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Abstract The paper presents the determination of iron forms
in food products. The procedure of sample extraction was
developed and optimized, preserving the content of particular
forms of iron. The colorimetric method using 2,2'-bipirydyl
(measurements at 520 nm) was applied in Fe(Il) determina-
tions, while in Fe(IIl) determinations, the colorimetric method
with potassium thiocyanate (measurements at 470 nm) was
applied. The total content of iron was determined by the
technique of atomic absorption spectrometry, which allowed
for the determination of iron content in organic and inorganic
complex compounds. Detection limits of 1 mg kg ' were
obtained for all determined iron forms, with the precision
ranging between 0.7 % and 1.5 % for 10 mg kg' concentra-
tion. The optimized analytical procedure was applied in the
determinations of iron forms in iron-fortified food products.
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Introduction

Enrichment of food with iron is one of the methods of sup-
plying this element to our body. The form of supplementation
is vital due to its potential assimilative properties. An easily
assimilable form of iron is ferritin, a metalloprotein capable of
accumulating iron. The accumulation occurs at high concen-
trations of iron salts in the growth environment of plants, and
using ferritin over-expression has become a method of
supplementing food products with iron (Goto et al. 1999;
Lucca et al. 2001).

There are two types of nutritional iron usually distin-
guished: heme (stable porphyrin complexes) and non-heme
(from weak complexes or ‘free’ iron). These forms differ
markedly in the molecular mechanisms of their absorption
and bioavailability. Thus, from a nutritional point of view,
both the total amount of iron and the form of iron in food are
significant (Schonfeldt and Hall 2011). Several new ideas
have been reported in the literature in recent years. Sugges-
tions for other molecular mechanisms of ferritin absorption
have also appeared (Theil et al. 2012; Kalgaonkar and
Lonnerdal 2009). Discussion on their receptor-mediated en-
docytosis in the intestines (Theil et al. 2012), independence
from the heme and ferrous salt absorption (Lucca et al. 2001),
as well as the questions about degradation during the food
production processes prompt us to undertake studies on the
ability of phytoferritin to survive in different cereal products,
subjected to various types of treatment technology. The pro-
tein has unusual properties: it is resistant to many hydrolytic
enzymes and temperature (up to 85°C) (Lonnerdal 2003; Liu
and Theil 2005; Hoppler et al. 2008). However, extreme food
processing may induce protein denaturation or hydrolytic
degradation (Hoppler et al. 2008), which results in ferritin
iron release and transition to ionic forms (Fe**, Fe’™)
(Lonnerdal 2003), and absorption by the gut receptor DMT|1
(Andrews and Schmidt 2007; McKie et al. 2001). Therefore, it
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seems necessary to develop an analytical method of iron
speciation in food fortified with ferritin.

For higher concentrations (more than 1 mg kg™ ') of iron
forms, the colorimetric methods have been used in speciation
analyses. In colorimetric determinations of iron, the most
commonly used methods were those using coloured com-
plexes formed by iron (Hosseinimehr et al. 2001) with thio-
cyanate ions, 2,2"-bipirydyl and 1,10-phenanthroline. The fol-
lowing components react with Fe(I): 2,2"-bipirydyl forming a
red complex with the maximum absorption at 520 nm
(Whitehead and Malik 1975) and 1,10-phenanthroline, also
forming a red complex with the maximum absorption of approx.
510 nm (Harvey et al. 1955; Lozano-Camargo et al. 2007). In
turn, thiocyanate ions and Fe(IIT) form a red complex with the
maximum absorption at 475-485 nm (Tarafder and Thakur
2005), while 1,10-phenanthroline forms a yellow complex with
the maximum absorption of 396 nm (Harvey et al. 1955).

