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Fast and simple analytical methods for the determination of inositol bis- to hexakisphosphates or
only inositol hexakisphosphate in foods and feces are presented. The methods are both faster and
simpler with regard to analytical detection and sample pretreatment as compared to previously
reported methods. The samples are pretreated using extraction and centrifugal ultrafiltration and
analyzed using high-performance ion chromatography (HPIC) with gradient or isocratic elution.
The analytes are detected using ultraviolet detection after postcolumn reaction. The methods are
efficient, highly selective, and appropriate for analyzing inositol phosphates in food and feces samples.
The between- and within-day variances were generally below 8 and 5% (relative standard deviation),
respectively, for the presented HPIC method with gradient elution.
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INTRODUCTION

Recent years have seen an increasing need for rapid,
simple, and robust methods that can be used to analyze
the content of myo-inositol phosphates in foods, espe-
cially because the sample load often is very high. The
focus of interest in inositol phosphates in the field of
food science is the ability of phytate (inositol hexa-
kisphosphate) to chelate metals. Because of its chelating
ability, phytate can be regarded as an antinutrient,
lowering the bioavailability of minerals, such as iron,
zinc, and calcium, in humans (1-5). In cereals phytate
contains 60-90% of the phosphorus. During food pro-
cessing phytate can be degraded to lower myo-inositol
phosphates, phosphorus, and, in some cases, free myo-
inositol (6). Methods for analyzing myo-inositol hexa-
kisphosphate have frequently been reviewed (7-10).
The most reliable methods for the quantitative and
qualitative analysis of myo-inositol phosphates are high-
performance ion chromatographic (HPIC) methods. In
1985, Phillippy and Johnston (11) presented the first
ion chromatographic method for the determination of
myo-inositol hexakisphosphate. Since then, several
methods able to separate myo-inositol phosphates and
their isomers using HPIC have been described (12-16).
These methods use gradient elution. In our previous
studies (15, 16) we describe HPIC methods for the
separation and quantitative determinations of myo-
inositol hexakisphosphate to myo-inositol monophos-
phate (InsP1-InsP6) and their isomers in foods, feeds,
and intestinal contents. The methods include extraction
of the samples with HCl, separation of the myo-inositol
phosphates from the crude extract by anion-exchange
chromatography (i.e., solid phase extraction, SPE),
separation on high-performance ion-exchange columns
with gradient elution in two combined HPIC systems,
and detection using either postcolumn reaction and UV
detection, chemically suppressed conductivity detection,

or pulsed amperometric detection. These and similar
methods are particularly promising for studies in the
field of physiology, when the isomeric form of the inositol
phosphates is decisive and the levels of analytes are very
low. For studies of food, feed, and feces samples the
analyte levels are commonly in the micromolar to
millimolar range. The aim of the present paper was to
speed the analysis by using centrifugal ultrafiltration
in the preparation of the samples instead of separating
the myo-inositol phosphates from the crude extract by
SPE. The myo-inositol phosphates are subsequently
separated from each other on a high-performance ion-
exchange column with a gradient or isocratic elution and
detected according to the method of Skoglund et al. (15).
We are also evaluating if it is possible to extract samples
with a smaller volume of HCl (5 mL instead of 20 mL)
than previously used to be able to detect lower amounts
of inositol phosphates. The results of the development
and validation of the analytical procedure are demon-
strated by analyses of food and feces samples and
compared with analysis using a reference method. The
reference method is described by Sandberg and Ah-
derinne (17) and Sandberg et al. (18) and has previously
been compared to the AOAC method (4).

