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I[ron is an essential element, and cornflake-style cereals are typically fortified with iron to a level up to
14 mg iron per 100 g. Even single cornflakes exhibit magnetic behaviour. We extracted iron microparticles
from samples of two own-brand supermarket cornflakes using a strong permanent magnet. Synchrotron
iron K-edge X-ray absorption near-edge spectroscopic data were consistent with identification as metallic
iron, and X-ray diffraction studies provided unequivocal identification of the extracted iron as body-
centred cubic (BCC) a-iron. Magnetometry measurements were also consistent with ca. 14 mg per 100 g
BCC iron. These findings emphasise that attention must be paid to the speciation of trace elements, in
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relation to their bioavailability. To mimic conditions in the stomach, we suspended the iron extract in
dilute HCL (pH 1.0-2.0) at 310 K (body temperature) and found by ICP-MS that over a period of 5 hours,
up to 13% of the iron dissolved. This implies that despite its metallic form in the cornflakes, the iron is
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1. Introduction

Of the 60 or so elements detectable in the human body, about
19 are known to be essential for human life, and a further
seven are potentially essential.' For various reasons,
however, many individuals and population groups do not
ingest appropriate amounts of all necessary elements through
their regular diet.*”® A common strategy to address this issue
is to ‘fortify’ foods (i.e. supplement them) with these elements.

With nearly 5 g of iron present on average in the body, it is
the most abundant essential transition metal for human
health." The chemical form of iron in foods is known to influ-
ence its absorption in the body. For example, haem iron (e.g
in meat) is well absorbed, whereas non-haem iron in plant-
based foods is less well absorbed as it can be bound in the gut
by a number of dietary components, most notably phytate
(myo-inositol hexakisphosphate), that inhibit iron absorption.”
Polyphenols, as found in tea, cereals and legumes have a
similar effect.” The most familiar form of iron in biology is in
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potentially bioavailable for oxidation and absorption into the body.

haem groups; however, non-haem iron-containing proteins are
encoded by approximately 1% of the human genome.' The
speciation of iron in the body after absorption is of much
interest in relation to many diseases, including conditions of
iron deficiency and overload,® and neurodegenerative con-
ditions such as Alzheimer’s disease or neurodegeneration with
brain iron accumulation.® ™"

The presence of magnetic iron in cornflakes is well-known
and its extraction using powerful permanent magnets is well
described.” Even a single cornflake exhibits magnetic behav-
iour (ESI videot). We have analysed the iron extracted from
samples of two own-brand UK supermarket cornflakes using
synchrotron X-ray absorption near-edge spectroscopy (XANES),
X-ray diffraction, and magnetometry. We also investigated
whether this iron might be bioavailable by studying its dis-
solution under temperature and pH conditions found in the
stomach.

2. Experimental
2.1. Iron extraction from cornflakes

Two leading brands of cornflake (referred to as Brand A and
Brand B), both reported by the manufacturers to contain
14.0 mg of iron per 100 g of product - the highest iron level we
were able to find among common breakfast cereals — were pur-
chased from local (West Midlands, UK) grocery shops.
Concentrated hydrochloric acid (37%) was purchased from
Sigma (Dorset, UK), and water was purified using a Milli-Q

This journal is © The Royal Society of Chemistry 2020
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system. To extract iron-containing material, the cornflakes
were ground by hand using a clean ceramic mortar and pestle,
and then mixed with water and homogenised to a thin paste.
This paste was then placed inside a glass beaker and stirred
with a wooden stirrer, while a neodymium rare-earth magnet
was placed against the outside wall of the beaker. After fifteen
to thirty minutes of stirring, magnetic material was deposited
as a dark pellet on the inside wall of the beaker. This material
was then isolated and washed several times with Milli-Q water
before being dried under air exposure at 310 K for further
analysis.

2.2. X-ray absorption spectroscopy

Microfocus XANES experiments were performed at beamline
118 of the Diamond Light Source (Oxfordshire, UK). Careful
tuning of the energy of the incident X-ray beam and scanning
across a desired energy range, allows probing the oxidation
state and local coordination environment of targeted elements
within a sample. Particles extracted from cornflakes were sus-
pended in Milli-Q water and 5 pL of this suspension was de-
posited on a thin Ultralene film. This material was then
allowed to dry for 2 hours at 310 K prior to XANES analysis.

2.3. X-ray diffraction (XRD)

Experiments were performed in transmission using a Xenocs
Xeuss 2.0 equipped with a Mo Ko microfocus source and a
Pilatus 100k detector. The sample-to-detector distance was
calibrated using a LaBs standard. This setup allows the
measurement of a diffraction pattern between 19 and 47° in
26. The extracted particles were mounted between Kapton tape
which was also measured separately for background
correction.