Although iron complexes with other reagents (Filik and Giray
2012) are also used in colorimetric determinations of iron con-
tent, the three methods presented above have been most frequent-
ly applied in iron analysis. Due to the selective formation of
complexes with different iron forms, colorimetric methods have
been widely used in speciation analyses of this element. For
instance, the method based on iron reaction with 1,10-
phenanthroline has been used in selective determinations of
Fe(Il) and Fe(IIl) contents. The above method uses both the fact
of forming multi-coloured complexes determined sequentially at
different wavelengths: 396 and 512 nm for Fe(Ill) and Fe(Il),
respectively (Harvey et al. 1955), and sequential determinations
of Fe(I) and total iron following the reduction of Fe(III) to Fe(II)
(Feres and Reis 2005; Galhardo and Masini 2001). 1,10-
Phenanthroline has also been used in sequential determination
of iron forms in direct colorimetric determinations combined
with colorimetric titration (Kochana and Parczewski 1997). A
previous paper (Kozak et al. 2013) presented the procedure of
simultaneous determination of Fe(II), Fe(Ill) and complexed iron
in sediment samples by a new tandem analytical system using the
phenomena of particle absorption and atomic absorption, work-
ing in the flow-injection mode and equipped with two detectors:
a diode array spectrophotometer and an atomic absorption spec-
trometer. The procedure applied in the determinations of iron
forms in geochemical studies of sediments and soils could not be
used in the studies of food due to the colour of extracts and
potential presence of sample components in the form of colloid
solutions, hence the necessity to develop a new methodology
which would enable the analyses of food products.

In this paper, the determination of Fe(Il), Fe(Ill) and com-
plexed iron (including ferritin) in food samples will be pre-
sented. The conditions for iron forms extraction from
food samples will be shown, as well as the influence
of extraction conditions on iron speciation. The devel-
oped analytical procedure will be applied in iron speci-
ation analysis in food products.
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Experimental
Instruments

A Slandi LF300 (Slandi, Poland) photometer was used in
colorimetric analyses, which allowed for the absorbance mea-
surements at 470 and 520 nm. In the determinations of total iron
content, a SpectrAA 220FS (Varian, Australia) atomic absorp-
tion spectrometer with air-acetylene flame atomization was
applied, equipped with an HCL lamp used in iron determina-
tions (wavelength 248.3 nm, slit 0.2 nm, lamp current 10 mA).

Reagents

Only analytically pure reagents and water with 18 MQ2 cm
resistivity obtained in a Direct-Q 3UV (Millipore, Germany)
device were used in the determinations. Standard solutions of
iron species Fe(Il) and Fe(III) of concentration 1.00 mg ml ™"
were prepared from weights of the following salts: ferrous
ammonium sulphate hexahydrate and ferric ammonium sul-
phate dodecahydrate (both chemicals obtained from Acros).
An analytical standard of total iron was also used in the atomic
absorption spectrometry (Fe(NO3)3;) at concentration
1.000 mg mI™" (Merck, Germany). Standard solutions of lower
concentrations were prepared on the day of the analyses. The
following reagents were used in the study (obtained from the
Polish Chemical Reagents POCh): acetate buffer (90 g sodium
acetate [CH;COONa-3H,0] was dissolved in water, 48 ml
concentrated acetic acid was added, then the solution was filled
up to 200 ml with water and stirred); 2,2"-bipirydyl [C;oHgN>],
0.5 % (m/m) solution; potassium thiocyanate [KSCN], 5 %
(m/m) solution, hydrochloric acid [HCI] 0.1, 0.5, 1.0 and
2.0 mol I solutions; nitric acid [HNO;] approx. 65 %; hydro-
gen peroxide [H,O,] approx. 30 %. The iron concentration in
reagent blank sample has been found below detection limit.

Samples

A total of 25 different samples of food fortified with iron by
the addition of soy bean seeds (radicle with cotyledons)
sprouted for 7 days in FeSO,4 were prepared for the analyses.
The obtained material was dried, ground or cut into 2—-5 mm
fractions and added to different cereal products. The products
with the composition unknown to us were delivered by the
producer, with the annotation that they are produced on the
basis of rice, wheat or corn grains.

