation in aqueous model 

systems at the approximate pH of bouillon cubes (pH 6.5). The pH was adjusted using 
concentrated acid (HCl) or base (NaOH) instead of buffers, to avoid interference of 
buffer compounds with the iron-phenolic interactions.[1] Compared to the organic 
solvent solutions that were previously used in most studies on iron-phenolic 
interactions (Chapter 1), the incubation in aqueous solutions allowed for a better 
representation of real food systems. These aqueous model systems do not represent 
a real food product and the translation of the present findings to food products, and 

the influence of the products’ matrix effects, should be confirmed. Nevertheless, our 
results provided direct information about how a parameter, or a set of parameters, 
affected the mechanism of iron-phenolic interaction and iron dissolution, as well as 
the colour.  
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Analysis of (in)soluble iron-phenolic interaction products 

Water solubility varied widely between the different iron-flavonoid interaction 
products observed in Chapters 3 and 4. Therefore, we decided to separate the 
reaction mixture after incubation into an aqueous solution to obtain a water soluble 
(WS) fraction, and a water insoluble pellet (Fig. 8.2). The latter was solubilised in DMSO 
to obtain a DMSO soluble (DS) fraction. As the initial incubations were still performed 
in aqueous solutions, and the interaction products were immediately measured after 
solubilisation in DMSO we minimised the influence of organic solvent on the formation 
of Fe(III)-phenolic complexes and Fe(III)-mediated oxidation products. DMSO was 
preferred over other organic solvents because it is a solvent that is known to be 

suitable for metal:ligand systems. [2-4] Despite this, it may still influence the colour of 
Fe(III)-phenolic complexes via solvatochromism.[5] In Chapters 3 and 4 we verified that 
this only had a very limited influence on the absorbance spectra, resulting in a 
maximum bathochromic shift of 30 nm in the presence of DMSO, but no change in the 

type of transition (π→π* and π→dπ) or observed colour. Furthermore, DMSO can act as 

a hydroxyl radical scavenger,[6] but as incubations were done in aqueous solution in 
absence of DMSO this effect on oxidation is expected to be negligible.  

This approach allowed us to observe that in absence of iron, all phenolics were 

recovered in the WS or DS fractions. In contrast, in presence of iron, a DMSO insoluble 
pellet was obtained, which was suggested to be due to the formation of metal-
phenolic networks (MPNs). To quantify the amount of phenolic that was insoluble in 
DMSO after incubation with iron, we solubilised this pellet with 25 mM ascorbic acid 
solution to obtain an ascorbic acid soluble (AAS) fraction. Additional checks with 
concentrated HCl confirmed that lowering the pH was sufficient to disrupt the MPNs 
and solubilise the pellet. The remaining pellet after removal of the AAS fraction could 

not be analysed further and is suggested to be insoluble iron (hydr)oxides.  

After fractionation of the iron-phenolic interaction products to the WS, DS, and AAS 

fractions, several analytical tools were used to obtain more information about the iron-
phenolic interactions and their contribution to colour. Firstly, UV-Vis spectroscopy 
was used to get insight into the electronic transitions of phenolics in presence of 
Fe(III). These transitions were used to shed light on the colour and the preferred iron 
binding site. Secondly, intact phenolics and oxidation products were identified and 
(semi)quantified using RP-UHPLC-PDA-ESI-IT-MSn. Unfortunately, UHPLC did not 
allow for the identification and quantification of iron-phenolic complexes as these 
dissociated during chromatographic separation. Thirdly, the nature, and morphology 
of MPNs was investigated by SEM-EDX, TEM, and XRD analyses of the sample. 

Overall, the strength of our approach is that it allows identification of iron-phenolic 
complexes, oxidation products, and networks after separation of the WS, DS, and AAS 
fractions. In this way, we were able to unravel the combined contribution of these 
different interaction products to the discolouration mediated by iron-phenolic 

interactions in aqueous solutions.  
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8.1.3. Flavonoid oxidation by iron revisited 

In Chapter 3 a putative pathway for Fe(III)-mediated oxidation of quercetin was 

proposed. This pathway did not take into consideration the different possible origins 
of the oxygen atom (e.g. H2O or O2), that were previously proposed for (metal-
mediated) oxidation of flavonoids.[7-10] In additional work, we further refined the 
oxidation mechanism we first proposed in Chapter 3. Herein, we investigated the 
origin of the oxygen atom by performing an incubation of quercetin with Fe(III) in H218O 
in presence of atmospheric oxygen ( i.e. 16O).[11] A more comprehensive understanding 
of the role of iron in the oxidation mechanism can facilitate the development of future 

strategies to limit Fe(III)-mediated oxidation of flavonoids. The proposed oxidation 
pathways, involving oxygenation and/or hydroxylation, and expected degradation 
products formed after incubation in H218O are presented in Fig. 8.3.  

Figure 8.3. Putative pathways of Fe(III)-mediated quercetin oxidation in H2
18O labelled water, 

including the oxygenation reaction pathway involving incorporation of an oxygen atom  from 

molecular oxygen and the hydroxylation reaction pathway involving incorporation of oxygen 

from water, adapted from Malacaria and Bijlsma et al.[11]  

While the two putative oxidative pathways via oxygenation or hydroxylation yield 

similar oxidation products (i.e. 3,4-DHBA, 2,4,6-THBA, and 2,4,6-THPGA) they will 

demonstrate a distinct 18O-labelling pattern (Fig. 8.3). We calculated the theoretical 

abundance of the 18O isotopes in 3,4-DHBA, 2,4,6-THBA, and 2,4,6-THPGA expected 
from the oxygenation and hydroxylation mechanism and compared these to the 
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experimentally obtained abundances of these oxidation products. Based on the 

results of this experiment, we conclude that in presence of Fe(III) both mechanisms 

seem to occur simultaneously rather than exclusively. Future work should investigate 

the fate and rate of phenolic oxidation in presence of Fe(III) and ( 18O) atmospheric 

oxygen but in absence of water.  

