UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Design and characterization of Ca-Fe(lll) pyrophosphate salts with tunable pH-
dependent solubility for dual-fortification of foods

Moslehi, N.; Bijlsma, J.; de Bruijn, W.J.C.; Velikov, K.P.; Vincken, J.P.; Kegel, W.K.

DOI
10.1016/}.jff.2022.105066

Publication date
2022

Document Version
Final published version

Published in
Journal of Functional Foods

License
CcCBY

Link to publication

Citation for published version (APA):

Moslehi, N., Bijlsma, J., de Bruijn, W. J. C., Velikov, K. P., Vincken, J. P., & Kegel, W. K.
(2022). Design and characterization of Ca-Fe(lll) pyrophosphate salts with tunable pH-
dependent solubility for dual-fortification of foods. Journal of Functional Foods, 92, [105066].
https://doi.org/10.1016/.jff.2022.105066

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:09 Mar 2023


https://doi.org/10.1016/j.jff.2022.105066
https://dare.uva.nl/personal/pure/en/publications/design-and-characterization-of-cafeiii-pyrophosphate-salts-with-tunable-phdependent-solubility-for-dualfortification-of-foods(14bc6d4c-ff28-40cb-bf17-5567f4a9e877).html
https://doi.org/10.1016/j.jff.2022.105066

Journal of Functional Foods 92 (2022) 105066

e 4

ELSEVIER

Contents lists available at ScienceDirect
Journal of Functional Foods

journal homepage: www.elsevier.com/locate/jff

Functional

Design and characterization of Ca-Fe(IIl) pyrophosphate salts with tunable

Check for

updates

pH-dependent solubility for dual-fortification of foods

Neshat Moslehi ', Judith Bijlsma ™', Wouter J.C. de Bruijn ”, Krassimir P. Velikov ©%*¢,

Jean-Paul Vincken ", Willem K. Kegel

@ Van 't Hoff Laboratory for Physical and Colloid Chemistry, Debye Institute for Nanomaterials Science, Utrecht University, Padualaan 8, 3584 CH Utrecht, the

Netherlands

b Laboratory of Food Chemistry, Wageningen University & Research, Bornse Weilanden 9, P.O. Box 17, 6700 AA Wageningen, the Netherlands

¢ Unilever Innovation Centre Wageningen, Bronland 14, 6708 WH Wageningen, the Netherlands

4 Soft Condensed Matter, Debye Institute for Nanomaterials Science, Utrecht University, Princetonplein 5, 3584 CC Utrecht, the Netherlands
¢ Institute of Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, the Netherlands

ARTICLE INFO ABSTRACT
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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 in-
teractions that can change organoleptic properties. Mixed Ca-Fe(IIl) pyrophosphate salts with the general for-
mula Cay(j-xFe4x(P207)a42x) Were designed as a system for simultaneous delivery of iron and calcium. The salts
were synthesized via a co-precipitation method and characterized 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 Fe(III) pyrophosphate. 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 FePP. Our results indicate that these mixed salts are potential dual-fortificants
with tunable iron content and solubility.

1. Introduction

Micronutrient fortification of foods can effectively overcome mineral
and vitamin deficiencies (Diaz et al., 2003; Saha & Roy, 2020). Among
minerals, particularly iron receives significant attention since one-
quarter of the world’s population is affected by iron deficiency anemia
(Allen et al., 2006). However, iron is a challenging mineral to introduce
to food products due to the high reactivity of ‘free’ iron ions (Habeych
et al., 2016). 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 (Ashwin et al., 2021; Bijlsma
etal., 2022; Bolade et al., 2020). This reactivity of iron with phenolics is
responsible for a change in organoleptic properties of the food and
compromises iron bioavailability (Bovell-Benjamin & Guinard, 2003;
McGee & Diosady, 2018a).

Several physical and chemical approaches are currently being used

* Corresponding author.