Samples Preparation

Food samples were dried in the temperature of 50 °C, ground
to <0.1 mm grain diameter and sieved. Each sample (2.00 g)
was subjected to extraction with 20.0 ml hydrochloric acid in
the following conditions:
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a0.1 — acid concentration 0.1 mol I"!, sample extracted
at 25 °C in 60 min under cover

a0.5 — acid concentration 0.5 mol I"', sample extracted
at 25 °C in 60 min under cover

al.0 — acid concentration 1.0 mol I"!, sample extracted
at 25 °C in 60 min under cover

a2.0 — acid concentration 2.0 mol I"!, sample extracted
at 25 °C in 60 min under cover

w0.1 — acid concentration 0.1 mol 1!, sample heated at
80 °C in 60 min under reflux condenser

w0.5 — acid concentration 0.5 mol I, sample heated at
80 °C in 60 min under reflux condenser

w1.0 — acid concentration 1.0 mol I, sample heated at
80 °C in 60 min under reflux condenser

w2.0 — acid concentration 2.0 mol 1!, sample heated at
80 °C in 60 min under reflux condenser

The description of the sample that has been used conse-
quently follows Scheme 1.

After filtration through a medium-size qualitative filter
(earlier rinsed with 200 ml distilled water) and filled up to
20.0 ml, the obtained solutions were subjected to analysis.
Directly prior to the analysis, the solutions were diluted ten
times with water. The course of sample preparation was re-
peated twice (n=2) for each sample of iron-fortified food.

Methodology

The methodology of determination of iron content is present-
ed in Fig. 1. It involved three basic stages.

Determination of Total Iron

The total content of iron was determined using atomic absorp-
tion spectrometry with air-acetylene flame atomization.

Determination of lonic Forms of Iron

Fe(IT) content was determined in reaction with 2,2"-bipirydyl
in the environment of acetate buffer (pH 4.5) using photom-
etry (wavelength 520 nm), while Fe(Ill) content was deter-
mined in reaction with thiocyanate in the environment of
hydrochloric acid (pH<2.0) using photometry (wavelength
470 nm). For the determination of Fe(IT) content the 0.5 ml
of acetic buffer and 0.5 ml of 2,2'-bipirydyl solution has been

w(warm)—extraction temperature 80°C

Nicid (éncentration\

15w2.0  15a2.0

NIAN
sample number

a(ambient)—extraction temperature 25°C

Scheme 1 The rules of the sample description

samples HCI it
extraction |:> samples dillution
I
thiocyjanate 2,2'-dipirydyle
blank sample addition addition

@P v—\; {/—<}

AAS o m—r—
analysis 470nm °°af:‘ua'|;;lsl?s Tic 520mm
Fe(lll) Fe(ll)
Fe — Fe — e
total jonic | === complex

Fig. 1 Schematic diagram of iron species determination procedure

added to 5.0 ml of sample. The sample has been ready to
spectrophotometric analysis after 10 min. For the determina-
tion of Fe(IIT) content, 0.5 ml of hydrochloric acid 2 mol 1"
solution and 0.5 ml of potassium thiocyanate solution were
added to 5.0 ml of the sample. The sample was ready for
spectrophotometric analysis after 10 min. Before the absor-
bance was measured for each sample, it was measured for the
same sample (sample after the extraction was diluted ten times
by water) without any reagents added (photometric blank) and
the obtained value was used to correct the result of iron forms
content.

This was intended to reduce interference related to the
colour of sample and possible presence of sample components
in the colloid form. The ionic iron was the sum of Fe(II) and
Fe(III) contents.

Calculating the Content of Bound Iron

The content of iron in the bound form (organic and inorganic
complexed iron compounds) was calculated from the dif-
ference between the total iron content obtained during
the atomic absorption spectrometry and ionic iron,
which was the sum of Fe(Il) and Fe(IlI) contents ob-
tained in the photometric analyses.

Validation

The above analytical methodology was validated. The follow-
ing values were obtained: slope of calibration curve 0.1484
(mg """, correlation coefficient (R*=0.9912), detection lim-
it 1 mg kg ', precision 1.4 % for 10 mg kg ' in Fe(Il)
determinations, slope of calibration curve 0.1308 (mg ™,
correlation coefficient (R*=0.9989), detection limit

@ Springer
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Table 1 The results of determination of iron forms in samples extracted by 2 mol I"' hydrochloric acid in ambient temperature (a) and 80 °C (w)