8.1.4. Main mechanism responsible for Fe(III)-phenolic discolouration 

With the integrated approach used in Chapters 2, 3, and 4 of this thesis we have, for 
the first time, unravelled the combined contribution of complexation, oxidation, and 
the additional formation of iron-phenolic networks to the discolouration mediated by 

Fe(III)-phenolic interactions in food model systems. Table 8.1 provides an overview of 
the contribution of these interactions on the iron-phenolic mediated discolouration for 
a set of structurally diverse phenolics.  
 
For simple phenolics such as catechol, the discolouration is caused by rapidly 
occurring complexation (Chapter 2). For flavonoid aglycons, complexation was also 
the main contributor to discolouration (Chapter 3). Depending on the flavonoid’s 
structural features, however, oxidation and the formation of networks could further 
affect discolouration. For flavonols, degradation of the 2-phenylchromen-4-one 

backbone resulted in the formation of oxidative degradation products that still 

produced π→dπ transitions but no additional π→π* transitions and were therefore 

slightly lighter in colour. Although some flavonol dimers were also identified, the 
overall colour of the flavonols incubated with iron decreased over time.  For flavanols, 
the formation of coloured oxidative coupling products that were also able to undergo 

π→dπ and π→π* transitions resulted in a darker colour. Depending on the flavone, 

oxidative degradation and/or oxidative coupling were observed. The overall colour 
difference of flavones incubated with iron after 24 h did not demonstrate a positive or 
negative correlation with the amount of oxidation product. Additionally, it was 

observed that MPNs were formed for flavonoids with multiple binding sites, which 
produced a black precipitate. For the (acylated) flavone glycosides that are naturally 
present in bouillon cubes, no Fe(III)-mediated oxidation was observed after 24 h 
incubation (Chapter 4). This indicates that the discolouration of these substituted 
flavones in iron-fortified bouillon cubes is exclusively caused by the complexation 
and formation of MPNs. Nevertheless, (accelerated) shelf-life tests for a longer time 
(e.g. 6 months) should be performed to assess possible oxidation-mediated 
discolouration during storage of fortified foods.[12] Overall, the findings of this study 
reveal that the main contributor to fast discolouration is complexation, which leads to 
rapid and intense discolouration of the solution. Simultaneously, the formation of 

MPNs can lead to the additional development of dark precipitates for phenolics with 

multiple iron binding sites, whereas oxidation is a much slower process that can lead 
to either a darkening or gradual loss of colour over time. 
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Table 8.1. Overview of the contribution of iron-phenolic complexation, oxidation, and 

formation of networks to discolouration based on the results of Chapters 2, 3, and 4. + indicates 

a positive correlation of the interaction and colour, − a negative correlation, ± no clear 

correlation, n.d. that this interaction was not detected for this phenolic and n.i. that this 

interaction was not investigated for this phenolic. 

Type of Phenolic Structure 

Correlation with discolouration 

Complexation Oxidation 
Iron-Phenolic 

Networks 

Catechol + n.d. n.i.

Flavonol + − + 
(if R1 = OH)

Flavone + ± + 
(if R1 = OH) 

Flavanol + + n.d. 

Flavanone + n.d. n.d.

Flavanonol + n.d. +

(Acylated) 
Flavone 

Glycosides 
+ n.d.

+ 
(if R1 = OH) 

(if R3 = C3O4H3)

8.2. Strategies to limit iron-phenolic interactions 
In Chapters 5 and 7 of this thesis, we designed insoluble iron salts to limit iron-
phenolic interactions. In the first part of this section, we discuss the reactivity of 
insoluble iron salts and the evaluation of iron bioavailability from these salts . In the 
second part, we explore the potential of sulphur-containing compounds and iron 
chlorophyllin as alternative approaches to limit iron-phenolic interactions. 

8.2.1. Challenges of insoluble iron salts for fortification 

The reactivity of water insoluble iron salts  
Despite the very poor solubility of Fe4PP3 in water, discolouration with phenolics was 
still observed upon iron fortification of bouillon cubes with Fe4PP3.[13-15] In Chapters 6 
and 7, we described, for the first time, how water soluble phenolics coordinate Fe(III) 
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on the surface of water insoluble iron salts, thereby solubilising iron and causing 

discolouration of the salt surface and/or the aqueous solution. Furthermore, in 
agreement with our results from Chapter 2, brownish or blackish discolouration of 
fortified bouillon cubes (containing both iron and phenolics) was previously reported 
to be significantly increased when glutamate was present. [16] This led us to the 
hypothesis that the increased discolouration in the presence of glutamate was due to 
the formation of soluble Fe(III)-glutamate complexes [17] from the surface of insoluble 
Fe4PP3, thereby making iron available to react with phenolics.  

To better understand the mechanism underlying the discolouration mediated by 

Fe(III)-phenolic interactions in presence of glutamate, we performed an additional 
experiment. Here, we measured the solubility of iron from Fe4PP3 in the presence of 
catechol (1:1), an excess of glutamate (1:25) or a combination thereof (1:1:25) (Fig. 8.4). 
The molar ratios were chosen to represent the molar ratios of phenolic:iron:glutamate 
in fortified bouillon cubes.  

Figure 8.4. Soluble iron in aqueous dispersions of Fe4PP3 (CFe(III)=10 mM) in absence of ligand 

(blank), presence of catechol (+Cat), glutamate (+Glu), or a combination thereof (+Glu +Cat) 

(CCatechol=10 mM, CGlutamate=250 mM) at pH 3, 5, and 8. The pH was adjusted using concentrated 

HCl and NaOH. Subsequently, the aqueous solutions were incubated for 1 hour at 23 °C, 

centrifuged for 10 min at 5,000 g and finally the supernatants were 20 × diluted in nitric acid 

before determination of soluble iron concentration by ICP-AES. 

