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A B S T R A C T   

Iron interactions in iron-fortified savory concentrates lead to undesirable discoloration, 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 mono-
phosphate (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 synthesize 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 discoloration in combination with the poorly soluble phenolics that are commonly present in savory 
concentrates. We conclude that Fe(III) salts of IMP or GMP can potentially serve as iron fortificants due to their 
increased solubility at gastric pH (1–3), decreased iron dissolution at food pH (3–7), and decreased reactivity at 
food pH.   

1. Introduction 

Fortification of savory concentrates (e.g. bouillon cubes) with iron 
can effectively reduce the global prevalence of iron deficiency (de Mejia, 
Aguilera-Gutiérrez, Martin-Cabrejas, & Mejia, 2015; Hurrell, 1997; 
Moretti et al., 2006). 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′-mono-
phosphate (Na2IMP; E630), to further boost the umami taste (Acebal, 

Lista, & Fernández Band, 2008; Chiang, Yen, & Mau, 2007). For 
example, dry bouillon cubes from different local supermarkets in 
Argentina contained 38 ± 17% (w/w) MSG, 0.23 ± 0.16% (w/w) IMP, 
and 0.06 ± 0.05% (w/w) of GMP (Acebal et al., 2008). 

When a savory concentrate is fortified with iron, the product color 
and iron bioavailability can be compromised due to iron-phenolic in-
teractions (Bijlsma, de Bruijn, Velikov, & Vincken, 2022; Gupta et al., 
2020; Habeych, van Kogelenberg, Sagalowicz, Michel, & Galaffu, 2016). 
These phenolics are naturally present in the herbs (Bijlsma, de Bruijn, 
et al., 2023; Hostetler, Riedl, & Schwartz, 2012). To counter these re-
actions, insoluble iron fortificants, such as ferric pyrophosphate (i.e. 
ferric diphosphate; Fe4PP3), are used for the fortification of bouillon 
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cubes (Gupta et al., 2020; Martínez-Navarrete, Camacho, Martínez-La-
huerta, Martí;nez-Monzó, & Fito, 2002). Fe4PP3 is practically insoluble 
(<0.1 mg/L) in aqueous solution at pH 3–5 and sparingly soluble 
(10–33 mg/L) at pH 1–2 (Allen, De Benoist, Dary, & Hurrell, 2006; 
Moslehi et al., 2022; Tian, Blanco, Smoukov, Velev, & Velikov, 2016). 
Despite its water insolubility at food pH discoloration with phenolics can 
still be observed in the presence of Fe4PP3 (Allen et al., 2006; Bijlsma, 
Moslehi, et al., 2023; Dueik, Chen, & Diosady, 2017; Hurrell et al., 
2004). 

The presence of glutamate (Glu) was previously associated with 
increased discoloration in an iron-phenolic model system and an iron- 
fortified savory food concentrate (Bijlsma et al., 2020; Jansen & Veli-
kov, 2014). Ferric iron (Fe(III)) was previously reported to coordinate to 
glutamate via the carboxylate oxygen atoms (Djurdjević & Jelić, 1997). 
Additionally, nucleotides strongly coordinate metals, although the metal 
binding preference is metal and nucleobase dependent (Lopez & Liu, 
2017; Thakur et al., 2018; Zhou, Shi, Yao, Sheng, & Li, 2015). 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 (Alabart, Moreno, Labarta, 
Tejada, & Molins, 1990; Aoki, 1976; Aoki, Clark, & Orbell, 1976). 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 (Moreno et al., 1985; Richter & 
Fischer, 2003; Zhelyaskov & Yue, 1992). The pH plays a crucial role in 
the coordination of metals to ligands because it affects the ligand pro-
tonation state and hydrolysis of the metals. Nevertheless, the effect of 
pH on the coordination of Fe(III) to IMP or GMP and the resulting 
speciation in aqueous systems was not reported to date. Knowledge of 
the type of coordination complexes (e.g. stability, coordination mode, 
solubility) formed by Fe(III) with taste enhancers at different pH values 
will help to understand the reactivity of Fe(III) in (fortified) savory 
foods. 

