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Abstract

Changes of speciation of phosphorus, manganese, iron, cobalt, nickel, copper, zinc, and molybdenum in pea seeds, occurring as a
result of blanching and boiling of green pea, were investigated. Element speciation in green pea was compared with that of mature
pea. Speciation analyses were accomplished by size exclusion chromatography — inductively coupled plasma mass spectrometry.
Total contents of elements, the respective soluble portions and portions passing a SEC column, were ascertained and mass balances
were done. No notable differences between fresh and blanched green peas were found. During boiling of pea, most of the elements
were partly leached into water. Excepting nickel and cobalt, the compounds remaining in the boiled peas became less soluble.
Soluble high molecular mass element species of zinc, copper, manganese and iron, present in the blanched green peas were markedly
diminished by boiling. Low molecular mass species of nickel, cobalt, zinc, and molybdenum were more stable against thermal
treatment. The mature pea accumulated higher amounts of elements than did green pea. New soluble high or medium molecular
mass fractions of phosphorus, cobalt and copper were formed during ripening of pea seeds. These fractions were not present in green
peas. The age of mature peas and the manner of their storage were observed to affect the speciation of copper.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction B’Hymer, Sutton, & Caruso, 1999; Beauchemin, Bed-
nas, Berman, McLaren, Siu, & Sturgeon, 1988;
Goessler, Maher, Irgolic, Kuehnelt, Schlagenhaufen,
& Kaise, 1997; Larsen, Pritzl, & Hansen, 1993; Lar-
sen, 1995; Lawrence, Michalik, Tam, & Conacher,

1986; Veléz, Ybanez, & Montoro, 1996; Villa-Lojo,

Original compounds of mineral elements occurring in
foodstuffs are still hardly known. Speciation analysis of
elements can give some quantitative and qualitative in-
formation about various chemical forms of elements
present in a sample. Elements speciation data are es- Alonso-Rodriguez, Lépez-Mahia, Muniategui-Lore-
sential for estimation of actual biological effects of ele- nzo, & Prada-Rodriguez, 2002) in fish and sea-food;
ments. Description of trace element species in food and e occurrence of selenium compounds in food supple-
the development of appropriate analytical methodology ments, based on selenised yeasts (Ip et al., 2000;
were recently studied regarding the following topics: Mounicou, McSheeny, Szpunar, Potin-Gautier, &

e occurrence of individual mercury species (Harrington

& Catterick, 1997; Chiou, Jiang, & Danadurai, 2001;
Rai, Maher, & Kirkowa, 2002; Snell, Stewart, Stur-
geon, & Frech, 2000; Ubillus, Alegria, Barbera,
Farré, & Lagarda, 2000) and arsenic species (Ackley,
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Lobinski, 2002; Wrobel, Wrobel, & Caruso, 2002)
or in some plants distinguished by higher selenium
contents, such as garlic, onion and nuts (Ip et al.,
2000; Kannamkumarath, Wrobel, Wrobel, Vonde-
rheide, & Caruso, 2002; McSheeny et al., 2000);

studies of structure and determinations of metallothi-
oneines in animal tissues (Ferrarello, Ruiz Encinar,
Centineo, Garcia Alonso, Fernandez de la Campa,
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& Sanz-Medel, 2002; FLobinski, Chassaigne, &
Szpunar, 1998; Nischwitz, Michalke, & Kettrup,
2003; Prange & Schaumloffel, 2002).

Owing to bioaccumulation or supplementation, the
concentrations of elements of interest in the respective
samples may be relatively high. Moreover, the low mo-
lecular mass species of mercury, arsenic and selenium as
well as metallothioneins are mostly quite stable. In spite of
these favourable circumstances, the speciation analysis
of these samples is difficult and necessitates an application
of sophisticated methods, such as combination of several
separation steps (e.g., size exclusion, ion-exchange and
reversed phase chromatography or capillary electropho-
resis) hyphenated to both element-specific detection (in-
ductively coupled plasma mass spectrometry, ICP-MS)
and molecular identification (electrospray-ionization
mass spectrometry, ESI-MS) techniques (Szpunar, 2000).

On the other hand, only a few papers have been de-
voted to element speciation in the nutritionally most
important food, such as flours (Schoppenthau, Nolte, &
Dunemann, 1996), vegetables (Thiele & Schwedt, 1985),
and milk (Leiterer, Truckenbrodt, & Franke, 2001).
Element concentrations in these commodities are mostly
low; therefore, speciation analysis is extremely difficult.

In recent works, we applied methodology based on on-
line hyphenation of size exclusion chromatography and
inductively coupled plasma mass spectrometry (SEC/
ICP-MS) for mapping of occurrence of trace elements
and phosphorus in individual chromatographic fractions
of several kinds of legumes (Koplik, Borkova, Mestek,
Kominkovda, & Suchanek, 2002a, 2002b; Mestek,
Kominkova, Koplik, Borkovd, & Suchanek, 2002). Ma-
ture legume seeds represent a valuable inexpensive source
of proteins for human nutrition. Moreover, they are good
sources of some minerals, vitamins and dietary fiber
(Deshpande & Deshpande, 1991). With respect to the
complexity of chemical composition of legumes, includ-
ing various metal chelating compounds, the speciation of
elements in legumes is a challenging analytical task. We
also found significant alterations in trace elements and
phosphorus speciation during cooking of pea (Koplik,
Mestek, Kominkova, Borkova, & Suchanek, 2004). In
the present study, we have focussed attention on element
species alterations related to maturity of peas (green vs.
fully mature peas) and processing of green peas, these
being commercially widely available as blanched and
frozen or canned vegetables (Jackson & Shinn, 1979) and
being preferred by consumers more than dry legumes.