For Fe4PP3 salts, the presence of catechol increased the Fe dissolution, especially at 
pH 8, when deprotonated catechol could solubilise Fe from the salt . Compared to the 

blank, the presence of glutamate alone did not increase the Fe dissolution from the 
insoluble salts. Interestingly, the combination of glutamate and catechol did result in 
an increase in the dissolution of iron at pH 3, 5, and 8 with higher iron solubility than 
with catechol alone. Likely this is a result of the formation of a ternary complex as 
identified in Chapter 2. The increased discolouration of Fe4PP3 fortified bouillon cubes 
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in the presence of glutamate, [16] is thus potentially a result of dissolution of iron via the 

formation of ternary complexes of iron, phenolics, and glutamate (Fig. 8.4), whereby 
glutamate contributes to discolouration (Chapter 2). 

These results indicate that even when an iron salt is water insoluble and poorly 
soluble in dilute (non-iron complexing) acid, its reactivity with phenolic compounds 
can be influenced by the presence of other ingredients in the food matrix. Recent 
work has investigated the addition of the complexing and solubilising agents EDTA, 
NaPP, and citric acid/trisodium citrate to improve the bioavailability of Fe4PP3.[18-20] 
These solubilising agents can form soluble complexes from the insoluble salts, yet, it 

is important to keep in mind that the addition of these compounds to improve the 
bioavailability may unintentionally lead to more iron-phenolic interactions and 
undesired discolouration of the fortified food product.  

Evaluation of iron bioavailability in water insoluble iron salts 
In general, iron from water insoluble salts is considered to be less reactive but also 
less bioavailable (especially when the particles are large). In this thesis, we 
demonstrated that the newly synthesised mixed Ca-Fe(III) pyrophosphate salts 
(Chapter 5) and Fe(III)-nucleotide salts (Chapter 7) exhibited promising iron solubility 

at gastric pH. In these chapters, we linked the increased Fe solubility at gastric pH to 
improved bio-accessibility of these salts compared to Fe4PP3. Herein, iron bio-
accessibility was defined as the quantity of total iron in solution at gastric pH (1-3), 
which is thus assumed to be available for absorption in the gastro-intestinal tract. Bio-
accessibility cannot directly be correlated to iron bioavailability because the latter 
also includes digestion, absorption, and metabolism. [21] Nevertheless, in previous 
studies, the solubility of iron at pH 1 (0.1 M HCl) was confirmed to be a good indicator 
for in vivo bioavailability.[22-25] Our results on in vitro iron solubility, therefore, 
demonstrate the potential of the Ca-Fe(III) pyrophosphate salts and Fe(III)-nucleotide 

salts with improved iron solubility at acidic pH. The main pitfall of in vitro solubility 

measurements is that they can under- or overestimate iron availability because the 
effect of the food matrix is not taken into account. Future studies should confirm the 
iron bioavailability and the effect of the food matrix. The established in vitro Caco-2 
cell model is similarly affected by the food matrices as in vivo studies,[26-28] and can 
therefore be used to assess whether the presence of divalent metals (Chapter 5) or 
nucleotides (Chapter 7) is affecting the iron uptake by the DMT1 receptor prior to in 
vivo bioavailability testing.  

8.2.2. Exploring (alternative) approaches to limit iron-phenolic interactions 

Aside from the use of poorly soluble iron salts, the addition of reducing agents and/or 
competing ligands and metals were mentioned in Chapter 1 as possible approaches 
to limit iron-phenolic interactions in fortified foods. Constraints of the currently used 

approaches to limit iron-phenolic interactions are the pH range in which they are 
limiting discolouration, oxidation of the reducing agents which decreases their activity, 
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and the high costs. In the following sections, some other alternative approaches to 

limit iron-phenolic interactions that were assessed in this PhD study are discussed.  

Inhibition of iron-phenolic interactions by sulphur-containing compounds  
As mentioned in Chapter 1, sulphur-containing compounds are mild reducing agents 
that inhibit discolouration caused by (enzymatic) oxidative coupling reactions of 
phenolics, and may additionally act as competing ligands for Fe(III)-phenolic 
complexation. One study reports prevention of Fe(III)-phenolic mediated 
discolouration by sodium bisulphite, [29] which is likely due to the reducing activity of 
bisulphite or prevention of oxidative coupling but the exact mechanism has not 

specifically been investigated. Examples of sulphur-containing compounds that 
inhibit enzymatic oxidative coupling of phenolics are sodium bisulphite, cysteine, and 

glutathione.[30]  

The effect of cysteine and glutathione on iron-phenolic interactions was, to date, not 
reported. Additionally, methyl propyl trisulphide and diallyl sulphide are natural 
sulphur-containing compounds from onion and garlic that were previously reported 
to coordinate metals,[31,32] and can be inherently present in bouillon cubes. In 
additional experiments, we tested whether these sulphur-containing compounds 

could inhibit iron-phenolic interactions. Fe(II) (1 mM) was incubated with flavonoids (1 
mM) and sulphur-containing compounds at different pH (2-8) and different 
concentrations of the sulphur compound (0-100 mM). After incubation for 1 or 24 
hours, the mixtures were compared visually and by UV-Vis spectroscopy. The 
presence of sodium bisulphite or cysteine decreased the absorbance in the visible 
region of the spectrum and limited the discolouration caused by iron-flavonoid 
interaction (Fig. 8.5). The other sulphur-containing compounds could not inhibit the 
iron-flavonoid mediated discolouration.  