Here we comprehensively study the interaction of Fe(III) and all taste 
enhancers in aqueous solution at different pH. IMP and GMP are ex-
pected 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 com-
plexes, stability constants, and solubility are inconsistent (Atkári, Kiss, 
Bertani, & Martin, 1996; Jiang, Wang, Parekh, & Leonard, 1998; Lemire, 
Taylor, Schlenz, & Palmer, 2020; Rossi, Velikov, & Philipse, 2014; Sun, 
Zhao, & Teng, 2020; Tian et al., 2016). In general Fe(III) phosphates 
form neutral insoluble complexes in aqueous solution in the food pH 
range (3–7) (Allen et al., 2006; Moslehi et al., 2022; Tian et al., 2016). 
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 insight into the interaction of Fe(III) 
with Glu, IMP, GMP, MP, and PP in aqueous solutions as influenced by 
pH. The effect of pH on coordination, speciation, and solubility of the 
complexes in aqueous model systems was elucidated by pH- 
potentiometric and UV–Vis spectrophotometric methods. These tech-
niques are widely used because they allow determination of the stability 
constants and stoichiometry of metal-ligand complexes at different pH 
values (Malacaria et al., 2021). We hypothesized that (i) all taste en-
hancers 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, 
GMP, MP, and PP possess limited solubility at food pH (3–7) due to 
coordination via the phosphate group. 

2. Materials and methods 

2.1. Materials 

Ferric chloride hexahydrate (FeCl3⋅6H2O; a.r. grade) was purchased 
from Reanal (Budapest, Hungary). The following ligands were pur-
chased from Merck Life Science (Darmstadt, Germany): pyrophosphate 
(PP) tetrasodium salt decahydrate (Na4PP, Na4P2O7⋅10H2O, purity 
≥99%), dihydrogen phosphate (MP) monosodium salt monohydrate 
(NaH2MP, NaH2PO4⋅H2O, purity ≥99%), L-glutamate (Glu) mono-
sodium salt monohydrate (NaHGlu, NaC5H8NO4⋅H2O, purity ≥98%), 
inosine 5′-monophosphate (IMP) disodium salt hydrate (Na2IMP, 
Na2C10H11N4O8P⋅xH2O, purity ≥99%), and guanosine 5′-mono-
phosphate (GMP) disodium salt hydrate (Na2GMP, Na2C10H12-

N5O8P⋅xH2O, purity ≥99%). Ferric chloride (FeCl3, purity ≥97%, for 
synthesis), quercetin hydrate (purity ≥95%), 1,2-dihydroxybenzene 
(purity ≥99%; catechol), caffeic acid (purity ≥98%), curcumin (purity 
≥94%), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid 
monosodium salt hydrate (purity ≥97%; ferrozine), hydrochloric acid 
(HCl), and potassium hydroxide (KOH) were also purchased from Merck 
Life Science. (− )-Epicatechin (purity ≥97%) was purchased from TCI 
Europe NV (Zwijndrecht, Belgium), apigenin (purity ≥98%) from 
Indofine Chemical Company (Hillsborough, NJ, USA), and ascorbic acid 
(purity ≥99%) was obtained from VWR International (Radnor, PA, 
USA). ULC-MS grade acetonitrile (ACN) and water both containing 0.1% 
(v/v) formic acid, and pure formic acid (FA, purity ≥99%) were pur-
chased 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). 

2.2. Potentiometric and spectrophotometric studies 

2.2.1. Preparation of the solutions 
The metal ion stock solutions for pH-potentiometric and spectro-

photometric measurements were prepared from FeCl3⋅6H2O (Reanal, 
Hungary), the stock solution also contained 0.10 mol/L 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 (Gran, Dahlenborg, Laurell, & Rotten-
berg, 1950). 

Due to the limited water solubility of 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% (w/ 
w). 