2. Materials and methods
2.1. Instrumentation

All ICP-MS measurements were carried out with an
ICP mass spectrometer Elan 6000 (Perkin Elmer, Nor-

walk, CT, USA) equipped with cross-flow nebulizer,
Scott’s double pass spray chamber and Gilson 212
peristaltic pump for sample aspiration. Sample decom-
position was performed in a microwave decomposition
unit UniClever (Plazmatronika-Service, Wroclaw, Po-
land). pH values of buffer solutions were measured by a
pH 03 instrument (Labio, Prague, Czech Republic). The
HPLC apparatus for SEC/ICP-MS analysis consisted of
a high pressure pump, Varian Inert 9012 (Varian,
Walnut Creek, CA, USA); a glass column Superfor-
mance 150 x 10 mm (Merck, Darmstadt, Germany)
packed with chelating resin, Chelex 100 (Merck) in
NH; form; the first Rheodyne 9125 injector equipped
with a 200 ul PEEK sample loop, a Superdex 75 HR 10/
30 column (Amersham Pharmacia Biotech, Uppsala,
Sweden) (dimensions 300 x 10 mm, optimum fraction-
ation range 3-70 kDa); the second Rheodyne 9125 in-
jector equipped with a 500 ul PEEK sample loop;
peristaltic pump and ICP-MS. PEEK or PTFE capil-
laries (internal diameter 0.25 mm) connected to all parts
of the apparatus.

2.2. Standards and reagents

Tris (hydroxymethyl) aminomethane (Tris), serving
for preparing of the mobile phase and extractant solu-
tion, was purchased from Fluka (Neu-Ulm, Germany).
Hydrochloric acid (30%) and nitric acid (65%) were both
of Suprapur® grade (Merck, Darmstadt, Germany).
Cobalt, copper, indium, iron, manganese, molybdenum,
nickel and zinc stock solutions (p = 1000 mg/l) were also
obtained from Merck. Phosphorus stock solution
(p = 1000 mg/l ) was prepared by dissolving of an ap-
propriate amount of ammonium dihydrogenphosphate
(purity 99.999%) (Aldrich Chemical Co., Milwaukee,
WS, USA) in deionised water. A set of peptide and
protein standards, obtained from Sigma (St. Louis, MO,
USA), was used for calibration of molecular mass de-
termination by SEC. Distilled deionised water (Milli-Q,
Millipore, Bedford, MA, USA) was used for prepara-
tion of all solutions.

2.3. The sample

Green pea seeds (Pisum sativum L., cultivar GOTIK)
were obtained from green pods gathered at the experi-
mental farm of the Central Institute for Supervising and
Testing in Agriculture, located in Sedlec (village 20 km
north of Prague) on 27th June 2002. Proximate com-
position of original green pea seeds was 75.0% of
moisture, 0.9% of ash, 5.1% of protein and 0.1% of fat.
These analyses were accomplished according to stan-
dard methods (Kirk & Sawyer, 1991). The seeds were
divided into two portions. The first one was immediately
frozen (sample GP) whereas the second one was blan-
ched and frozen (sample BP). Blanching was accom-
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plished by a 1 min treatment at 90 °C with distilled
deionised water, followed by straining. The BP sample
was further boiled to simulate the kitchen preparation:
6 g of BP were boiled in 20 ml of deionised water for 20
min. In further text the resulting sample is abbreviated
as BBP. A sample of the mature pea seeds (MP) of the
same cultivar was harvested at the same field on 2nd
August 2002. Proximate composition of this sample was
17.8% of moisture, 3.0% of ash, 20.3% of protein and
1.3% of fat. The mature peas were milled in a vibration
mill under liquid nitrogen to obtain a fineness <0.2 mm.

The total contents of phosphorus, manganese, iron,
cobalt, nickel, copper, zinc, and molybdenum were de-
termined in all types of sample. In addition, the water
remaining after boiling of BP was also analysed. Other
sets of original and processed peas samples were ex-
tracted with 0.02 M Tris—-HCI, pH 7.5, buffer solution
(see below) and contents of elements in the obtained
extracts were also determined. The extracts were sub-
mitted to further analyses of element species by SEC/
ICP-MS.

2.4. Sample preparation and analyses

All analyses were performed according to procedures
previously described in detail (Koplik et al., 2002a,
2002b, 2004). Sample extracts were prepared by 1 h
shaking of 2 g of powdered MP or 6 g of GP, BP or BBP
(previously crushed in an agate mortar) with 50 ml of
0.02 M Tris—HCI buffer solution (pH 7.5) in a poly-
propylene flask. After centrifugation the extracts were
analysed by SEC/ICP-MS. 200 pl of sample extract were
injected into the SEC column by the first Rheodyne 9025
injector placed before the column. The flow rate of
mobile phase of the same composition as extractant was
0.5 ml/min. The second injector, equipped with a 500 pum
sample loop, was inserted between the SEC column and
the ICP-MS. This injector served for the post-column
injection of calibration standard solutions. The stan-
dards were injected during the dead time of the column.
The flow of effluent was by T piece joined together with
a flow of internal standard solution (50 pg/l, In) and the
mixed flow (=1.3 ml/min) was delivered by peristaltic
pump to the cross-flow nebulizer of ICP-MS. Resulting
element-selective chromatograms were mathematically
treated and the amounts of elements in individual
chromatographic fractions were calculated. Relative
molecular masses of individual element species fractions,
detected by ICP-MS, were estimated from the respective
retention times on the basis of SEC column calibration.