Sample Description  Fe(II) Fe(III) Fe complex Fe tot Fe miner Recovery Fe(ll) Fe compl
(mgkg') (mgkg) (mgkg)  (mgkg') (mgkg) (%) %) (%)
A. Rice products  1a2.0 6.4 <1 10 17 18 91.7 387 613
1w2.0 6.8 <1 11 18 18 98.3 384 616
2a2.0 15 <1 24 39 59 66.1 392 608
2w2.0 25 <1 30 55 59 92.4 455 545
3a2.0 41 <1 54 95 120 78.8 434 56.6
3w2.0 89 <1 25 114 120 95.0 779 221 Need
correction
B. Corn products ~ 4a2.0 59 <1 2.7 8.6 38 22.6 68.6 314
4w2.0 31 <1 32 34 38 89.2 906 94 Need
correction
5a2.0 70 <1 73 144 250 57.5 49.0 51.0
S5w2.0 234 <1 31 265 250 106.0 88.3 11.7 Need
correction
6a2.0 31 <1 66 97 125 77.6 322 67.8
6w2.0 115 <1 13 128 125 102.4 89.8 102 Need
correction
C. Corn/wheat 7a2.0 9.1 <1 20 29 61 46.9 31.8 682
products Tw2.0 32 <1 25 57 61 93.8 559 441 Need
correction
8a2.0 5.7 <1 10 15 28 54.6 373 627
8w2.0 18 <1 8 27 28 94.6 69.1 30.9 Need
correction
9a2.0 33 <1 18 51 54 94.1 642 358
9w2.0 36 <1 21 57 54 105.2 63.0 370
10a2.0 16 <1 20 36 52 69.6 450 550
10w2.0 36 <1 15 51 52 97.5 702 29.8 Need
correction
11a2.0 1.1 <1 11 12 18 67.2 9.1 90.9
11w2.0 7.9 <1 8.9 17 18 933 47.0 53.0  Need
correction
12a2.0 8.7 <1 8.6 17 16 107.8 50.4 49.6
12w2.0 5.5 <1 8.7 14 16 88.8 38.7 613  Need
correction
D. Wheat products  13a2.0 0 <1 63 63 155 40.8 0.0 100.0
13w2.0 49 <1 101 150 155 96.8 329 671 Need
correction
14a2.0 22 <1 36 59 145 40.4 379 621
14w2.0 53 <1 96 149 145 102.8 358 642
15a2.0 22 <1 36 58 155 375 385 615
15w2.0 53 <1 103 155 155 100.3 34.0 66.0
E. Mixed products 16a2.0 20 <1 28 48 200 24.0 413 588
16w2.0 86 <1 102 188 200 94.2 456 544
17a2.0 22 <1 36 59 74 79.2 379 621
17w2.0 61 <1 17 78 74 105.1 779 221 Need
correction
F. Desserts 18a2.0 45 <1 50 95 151 63.0 474 526
18w2.0 59 <1 86 145 151 96.0 408  59.2
19a2.0 44 <1 72 116 129 89.9 378 622
19w2.0 71 <1 64 135 129 104.6 523 477 Need
correction
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Table 1 (continued)

Sample Description Fe(II) Fe(IlI) Fe complex Fe tot Fe miner Recovery Fe(ll) Fe compl
(mgkeg') (mgke') (mgke)  (mgkg) (mgkg) (%) %) (%)
20a2.0 30 <1 80 110 136 80.9 276 724
20w2.0 67 <1 73 140 136 102.9 48.1 519 Need
correction
21a2.0 40 <1 66 101 141 71.6 39.9 65.0
21w2.0 55 <1 81 136 141 96.2 40.6 59.4
G. Ready-to-cook  22a2.0 4.5 <1 19 24 56 42.7 18.8 81.2
products 22w2.0 28 <1 24 52 56 929 531 469
23a2.0 453 126 1,059 1,638 2,650 61.8 276 647
23w2.0 1,156 174 1,324 2,654 2650 100.2 436 499 Need
correction
24a2.0 3.7 <1 14 18 25 70.0 21.1 78.9
24w2.0 16 <1 6.9 23 25 93.2 704 29.6 Need
correction
25a2.0 22 <1 42 64 155 41.0 34.4 65.6
25w2.0 63 <1 93 156 155 100.6 40.1 59.9