Figure 8.5. Combined absorbance spectra of the water soluble and DMSO soluble fractions of 

mixtures of luteolin and iron (CFe(II)=1 mM; CLuteolin=1 mM) at pH 4 and 6 in the absence (brown) 

and presence of sulphur compound (yellow). Note that these mixtures vary in more than one 

parameter because they were selected from a fractional factorial design (similarly to the design 

used in Chapter 2), nonetheless they are two representative and comparable examples.  
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Potential mechanisms for the observed inhibition are: (i) competition of the flavonoid 

and sulphur-containing compound for iron binding; (ii) reduction of Fe(III) to Fe(II) by 
the sulphur-containing compound; and/or (iii) the formation of sulphur-flavonoid 
addition products, after a nucleophilic attack from a thiol group on a quinone that is 
formed as intermediate in phenolic oxidation, which prevents the formation of 
coloured coupling products and/or iron complexation. 

In our samples, no sulphur-flavonoid addition products were detected by RP-UHPLC-
MS, making proposed mechanism iii unlikely. Inhibition of iron-phenolic interactions 
only occurred at an excess of the sulphur-containing compound and pH ≤ 6. 

Furthermore, inhibition primarily occurred for flavonoids that do not possess the 3ʹ–4ʹ 
site (results not shown), which is the most stable iron binding site. These observations 
support proposed mechanism i. However, a potential contribution of Fe(III) reduction 
to inhibition of complexation cannot yet be ruled out. For cysteine in presence of 
Fe(III), the cysteine oxidation product cystine was formed as a white precipitate. 
Formation of this product in the presence of iron was previously reported to be 

accompanied by reduction of Fe(III) to Fe(II), thus this observation supports proposed 
mechanism ii.[33,34] Although cysteine may oxidise to cystine in this process, its 
inhibitory activity is likely not completely lost because cystine can also compete for 

iron binding.[35] We conclude that addition of an excess of sodium bisulphite or 
cysteine could be a potential alternative approach to limit the discolouration mediated 
by Fe(III)-phenolic interactions via competition and reduction of Fe(III) to Fe(II).  

Iron chlorophyllin: a plant-based haem alternative? 
Generally, foods are fortified using non-haem iron sources, as they are cheap and 
readily available. The use of natural haem analogues from plant origin is an interesting 
alternative iron source due to its acceptance by consumers with a plant-based diet.[36-

38] Previously, chlorophyll derivatives have been explored as natural haem analogues

(Fig. 8.6).[39] These so-called iron chlorophyllin molecules are commercially available

and able to deliver bioavailable iron.[36]

Figure 8.6. The porphyrin ring structure of haem, chlorophyll, and iron chlorophyllin. 
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The iron chlorophyllin compounds were hypothesised to be less reactive because iron 

is bound in the porphyrin ring. To date, the reactivity of these iron chlorophyllins with 
phenolics present in the food matrix has not yet been tested. We performed a 
preliminary study in which we tested the reactivity of iron chlorophyllin with model 
phenolics (i.e. quercetin, apigenin, and epicatechin) and in bouillon solutions. More 
oxidation of the flavonoids was observed with iron chlorophyllin compared to FeSO4 
or Fe4PP3. Additionally, it resulted in an unacceptable green colour change of the 
bouillon solution. These findings indicated that iron chlorophyllins are not a good 
plant-based alternative for iron fortification of bouillon cubes. Nevertheless, other 
future applications of iron chlorophyllin may be of interest (text box 8.1).[40] 

8.3. Lessons learned from iron-phenolic interactions: 
extrapolation to other applications 

This research project aimed to explore strategies to limit iron-phenolic interactions as 
they lead to undesirable colour changes in iron-fortified foods. In other cases, 
purposefully inducing controlled interactions of phenolics with iron, or other metals, 
may be beneficial for various applications. In this section, we explore how our 
knowledge of iron-phenolic interactions could be applied to frontiers in science. 

8.3.1. Therapeutic agents 

Metal complexes of flavonoids and curcuminoids have been explored as a novel class 

of therapeutic agents.[41-45] Due to their unique structural characteristics, metal-
phenolic complexes may exhibit antioxidant, antimicrobial, antitumor, anticancer, anti-
inflammatory, and antidiabetic activities .[46-49] Our results on the factors that affect 
Fe(III)-phenolic complexation (Chapter 2), phenolic oxidative stability (Chapter 3), and 
water solubility of the interaction products (Chapters 3 and 4) give direction to future 
work on the use of complexes as therapeutic agents.  

Potential of flavonoids for metal chelation therapy 
Chelation therapy is the preferred treatment to reduce the accumulation of (toxic) 
metals in the body and the resulting metal intoxication.[50] Flavonoids are promising 
natural chelators,[51] however, to be used for chelation therapy it should first be 
investigated whether they form thermodynamically stable complexes that are 

Text box 8.1 Creating the ‘real’ Popeye spinach 
The general consensus is that Popeye gets his strength from spinach, due to the 
high reported iron content of spinach. However, this is highly unlikely. In fact, 
spinach does not contain outstandingly high amounts of iron compared to other 
vegetables.[42] With an additional experiment, in which iron chlorophyllin was 
added to (chopped) spinach, we observed that addition of iron chlorophyllin to 
spinach is a way to create the ‘real’ Popeye spinach without any adverse 
discolouration. 
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resistant to transformations (i.e. hydrolysis, reduction, and oxidation), water soluble, 

and are excreted from the body as such.[49,52-54] To this end, we performed an 
additional experimental study, which revealed that the flavonoids quercetin and 
luteolin can form stable chelates in aqueous solutions at physiological pH ( i.e. pH 7.4) 
with a set of first-row transition metal cations. [11] Luteolin showed to be a more suitable 
chelating agent than quercetin due to its higher oxidative stability. Based on the 
outcomes of Chapter 3, we suggest further investigation of eriodictyol and taxifolin 
for metal chelation therapy, as they form stable complexes, undergo limited metal-
mediated oxidation, and demonstrate improved water solubility compared to luteolin. 