Selective analysis was accomplished in the case of
phosphorus compounds by capillary isotachophoresis.
Contents of ortho-phosphate and phytate in selected
SEC fractions were determined. Details of analytical
methodology are given elsewhere (Koplik et al., 2002a,
2002b).

Total contents of elements in all pea and extract
samples were determined by the ICP-MS technique with
external calibration after decomposition of material by
HNO; in the microwave decomposition unit (Koplik,
Curdova, & Suchdnek, 1998).

3. Results and discussion

Elements contents in original green pea (GP), pro-
cessed green pea (BP and BBP) and mature pea (MP),
expressed on a dry weight basis, are shown in Table 1.
Contents of P, Mn, Fe, Cu and Zn in our green peas are
about one third to one half lower than average results
published by Finnish authors (Varo, Lahelma, Nuurt-
amo, Saari, & Koivistoinen, 1980). On the other hand,
cobalt and molybdenum contents are approximately
four and two times higher, respectively. These differ-
ences can be attributed to different soil and climate
conditions and different cultivars. Our green pea sample
is higher in phosphorus than any pea sample from a
Spanish study (Periago et al., 1996). Generally speaking,
the contents of mineral elements in green pea are within
the normal range reported recently (Gundersen, Bech-
mann, Behrens, & Stiirup, 2000).

Laboratory processing of green peas, simulating in-
dustrial vegetable processing (blanching) and final
kitchen processing (boiling), leads to some losses of el-
ements. Blanching caused negligible losses whereas
boiling results in considerable decrease of element con-
tents. The elements leach into water during boiling.
Based on analyses of water remaining after the boiling
of pea, the mass balances of all elements were calculated.
As supposed, the sum of the element contents in BBP
and in remaining water gives the content of GP. Losses
of cobalt, nickel, copper, zinc and molybdenum con-
tents of pea, caused by boiling, represent approximately
50% of the original amount. This is in accordance with
our finding that these elements are present in legumes,
mostly, as soluble compounds. On the other hand, the
losses of elements whose solubility (of their compounds)
is limited (i.e., iron and manganese, see Koplik et al.,
2002a, 2002b) were less than 15%. Phosphorus losses in
the course of green pea boiling are approximately 25%.
Mature peas are abundant in most elements: during one
month of final seed ripening, the contents of phosphorus
and cobalt increased by approximately 60% and those of
iron, nickel, copper, zinc and molybdenum by approxi-
mately 15% compared to levels in the green pea.

Extractabilities of elements from peas to aqueous
buffer solution show that soluble cobalt, nickel, copper,
zinc and molybdenum exceed 75% of total contents in
both green and mature peas. Moreover, soluble nickel
and molybdenum approach 100% of total contents. On
the other hand, only one third of iron and manganese
present in green pea is soluble, but extractabilities of
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Table 1
Total contents of elements in original and processed pea sample
P Mn Fe Co Ni Cu Zn Mo
Green pea
Total content (ng/g) (a) 4800 12.0 (0.3) 66.4 0.045 2.67 8.74 45.8 2.58
(120) (1.8) (0.004) (0.08) (0.20) (1.0) (0.07)
Extractable portion (ng/g) (b) 2980 3.6 (0.1) 219 0.041 2.83 7.46 34.8 2.65
(160) (L.5) (0.003) (0.09) (0.30) (1.8) (0.10)
Extractable portion (%, related to a) 62 30 33 91 106 85 76 103
Portion passing SEC column (pg/g) 3040 0.8 (0.05) 14.1 0.041 243 7.60 34.1 2.51
(160) (1.0) (0.004) (0.08) (0.40) (2.0 (0.15)
Portion passing column (%, related to b) 102 22 64 100 86 102 98 95
Blanched pea
Total content (pg/g) (c) 4660 12.0 (0.3) 70.5 0.044 2.70 8.36 48.0 2.71
(130) (2.5) (0.004) (0.10) (0.25) (1.0) (0.08)
Total content (%, related to a) 97 100 106 97 101 96 105 105
Extractable portion (ng/g) (d) 2870 6.26 (0.2) 21.6 0.040 2.64 6.63 37.5 2.74
(160) (L.5) (0.004) 0.12) (0.30) (1.2) (0.10)
Extractable portion (%, related to c) 62 52 31 90 95 79 78 101
Portion passing SEC column (pg/g) 2980 0.55 8.3(0.6) 0.041 2.80 7.08 36.8 2.73
(180) (0.05) (0.004) (0.14) (0.35) (1.2) (0.10)
Portion passing column (%, related to d) 104 9 38 103 106 106 98 100
Boiled blanched pea
Total content (pg/g) (e) 3660 10.3 (0.3) 577 0.024 1.35 4.04 26.3 1.23
(100) (2.3) (0.003) (0.06) (0.20) 0.8) (0.05)
Total content (%, related to a) 76 86 87 53 51 46 57 48
Extractable portion (ug/g) (f) 1260 (80) 1.1 (0.1) 17.0 0.019 1.35 2.73 12.4 0.99
0.5) (0.003) (0.07) (0.15) 0.5) (0.04)
Extractable portion (%, related to e) 34 11 29 79 100 68 47 80
Portion passing SEC column (pg/g) 1270 (80) <0.02 2.7 (0.1) 0.018 1.22 2.70 10.8 0.87
(0.003) (0.07) (0.10) 0.5) (0.04)
Portion passing column (%, related to 1) 101 0 16 95 90 99 87 88
Mature pea
Total content (png/g) (g) 7850 12.2 76.1 0.074 3.11 10.6 52.8 3.01
(210) (0.30) (2.0 (0.005) (0.09) (0.20) (1.2) (0.08)
Total content (%, related to a) 163 102 115 164 116 121 115 117
Extractable portion (ug/g) (h) 5100 9.1 (0.30) 44.6 0.062 2.73 8.41 433 3.01
(170) (1.5) (0.004) (0.10) (0.20) (1.0) (0.10)
Extractable portion (%, related to g) 65 75 59 84 88 79 82 100
Portion passing SEC column (pg/g) 4450 0.6 (0.1) 39.2 0.054 2.44 8.58 38.9 2.82
(180) (1.5) (0.004) (0.10) (0.25) (1.0) 0.15)
Portion passing column (%, related to h) 87 7 88 87 89 102 90 94