2.2.2. Potentiometric measurements 
All pH-potentiometric measurements were carried out at an ionic 

strength of 0.20 mol/L (KCl) and at 25.0 ± 0.1 ◦C. A carbonate-free KOH 
solution of known concentration (0.20 mol/L) 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% 
(w/w) solvent mixture. The combined glass electrode was conditioned 
in the solvent mixture for three days before the measurements (Mussini, 
Covington, Longhi, & Rondinini, 1985). The electrode system was 
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calibrated according to Irving et al., pH-metric readings could therefore 
be converted into hydrogen ion concentration (Irving, Miles, & Pettit, 
1967). The water ionization 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 of 2.0–11.0 and in 
solvent mixture in the pH range of 3.0–15.0 or until precipitation 
occurred. The initial volume of the samples was 15.0 mL. Ligand con-
centrations were kept constant at 4.0 mmol/L and the Fe(III) to ligand 
ratios were 1:1, 1:2, 1:4 and 1:10. All samples were completely deoxy-
genated by bubbling with purified argon for ca. 15 min before the 
measurements. 

2.2.3. Interpretation of potentiometric data 
The protonation constants of the ligands were determined with the 

computer program SUPERQUAD (Sabatini, Vacca, & Gans, 1974). Potenti-
ometric data were used to determine the stoichiometry of the species 
and calculate their stability constants. These calculations were per-
formed using the computer program PSEQUAD (Gans, Sabatini, & Vacca, 
1996) 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 ionization of the coordinated water (Baes & 
Mesmer, 1977; Farkas, Buglyó, Enyedy, Gerlei, & Santos, 2002). Titra-
tion 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. 

2.2.4. Spectrophotometric measurements 
UV-spectra of the Fe(III) containing systems in aqueous solution 

were recorded using a PerkinElmer Lambda 25 spectrophotometer. Iron 
(III) ion concentrations were in the range of 0.025–0.10 mmol/L and the 
metal ion to ligand ratios were in the range of 1:3–1:6. Measurements 
were carried out in the range of 0.7–11.0 or until precipitation occurred. 
Measurements were carried out by preparing individual samples in 
which the 0.20 mol/L KCl was partially or completely replaced by HCl. 
The pH values, varying in the range of ca. 0.7–1.6, were calculated from 
the HCl content. UV–Vis spectra were recorded over the range of 
200–800 nm with a path length of 1 cm. 

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 method as described elsewhere 
(Moslehi et al., 2022). Iron(III)-pyrophosphate (Fe4(P2O7)3; Fe4PP3) was 
also prepared for comparison. 

The net precipitation reactions of the three different salts are indi-
cated by equations (1)–(3). 

Fe4PP3 : 4FeCl3 (aq) + 3Na4P2O7(aq) → Fe4(P2O7)3(s) + 12NaCl(aq) Eq.1  

Fe2IMP3 : 2FeCl3(aq) + 3Na2IMP(aq) → Fe2IMP3(s) + 6NaCl(aq) Eq.2  

Fe2GMP3 : 2FeCl3(aq) + 3Na2GMP(aq) → Fe2GMP3(s) + 6NaCl(aq) Eq.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 eqs. 
(1)–(3). For Fe2IMP3 and Fe2GMP3, solutions of 2.07 mmol FeCl3 in 250 
mL MQ water were prepared. Subsequently, they were quickly added to 
solutions of 3.22 mmol Na2IMP or Na2GMP in 500 mL of MQ water 
while stirring at 500 r/min. For Fe4PP3, a solution of 4.15 mmol FeCl3 in 
250 mL MQ water was quickly added to a solution of Na4(P2O7) (3.22 
mmol, 500 mL) while stirring at 500 r/min. 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 
(6000×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 characterized by XRD, TEM, SEM-EDX, and by 
elemental analysis (CHNS, ICP-AES) (supplementary information, 
method SI-1). 

2.4. Iron dissolution and reactivity of Fe4PP3, Fe2IMP3, and Fe2GMP3 
salts 

2.4.1. 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. The pH of the dis-
persions was adjusted by automatic titration with 0.1 mol/L HCl or 0.1 
mol/L NaOH in a pH-stat device (Metrohm, Herisau, Switzerland). The 
dispersions were incubated at 1000 r/min using an Eppendorf Ther-
momixer® 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 so-
lution was quantified using a ferrozine-based colorimetric assay as re-
ported previously (Moslehi et al., 2022). 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 mmol/L, R2 > 0.99). 