8.3.2. Natural colouring agents 

Fe(III)-phenolic complexes have been used as natural dyes and pigments since 
ancient times. Until the beginning of the 20th century, dark black iron gall inks, that 
contained Fe(III)-phenolic complexes, were used for hand-written documents and 

painting sketches.[55,56] The disadvantages of these inks are that their black colour 
fades due to hydrolysis and oxidation reactions, and that the inks degrade the 
paper.[57,58] The results presented in this thesis constitute an improved understanding 
of the factors that affect Fe(III)-phenolic complexation and oxidation, its analysis, and 
its effect on colour. Thus, our results could be useful for characterisation of iron gall 

complexes and improvement of the conservation of these inks. Additionally, the 
colour of yellow or orange metal-flavonoid dyes can fade in time due to oxidation 
reactions.[59] The outcomes of Chapter 3 indicated that the use of flavonoids without 
the C2–C3 double bond, the catechol moiety, and the 4-carbonyl or 3-hydroxyl group 
results in improved oxidative stability of the metal complexes. Thus, to improve the 
oxidative stability of these dyes, it is recommended to incorporate flavonoids that 
meet these requirements.  

8.3.3. Iron mobilisation in plants 

Iron is also an essential micronutrient for plants, but its bioavailability is limited as a 

result of the poor solubility of iron (hydr)oxides in (alkaline) soils.[60,61] Coumarins (1-
benzopyran-2-one), another class of phenolics, have been recently demonstrated to 
be important molecules for iron uptake in plants by mobilisation of iron due to 
complexation of the coumarin with iron.[62] Especially the coumarins that contain a 
catecholate moiety were able to mobilise iron.[61,62] Upon complexation, the coumarins 
can be oxidised by Fe(III).[63] Our integrated approach to analyse iron-phenolic 
complexation, oxidation, and formation of networks in aqueous solutions (section 
8.1.2), allows for an in-depth analysis of iron-coumarin interactions and the coumarin 
oxidation products that are relevant for iron mobilisation in plants. 

8.3.4. Isotopic labelling of catecholates 

Upon the elucidation of the Fe(III) mediated oxidation of quercetin in H218O (section 
8.1.3), we observed unexpected rapid 16O/18O exchange on the catecholic hydroxyl 
groups. This exchange occurred at mild conditions (37 °C, neutral or slightly acidic pH) 



CHAPTER 8 

262 

and in absence of Fe(III) no exchange was observed. We have, in an additional study, 

further investigated this isotopic exchange under mild conditions and found near-to-
complete (> 90 %) 18O labelling for some catecholates in presence of Fe(III) within 30 
min.[64] A proposed mechanism for catalysis of this 16O/18O exchange via Fe(III)-
catecholate complex formation is depicted in Fig. 8.7.  

Figure 8.7. Proposed mechanism for Fe(III) catalysed 16O/18O exchange of catechol motifs, from 

Hilgers, Bijlsma et al.[64] The H2
18O attacking the catecholato ligand may also originate from the 

bulk. Examples of valence tautomerism as a mechanism underlying catalysis in Fe-catecholato 

complexes have been reported in earlier research. [65]  

These isotopically labelled compounds can be used in many fields of chemistry [66-73] 
and to follow the metabolic fate of biologically active compounds in human or animal 
studies.[74,75] Fe(III)-phenolic complexation can catalyse the 16O/18O exchange of 

catechol motifs with H218O under mild conditions and provides a new route for the 
facile production of 18O-labelled catechol derivatives. 

8.3.5. Extrapolation to other metals 

Although this research focussed on the interaction of phenolics with iron, some of the 
present findings on the complexation, oxidation, and discolouration can be 
extrapolated to other first-row transition metals, including zinc as a 3d-block metal All 
of these metals are hard or borderline Lewis acids and form stable complexes with 
phenolics.[76,77] The oxidation rate of phenolics by these first-row transition metals 
depends on the metals’ redox activity and the ability for electron transfer with the 
ligand. Iron, copper, cobalt, and manganese are known to exhibit rich redox chemistry , 
whereas zinc is not redox-active due to the completely filled d-orbitals.[78] In terms of 

complexation and oxidation the charge of the metal cation is an important 

characteristic. In another study, we investigated the interaction of flavonoids with 
transition metals and demonstrated that trivalent transition metal cations formed 
complexes at lower pH with more oxidation products compared to divalent transition 
metals.[11] Although most first-row transition metals, except for zinc, form coloured 
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complexes with phenolics, the colour of Fe(III) complexes is the most intense. [11,79] The 

outcomes of our additional study indicate that the fortification of phenolic-rich food 
with other important dietary minerals, such as zinc, will likely be less challenging , in 
terms of discolouration, than iron fortification.  

8.4. Designing iron-fortified foods 

8.4.1. Translating iron-phenolic model systems to bouillon cubes 

The outcomes of this study can be used to answer some fundamental questions of 
the food industry to improve the design of iron-fortified products. First of all, the 

outcomes of Chapter 5 indicated that (acylated) flavone glycosides, derived from 
celery and parsley, are present in bouillon cubes and interact with iron to form 
coloured interaction products. The quantities of flavone glycosides in celery and 
parsley may differ depending on their origin and time of purchase. [80-82] One approach 
that could be explored to limit iron-phenolic discolouration is to screen raw materials 
for flavone content during sourcing. Selecting raw ingredients with low flavone 
glycoside, especially luteolin glycoside, content could limit discolouration in the final 
product.  