Contents of elements are on dry weight basis. Data are given as averages of eight results (peas) or two results (extracts). Values in parentheses

represent expanded uncertainties (k = 2).

compounds of these elements are increased during seed
ripening, thus reaching 59% and 75% in mature pea for
iron and manganese compounds, respectively. Solubility
of phosphorus compounds is intermediate and is slightly
increased during ripening.

Chemical status of elements in green peas is partly
altered by pea processing. Extractabilities of phospho-
rus, cobalt, nickel, copper, zinc and molybdenum com-
pounds are not affected by blanching, representing only
short thermal treatment intended for inactivation of
enzymes. On the other hand, the boiling of green peas
substantially decreases extractabilities of most elements.
Only nickel extractability remains at 100%. Decrease of
extractable amounts of elements is caused by two fac-
tors. The first is denaturation of the original metallo-
biomolecules, making some element species insoluble.

This is typical for elements bound mostly to proteins.
The second is decrease of total element content of seeds
during boiling as a result of leaching of soluble element
compounds into water.

Element species extracted from raw peas (GP and
MP) and processed green peas (BP and BBP) were
submitted to species fractionation and quantification by
SEC/ICP-MS. Element specific chromatograms of these
samples are shown in Figs. 1 and 2. The sum of the
element quantities in individual fractions passing the
SEC column was ascertained for each sample and
compared to the element’s content in each sample ex-
tract. Recoveries of individual elements during SEC
were calculated as well. In GP and BP samples, the
recoveries approach 100% for most elements except iron
and manganese. Soluble compounds of phosphorus,
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Fig. 1. Examples of chromatograms of P, Mn, Fe and Co compounds in extracts of green and mature peas: 1 — GP; 2 — BBP; 3 — MP.
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cobalt, nickel, copper, zinc and molybdenum extracted
from BBP are mostly SEC-recoverable. Recoveries ap-
proach 90%. Only recovery of copper remains approx-
imately at 100% for all samples. High recoveries of
phosphorus and most metals (approximately 90%) were
also ascertained in the case of MP extract. Low recov-
eries of iron and manganese were dramatically reduced
during green pea processing. Recovery of manganese
compounds was also decreased as a result of pea rip-
ening. Incomplete SEC recovery of element shows that
some portion of the soluble element compounds repre-
sented by ionic species or labile complexes is decom-
posed during chromatography (see Koplik et al., 2002a,
2002b).

Table 2 summarises the results of SEC/ICP-MS
analyses of peas extracts. Retention time, apparent

relative molecular mass and element quantity are given
for each individual element species fraction. The re-
spective element specific chromatograms are shown in
Figs. 1 and 2.

The phosphorus elution profile of GP extract con-
tains a dominant peak in the low molecular mass region
(<0.5 kDa) and minor peaks in medium (3-4 kDa) and
high (>100 kDa) molecular mass regions, respectively.
Distributions of phosphorus species fractions in MP
extract are different: the main fraction, representing
approximately two thirds of the phosphorus, was found
in the medium molecular mass region; one quarter was
found in the low molecular mass region and minor
fraction was found in the high molecular mass region.
Processing of green pea leads to some changes. The high
molecular mass phosphorus fraction is diminished in

Table 2
Summary of analyses of element species in peas by SEC/ICP-MS method

Element tr (min) Apparent M, Element contents in individual species (ng/g)
(kDa)
GP BP BBP MP
P 16.3 >100 320 70 50 340
18.6 75 - 180 140 -
24.8 4.4 270 400 370 2910
26.4 2.7 50 310 - -
28.0 1.0 - - - 120
30.4 <0.5 2400 2020 710 1080
Mn 16.4 >100 0.03 0.02 - 0.1
18.1 96 0.07 - - 0.4
20.8 28 0.2 0.03 - -
24.6 4.9 0.2 0.2 - 0.04
29.7 0.5 0.3 0.3 - 0.06
Fe 16.3 >100 11.5 7.0 - 39.2
22.5 13 - - 2.7 -
24.4 5.3 2.6 1.3 - -
Co 16.3 >100 - - - 0.037
31.0 <0.5 0.038 0.037 0.018 0.014
35.0 <0.5 0.003 0.004 - 0.003
Ni 31.0 <0.5 243 2.80 1.22 2.44
Cu 17.0 >100 0.1 - - 0.54
18.3 87 - - - 0.91
20.2 37 - - - 0.48
21.5 20 0.34 - - -
22.5 13 - <0.05 0.15 -
23.8 7.0 - - - 4.86
28.0 1.0 5.95 5.89 2.55 1.58
31.0 <0.5 1.21 1.19 - 0.21
Zn 16.3 >100 2.0 - - 1.4
18.3 87 3.1 - - 2.6
20.2 37 - - - 0.6
24.7 4.6 - - - 0.3
31.0 <0.5 29.0 36.8 10.8 34.0
Mo 16.3 >100 - - - 0.01
27.9 1.1 - - - 0.02
29.7 0.5 2.51 2.73 0.87 2.79

Contents of elements are on dry weight basis.
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BBP, probably as a result of denaturation of phos-
phorylated proteins.