2.4.2. 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 (Bijlsma, Moslehi, et al., 2023). To this end, 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 colorimetric assay 
(Moslehi et al., 2022). 

2.5. Nucleotide and nucleoside quantification by HILIC-PDA-ESI-ITMSn 

To investigate if dephosphorylation occurred we analyzed the nu-
cleotides and nucleosides by hydrophilic interaction liquid chromatog-
raphy coupled to electrospray ionization 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 the supplementary information (Method SI-2). 

2.6. Statistical analyses 

Selection of the equilibrium models in SUPERQUAD and PSEQUAD (section 
2.2.3) was based on critical analysis of the weighted residuals, the sta-
tistical parameters (χ2, σ), and graphical comparisons between the 
experimental and simulated potentiometric curves (Gans et al., 1996; 
Sabatini et al., 1974). For the potentiometric titrations at least three 
ratios of metal:ligand were tested and the standard deviations of the 
potentiometric data after processing with SUPERQUAD and PSEQUAD are 
indicated as 3σ values (i.e. data within three standard deviations from 
the mean, thus 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. 

The Fe2IMP3 and Fe2GMP3 and Fe4PP3 salts were prepared as inde-
pendent duplicates. The resulting images from characterization by XRD, 
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TEM, and SEM are displayed for one of the duplicates after a repro-
ducibility check. The dissolution, reactivity, elemental composition, and 
dephosphorylation were measured in duplicate and are indicated as 
average ± standard deviation of the duplicate measurements. To assess 
whether the change in phenolic recovery was statistically significant, 
ANOVA was performed using IBM SPSS Statistic v23 software (SPSS Inc., 
Chicago, IL, USA). Tukey’s post hoc comparisons (significant at p < 0.05) 
were performed to evaluate the difference in the soluble iron concen-
tration compared to the other iron salts with the same phenolic. 

3. Results and discussion 

3.1. Interaction of iron(III) with taste enhancers and phosphates 

3.1.1. Proton equilibria of the ligands 
The fully protonated ligands H3MP and H3(Glu)+ have three disso-

ciable protons and H4PP, H3(IMP)+, and H3(GMP)+ have four disso-
ciable protons (Fig. 1). 

The corresponding dissociation constants of the ligands in aqueous 
solutions were determined by pH-potentiometric titrations at the same 
conditions (25 ◦C, 0.20 mol/L KCl) as used to investigate the interaction 
with Fe(III) (Table 1). 

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) deter-
mined by pH-potentiometric method cannot be assigned to the indi-
vidual sites; assumptions can only be made based on chemical evidence. 
For the compounds in this study, the acidity orders are known from 
literature and described in more detail in the paragraph below. 

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 from the phosphate, and the fourth from N1 (at 
alkaline pH) (Gogia, Jain, & Puranik, 2009; Sigel, Massoud, & Corfu, 
1994). 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 (Bastug et al., 2011). Taking the 
different experimental conditions into account, the dissociation con-
stants of the ligands are in reasonable agreement with the reported data 
in literature (Atkári et al., 1996; Djurdjević et al., 1997; Kiss et al., 1995; 
Sigel et al., 1994). 

The hydrolytic stability of IMP, GMP, and PP was monitored by a 
second titration similar to what was done previously (Éva A. Enyedy, 
Pócsi, & Farkas, 2004; Oivanen & Lonnberg, 1990). 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 hydrolyze 
in aqueous solution in the measured pH range during the run time of one 
titration (i.e. several hours). 

3.1.2. 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% (w/w)) 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 (supplementary information, Fig. SI- 
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 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. 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. 

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 color (Flynn, 
1984). When more ligand was present (1:4 ratio), precipitation occurred 
at a higher pH. These outcomes indicate that Glu competes with hy-
droxide 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 pres-
ence 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 be-
tween these ligands is the presence of –NH2 for GMP, and this amine is 
unlikely to coordinate Fe(III) (Lopez et al., 2017). 