to control the reactivity of iron ions by limiting their exposure to reac-
tive phenolics (Habeych et al., 2016). One strategy is the micro-
encapsulation of soluble iron-containing salts (Zimmermann, 2004).
However, encapsulated iron can lead to undesirable higher prices and
therefore less acceptance by customers (Zuidam, 2012). 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 sulfate (Bothwell & MacPhail, 2004). However, the relatively
high costs and the concern that EDTA compounds may negatively in-
fluence the metabolism of other essential minerals, or increase absorp-
tion of potentially-toxic minerals limit consumer acceptance (Allen
et al.,, 2006). Another commonly used strategy is the use of water-
insoluble, or poorly soluble salts such as iron (III) pyrophosphate
(FePP) (McGee & Diosady, 2018b; Tian et al., 2016; van Leeuwen et al.,
2012). In food research, FePP receives extensive attention and it is often
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used in iron fortification of food products such as infant cereal and
chocolate drink powders (Baars et al., 2015; Salgueiro & Boccio, 2013;
Srinivasu et al., 2015). The low solubility of iron from FePP reduces the
impact of FePP on the organoleptic properties of the fortified food but
also results in low iron bioavailability (Moretti et al., 2006). Micron-
ization (i.e., downsizing the particle size to micron range, e.g. 0.3-0.5
um) and emulsification techniques have been used to improve the
bioavailability of FePP. While the process of micronization has the
advantage that it does not affect the organoleptic properties of the food,
its high costs currently limit its use (Moretti et al., 2006; Shubham et al.,
2020). Even though solubility of (micronized) FePP is limited in the pH
range of 3-6, the addition of FePP to phenolic-rich foods or model sys-
tems still results in discoloration (Bijlsma et al., 2020; Habeych et al.,
2016). FePP has also been incorporated with secondary minerals for
higher efficiency and multipurpose applications (van Leeuwen et al.,
2014; Zimmermann & Hilty, 2011). An example of this is the co-
fortification of FePP with zinc sulfate in extruded rice (Hackl et al.,
2017). Furthermore, FePP has been used in combination with citric acid
or trisodium citrate in rice grains (Gupta et al., 2018) and with sodium
pyrophosphate in bouillon cubes (Cercamondi et al., 2016) for relatively
higher storage stability.

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 (CaFeHP207) (Miyawaki et al.,
2020) and anapaite (CasFe'(PO4)y-4H,0) (Catti et al., 1979; Lafuente
et al., 2014) are naturally occurring but not necessarily edible mixed
phosphates of multivalent metal salts (Lafuente et al., 2014; Ravet et al.,
2001). We particularly focus on pyrophosphate salts because pyro-
phosphate anions form colorless and/or white and water-insoluble
compounds with most metals (Rossi et al., 2014; Tian et al., 2016; van
Leeuwen et al.,, 2012). To maintain the organoleptic 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 to 7, which is the pH range of most common food and beverages
(Habeych et al., 2016). The insolubility of the iron ions in the pH range
from 3 to 7 will suppress iron-mediated reactivity in the food (Bijlsma
et al., 2020). 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 (Hurrell et al., 2002;
Rohner et al., 2007; Wienk et al., 1999). 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 bioavail-
ability, it cannot directly be correlated to iron bioavailability, which also
includes digestion, absorption, and metabolism (Wienk et al., 1999).
FePP salt has low solubility (<5%) at pH 3 with increased solubility to
>99% at pH 7-8 (Tian et al., 2016) whereas the pyrophosphate salts of
divalent metals, such as calcium pyrophosphate (CaPP), dissolve well
(>99%) at pH 3 but are poorly soluble (<5%) at pH 7-8 (van Leeuwen,
2013). Doping of iron (III) oxide with calcium has previously shown
improved iron solubility in dilute acid and sensory characteristics in
fortified foods (Hilty et al., 2011; Zimmermann & Hilty, 2011). Addi-
tionally, van Leeuwen and co-authors have shown that incorporation of
an excess of Mg in FePP (i.e., Mg:Fe(IIl) ratio 50:1), reduced its reac-
tivity towards phenolics (van Leeuwen et al., 2014). Due to the reversed
solubility character of CaPP and FePP salts, it is expected that the
combination of Ca and Fe(Ill) in one matrix will result in unique pH-
dependent dissolution behavior. 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 (Allen et al., 2006; Joint FAO/
WHO Expert Consultation: Vitamin and Mineral Requirements in
Human Nutrition, 2004). 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 simulta-
neous delivery of another essential mineral along with iron, in this case
calcium.
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In this study, we explore the possibility to design mixed Ca-Fe(III)
pyrophosphate salts with the general formula, Cay(-xFesx(P207)a+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
characterization 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 in order to embed iron (III)
ions homogenously into the calcium pyrophosphate matrix structure.
After characterization of the salts, the pH dependence of the dissolution
behavior 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) pyrophos-
phate 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.

2. Materials and methods
2.1. Materials

Iron (II) chloride hexahydrate (FeCls-6H20, >99 wt%), tetrasodium
pyrophosphate decahydrate (NasP207-10H20, >99 wt%), calcium
dichloride (CaCly, >93 wt%), nitric acid (HNOs, 65 wt%), 3-(2-pyridyl)-
5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hy-
drate (i.e., ferrozine; >97 wt%), hydrochloric acid (HCl, 37 wt%), so-
dium hydroxide (NaOH, >98 wt%), and iron (II) sulfate heptahydrate
(FeSO4-7H20, >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 deionized by a Millipore Synergy water purifica-
tion 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).