Probably, phytate is the main phosphorus species in
legume seeds (Reddy, Sathe, Pierson, & Salunkhe, 1989)
and proportions of phytate and ortho-phosphate are
changing during seed ripening. Therefore, the chro-
matographic fractions containing phosphorus were
submitted to isotachophoretic analyses of these com-
pounds. Three fractions (high, medium and low molec-
ular mass) were collected from repeated injections of GP
and MP extracts. Contents of both species in individual
fractions were recalculated to obtain contents of phos-
phate and phytate phosphorus and these values were
compared to total phosphorus contents. These results
are given in Table 3. Phytate prevails over phosphate in
medium molecular mass fractions (3—4 kDa) of both
samples. During ripening of peas, more phosphorus
appears in the medium molecular mass fraction, which
becomes the dominant phosphorus fraction in mature
seeds. At the same time, the ratio phytate/phosphate is
further increased. In the low molecular mass fraction of
GP, which represents the majority of soluble phospho-
rus compounds, phosphate slightly prevails over phy-
tate. In the minor part, high molecular mass fractions of
GP and MP phosphate also prevail over phytate. Al-
though the molecular mass of phytic acid alone is only
0.66 kDa, its detection in 3-4 kDa and >100 kDa re-
gions is not erroneous because, in neutral or slightly
alkaline solutions, the anions of phytic acid can be
conjugated to positively charged functional groups of
peptide and protein molecules. The mass balance of
phosphorus showed that the phytic acid accounts for
73% of total recoverable phosphorus in mature pea ex-
tract and 35% in green pea extract. This increase of
soluble phytate phosphorus content is in accordance
with reported changes of phytic acid content during le-
gume seed ripening. Honke, Kozlowska, Vidal-Valv-
erde, Frias, and Gérecki (1998) found that phytic acid
content in peas is approximately four times increased in
the course of final maturation, taking 14-50 days, de-
pending on actual weather conditions. The sum of de-
termined contents of phosphate and phytate phosphorus
shown in Table 3 does not give the total phosphorus

content obtained by SEC/ICP-MS because the samples
could contain some other phosphorus species, such as
less phosphorylated inositols or sugar phosphates.

Compounds of manganese present in pea are mostly
very unstable. Only a limited part of manganese can be
extracted from peas. Boiling of GP further decreases the
extractability. Only traces of manganese compounds are
recoverable by SEC, representing 22% and 7% of man-
ganese extractable from GP and MP, respectively. No
manganese appeared during SEC/ICP-MS analysis of
BBP extract. Moreover the shapes of manganese elution
profiles are hardly reproducible. One can deduce, from
these and former results (Koplik et al., 2002a, 2002b;
Schoppenthau et al., 1996), that most manganese com-
pounds present in legumes are decomposed during
sample preparation and analysis.

Iron species were predominantly found in the high
molecular mass region (>100 kDa) in both GP and MP.
Traces of iron extractable from GP occur also in the
medium molecular mass region (approximately 5 kDa).
However, about one third of soluble iron from GP is not
recovered by SEC. Ripening of pea seeds leads to in-
crease of extractability of iron compounds and to con-
version of originally labile species to more stable
compounds, probably proteins, such as ferritin, which
was found to bind both iron and phosphorus in pea
seeds (Wade et al., 1993). Boiling of blanched green pea
diminishes original high molecular iron species and
traces of iron are transferred to form a new medium
molecular mass (13 kDa) species. Most of the iron
compounds are made insoluble by boiling. Moreover,
the majority of iron, which remains extractable from
BBP, is not recovered by SEC/ICP-MS. Thermal treat-
ment leads to decomposition of iron compounds of
limited stability, probably to form ferric or ferrous ions.
We formerly found a similar effect of thermal treatment
on iron compounds as a result of cooking of fully ma-
ture peas (Koplik et al., 2004).

Both cobalt and nickel are highly or even completely
extractable from peas and at the same time they are
highly recoverable elements by SEC/ICP-MS. The co-
balt specific chromatographic profile of GP extract
consists of two peaks, both in the low molecular mass

Table 3
Distribution of ortho-phosphate and phytate phosphorus in SEC fractions of phosphorus compounds in extracts of green (GP) and mature (MP)
peas

Fraction GP MP

P content (ng/g) Percentage of P present as P content (ng/g) Percentage of P present as
Phosphate Phytate Phosphate Phytate

High molecular mass (>100 kDa) 320 41 29 340 32 25

Medium molecular mass (3—4 kDa) 320 22 70 2910 3 92

Low molecular mass (<1 kDa) 2400 46 31 1200 26 39

Sum of fractions 3040 43 35 4450 11 73

Contents of phosphorus are on dry weight basis.
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region (<0.5 kDa). This pattern is conserved in BP ex-
tract too. Major low molecular mass species partially
persist, even in BBP. The decrease of the cobalt peak is
caused by reduction of total cobalt content during
boiling and some reduction of cobalt extractability.
During pea ripening, high molecular mass cobalt species
are formed and become dominant, as is obvious from
analysis of the MP extract. Nickel is eluted in a single
peak falling into the low molecular mass region (<0.5
kDa) in case of all pea extracts. Neither processing nor
ripening seem to affect the identity of detected nickel
species in original pea.