The experimental potentiometric data of the Fe(III) complexes 
within the pH range in which no precipitation was observed was fitted 
using the PSEQUAD program. 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 stabilities of the complexes in these systems. For the 
complexes of Fe(III) with Glu and MP, acceptable fitting was obtained 
and the stability constants of these complexes are given in Table 2. 

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 (Djurdjević et al., 1997). Calculations with MP 
indicated the formation of a 1:1 FePO4 species. Including the previously 
reported 1:1 complexes FeH2PO4

2+ and FeHPO4
+ (Lemire et al., 2020) 

into the model resulted in lower fitting parameters. It should be noted 
that stoichiometries of the species in Table 2 may cover mixed 

Fig. 1. Chemical structure of monophosphate (MP), pyrophosphate (PP), 
glutamate (Glu), inosine 5′-monophosphate (IMP), and guanosine 5′-mono-
phosphate (GMP) in their protonated state. The orange circles highlight the 
dissociable protons. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 1 
Dissociation constants of the studied ligands determined by pH-potentiometric 
titrations (T = 25.0 ◦C, I = 0.20 mol/L (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 (Atkári et al., 
1996; Djurdjević et al., 1997; Kiss et al., 1995; Sigel et al., 1994). 
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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 hydrolyze. 

Previously, stoichiometric data and stability constants of poorly 
water soluble ligands could be measured in DMSO/water mixtures (Éva 
A Enyedy et al., 2020; Éva A Enyedy et al., 2011). So, we also investi-
gated if stability data of combinations of Fe(III) with the ligands could be 

obtained in a mixture of DMSO/water 70/30% (w/w). The dissociation 
constants of Glu, IMP, and MP in DMSO/water 70/30% (w/w) are given 
in supplementary information (Tables SI–1). Although the 1:1 combi-
nations 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. Poor 
solubility is the main limitation for quantitative evaluation of the 
complexes of these ligands with Fe(III), as it hinders pH-potentiometric 
titration. Therefore, the speciation was further investigated by spectro-
photometric analysis. 

3.1.3. Investigation of Fe(III) complexes of the ligands by 
spectrophotometry 

Qualitative information about the speciation was obtained by spec-
trophotometry (Fig. 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 

Fig. 2. pH-potentiometric titration curves in aqueous solution for 4.0 mmol/L 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 mol/L (KCl), and T = 25.0 ◦C. 

Table 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 mol/L (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 cm3 of titrant. 

Fig. 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 mmol/L, CLigand = 0.4 mmol/L, and I = 0.20 mol/L (KCl)). 
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both for FeCl3 without ligands and in the systems in presence of MP, Glu, 
IMP, or GMP (Bjerrum & Lukes, 1986; Heistand & Clearfield, 1963). 
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 pres-
ence 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+ (Gá Lente & Fábián, 2001). At pH > 3.5, in 
absence of ligand and in the presence of Glu, a broad band from 200 to 
600 nm was observed. This band is a result of the formation of the 
red-orange colored (hydr)oxide species (Flynn, 1984). 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 (colorless) mixed (hydr)oxide 
species are present. 

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+)(Gábor Lente, Magalhães, & Fábián, 2000). In pres-
ence 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 (Jiang et al., 
1998). 

The fact that similar spectra were obtained in presence of Glu as for 
FeCl3 in absence of ligand, indicates that there were only weak in-
teractions 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 (Djurdjević et al., 1997). We confirmed that 
in a more highly concentrated Fe(III) and Glu system (i.e. 30 mmol/L 
Glu and 3 mmol/L Fe(III)) a species with a poorly defined maximum 
around 450 nm at pH ~ 3 was formed (supplementary information, 
Fig. SI-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 con-
centrations, as in some savory concentrates (e.g. 38% (w/w) MSG) 
(Acebal et al., 2008), the carboxylate moieties of Glu may be able to 
compete with hydroxide and coordinate Fe(III) at low pH. 