2.2. Preparation of pure and mixed metal salts

2.2.1. Pure salts

Pure salts were synthesized as references for comparative purposes.
The preparation procedure was a co-precipitation method similar to the
methods described elsewhere (Rossi et al., 2014; van Leeuwen et al.,
2012). Firstly, solutions of 0.857 mmol FeCl3-6H20 and 1.286 mmol
CaCly in 50 ml of MQ water were prepared independently. Following
this, the solutions were added quickly (within 5 s) to a solution of 0.643
mmol NagP207-10H20 (NaPP) in 100 ml of MQ water in order to prepare
iron (III) pyrophosphate (Fe4(P207)3, FePP) and calcium pyrophosphate
(CagP207, CaPP), respectively. This was done while the NaPP solution
was stirring 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 3273g for 15 min 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 min using a CPX8800H
ultrasonic cleaning bath (Branson Ultrasonics™, Brookfield, CT, USA),
after which they were dried overnight in an oven at 45 °C (FePP: 59%
yield, CaPP: 74% yield).

2.2.2. Mixed metal salts

The mixed Ca-Fe(III) salts were prepared by the same procedure as
the pure salts, by addition of 50 ml of a mixed solution of FeCl3-6H30
and CaCl, in MQ water to a solution of NaPP with a fixed concentration
of pyrophosphate ions (6.43 mM, 100 ml). Eight different salts
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containing different Ca to Fe(IIl) ratios were prepared, generally coded
as Cag(1-xFesx(P207)142x (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 NaPP the eight
solutions were stirred vigorously (~400 rpm) with a magnetic stir bar
(final concentration of NaPP: 4.29 mM). In all ratios, a turbid 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 2.2.1. 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 re-
quirements for the human body (i.e., 1000 mg calcium and 15 mg iron
intake per day (Ross et al., 2011). Consequently, the mole ratios were
calculated based on which the x-value was found in the structural for-
mula. The molar ratio of total metal ions (i.e., [Ca] + [Fe], final con-
centration: 8.573 mM) to pyrophosphate ions was based on the
stoichiometry of CaPP. The average yield of the prepared mixed salt-
swas 67.3 £+ 4.2%. Standard deviation was calculated based on three
independent syntheses of all the mixed salts.

2.3. Characterization methods

2.3.1. 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 analyzed 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 Cay(;_xFe4x(P207)(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 indepen-
dent 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.

2.3.2. 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 color to each element. Color indications are as follows: cal-
cium: green, iron: red, and phosphorus: blue.

2.3.3. X-ray diffraction (XRD) spectroscopy

The dried powders of the salts were analyzed 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 Koj o, A = 1.79026 A,
operated at 30 kV, 10 mA for 20 = 5 to 70°. A silicon holder was used
and the measurements were repeated twice on the salts from indepen-
dent synthesis batches.

2.3.4. 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 (Drenchev et al., 2020). 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 measure-
ments were done in independent duplicate. The interferograms were
accumulated over the spectral range of 1600 — 400 cm ™! using a nominal
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resolution of 4 cm™!, with a background spectrum recorded before each
measurement.

2.4. Dissolution behavior of iron in FePP and the mixed Ca-Fe(III)
pyrophosphate salts

To perform the iron dissolution measurements, the synthesis of the
pure FePP and CaPP as well as the mixed Ca-Fe(III) pyrophosphate salts
with measured 0.14 < x < 0.35 were up-scaled, Method S1 of Sup-
plementary material. The dried powders of the salts were then redis-
persed by stirring (~250 rpm) with a magnetic stir bar in MQ water
(final concentrations: 10 mg/ml). 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 15000g for 10 min using an Eppendorf
Centrifuge 5415R and the supernatants were separated to quantify the
dissolved iron concentration.

2.4.1. Iron concentration measurement by ferrozine-based colorimetric
assay

Total iron in solution was quantified using a ferrozine-based colori-
metric assay (Stookey, 1970). Binding of Fe(Il) 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 (Bijlsma et al.,
2022). To ensure the reduction of Fe(Ill) to Fe(Il), first an excess of
ascorbic acid (50 pL, 100 mM) was added to 50 pL sample (supernatant).
After 30 min incubation of the sample with ascorbic acid, ferrozine (50
uL, 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 M2e (Molecular Devices, Sunnyvale, CA, USA). All mea-
surements were performed in duplicate and quantification of total dis-
solved iron was performed based on intensity (Asgs nm) with a
calibration curve of FeSO4 (0.0078-1 mM, R? > 0.99). It was confirmed
that the presence of the Ca ion did not interfere with the quantification
of total iron (Fig. S1 of Supplementary material). 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
(ID)-ferrozine complex is formed (Stookey, 1970). We corrected the ab-
sorbances of these acidic samples using the pH-dependent absorbance
factors previously reported for the Fe(II)-ferrozine complex formation
(Stookey, 1970). The iron quantification by the ferrozine assay was
verified independently using inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES), Method S2 of Supplementary material.