Copper is a well extractable element, even in the case
of BBP, and it is characterised by complete recovery in
the course of SEC/ICP-MS analysis. In the copper elu-
tion profile of GP extracts, two peaks in the low mo-
lecular mass region (approximately 1 kDa and <0.5
kDa, respectively) account for 94% of total recoverable
copper. Minor peaks were also found in the medium (20
kDa) and high molecular mass regions (>100 kDa).
Both mentioned low molecular mass species persist after
blanching of green pea, but medium and high molecular
species are diminished by GP processing. Copper ex-
tractable from BBP is mostly bound in the 1 kDa frac-
tion; some copper is transferred to a new fraction of
relative molecular mass 13 kDa. Ripening of pea seeds is
accompanied by a slight increase of total copper con-
tent. Several new copper species, ranging from medium
to high molecular mass region, appear in the MP ex-
tract. The medium molecular mass (7 kDa) fraction of
copper becomes dominant and the amount of copper
bound to both low molecular mass fractions (1 and <0.5
kDa) decreases. Moreover, some copper is bound to 37,
87 and >100 kDa fractions.

In spite of other elements, the chromatographic
profile of copper in mature pea is markedly changed
during sample storage (see Fig. 3). After as short time as
one month of seed storage, some shifts of peak position
and magnitude are observable. Longer pea storage
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Fig. 3. Effect of age on Cu speciation in mature pea sample: 1 — fresh;
2 — one month after the harvest; 3 — eight month after the harvest;
4 — stored in form of powder.

(eight months) induces some decrease of molecular
masses of main copper fractions and relocation of more
copper to a low molecular mass (<0.5 kDa) fraction. If
the MP sample is stored as powder, the chromatogram
of copper compounds is dramatically changed, even
during one month. Almost all copper is relocated to the
low molecular mass (<0.5 kDa) fraction. It seems that
this fraction has a large binding capacity for metal ions
liberated from original cupric proteins after chemical
changes induced by breaking up the seed structure. It is
important to note that this low molecular mass fraction
binds (in pea seeds) most of the zinc, all nickel and a
great deal of cobalt as well.

Soluble zinc compounds present in GP and MP have
practically the same chromatographic profiles: more
than 80% of recoverable zinc is bound to low molecular
mass (<0.5 kDa) fraction. Traces of zinc are detected in
the high molecular mass region too. Processing of green
pea diminishes all high molecular mass zinc species. In
spite of complete SEC/ICP-MS recovery of zinc from
GP, approximately 10% of extractable zinc from BBP
and MP is not recovered. This reflects the occurrence of
some zinc as labile complexes or uncomplexed metal
ions.

Molybdenum compounds are highly or even com-
pletely extractable from all pea samples. Practically all
molybdenum from all peas samples is eluted in a single
peak in the low molecular mass region (0.5 kDa), which
can be resolved from adjacent main peaks of zinc, nickel
and cobalt compounds.

4. Conclusion

The chemical state of mineral elements in pea seeds is
changed as a result of technological processing and
ripening. It can be characterised as follows:

(1) Soluble species of most elements present in green
peas are more or less stable at pH 7.5 and are not de-
composed during size exclusion chromatographic sepa-
ration. Iron and manganese species are exceptions: SEC
does not recover one third of the iron compounds and
most of the manganese compounds. All of the cobalt,
nickel and molybdenum and a great deal of the phos-
phorus and zinc extractable from green peas are bound
in the low molecular mass fraction. Iron forms high
molecular mass species. Some high molecular mass
species were detected for phosphorus and zinc as well.

(2) The blanching of green pea practically does not
change either total amount or chemical speciation of
elements but boiling does. High molecular mass species
of all elements are diminished. Considerable portion of
iron and manganese compounds are made insoluble or
transformed to labile complexes or ionic species. Ex-
tractabilities of all other elements, except nickel, are also
decreased. However, the low molecular mass species of
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cobalt, nickel, zinc and molybdenum mostly persist and
can be considered as stable against thermal treatment.

(3) During final ripening of pea seeds, the contents of
elements, except manganese, are increased. A consider-
able amount of phosphorus is accumulated. This is ac-
companied by increased phytic acid content in mature
pea extract, which is preferably bound to the medium
molecular mass fraction. Moreover, some soluble high
molecular mass species of cobalt, and manganese, and
medium molecular mass species of copper are formed.
Amounts of iron and copper bound to the high molec-
ular mass fraction increases.

(4) Speciation of copper is changed during mature
pea storage. If the pea is stored as meal or powder,
copper is readily relocated from original species to more
stable low molecular mass species.

Whatever detailed description of eclement species
fraction changes, the nutritional consequences of these
results cannot be easily estimated. Further information
about chemical identity and stability of element species
in food is needed.

Acknowledgements

The financial support of the Ministry of Education,
Youth and Sports of the Czech Republic (Project
Nos. MSM 223300004 and 223400008) is gratefully
acknowledged.

References

Ackley, K. L., B'Hymer, C., Sutton, K. L., & Caruso, J. A. (1999).
Speciation of arsenic in fish tissue using microwave-assisted
extraction followed by HPLC-ICP-MS. Journal of Analytical
Atomic Spectrometry, 14, 845-850.

Beauchemin, D., Bednas, M. E., Berman, S. S., McLaren, J. W., Siu,
K. W. M., & Sturgeon, R. E. (1988). Identification and quantifi-
cation of arsenic species in a dogfish muscle reference material for
trace elements. Analytical Chemistry, 60, 2209-2212.