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 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 (Sigel et al., 1994). Alterna-
tively, these species may be stabilized 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 spectrophoto-
metric 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 colored 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 (Allen et al., 2006; 
Moslehi et al., 2022; Tian et al., 2016). Therefore, we decided to syn-
thesize and characterize salts of Fe(III) and IMP or GMP. 

3.2. Synthesis and characterization 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 syn-
thesized Fe4PP3, Fe2IMP3, and Fe2GMP3 salts using an aqueous chemical 
precipitation method. The Fe4PP3, Fe2IMP3, and Fe2GMP3 salts were 
characterized by XRD, TEM, SEM-EDX, ICP-AES, and the elemental 
analyzer (see supplementary information for a detailed description of 
the results per analysis). The dried Fe(III) salts had different colors 
(Fig. 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. 4b). 

With TEM analysis, these amorphous particles were confirmed, 
although different types of shapes and particle sizes were observed 
(Fig. 4c, Fig. SI-3). Fe4PP3 consisted of aggregates of colloidal particles 
typical for precipitation with sizes from 5 to 30 nm, which is in line with 
previous reports (Rossi et al., 2014; van Leeuwen, Velikov, & Kegel, 
2012). 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 cross-linked by Fe(III) to assemble into 
larger coordination polymers (supplementary information, Fig. SI-4) 
(Bhattacharyya, Saha, & Dash, 2018; Sutyak, Zavalij, Robinson, & Davis, 
2016; Thakur et al., 2019; Xiao & Davis, 2018). Homogenous distribu-
tion of the elements in the salts was confirmed by SEM-EDX (Fig. SI-6). A 
high abundance of H as detected in the elemental analysis (Tables SI–2) 
indicated that the salts were hydrated. Furthermore, the analyzed 
elemental ratios were in good agreement with the calculated elemental 
ratios (Tables SI–3) based on the molecular formulas for stoichiometric 
ratios as provided in Method 2.3. 

3.3. pH-dependent dissolution behavior and iron-phenolic reactivity 

3.3.1. pH-dependent iron dissolution from Fe4PP3, Fe2IMP3, and Fe2GMP3 
For food fortification purposes it is important that iron salts possess 

pH-dependent dissolution behavior. To limit iron-mediated reactions, 
while maximizing 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 
behavior of iron from Fe4PP3, Fe2IMP3, and Fe2GMP3 salts was investi-
gated (Fig. 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 
behavior 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 (Hurrell, 2002; Moslehi 
et al., 2022; Rohner et al., 2007; Tian et al., 2016). At intestinal pH (6–8) 
the Fe2IMP3 and Fe2GMP3 salts show a decrease in solubility compared 
to Fe4PP3. However, the solubility in acid is the common measure used 
to indicate bio-accessibility (Allen et al., 2006), and was shown to be a 
good indication for in vivo iron uptake (Rohner et al., 2007). 
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3.3.2. 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 
discoloration (McGee & Diosady, 2018). 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 (Bijlsma, Moslehi, et al., 2023). Fig. 6 shows the 
total absorbance, color, 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 savory concentrates. 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. 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. 6b) (Bijlsma et al., 2020; Elha-
biri, Carrër, Marmolle, & Traboulsi, 2007). It was observed that in 
presence of the water soluble phenolics the total absorbance and 
discoloration 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. 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. 6c). 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 colored complexes (Bijlsma, 
Moslehi, et al., 2023). 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 (Athira, Mann, 
Sharma, Pothuraju, & Bajaj, 2021). 

In presence of quercetin and curcumin, absorbance in the visible 
spectra increased and discoloration of the samples was observed in 
presence of Fe4PP3 (Fig. 6a and b). For Fe2IMP3 and Fe2GMP3 with these 
phenolics, no increased absorbances of the supernatants were observed. 
The precipitate changed from a yellow to brownish color. We hypoth-
esized previously that the discoloration of these precipitates can be due 
to formation of Fe(III)-phenolic complexes on the surface of the salts 
(Bijlsma, Moslehi, et al., 2023). For apigenin, no absorbance was 
observed with any of the Fe(III) salts. These poorly water soluble phe-
nolics do not increase the Fe(III) dissolution (Fig. 6c) from the surface of 
the salts and therefore no discoloration 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. 