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.

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(Ill) pyro-
phosphate 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 min,
the tea leaves were filtered out using 1541-125 cellulose filter papers
(Whatman®, Maidstone, UK). Selected mixed and pure FePP salts with a
normalized concentration of iron (i.e., 1.05 mg Fe in 100 ml tea) were
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added to the tea solution (pH 5.13 + 0.13). For comparison, CaPP with a
normalized concentration of 2.31 mg Ca in 100 ml tea (i.e., the con-
centration of Ca in the salt with the highest calcium content) was added
as well. After stirring for 10 min 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 pm pore size, (Sartorius, Gottingen,
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 from the particle
surface. The discoloration 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
(McGee & Diosady, 2018b). All the measurements were done in inde-
pendent triplicates and the average values along with standard de-
viations were reported. The colors of the tea solutions were visualized by
taking an image of all tea solutions standing next to each other illumi-
nated with a uniform light source at room temperature. The images were
evaluated using an online color conversion tool (https://imagecolorpi
cker.com/) and converted to the L*a*b* color space (i.e., L* dark or
light, a* red vs. green, b* yellow vs. blue) (Table S1 of Supplementary
material).

The concentration of the iron released from the salts in the tea so-
lutions was measured by elemental analysis using ICP-AES. ICP-AES was
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performed on the tea solutions using an Optima 8300 instrument (Per-
kinElmer, Waltham, MA, USA). Electrodeposited samples were dissolved
in 10 ml of a 2% HNO3 solution to achieve optimal measurement con-
centration ranges. The measurements were performed in triplicate.
Statistical analysis was carried out to evaluate the significance of dif-
ferences in iron concentration (significant at p < 0.05).

3. Results and discussion

3.1. Characterization of the pure calcium and iron (III) pyrophosphate
salts

The morphology of the pure CaPP and FePP salts was analyzed by
electron microscopy (Fig. 1). The dried dispersions of CaPP and FePP
showed noticeably different morphologies. The TEM images for CaPP
showed large micron-sized needle-shaped aggregates (Fig. 1a), which is
in line with a previous study (Gras et al., 2013). However, the TEM
image results for FePP showed formation of large interconnected ag-
gregates of roughly 25 nm irregularly shaped particles, see Fig. 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 (van Leeuwen et al., 2012). This has been confirmed by XRD and FT-
IR spectra of the pure CaPP and FePP salts in this work as well. The X-ray
diffraction pattern for CaPP indicated clear signals of crystallinity, while
the spectrum for FePP showed only noise and a broad peak indicating an
amorphous structure for this salt (Fig. 1¢). The XRD spectra of CaPP and
FePP are consistent with previous studies (Rossi et al., 2014; van

c d
e F)
s 8
2 2
D CaPP| @| CaPP
s | o
g g
£ £
[
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rm Q
3 FePP | &| FePP
8 68 1400 900 400

28 48
20 (degree)
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Fig. 1. TEM images of (a) CaPP and (b) FePP, representing the difference between calcium and iron (III) pyrophosphate salts morphologies. CaPP forms large
aggregates of micron-sized needles whereas FePP yields large interconnected aggregates of approximately 25 nm irregularly shaped particles. (¢) Comparison be-
tween XRD spectra of the two pure pyrophosphate salts shows that CaPP is crystalline, whereas FePP is amorphous. (d) For the same reason, the FT-IR absorbance of
the chemical bonds in the pyrophosphate ions appear sharp and strong for CaPP, and broad and smooth for FePP.


https://imagecolorpicker.com/
https://imagecolorpicker.com/

N. Moslehi et al.

Leeuwen et al., 2012). However, we observed a strong, sharp signal at
approximately 20 = 9.2° for CaPP (Fig. 1c¢) that was not observed pre-
viously (Rossi et al., 2014; van Leeuwen et al., 2012). This could be
because of different crystalline structures from the fast co-precipitation
method compared to the preparation of colloidal particles (van Leeuwen
et al., 2012) or solid-state preparation at high temperatures (El Kady
et al., 2009). Moreover, ultrasonication treatment on the salts could
have led to induced crystallinity and heterogenous nucleation (Luque de
Castro & Priego-Capote, 2007). The observed amorphous structure of
FePP is suggested to be a result of the so-called valence mismatch of the
metal (Fe3") and pyrophosphate (P,0,%) ions (Rossi et al., 2014).
Therefore, the complicated stoichiometry to reach neutrality results in
an amorphous matrix for FePP in a fast co-precipitation process, while
calcium and pyrophosphate ions can form electroneutral crystalline unit
cells more easily (van Leeuwen et al., 2012).