Fe tot total iron concentration in hydrochloric acid extract, Fe miner total iron concentration after sample mineralization following the USEPA Method
3050B, recovery the recovery in hydrochloric acid extraction compared with USEPA 3050B mineralization, need correction the extraction in higher
temperature changed the iron speciation
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Fig. 2 Presence of Fe(Il) and Fe complexed (and Fe(Ill) for the last extraction on a hot plate (80 °C); 0.1, 0.5, 1.0, 2.0 hydrochloric acid
graph) in food extracts obtained for different extraction procedures. concentration mol 1'; A—G group of food products (description follows
Samples description: a extraction in ambient temperature (20 °C), w Table 1); the lines show statistically significant trends
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description: @ extraction in ambient temperature (20 °C), w extraction on

1 mg kg ', precision 1.5 % for 10 mg kg ' in Fe(IIT) deter-
minations, and detection limit 1 mg kg ', precision 0.7 % for
10 mg kg ' in the determinations of total iron content. More-
over, the precision of determinations was defined as the rela-
tive standard deviation (RSD) obtained for repetition (the
same day, the same analyst) of the sample analysis (n=6) for
the whole analytical procedure (including sample prepara-
tion). The analytical (linear) range of procedure has been
found as 100 mg kg ' without sample dilution and
1,000 mg kg ' after ten times dilution of sample follow
described procedure.

The obtained parameter values characteristic for the ana-
lytical method indicate a realistic possibility of its application
in the determinations of content of iron forms in food sample
extracts. The precision obtained for the whole analytical pro-
cedure comprising the treble repetition of the extraction cycle
and the measurement of content of iron forms with values
below 20 %, confirm the possibility to apply the described
method in scientific studies.

Due to the lack of reference materials for iron speciation
studies in food products, the recovery of the standard (for
Fe(I), Fe(IIl) and total Fe, respectively) added to the sample
extract was also determined. High recovery of the addition to
the sample was found: 89.5+4.3 %, 107.2+6.9 % and 102.1+
3.4 % for Fe(Il), Fe(Ill) and total Fe, respectively, which
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a hot plate (80 °C); 0.1, 0.5, 1.0, 2.0 hydrochloric acid concentration mol
1", A=G group of food products (description follows Table 1); the lines
show the statistically significant trends

confirmed the possibilities of practical application of the de-
scribed analytical procedures in food analysis. The standard
addition method has been additionally used to define the
accuracy of iron forms determination — the selectivity of
described procedures was high.

Results and Discussion
Optimisation of the Analytical Procedure

In accordance with the above methodology, 25 different food
samples (Table 1) were analyzed and 2x 200 solutions (double
samples) were obtained, in which the content of ionic iron
forms Fe(I), Fe(Ill) and complexed iron compounds was
determined. The results of the analyses are presented in Fig. 2.

The presence of trivalent iron was found only in one
sample of a ready-to-cook product. In the other samples, iron
occurred in the form Fe(Il) and in the form of complexed
compounds. Along with the increase in hydrochloric acid
concentration, the increase in the determined total iron con-
centration was observed. Higher iron contents were deter-
mined during the extraction in the temperature of 80 °C than
during the extraction conducted in room temperature. The
higher concentration used in hydrochloric acid extraction
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and higher extraction temperature cause the increase in the
efficiency of iron extraction from food product samples. The
concentration of iron extracted with 2.0 mol I"' hydrochloric
acid in the temperature of 80 °C constituted 85-105 % of the
total iron content following sample mineralization with a
mixture of nitric and hydrochloric acids with the addition of
hydrogen peroxide in accordance with the USEPA Method
3050B procedure (Table 1). It may, therefore, be assumed that
this is the only extraction procedure that leads to obtaining
representative results of total iron content in a sample. During
the extraction with hydrochloric acid, different iron forms may
be extracted with varied efficiency. Moreover, the extraction
may cause the transformation of iron forms in a sample. In
Fig. 2, using a line, the samples have been shown for which
changes in concentrations of iron forms differ from the chang-
es in their total content. This may suggest that the above
presented different extractions of forms or their transforma-
tions indeed occur during the extraction of some samples. This
is confirmed in Fig. 3, which presents the percentage partici-
pation of particular iron forms.