2.4. Magnetometry

DC magnetisation versus magnetic field measurements were
made in a Quantum Design Magnetic Property Measurement
System magnetometer, at temperatures between 5 and 300 K
in magnetic fields of up to 50 kOe. Brand A cornflakes were
crushed using a mortar and pestle and pressed into cylinders,
5 mm in height and 5 mm in diameter. Extracted iron samples
were placed into gel capsules. The samples were then held in
plastic straws which were attached to a sample rod for the
measurements.

2.5. Determination of solubilised Fe concentration by
inductively coupled plasma - mass spectrometry (ICP-MS)

Samples were diluted (1:2000) with 3.6% (v/v) nitric acid and
analysed using a 7500 Series ICP-MS instrument (Agilent
Technologies, Palo Alto, CA, USA) in no-gas mode with '®°Er
(50 pg L") as an internal standard. Calibration standards con-
taining *°Fe in 3.6% (v/v) nitric acid from 0-500 pg L™ were
analysed in advance of sample analysis. To simulate con-
ditions in the stomach, we prepared dilute aqueous HCI solu-
tions at concentrations of 0.1, 0.03, and 0.01 M, corresponding
to pH values of 1.0, 1.5, and 2.0, respectively. These pH values
are comparable to that of stomach acid, which typically has a
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pH between 1.5 and 2.5."*'* We then added 0.26-3.46 mg of
extracted iron particles to 0.5 or 1.0 mL of this diluted acid,
and incubated the samples at 310 K for 5 hours (similar to the
maximum reported residence time of food in the
stomach).’>'® The sample was then filtered and the iron con-
centration in the supernatant determined by ICP-MS. Blanks
consisting of Milli-Q water with 0, 0.1, 0.03, and 0.01 M HCI
with no extracted material from cornflakes were used as nega-
tive controls. Agilent ICP-MS Top and Offline Data Analysis
(ChemsStation version B.03.05) were used for data processing.

3. Results and discussion

3.1. XANES spectroscopy revealed low-oxidation state iron

As a first step, an optical image of the extracted particles was
acquired. The inset in Fig. 1 shows dense, relatively smooth
particles approximately 10 pm in size. Microfocus XANES of
these particles yielded a fairly noisy spectrum, possibly
because of self-absorption, or potentially the particles were not
fully immobilised on the substrate, while being of a compar-
able size to the incoming X-ray beam spot-size. Several peaks
and a prominent shoulder (‘pre-edge’) at slightly lower photon
energy than the main absorption edge were observed in the
spectrum (Fig. 1) and were found at the same energy values as
for a metallic iron standard. This strongly suggested that the

'sta'mdard;

Fe

Extrac ec:I material

Normalised absorption

7080 7180

Energy (eV)
Fig. 1 XANES spectra of a pure, metallic iron standard (red trace) and of
one of the ferromagnetic particles extracted from Brand A cornflakes

(black trace). Dashed-dotted lines indicate matching features. Inset
shows an optical image of the particles.
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iron in these particles was in zero-oxidation state, as higher
oxidation states (especially +3) would cause the absorption
maximum to shift to higher energy values. Given the noisy
nature of the XANES spectrum, however, we performed a more
detailed analysis of the particles using X-ray diffraction.

3.2.  XRD data were consistent with body-centred cubic alpha-
iron

Background-corrected X-ray diffraction data are plotted in
Fig. 2 along with a simulated pattern for the body-centred
cubic (BCC) a-iron phase.'” The diffraction patterns of Brand A
and Brand B are consistent with each other and match the
expected pattern for BCC o-iron. Together with the XANES
data, this is extremely strong evidence that the extracted
material consists of (metallic) a-iron. We subsequently used
magnetometry to measure the magnetic properties of the
extracted iron.

3.3. Magnetometry allowed determination of magnetisation
and quantification of iron

Fig. 3a shows the magnetization versus applied field curve at
295 K for a sample of Brand A cornflakes. The M(H) curve is
representative of all the samples of cornflakes investigated and
consists of a ferromagnetic contribution from the iron and a
diamagnetic contribution from the biological matter in the
cornflakes. The cornflake residue after iron extraction exhibi-
ted a weaker diamagnetic response (see ESI Fig. S1-S37).
Fig. 3b shows an M(H) curve at 295 K for a sample of iron par-
ticles extracted from the cornflakes. As expected, the extracted
iron was a soft ferromagnet, with a saturation magnetization,
Mgy = (196 + 1) emu g~ at 50 kOe and a coercive field of only
(8 = 2) Oe. The data for the extracted iron are compatible with
previous results for BCC iron, and Mg, is ~90% of the 217.4
emu g ' reported for bulk polycrystalline iron.'® The slightly
reduced value may be due to the small size of the iron particles