The details of chemical bonding in both the CaPP and FePP were
investigated by FT-IR spectrometry (Fig. 1d). The FT-IR spectrum for
CaPP showed sharp and well-defined bands, whereas the peaks appeared
broad and smooth for FePP at the same wavenumbers. The sharper and
well-defined bands were expected for crystalline materials. Spectral
broadening in FePP was a result of the pyrophosphates having to
accommodate more types of bonding to reach neutrality (Lai et al.,
2011), and indicates the amorphous nature of FePP (Singh et al., 2017;
van Leeuwen et al., 2012). Despite different broadness, 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 P,0; groups
appeared around 500-600 cm ', The signals observed at 745 and 945
cm ™! were assigned to symmetric and asymmetric vibrations in P-O-P,
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respectively, and the peaks in the range of 1000 to 1200 cm™! corre-
sponded to P-O stretching vibration frequencies. All the peaks observed
for the P2074' anion are similar to previous reports (Kosova et al., 2017;
Singh et al., 2017; Zheng et al., 2014).

3.2. Characterization 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 Cayg.
0Feax(P207)142x), (coded as Mix1-Mix8) were characterized by electron
microscopy (Fig. 2). TEM images of the salt with the lowest iron content,
Mix1, indicated a single phase of micron-sized needle-shaped aggregates
(Fig. 2a). The measured x-value was 0.009, as determined from EDX
measurements (Fig. 2b).

Detailed analysis of the TEM images and EDX results suggest that
integrating Fe(IIl) as a second metal in the CaPP 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. 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. 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

b Salt code Mix1 Mix2 Mix3 Mix4 Mix5 Mixé Mix7 Mix8
Designed x 0.005 0.006 0.007 0.011 0.021 0.051 0.10 0.26
0.012:0.004(N)  0.0170.007(N)  0.0030.001(N) il-defined (E)
Measured x  0.0090.001 (N) 0.140£0.040()  0.150£0.050(l)  0.350£0.070 (S)
0.455:0.007 (1)  0.2230.089())  0.0330.001(l)  0.020£0.005 ()

Fig. 2. (a) Morphology of the mixed Ca-Fe(III) pyrophosphate salts with the general formula Cay(;_xFe4x(P207)142x), 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 quantifi-
cation. 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.
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can be oxide or hydroxide sediments of iron (III) formed during the
synthesis or drying procedures (Fig. 2a and Fig. S2 of Supplementary
material). The formation of the Ca-rich and Fe-rich phases of particles,
resulting in different measured x-values (from EDX quantification),
might be explained by the possibility for phase separation in the
resulting solid solutions (Li, 2018; Tan et al., 2009).

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. 2a). These morphologies were similar
to the FePP particles morphology and the x-values corresponding to
these two salts were measured to be 0.140 and 0.150, respectively
(Fig. 2b). Interestingly, TEM images of the mixed salt with the highest
iron content, Mix8, showed almost perfect spherical particles (Fig. 2a),
for which the x-value was measured to be 0.350 from EDX quantification
(Fig. 2b). The formation of well-defined needle-shaped or spherical
particles can be caused by the ultrasonication treatment in the prepa-
ration method. Ultrasound energy fields have been shown to aid shape
changes in particles by locally overcoming energy barriers for specific
structures (Suslick et al., 1996) (Fig. S3 of Supplementary material).
The possible effects of ultrasonication is currently being studied
separately.

The elemental distribution in the mixed Ca-Fe(IlI) 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. 3a). The corresponding dark-field scanning TEM
images of each elemental mapping are shown in Fig. 3b as well.

The crystallinity of the mixed Ca-Fe(IIl) pyrophosphate salts was
investigated by X-ray powder diffraction analysis (Fig. 4a). The XRD
spectra of the mixed salts were not in agreement with any existing XRD
reference patterns in the international center for diffraction data (ICDD,
https://www.icdd.com). In general, comparing the XRD patterns of the
mixed salts to the diffraction peaks of the CaPP specified the gradual
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transformation of crystalline structures upon increasing iron content in
these samples. Similar to the CaPP, the XRD patterns of the mixed Ca-Fe
(II1) 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 (van Leeuwen et al., 2012). The intensity of the
diffraction peak at 9.2° (peak a), which appeared sharp and strong for
CaPP, decreased in the mixed Ca-Fe(IIl) pyrophosphate salts. Ultimately,
this peak dissapeared in the salt Mix4.