The discolouration caused by (acylated) flavone glycosides (Chapter 4) was not as 

intense as for the flavonoid aglycons (Chapter 3). Possibly, the flavone glycosides may 
not be the only phenolics causing iron-mediated discolouration in bouillons. Besides 
the flavone glycosides, bouillon cubes also contain phenolic acids and curcuminoids. 
The phenolic acids that were present in bouillon (i.e. primarily p-coumaric acid 
derivatives) are not expected to lead to intense discolouration as they lack an ortho-
diphenol moiety that can serve as an iron chelation site. Coordination of Fe(III) to the 

β-diketone moiety of curcumin was previously reported to result in a dark-coloured 

complex.[42,83] Thus, it was hypothesised that the discolouration observed in fortified 
bouillons was additionally caused by complexation of iron with curcuminoids.  

Complementing the outcomes of Chapter 5 we performed an additional experiment 
in which we compared the colour of solutions of iron with (acylated) flavone 
glycosides or curcumin (Fig. 8.8). This confirmed that iron-curcumin interactions 
indeed cause more intense absorbance in the visible range of the spectra and a darker 
colour compared to the flavone glycosides at the same molar concentrations. In 
future work, the interactions (e.g. complexation, oxidation, formation of networks) of 
iron with curcumin and the mixed phenolic bouillon extract have to be explored.  
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Figure 8.8. Normalised UV-Vis absorbance spectra of the combined WS and DS spectra of 

flavone glycosides and curcumin at pH 6.5 (CFe=1 mM; CLigand=1 mM). 

Curcuminoids in bouillon cubes are derived from turmeric, which is added as one of 
the main spices and as a natural yellow-orange colourant. We suggest exploring 

whether the replacement of curcuminoids by carotenoids as orange colourants (i.e. β-

carotene or zeaxanthin) results in less discolouration, while maintaining a similar 
flavour. These carotenoids do not contain a phenolate moiety or a diketone moiety 
and are therefore not expected to form coloured complexes with Fe(III). Nevertheless, 

β-carotene can be oxidised in presence of iron, which may result in the formation of 

off-flavours.[84-86]  

8.4.2. Design guidelines for iron-fortified foods 

The knowledge that is generated in this thesis regarding the factors that affect the 
colour of iron-fortified foods can also be extrapolated to other types of food vehicles 
beyond bouillon cubes. The most effective strategy to prevent iron-phenolic 

interactions and discolouration of fortified foods depends on the phenolic compounds 
and other ingredients that are present in the food matrix. Thus, solutions should be 
tailored to the specific food product selected as an iron fortification vehicle to 
effectively limit iron-phenolic interactions and discolouration. Fig. 8.9 depicts design 
guidelines based on the outcomes of this thesis that can help direct the choice of the 
most suitable iron salt and optimal conditions to limit discolouration mediated by 
Fe(III)-phenolic interactions. 

In our research, all phenolics with a bidentate binding site demonstrated 

discolouration upon iron complexation. Some food phenolics (e.g. ferulic acid, p-
coumaric acid) coordinate to iron in a monodentate fashion and do not result in the 
fast complexation mediated discolouration. [29] However, monodentate coordination 
can be followed by electron transfer reactions, leading to formation of larger oxidative 
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coupling products that may contribute to discolouration. [87] Therefore, interaction of 

these phenolic compounds with iron should also be prevented to limit discolouration.  

Figure 8.9. Design guidelines for iron fortification of foods to ensure limited discolouration 

mediated by Fe(III)-phenolic interactions, based on the outcomes of this thesis. 

These design guidelines have to be confirmed in suitable fortification vehicles and are 
especially suitable for (semi-)solid foods as for liquid products (e.g. tea) care should 
be taken that the water insoluble iron salt remains suspended in the solution. To 
design iron-fortified bouillon cubes that contain slightly water soluble phenolics (e.g. 

apiin logS -2.5 ) and insoluble phenolics (e.g. curcumin logS -4.06) that contain a 
bidentate binding site, it is recommended to use a water insoluble salt at pH 3-7. To 
ensure iron bio-accessibility and limit reactivity we recommend using an iron salt with 

increased dissolution at gastric pH but very poor water solubility at food pH (e.g. Ca-
Fe(III) pyrophosphate or Fe(III)-nucleotide salts). 
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8.4.3. Future outlook on product development of iron-fortified foods 

As fortification of food with iron is technologically more difficult than fortification with 

other micronutrients, it is important to carefully follow iron fortification 
recommendations. Following these recommendations and the design guidelines as 
depicted in section 8.3.2 facilitates design of a product with an acceptable colour and 
good iron bioavailability. In a recent study by Hurrell, [88] a typical development 
procedure was laid out for fortified food products. In textbox 8.2 we provide a short 
overview of this framework. With the work of Chapter 5, 6, and 7 (part 2) of this thesis 
we covered step two of the product development framework. Future investigation 

should focus on the next steps, starting with an investigation of the relative 
bioavailability of the iron compounds (i.e. Ca-Fe(III) pyrophosphate and Fe(III)-
nucleotides) that were developed in this study. 
 

 

8.5. Closing remarks & highlights  
The current thesis set out to understand the chemistry of iron-phenolic interactions 

and the resulting discolouration, and to explore strategies to limit the discolouration 
of fortified food mediated by Fe(III)-phenolic interactions. The outcomes of this thesis 
shed light on the effect of intrinsic and extrinsic factors, as well as the structural 
features of flavonoids, and on the discolouration mediated by Fe(III)-phenolic 
interactions. We confirmed that the main contributor to fast discolouration in aqueous 
solutions is the complexation of Fe(III) to phenolics, simultaneously the formation of 
MPNs can lead to dark precipitates for phenolics with multiple iron binding sites, 
whereas oxidation can slowly lead to a darkening or gradual loss of colour over longer 

time. The newly developed Ca-Fe(III) pyrophosphate and Fe(III)-nucleotide salts 
demonstrate interesting pH-dependent dissolution behaviour, with decreased 
reactivity at food pH and increased dissolution at gastric pH compared to Fe(III) 
pyrophosphate. Food products comprising these salts have the potential to contribute 
to countering the global problem of iron deficiency. 