Brand A
Brand B
Simulated BCC a.-Fe

T_a

20 25 30 35 40 45 50
Diffraction Angle (°26, Mo Ka)
Fig. 2 X-ray diffraction of extracted cornflake particles (black, blue),

along with simulated results for metallic body-centred cubic iron (red;
structure shown in inset).
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Fig. 3 Magnetization versus applied magnetic field at T = 295 K for (a)
Brand A cornflakes and (b) the extracted iron particles.

and residual diamagnetic material in the extracted iron. Using
the M(H) curves, it is estimated the samples studied here con-
tained (12 + 1) mg of iron per 100 g of cornflakes, in reason-
able agreement with the 14 mg stated by the manufacturer.

3.4. The extracted iron slowly dissolved under physiological
conditions

It might be expected that little or none of the metallic iron par-
ticles in cornflakes would be available for absorption during
digestion. However, it is well known that iron is readily oxi-
dised and dissolves in aqueous acid, particularly at very low
pH and high temperatures. We simulated conditions in the
stomach as described in section 2.5, and determined the
amount of solubilised iron by ICP-MS (Table 1). Strikingly,
iron concentrations of 0.98 to 8.34 mM were measured,
suggesting that a significant fraction (10.7 + 2.5% by mass) of
the iron particles was solubilised under conditions mimicking
digestion. Generally, the reaction between metallic iron and
hydrochloric acid under mild conditions generates iron(u)
chloride, and the ferrous iron is soluble and relatively stable
toward oxidation at low pH."? At pH values above 4, the rate of
oxidation to ferric iron by dissolved oxygen rapidly increases,

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of ICP-MS experiments. Background concentration
of Fe measured in blank samples (Milli-Q H,O and acid at the three pH
values used) was approximately 0.020 mM and effectively negligible

Fe
particle  HCI Fe Amount of
mass volume  concentration  Fe in acid %
pH (mg) (mL) (mM) (mg) dissolved
2.0 0.26 0.5 0.98 0.027 10.5
1.5 2.53 1.0 3.85 0.215 8.5
1.0 3.46 1.0 8.34 0.465 13.4

and ferric iron is highly insoluble at neutral pH." This raises
the question as to whether the increase in pH when going
from the stomach to the small intestine, might result in most
of the dissolved iron precipitating as insoluble iron oxide clus-
ters; however, binding by citrate or other chelators in the
stomach could stabilise the iron sufficiently to be absorbed
in the gut.*® In this context, we note again that chelating
agents which might inhibit iron absorption such as phytate
(inositol hexaphosphate) which is present not only in cereals,
but also in bran, seeds, grains, legumes and many other plant
tissues, can also have a significant detrimental effect on
bioavailability.”*" The membrane-bound ferric reductase
Dcytb, found in the gut, has also been shown to play an impor-
tant role in the absorption of dietary iron.*>** This suggests
that, after solubilisation in stomach acid, iron can plausibly be
absorbed relatively efficiently despite having been ingested in
a metallic form.

4. Conclusions

With increasing awareness of the importance of eating a
balanced diet that contains all elements essential for life,
there is incentive for manufacturers to fortify everyday food-
stuffs. While the presence and concentration of trace elements
in these items is well-known and, in many cases, reported, the
chemical form of these elements is also important for health,
although there is generally less awareness of this fact. Here, we
have determined that the iron present in two leading brands
of breakfast cereal in the UK, is in metallic form. By simulating
conditions in the human stomach, we have also shown that it
is plausible that a portion of this iron is likely to be solubilised
during digestion, although questions remain concerning bio-
availability. In particular, we emphasise that the model used
here is highly simplified, and does not include consideration
of factors such as the interaction of iron with components of
foodstuffs, including the potential chelating agents they
contain, pH changes in the stomach over time, or movement
of materials during digestion. Rather, the focus here is on the
detailed characterisation of the iron particles in fortified
cereal, as well as a proof-of-principle experiment that shows
that some of the iron can be solubilised under conditions
related to those in the stomach. This work will therefore serve
as the basis for more detailed future studies of the dissolution
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of these metallic iron particles and the subsequent absorption
of iron. The work highlights the power of X-ray methods and
magnetometry for analysis of iron in solid samples with
minimal treatment, as well as the importance of chemical spe-
ciation in food science.
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