Chiou, C. S., Jiang, S. J., & Danadurai, K. S. K. (2001). Determination
of mercury compounds in fish by microwave-assisted extraction
and liquid chromatography-vapour generation-inductively coupled
plasma mass spectrometry. Spectrochimica Acta Part B, 56, 1133—
1142.

Deshpande, U. S., & Deshpande, S. S. (1991). Legumes. In D. K.
Salunkhe & S. S. Deshpande (Eds.), Foods of plant origin.
Production, technology, and human nutrition (pp. 137-300). New
York: Van Nostrand Reinhold.

Ferrarello, C. N., Ruiz Encinar, J., Centineo, G., Garcia Alonso, J. 1.,
Fernandez de la Campa, M. R., & Sanz-Medel, A. (2002).
Comparison of three different ICP-MS instruments in the study
of cadmium speciation in rabbit liver metallothionein-1 using
reversed-phase HPLC and post-column isotope dilution analysis.
Journal of Analytical Atomic Spectrometry, 17, 1024-1029.

Goessler, W., Maher, W., Irgolic, K. J., Kuehnelt, D., Schlagenhaufen,
C., & Kaise, T. (1997). Arsenic compounds in marine food chain.
Fresenius Journal of Analytical Chemistry, 359, 434-437.

Gundersen, V., Bechmann, I. E., Behrens, A., & Stiirup, S. (2000).
Comparative investigation of concentrations of major and trace
elements in organic and conventional Danish agricultural crops.
1. Onions (Allium cepa Hysam) and peas (Pisum sativum Ping
Pong). Journal of Agricultural and Food Chemistry, 48, 6094—
6102.

Harrington, C. F., & Catterick, T. (1997). Problems encountered
during the development of a method for the speciation of mercury
and methylmercury by high-performance liquid chromatography
coupled to inductively coupled plasma mass spectrometry. Journal
of Analytical Atomic Spectrometry, 12, 1053-1056.

Honke, J., Kozlowska, H., Vidal-Valverde, C., Frias, J., & Gorecki, R.
(1998). Changes in quantities of inositol phosphates during
maturation and germination of legume seeds. Zeitschrift fir
Lebensmittel Untersuchung und Forschung, 206, 279-283.

Ip, C., Birringer, M., Block, E., Kotrebai, M., Tyson, J. F., Uden, P.
C., & Lisk, D. J. (2000). Chemical speciation influences compar-
ative activity of selenium-enriched garlic and yeast in mammary
cancer prevention. Journal of Agricultural and Food Chemistry, 48,
2062-2070.

Jackson, J. M., & Shinn, B. M. (1979). Fundamentals of food canning
technology. Westport Connecticut: AVI Publishing Comp Inc.
Kannamkumarath, S. S., Wrobel, K., Wrobel, K., Vonderheide, A., &
Caruso, J. A. (2002). HPLC-ICP-MS determination of selenium
distribution and speciation in different types of nut. Analytical and

Bioanalytical Chemistry, 373, 454-460.

Kirk, R. S., & Sawyer, R. (1991). Pearson’s composition and analysis of
foods (ninth ed.). Harlow: Longman Scientific & Technical.

Koplik, R., Curdovd, E., & Suchdnek, M. (1998). Trace element
analysis in CRM of plant origin by inductively coupled plasma
mass spectrometry. Fresenius’ Journal of Analytical Chemistry, 300,
449-451.

Koplik, R., Borkovd, M., Mestek, O., Kominkova, J., & Suchanek, M.
(2002a). Application of size-exclusion chromatography-inductively
coupled plasma-mass spectrometry for fractionation of element
species in seeds of legumes. Journal of Chromatography B, 775,
179-187.

Koplik, R., Pavelkovd, H., Cincibuchova, J., Mestek, O., Kvasnicka,
F., & Suchanek, M. (2002b). Fractionation of phosphorus and
trace elements species in soybean flour and common white bean
seeds by size exclusion chromatography — inductively coupled
plasma mass spectrometry. Journal of Chromatography B, 770,
261-273.

Koplik, R., Mestek, O., Kominkovd, J., Borkovd, M., & Suchanek, M.
(2004). Effect of cooking on phosphorus and trace elements species
in peas. Food Chemistry, 85, 31-39.

Larsen, E. H., Pritzl, G., & Hansen, S. H. (1993). Arsenic speciation in
seafood samples with emphasis on minor constituents: an investi-
gation using HPLC with detection by ICP-MS. Journal of
Analytical Atomic Spectrometry, 8, 1075-1084.

Larsen, E. H. (1995). Speciation of dimethylarsinyl-riboside derivatives
(arsenosugars) in marine reference materials by HPLC-ICP-MS.
Fresenius’ Journal of Analytical Chemistry, 352, 582-588.

Lawrence, J. F., Michalik, P., Tam, G., & Conacher, H. B. S. (1986).
Identification of arsenobetaine and arsenocholine in Canadian fish
and shellfish by high-performance liquid chromatography with
atomic absorption detection and confirmation by fast atom
bombardment mass spectrometry. Journal Agricultural and Food
Chemistry, 34, 315-319.

Leiterer, M., Truckenbrodt, D., & Franke, K. (2001). Determination
of iodine species in milk using ion chromatographic separation and
ICP-MS detection. European Food Research and Technology, 213,
150-153.

Lobinski, R., Chassaigne, H., & Szpunar, J. (1998). Analysis of
metallothioneins using coupled techniques. Talanta, 46, 271-289.