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 catalyzed by metal coordination (Buisson 
& Sigel, 1974; Oivanen et al., 1990; Sigel, 1990). To check if dephos-
phorylation occurred in the Fe(III) salts of the nucleotides, we separated 
and quantified the amounts of nucleotides and nucleosides in the syn-
thesized salts of Fe2IMP3 and Fe2GMP3 using HILIC-PDA-MSn (supple-
mentary information, Fig. SI-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 co-
ordination complex with Fe(III). 

Fig. 4. (a) Synthesis of iron-containing salts via an aqueous chemical precipitation procedure and color 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. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 5. Iron dissolution from Fe4PP3 (grey square), Fe2IMP3 (yellow triangle), 
and Fe2GMP3 (orange circle) as a function of pH. Error bars indicate the stan-
dard deviation of independent duplicates. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.5. Implications of iron fortification using Fe2IMP3 and Fe2GMP3 

The main findings of our work are that the Fe(III) salts of IMP or GMP 
can potentially serve as food fortificants because of their pH-dependent 
iron dissolution, i.e. increased iron dissolution at gastric pH (1–3) and 
decreased iron dissolution at food pH (3–7). This results in decreased 
reactivity with poorly soluble phenolics that are commonly present in 
savory concentrates, whilst maintaining bio-accessibility. However, for 
successful fortification of foods with these salts, their effect on sensorial 
properties and iron bioavailability are also important parameters. 

The effect of Fe(III) coordination to IMP and GMP on the sensorial 
properties of these taste enhancers, specifically their umami perception 
has to be confirmed in future sensory studies. We expect that the coor-
dination 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 stabilization of that interaction (Zhang et al., 2008). 

Previously, we have also synthesized mixed Ca–Fe(III) pyrophos-
phate salts that already possessed very promising dissolution behavior 
(Moslehi et al., 2022). Compared to the Ca–Fe(III) pyrophosphate salts, 
these nucleotide salts are even five times more soluble in the 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 (Cosgrove, 1998; Faelli 
& Esposito, 1970). 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, our work implies that these salts may be 
preferred over Fe4PP3 and Ca–Fe(III) pyrophosphate salts as iron 
fortificants. 

4. Conclusions 

This is the first study that 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 utilized to synthesize salts of Fe(III) with IMP, GMP, and 
PP using an aqueous chemical precipitation method. The synthesized 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 discol-
oration 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. 

Fig. 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 so-
lutions of Fe4PP3, Fe2IMP3, and Fe2GMP3 after incu-
bation (2 h, pH 6.5) with different phenolics. Error 
bars indicate the standard deviation of independent 
duplicates. Different letters indicate a significant dif-
ference in the soluble iron concentration compared to 
the other iron salts with the same phenolic (Tukey’s 
test, p < 0.05).   
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Kiss, T., Buglyó, P., Sanna, D., Micera, G., Decock, P., & Dewaele, D. (1995). 
Oxovanadium(IV) complexes of citric and tartaric acids in aqueous solution. 
Inorganica Chimica Acta, 239, 145–153. https://doi.org/10.1016/0020-1693(95) 
04750-6 

van Leeuwen, Y. M., Velikov, K. P., & Kegel, W. K. (2012). Morphology of colloidal metal 
pyrophosphate salts. RSC Advances, 2, 2534–2540. https://doi.org/10.1039/ 
C2RA00449F 

Lemire, R., Taylor, P., Schlenz, H., & Palmer, D. (2020). Chemical thermodynamics of iron, 
part 2. Boulogne-Billancourt. France: Nuclear Energy Agency of the OECD (NEA).  

Lente, G., & Fábián, I. (2001). A simple test to confirm the ligand substitution reactions of 
the hydrolytic iron(III) dimer. Reaction Kinetics and Catalysis Letters, 73, 117–125. 
https://doi.org/10.1023/A:1013941308447 
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