The diffraction patterns of the mixed salts in the range of 13-15°
(peaks b-d), 22.5° (peak e), and 32-34° (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
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 FePP (x = 1) showed no distinct diffraction peaks in
their X-ray diffraction spectra which was a clear indication of amor-
phous 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°. This could be related to the ultrasonication-induced crystalli-
zation of the pyrophosphate salts resulting from the preparation method
in this work (Luque de Castro & Priego-Capote, 2007; van Leeuwen
et al., 2012) 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. 2a).

The details of chemical bonds in the structure of the mixed Ca-Fe(III)
pyrophosphate salts were explored by FT-IR spectroscopy (Fig. 4b). The
analysis of the FT-IR spectra of the mixed salts showed that peak

Fig. 3. (a) Elemental mapping performed by HAADF-STEM on Mix6 (x = 0.14), Mix7 (x = 0 0.15) and Mix8 (x = 0.35). Color 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. (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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Fig. 4. (a) XRD and (b) FT-IR spectra of the mixed Ca-Fe(IIl) pyrophosphate salts with the general formula Cay(1.x)Fe4x(P207)a+2x) (0 < x < 1). The spectra of the
pure CaPP (x = 0) and FePP (x = 1) are shown for comparison. (a) For the salts Mix1-Mix5 and CaPP (0 < x < 0.14) samples show clear signals for crystalline
structure. The spectra for the salts Mix6-Mix8 and FePP (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 CaPP (0 < x < 0.14), whereas broad and smooth peaks are obtained for the amorphous salts Mix6-Mix8 and FePP (0.14 < x < 1).

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 crys-
talline 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 pyrophos-
phate in the individual CaPP and FePP salts as discussed in Section 3.1.

3.3. Dissolution behavior of iron in FePP and the mixed Ca-Fe(IIl)
pyrophosphate salts

The challenge of novel iron-containing salts is to ensure appropriate
pH-dependent dissolution behavior 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 behavior of FePP and mixed Ca-Fe(Ill) pyrophosphate
salts. According to what was discussed above, the mixed Ca-Fe(III) py-
rophosphate salts Mix6-Mix8 were most desirable for the main appli-
cation of this study as they presented uniform morphologies and
homogenous distribution of the elements (i.e., Ca, Fe, P). On the con-
trary, 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 that can result in unpredictable dissolution or reactivity
behaviors of the salts. Furthermore, despite having a homogeneous
morphology, sample Mix1 is not particularly suitable for food applica-
tion because of the specific shape and size of its aggregate, beside having
a very low iron content (Marian et al., 2021; van Leeuwen et al., 2012).

The three selected mixed Ca-Fe(III) pyrophosphate salts were pre-
pared using the up-scaled synthesis method (Method S1, Supplemen-
tary material). Up-scaling the synthesis did not affect the morphology
or the elemental homogeneity in the salts (results not shown). The
dissolution behavior of FePP (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 (Stookey, 1970).

Quantification of the accuracy of total iron determination by the ferro-
zine assay was verified by comparison with the ICP-AES method (Fig. S4
of Supplementary material). The iron concentrations measured by
both methods were found to be in good agreement (R? = 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 behavior of iron from FePP and the three mixed Ca-
Fe(III) pyrophosphate salts was evaluated in the pH range from 1 to 10
(Fig. 5a).

In the pH range 2-5.5, soluble iron concentrations from FePP were
below 0.50 mM (Fig. 5a). The limited solubility in this pH range is likely
due to the presence of the solid species Fe4(P207)3 (Jiang et al., 1998;
Tian et al., 2016), Below pH 2, iron dissolution from FePP increased to 1
mM due to the presence of ionic Fe(Ill) and the formation of soluble
ferric pyrophosphate complexes (i.e., FeH3P;0,2" and FeH,P,0,")
(Flynn, 2002; Jiang et al., 1998). Increased dissolution to 3.0 mM at pH
> 5.5 could be explained by the formation of Fe(HP207)23’, which is one
of the soluble Fe(III)-pyrophosphate species (Jiang et al., 1998; Sun
et al., 2020).