McSheeny, S., Yang, W., Pannier, F., Szpunar, J., Lobinski, R.,
Auger, J., & Potin-Gautier, M. (2000). Speciation analysis of



432 R. Koplik et al. | Food Chemistry 87 (2004) 423-432

selenium in garlic by two-dimensional high-performance liquid
chromatography with parallel inductively coupled plasma mass
spectrometric and electrospray tandem mass spectrometric detec-
tion. Analytica Chimica Acta, 421, 147-153.

Mestek, O., Kominkovd, J., Koplik, R., Borkovd, M., & Suchanek, M.
(2002). Quantification of copper and zinc species fractions in
legume extracts by SEC/ICP-MS: validation and uncertainty
estimation. Talanta, 57, 1133-1142.

Mounicou, S., McSheeny, S., Szpunar, J., Potin-Gautier, M., &
Lobinski, R. (2002). Analysis of selenized yeast for selenium
speciation by size-exclusion chromatography and capillary zone
electrophoresis with inductively coupled plasma mass spectrometric
detection (SEC-CZE-ICP-MS). Journal of Analytical Atomic Spec-
trometry, 17, 15-20.

Nischwitz, V., Michalke, B., & Kettrup, A. (2003). Identification and
quantification of metallothionein isoforms and superoxide dismu-
tase in spiked liver extracts using HPLC-ESI-MS offline coupling
and HPLC-ICP-MS online coupling. Analytical and Bioanalytical
Chemistry, 375, 145-156.

Periago, M. J., Ros, G., Martinez, M. C., Rincén, F., Lopez, G.,
Ortuno, J., & Ros, F. (1996). In vitro estimation of protein and
mineral availability in green peas as affected by antinutritive factors
and maturity. Lebensmittel Wissenschaft und Technologie, 29, 481—
488.

Prange, A., & Schauml’offel, D. (2002). Hyphenated techniques for the
characterization and quantification of metallothionein isoforms.
Analytical and Bioanalytical Chemistry, 373, 441-453.

Rai, R., Maher, W, & Kirkowa, F. (2002). Measurement of inorganic
and methylmercury in fish tissues by enzymatic hydrolysis and
HPLC-ICP-MS. Journal of Analytical Atomic Spectrometry, 17,
1560-1563.

Reddy, N. R., Sathe, S. K., Pierson, M. D., & Salunkhe, D. K. (1989).
Phytates in Cereals and Legumes. Florida, USA: CRC-Press.

Schoppenthau, J., Nolte, J., & Dunemann, L. (1996). High-perfor-
mance liquid chromatography coupled with array inductively
coupled plasma optical emission spectrometry for the separation
and simultaneous detection of metal and non-metal species in
soybean flour. Analyst, 121, 845-852.

Snell, J. P., Stewart, L. 1., Sturgeon, R. E., & Frech, W. (2000). Species
specific isotope dilution calibration for determination of mercury
species by gas chromatography coupled to inductively coupled
plasma- or furnace atomisation plasma-ionisation-mass spectrom-
etry. Journal of Analytical Atomic Spectrometry, 15, 1540-1545.

Szpunar, J. (2000). Bio-inorganic speciation analysis by hyphenated
techniques. Analyst, 125, 963-988.

Thiele, A., & Schwedt, G. (1985). Differenzierte Analytik zu den
Bindungsformen des Eisens in verschiedenen pflanzlichen Leben-
smitteln. Zeitschrift fur Lebensmittel Untersuchung und Forschung,
180, 126-131.

Ubillus, F., Alegria, A., Barbera, R., Farré, R., & Lagarda, M. J.
(2000). Methylmercury and inorganic mercury determination in
fish by cold vapour generation atomic absorption spectrometry.
Food Chemistry, 71, 529-533.

Varo, P., Lahelmi, O., Nuurtamo, M., Saari, E., & Koivistoinen, P.
(1980). Mineral element composition of Finnish foods. VII. Potato,
vegetables, fruits, berries, nuts and mushrooms. Acta Agriculturae
Scandinavica Supplementum, 22, 89-113.

Veléz, D., Ybanez, N., & Montoro, R. (1996). Optimization of the
extraction and determination of monomethylarsonic and dimethy-
larsonic acids in seafood products by coupling liquid chromatog-
raphy with hydride generation atomic absorption spectrometry.
Journal of Analytical Atomic Spectrometry, 11, 271-278.

Villa-Lojo, M. C., Alonso-Rodriguez, E., Lépez-Mahia, P., Muniate-
gui-Lorenzo, S., & Prada-Rodriguez, D. (2002). Coupled high
performance chromatography — microwave digestion — hydride
generation — atomic absorption spectrometry for inorganic and
organic arsenic speciation in fish tissue. Talanta, 57, 741-750.

Wade, V. J., Treffry, A., Laulhére, J. P., Bauminger, E. R., Cleton, M.
1., Mann, S., Briat, J. F., & Harrison, P. M. (1993). Structure and
composition of ferritin cores from pea seed (Pisum sativum).
Biochimica et Biophysica Acta — Protein Structure and Molecular
Enzymology, 1161, 91-96.

Wrobel, K., Wrobel, K., & Caruso, J. A. (2002). Selenium speciation in
low molecular mass fraction of Se-enriched yeasts by HPLC-ICP-
MS: detection of selenoadenosylmethionine. Journal of Analytical
Atomic Spectrometry, 17, 1048-1054.



	Effect of technological processing and maturity stage of seeds on the content and speciation of phosphorus and trace elements in peas
	Introduction
	Materials and methods
	Instrumentation
	Standards and reagents
	The sample
	Sample preparation and analyses

	Results and discussion
	Conclusion
	Acknowledgements
	References