Text box 8.2. Steps in the product development of iron-fortified foods, based on 
Hurrell[81]  

1. Select food fortification vehicle  

2. Select the iron fortification compound 

3. Test the compound for relative bioavailability 

4. Multimeal stable isotope study  

5. Ensuring stability of ascorbic acid  

6. Nutrient retention studies 

7. Sensory studies 

8. Consumer acceptability 

9. Long-term, well-controlled, efficacy studies 

10. Noncontrolled effectiveness studies 
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Fortification of food (e.g. bouillon cubes) with iron is an effective solution to counter 

the global health problem of iron deficiency but is often compromised by the 
reactivity of iron with phenolics (e.g. flavonoids) that are naturally present in foods. 
Iron-phenolic interactions can result in unwanted discolouration of the fortified food 
product and can impair iron bioavailability. However, systematic knowledge of iron-
phenolic chemistry and the main factors that influence iron-phenolic interactions and 
the resulting discolouration is lacking. Furthermore, current strategies to limit iron 
reactivity in fortified foods are not yet sufficiently effective at preventing 
discolouration and typically involve the use of insoluble iron compounds that are also 
less bioavailable. This thesis aims to create insights into the chemistry of iron-phenolic 

interactions at the molecular level and to explore strategies to limit iron-phenolic 
mediated discolouration. 

In Chapter 1, we delineated the rationale behind this research project. We explained 
why food fortification is a good solution to treat iron deficiency and what challenges 
can be encountered upon iron fortification of foods. The underlying chemistry of iron, 

phenolics, and iron-phenolic interactions was discussed. Building on this information, 
we described how these interactions can induce colour changes in food. Moreover, 
we summarised commonly used methods to analyse iron-phenolic interactions. Most 

of the iron-phenolic complexes of interest have been studied in organic solvents , 
whereas water is the preferred solvent because we are interested in iron-phenolic 
complexes in food products. Lastly, the limitations of existing strategies to inhibit iron-
phenolic mediated discolouration in fortified foods were discussed. 

Part I of this work comprehensively mapped the effect of pH, temperature, salt 
strength, type of iron salt, and the phenolic structure on complexation, oxidation, and 
discolouration.  
In Chapter 2, we studied the interplay between several factors (e.g. iron salt, pH, 
temperature, ionic strength, concentration iron, iron:catechol ratio, and presence of 

monosodium glutamate (MSG)) on discolouration caused by iron-catechol 
complexation. To this end, a three-level fractional factorial design was implemented, 
and UV-Vis spectrophotometry was used to measure colour formation. We analysed 

the absorbance spectra using statistical methods and revealed that the main factors 
affecting discolouration were the type of iron salt, pH, and temperature. Additionally, 
several two-way interactions significantly affected iron-catechol complexation. We 
also observed black precipitation in several aqueous samples, depending on intrinsic 
and extrinsic factors. These results indicated that further research on the parallel 
occurrence of iron-phenolic complexation, oxidation, and formation of networks was 

required.   
Thus, in Chapter 3, we created an integrated approach to analyse iron-flavonoid 
complexation, oxidation, and formation of metal-phenolic networks (MPNs) in 
aqueous solutions at food pH (i.e. 6.5). Samples were taken over time and fractionated 
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to water soluble, DMSO soluble, and ascorbic soluble fractions that were measured 

by spectrophotometric, mass spectrometric, and microscopic techniques. This 
allowed us, for the first time, to unravel the combined contribution of three different 
iron-flavonoid interactions (i.e. complexation, oxidation, and the formation of 
networks) to discolouration. We observed that iron complexation to the 3–4 or 4–5 site 

instantly resulted in bathochromic shifting of the π→π* transition bands, and 

complexation to the 3ʹ-4ʹ site (i.e. B-ring catechol moiety) induced a π→dπ (LMCT) 

transition band. Simultaneously, the formation of MPNs led to dark precipitates for the 
flavonoids with multiple iron binding sites. Oxidation on the other hand occurred more 
slowly over time with oxidative coupling leading to a darkening of colour, whereas 

oxidative degradation led to a loss of colour. Our work indicated that the presence of 
the C2–C3 double bond in combination with the catechol moiety and either the 4-
carbonyl or 3-hydroxyl group increased the intensity of discolouration, the extent of 
flavonoid oxidation, and the formation of MPNs. The work described in this chapter 
provides insights into the reactivity of iron with flavonoid aglycons. However, in nature 
and in bouillon cubes, most flavonoids are glycosylated. Thus further research was 
required to investigate the effect of flavonoid glycosylation on their interaction with 
iron.  
In Chapter 4, we purified nine differentially (acylated) flavone glycosides that are 

present in bouillon cubes. We comprehensively investigated the effect of (acylated) 

7-O-apiosylglucosyl substitution on the interaction with iron. Our work revealed that
the presence of the 7-O-apiosylglucosyl moiety increased the ability of iron to
coordinate to the 4-5 site, and thereby affected iron-flavone complexation. As a result,
increased discolouration was observed for flavones possessing solely the 4-5 binding
site, whereas decreased discolouration was observed for flavones with an additional
3′-4′ site. Additional 6″-O-acylation did not affect the colour.
Overall, the outcomes of Part I of this thesis contributed to a more systematic
understanding of the main factors affecting iron-phenolic interactions. With the
integrated approach used here, we demonstrated that rapid complexation was the

main contributor to fast and intense discolouration in solution. Simultaneously, the
formation of MPNs led to the additional development of dark precipitates for
phenolics with multiple iron binding sites, whereas oxidation was a much slower
process that led to either a darkening or gradual loss of colour over time.