For most samples, the percentage content of iron forms in
the extract is constant, certain differences may be observed
between the extraction in room temperature and the extraction
at 80 °C. This suggests that, regardless of the total iron content
in extracts, the element is found in the forms whose participa-
tion in the total iron content is similar. The extraction, there-
fore, does not disturb the iron speciation in samples. However,
in the case of the extraction of several samples (with the
exception of one case, this only refers to the extraction at
80 °C), along with the increase in hydrochloric acid concen-
tration, a change in the percentage participation of particular
iron forms was observed. The iron content in the complexed
form decreased, while the content of Fe(Il) increased. This is
presented in Fig. 3, using the change trend lines. In this case,
the extraction disturbs the balanced presence of iron forms.
Such a situation was observed for each group of the studied
food products, and it may be assumed that the susceptibility to

Fig. 4 Presence of ionic Fe and ferritine
Fe complexed in ferritine water 200 -
solution and after the extraction 180 |
procedure (0.1, 0.5,1.0,2.0 M | I
hydrochloric acid concentration 160 -
mol ") 140 | l
o 120
& 100 -
-
E 80
60 |
40

» _‘-.
0+

the disturbances of the speciation system is an individual
feature of a given sample. On the one hand, due to the highest
effectiveness, the best procedure of sample preparation seems
to be the extraction using 2.0 mol I"' hydrochloric acid at
80 °C. On the other hand, however, for certain individual
samples (difficult to identify) such extraction may disturb iron
speciation. Table 1 presents the similarities and differences
(statistically significant, marked as ‘need correction’) of iron
forms participation in the total content of the element (due to
the presence of Fe(Ill) in only one sample, the content of this
form has been omitted) in the extraction with hydrochloric
acid in room temperature (a) and at 80 °C (w). As results from
the data presented in Fig. 3 and in Table 1, the total iron
content in food samples should be determined following a
sample extraction with 2.0 mol I"" hydrochloric acid at 80 °C.
However, during such extraction the disturbance in the con-
tent of iron forms may occur for some samples (the increase in
Fe(Il) percentage content at the decreased percentage of Fe
content in complexed compounds). However, no change in
the percentage of Fe(III) content occurs, although this obser-
vation only refers to the analysis of a single sample. The
speciation of iron in all samples is probably preserved in the
case of their extraction with 2.0 mol 1™ hydrochloric acid,
although in these conditions only some part of iron in the
samples is extracted (Table 1). In order to verify the above
observations, the extraction of water solution of ferritin was
conducted (in the conditions identical to the described above)
(Fig. 4). The iron speciation during the extraction in room
temperature was confirmed, as well as its disturbance when
the samples were heated. In these conditions, the partial re-
lease of iron probably occurs.

Proposed Methodology for the Speciation Analysis of Food
Samples

Based on the studies presented above, the methodology
of determination of iron forms in food samples may be

1]

water 20°C 0.1M 05M 1.0M 20M 80°C 0.1M 05M 1.0M 2.0M

B Feion 0OFe complex
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developed. Samples should be dried at 50 °C, ground to
grain diameter <0.1 mm and sieved. Then, 2.0 g of a
sample should be extracted with 20.0 ml 2.0 mol 1!
hydrochloric acid, simultaneously at room temperature
(approx. 25 °C) for 60 min under cover and at 80 °C
for 60 min under reflux condenser. After being filtered
through a medium-size qualitative filter (rinsed with
200 ml distilled water) and filled up to 20.0 ml, solu-
tions are obtained, which (after being dissolved ten
times directly before the analysis) are subjected to anal-
ysis. The determinations include the content of ionic
iron in Fe(ll) and Fe(Ill) forms, the total iron content
and, based on the total iron content and ionic iron

content — the content of iron in organic and inorganic
complexes, including ferritin (Fig. 1).