For Mix6 (x = 0.14) and Mix7 (x = 0.15) lower dissolved iron con-
centration (<0.25 mM) was observed at the food-relevant pH values (i.
e., pH 3-7). This indicated that the ternary complex of Cay(;_xFe4xP207
(1+2x) With x = 0.14 and 0.15 shows lower solubility at pH 3-7 compared
to FePP. 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 forti-
fication. For Mix8 (x = 0.35), similar or even higher dissolution of iron
was observed in the food-relevant pH range compared to FePP. These
results indicate that in the mixed Ca-Fe(IIl) 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 fourfold compared to FePP was observed at pH 1. Higher quan-
tities 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,
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Fig. 5. (a) Dissolution of iron from FePP 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 FePP, 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 fourfold increase. (b) Lower x-values (i.e., < 0.15)
have higher iron dissolution at low pH (i.e., 2 and 3). Howere, 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).

respectively (Hurrell et al., 2002; Rohner et al., 2007; Swain et al., 2003;
Tian et al., 2016; Wienk et al., 1999). At pH > 6, the opposite behavior
was observed compared to acidic pH, with the highest iron dissolution
for FePP 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 FePP at intestinal pH, the poor iron solu-
bility of these salts at pH 3-7 and increased dissolution at pH 1-3
(Fig. 5a) indicates that these salts likely cause less organoleptic changes
in food and are expected to show adequate bio-accessibility in the
stomach (Hurrell et al., 2002; Swain et al., 2003). 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 (Rohner et al., 2007).

Overall, these results indicate that increasing the proportion of cal-
cium in the mixed pyrophosphate salts promotes the dissolution at low
pH (1-3), whereas increasing the proportion of iron promotes dissolu-
tion at high pH (6-9). This is in line with previous results obtained for
pure pyrophosphate salts, in which pure CaPP and FePP salts showed
inverse pH-dependent solubility (van Leeuwen, 2013). The dissolution
behavior of iron from FePP and mixed Ca-Fe(III) pyrophosphate salts
was evaluated as a function of the x-value in Cap.x)Fe4xP207(1+2x).
Fig. 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) yielded
the highest iron concentrations in solution at high pH (i.e., 6 and 8).
These findings show that the mixed Ca-Fe(Ill) pyrophosphate salts
possess pH-dependent dissolution behavior which can be finetuned to
the desired application by changing the x-value.

3.4. Effect of temperature and time on dissolution behavior of iron in the
Ca-Fe(IIl) pyrophosphate salts

To effectively apply the Ca-Fe(IIl) pyrophosphate salts in fortified
food products the pH-dependent dissolution at pH 3-7 must be limited
during storage (23 °C), consumption (37 °C), and cooking (90 °C).
Therefore, the effect of temperature on iron dissolution from FePP and
the mixed Ca-Fe(III) pyrophosphate salts was investigated by incubating
the samples at different temperatures (23, 37, and 90 °C) (Fig. 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 FePP upon elevating the temperature from
23 °C to 50 °C (Wilhelmy et al., 1985). Increasing the incubation tem-
perature to 90 °C resulted in a significant (p < 0.05) increase in dissolved
iron from FePP at pH 1 and 5.5 (Fig. 6a). The iron dissolution for Mix8
(x = 0.35) at pH ~ 7 also increased at 90 °C.

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(IIl) that
is present in solutions of these mixed salts at pH < 3 underwent hy-
drolysis to insoluble species, which has been well-documented for Fe(III)
at elevated temperatures (Dousma & De Bruyn, 1976; Flynn, 2002). For
the mixed salts with x < 0.15, iron concentration in 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. 6b). Over 48 h of incubation, disso-
lution remained constant at all pH ranges for all salts except for FePP
with a significant (p < 0.05) increase at pH < 2 and pH 5-6 after 48 h.

3.5. Assessment of the reactivity of selected mixed salts by discoloration
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 (Dueik et al., 2017).
Black tea contains a considerable amount of phenolics that can trigger
discoloration in the presence of iron ions, via iron-mediated complexa-
tion and oxidation (Bijlsma et al., 2022; McGee & Diosady, 2018a; Wang
et al., 2015).

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 CaPP and FePP 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 discoloration upon food fortification. The
discoloration of the tea solution, caused by iron ions released from the
salts after filtration is shown in Fig. 7a. Exposing the tea solutions to
1.05 mg Fe in the form of the pure FePP and mixed Ca-Fe(IIl) pyro-
phosphate salts for 10 min, resulted in the darkening of the tea solutions
compared to the reference, the pure black tea solution. The visual color
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Fig. 6. Effect of (a) temperature and (b) time on pH-dependent dissolution behavior of iron in FePP 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 over the studied pH range (1-10). Upon elevating tem-
perature to 90 °C, an increase in dissolved iron from FePP 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

FePP with a significant increase at pH < 2 and pH 5-6.