Part II of this thesis aimed to find solutions to limit iron-phenolic mediated 
discolouration. The use of water insoluble or very poorly soluble iron salts such as 

Fe(III) pyrophosphate (Fe4PP3) is one of the current approaches to deliver iron. Despite 
the very poor solubility of Fe4PP3 resulting in limited reactivity, it still causes 

discolouration in fortified bouillons. Moreover, its poor solubility also leads to reduced 
iron bio-accessibility. When using poorly soluble iron salts, it is challenging to ensure 
sufficient iron bio-accessibility while limiting the iron-phenolic interactions to an 
acceptable level. Ideally, these salts should have limited dissolution at food pH ( i.e. 3-
7), to limit iron-phenolic reactivity leading to sensorial changes in food, and fast 
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dissolution at gastric pH (i.e. 1-3), to ensure iron bio-accessibility. To achieve this we 

synthesised different insoluble iron salts, where iron was integrated into an (in)organic 
matrix to reduce its reactivity, and characterised their pH-dependent dissolution, as 
well as their reactivity with phenolics.  
In Chapter 5, we reported the design and synthesis of, nature-inspired, mixed Ca-
Fe(III) pyrophosphate salts with tuneable pH-dependent dissolution. The salts with the 
general formula Ca2(1-x)Fe4x(P2O7)(1+2x) and 0 ≤ x ≤ 1 were synthesised by a co-
precipitation method and characterised by TEM(-EDX), XRD, and FT-IR. It was 
confirmed that iron in these salts, with 0.14 ≤ x ≤ 0.35, was homogeneously distributed 
and that the salts had an amorphous nature. Iron dissolution from these mixed salts 

was increased four-fold at gastric pH (1-3) and decreased eight-fold at food pH (3-7) 
compared to Fe4PP3. By changing the x-value, the dissolution behaviour of iron could 
be tuned. These findings indicated that mixed Ca-Fe(III) pyrophosphate salts are 
potentially more bioavailable due to increased iron dissolution at gastric pH and less 
reactive due to decreased iron dissolution at food pH.  
In Chapter 6, we aimed to provide insights into the reactivity of these mixed Ca-Fe(III) 

pyrophosphate salts with structurally diverse phenolics. Iron-phenolic complexation, 
oxidation, and surface interactions of Fe4PP3 and Ca2(1-x)Fe4x(P2O7)(1+2x) with x= 0.14, 0.15, 
0.18, and 0.35 were studied. We confirmed that at pH > 5, water soluble phenolics 

coordinated iron on the salt surface and thereby solubilised iron, which resulted in 
discolouration. However, for the mixed salts with x ≤ 0.18 the colour changes remained 
acceptable in the presence of slightly water soluble and insoluble phenolics similarly 
to those that are commonly present in bouillon cubes. Additionally, phenolic oxidation 
was significantly reduced in the presence of the mixed salts compared to Fe4PP3.
In Chapter 7, we investigated the interaction of Fe(III) with three different taste 
enhancers (i.e. MSG, inosine monophosphate (IMP), and guanosine monophosphate 
(GMP)). We demonstrated that complexes of the nucleotides IMP and GMP with Fe(III) 
are more stable compared to Fe(III)-MSG complexes, but also precipitated at pH 3-8 
due to charge neutrality. This latter property was exploited to synthesise Fe(III) salts 

of IMP or GMP (i.e. Fe2IMP3 and Fe2GMP3) using an aqueous precipitation method. The 
resulting salts demonstrated promising iron dissolution behaviour, as they were even 
more soluble at gastric pH and less soluble at food pH than the mixed Ca-Fe(III) 

pyrophosphate salts. The solubility of Fe2IMP3 and Fe2GMP3 salts was up to twenty-
fold increased at gastric pH (1-3) and fifteen-fold decreased at food pH (3-7) 
compared to Fe4PP3. Additionally, the presence of Fe2IMP3 and Fe2GMP3 led to less 
discolouration in the presence of poorly soluble phenolics.  
The newly developed Ca-Fe(III) pyrophosphate with x ≤ 0.18 and Fe(III)-nucleotide 
salts possessed the desired pH-dependent dissolution behaviour for food fortification 

with decreased reactivity at food pH and increased dissolution at gastric pH 
compared to Fe(III) pyrophosphate, thus they can potentially serve as iron fortificants 
for food.  
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In Chapter 8, the main findings presented in this thesis were discussed and placed in 

perspective alongside other (unpublished) results. We discuss the main parameters 
affecting Fe(III)-phenolic mediated discolouration, the main mechanism responsible 
for discolouration, and the integrated approach that we developed and used in this 
thesis for the analysis of iron-phenolic interactions in aqueous model systems. 
Additionally, we discuss various strategies to limit iron-phenolic interactions, including 
those described in part II of this thesis. The challenges associated with using insoluble 
iron salts for fortification are addressed and alternative or complementary 
approaches to limit discolouration are described. We explore how our new insights 
into iron-phenolic interactions can be extrapolated to applications beyond fortified 

food. Lastly, we provide an outlook on future opportunities for iron fortification of food 
and present design guidelines for the iron fortification of foods based on the 
outcomes of this thesis. These guidelines can direct the choice of the most suitable 
iron salt and optimal conditions to limit discolouration mediated by Fe(III)-phenolic 
interactions. For the design of iron-fortified bouillon cubes that contain slightly water 
soluble and insoluble phenolics, we recommend to use an iron salt with increased 

dissolution at gastric pH but very poor water solubility at food pH (e.g. Ca-Fe(III) 
pyrophosphate or Fe(III)-nucleotide salts) and ensure pH 3-7 in the food. 
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