The comparison of the percentage content of iron form in a
sample subjected to extraction in room temperature and a
sample extracted at 80 °C allows for the assessment to what
extent the latter method contributed to the disturbance of iron
speciation in a sample (Table 1). Moreover, assuming the
percentage participation of iron forms in a sample extracted
in room temperature as one representative for iron speciation
in samples, the correction of the iron content for extraction at
80 °C is possible. This may be done as a simple re-calculation
of the percentage iron form content (obtained during the
analysis of a solution from the first extraction) for the total

Table 2 The results of correction of iron forms concentration in samples extracted by 2 mol 1" hydrochloric acid (w) based on the results obtained for
extraction by 2 mol I"! hydrochloric acid in ambient temperature (a) and 80 °C

Sample Before correction After correction
description

Fe(II) Fe complex Fe(II) Fe compl Fe(II) Fe complex Fe(II) Fe compl

(mg kg (mg kg ') (%) (%) (mg kg ') (mg kg ") (%) (%)
3a2.0 41 54 43.4 56.6
3w2.0 89 25 77.9 22.1 49 65 434 56.6
4a2.0 5.9 2.7 68.6 314
4w2.0 31 32 90.6 9.4 23 11 68.6 314
5a2.0 70 73 49.0 51.0
5w2.0 234 31 88.3 11.7 130 135 49.0 51.0
6a2.0 31 66 322 67.8
6w2.0 115 13 89.8 10.2 41 87 322 67.8
7a2.0 9.1 20 31.8 68.2
Tw2.0 32 25 55.9 441 18 39 31.8 68.2
8a2.0 5.7 10 373 62.7
8w2.0 18 8 69.1 30.9 10 17 373 62.7
10a2.0 16 20 45.0 55.0
10w2.0 36 15 70.2 29.8 23 28 45.0 55.0
11a2.0 1.1 11 9.1 90.9
11w2.0 7.9 8.9 47.0 53.0 1.5 15 9.1 90.9
12a2.0 8.7 8.6 50.4 49.6
12w2.0 5.5 8.7 38.7 61.3 7.2 7.0 50.4 49.6
13a2.0 0 63 0.0 100.0
13w2.0 49 101 329 67.1 0.0 150 0.0 100.0
17a2.0 22 36 37.9 62.1
17w2.0 61 17 77.9 22.1 29 48 379 62.1
19a2.0 44 72 37.8 62.2
19w2.0 71 64 523 47.7 51 84 37.8 62.2
20a2.0 30 80 27.6 72.4
20w2.0 67 73 48.1 51.9 39 101 27.6 72.4
23a2.0 453 1,059 27.6 64.7
23w2.0 1,156 1,324 43.6 49.9 734 1,716 27.6 64.7
24a2.0 3.7 14 21.1 78.9
24w2.0 16 6.9 70.4 29.6 49 18 21.1 78.9
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iron content obtained in the solution analysis during the sec-
ond extraction (Table 2). This allows for the determination of
not only the iron content, but also its speciation in the studied
samples. The developed methodology allows for a simple and
available laboratory analysis of iron speciation in food
samples.

Results of Iron Forms Determination in Food Samples

Due to the slight assimilation of the Fe(III) form, its presence
in foodstuffs is very undesirable (Goto et al. 1999). Only in
one of the analyzed foodstuffs was the presence of Fe(III)
form found. On the other hand, the average content of the
Fe(Il) form was about 38+14 % of the total Fe content, and it
never exceeded 70 % of the total Fe content for any of the
analyzed samples. [t means that in most of studied samples the
overwhelming form was complexed iron (including ferritin),
which is assimilate best. The complexed iron constitutes the
average 68+14 % of total iron content. This indicates that
iron-fortified food is very useful in diet supplementation in
cases of iron deficiency (Goto et al. 1999; Lucca et al. 2001).

Conclusion

A simple and available determination of content of iron forms
in food samples was presented in this paper. The single
analytical procedure combines well-known and widely used
methods of determination of particular iron forms (Fe(Il),
Fe(IIT)) and the total iron content. The methodology of iron
extraction has been developed, as well as a method of elabo-
rating results in order to obtain information on the content
(high recovery criterion) and iron speciation (percentage par-
ticipation of determined forms of this element). The determi-
nation methodology for the content of iron forms in food
products is simple, especially in comparison with other pro-
cedures of iron determination (Signo et al. 2005) and its
application is possible in any laboratory without special equip-
ment for the determination of iron content in complexes,
including those with ferritin. The presented analytical proce-
dure is a new approach in food analysis, which allows for an
easy and quick assessment of bioactive food properties.
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