comparison between tea solutions showed that surprisingly, the discol-
oration induced by these salts was a non-monotonic function of their
iron content. The salts Mix6 (x = 0.14), Mix7 (x = 0.15), and FePP (x =
1) resulted in visually similar discolorations in the black tea solution.
However, exposing the tea solution to Mix8 (x = 0.35) increased the
discoloration 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. 7b). The UV-Vis absorbance of the tea solutions was
consistent with the discoloration (Fig. 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 absor-
bance compared to FePP, whereas for the salt Mix7 (x = 0.15) a slightly
darker color and higher absorbance was observed (Table S1 of Sup-
plementary material). 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 FePP (p < 0.05). The discoloration
induced by CaPP, shown for comparative purposes, caused slight dark-
ening of the tea solution (lightness L* = 40 for CaPP 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 color (Habeych
et al., 2016). However, the slight discoloration observed in the tea so-
lution in the 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 surface of teacups
(Yamada, Abe, & Tanizawa, 2007). The concentration of the dissolved
iron from the salts in the tea solutions was measured by ICP-AES
(Fig. 7b). 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 pg of
iron per 100 ml of tea. Results showed that exposure to FePP 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 FePP. In the case of the salt Mix7 (x = 0.15), the amount
of the iron released was slightly higher (i.e., 12%) than for pure FePP. In
line with the dissolution of the salts in water at pH ~ 5 (section 3.3), the
dissolved iron of Mix8 was higher compared to FePP. 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 FePP. Consequently, exposure to Mix8 (x = 0.35) resulted in
significantly higher discoloration compared to the other samples (p <
0.05). Despite the observed discoloration of tea upon exposure to the
salts, the 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, discoloration 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 of Supplementary mate-
rial). All salt powders were either white or off-white before performing
the reactivity experiment. The color 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 CaPP 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 was not to fortify tea, we used the tea solutions as a
representative example to investigate the reactivity of iron from the
designed mixed salts with phenolic compounds (catechins), to show the
novel salts’ 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 FePP.
In future experiments, the reactivity and surface interactions of the iron-
containing pyrophosphate salts in the presence of phenolic compounds
should be further explored using model systems of selected pure

phenolic compounds to get more insight in the mechanism for phenolic-
mediated discoloration by complexation and oxidation, and stability of
these mixed salts in foods and during storage. Even though the mixed
salts show similar reactivity compared to FePP in foods, the increased
dissolution at pH 1-3 indicates that these salts likely possess improved
bio-accessibility compared to FePP. To assess organoleptic properties
other than color, such as flavor, the synthesis needs to be perfomed using
food-grade reagents and under food-grade conditions. Moreover, the in
vivo bioavailability of the salts, chemical stability, and the required
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Fig. 7. The results of the reactivity
assessment by exposure to a black tea
solution. (a) Images show discoloration
of the black tea solution after 10 min
exposure to the pure salts CaPP (x = 0),
FePP (x = 1), and the mixed Ca-Fe(III)
pyrophosphate salts with x 0.14,
0.15, and 0.35 compared to the blank
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compared to the blank black tea solution
measured at 550 nm by UV-Vis spec-
b 0.8 1 ;1 troscopy (blue squares, primary y-axis)
—_ . and concentration of the dissolved Fe in
3: BUV-Vis 9 the tea solution is determined by ICP-
S 0.6 ¢ oICP-AES 0.8 g AES (orgnge circ‘les, secondary y-axis).
£ . o The horizontal lines correspond to the
c é 2 absorbance of the tea solution (blue,
o S 0.6 3 dotted) and the Fe concentration (or-
3 DA [ M K N A B S A S 0 = ange, dashed) obtained for the tea solu-
8 o 0.4 g tion exposed to FePP. (For interpretation
c i — of the references to color in this figure
g o 'g legend, the reader is referred to the web
s 0.2 o 0.2 = version of this article.)
2 ° 8
< 3
< 0 C T T T T 0 a
0 0.2 0.4 0.6 0.8 1 S
Measured x

safety clearance of the studied mixed pyrophosphate salts, which can be
product-specific, should be addressed in future work but are beyond the
scope of this manuscript.

4. Conclusion

In the present study, we report the design, synthesis, and charac-
terization of mixed calcium and iron (III) pyrophosphate salts with the
general formula Caz(-xFe4x(P207)(142x) (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 tunable pH-
dependent solubility of mixed Ca-Fe(III) pyrophosphate salts. Our re-
sults 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 FePP. Further-
more, at gastric pH (1-3), the salts show enhanced iron dissolution with
up to a fourfold increase of soluble iron compared to FePP. 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
discoloration compared to FePP. The present findings indicate that the
mixed Ca-Fe(III) pyrophosphate salts with experimental x < 0.15 in the
general formula Cay(xFesx(P207)(14+2x) can be potential food for-
tificants with tunable iron composition and dissolution behavior. The
main benefit of these salts is improved bio-accessibility resulting from
increased dissolution at gastric pH (1-3) compare to FePP. 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.
In future works, safety assessment of the designed mixed salts, their
impact on sensorial attributes of foods, and bioavailability of the con-
stituent iron should be further explored.
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