MATERIALS AND METHODS

Chemicals. D-myo-Inositol 1,4-bisphosphate potassium salt,
L-myo-inositol 5,6-bisphosphate, cyclohexylammonium salt,
D-myo-inositol 1,4,5-trisphosphate, hexasodiumsalt, D-myo-
inositol 1,5,6-trisphosphate, D-myo-inositol 3,4,5,6-tetrakis-
phosphate, D-myo-inositol 1,3,4,5-tetrakisphosphate, and myo-
inositol 1,3,4,6-tetrakisphosphate, ammonium salts, were
obtained from Sigma Chemical Co. (St. Louis, MO). Ins(1,2,4)-
P3, Ins(1,2,3)P3, Ins(1,2,6)P3, L-Ins(1,3,4)P3, L-Ins(1,2,3,4)P4,
Ins(1,2,5,6)P4, and DL-Ins(1,2,4,5,6)P5 were received as a gift
from Perstorp Pharma (Perstorp, Sweden). myo-Inositol 2,4-
bisphosphate tetraammonium salt was obtained from Calbio-
chem Corp. (La Jolla, CA). Sodium phytate was obtained from
Aldrich Chemical Co. Inc. (Milwaukee, WI). Deionized water
was purified by a Millipore water system to a specific resis-
tance of 18 MΩ‚cm or greater. All other reagents used were of
analytical grade and obtained from commercial sources.
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Sample Collection. Rolled oats were purchased from a
local grocery in Sweden (Axa, Kungsörnen AB, Sweden). Pig
feces from a pig consuming a rapeseed diet were obtained from
the Danish Institute of Animal Science, Department of Animal
Health and Welfare, Tjele, Denmark. More detailed informa-
tion about the experimental conditions of the pig studied has
been given in a previous paper (19). The mixed diet was a low-
fiber diet obtained from the Department of Clinical Nutrition
and Internal Medicine II, University of Göteborg, Sahlgrenska
Hospital, Göteborg, Sweden. More detailed information about
the diet has been given in a previous paper (20). The red grapes
(cv. Barlinka, South Africa) were seedless and purchased from
a local grocery in Sweden. Rye bread, sourdough bread, rye
flour, and long leavened bread in Table 1 were obtained from
the Department of Applied Nutrition and Food Chemistry,
Lund University, Lund, Sweden. The rye bread was made of
50 g of yeast, 560 g of water, 8 g of salt, 520 g of halved rye
kernels, 320 g of wheat flour, and 58 g of flour of halved rye
kernels. The rye bread was leavened at 38 °C and baked
covered at 120 °C for 6 h. The sourdough bread was made of
50 g of yeast, 400 g of water, 258 g of sourdough, 8 g of salt,
520 g of halved rye kernels, and 230 g of wheat flour. The
sourdough bread was leavened at 38 °C and baked covered at
120 °C for 6 h. The rye flour was a mixture of 27% wheat flour
and 73% flour of halved rye kernels. The long leavened bread
was made of 50 g of yeast, 560 g of water, 8 g of salt, 520 g of
halved rye kernels, 230 g of wheat flour, and 50 g of flour of
halved rye kernels. The bread was leavened for 2.5 h at room
temperature and baked at 120 °C for 2.5 h followed by 30 min
at 200 °C. Wheat flour (presented in Table 2) with an
extraction rate of 60% (Kungsörnen AB, Sweden) was pur-
chased in a local grocery in Sweden and incubated in 10
volumes of citrate buffer (pH 4.5) for 1 h at 55 °C. Rice and
rye bread (presented in Table 2) were obtained from the
Research Institute for Human Nutrition, Denmark. Wholemeal
gruel, oatmeal gruel, and mild wholemeal gruels were obtained
from baby food manufacturers in Sweden. Sourdough breads
presented in Table 2 were obtained from the Department of
Applied Nutrition and Food Chemistry, Lund University,
Lund, Sweden, and contained 60% rye kernels and 40% wheat
flour. Peas (Pisum sativum var. Jackpot) were harvested in
Denmark in the summer of 1998. Barley (cv. Blenheim) was
obtained from Skanska Lantmannen, Sweden. The barley
samples denoted 1-12 in Table 3 were hydrothermally treated
as described earlier (21).

Sample Preparation. Duplicate samples [0.5 g of dry
matter (dm)] were extracted with 0.5 M HCl (20 or 5 mL) for
3 h at 20 °C under magnetic stirring; 0.5 mL of each sample
was placed in an ultracentrifugal filter device (Microcon YM-
30, Millipore, Bedford, MA) and centrifuged at 12000g for 15
min.

Reference Method. The sample preparation was performed
according to the method of Sandberg and Ahderinne (17),
which was modified by Sandberg et al. (18). Duplicate samples
(0.5 g of dm) were extracted with 0.5 M HCl (20 mL) for 3 h at
20 °C under magnetic stirring. Extracts were centrifuged and
the supernatants decanted, frozen overnight, thawed, and
centrifuged again. An aliquot (15 mL) of supernatant was
evaporated to dryness and then redissolved in 0.025 M HCl

(15 mL). myo-Inositol phosphates were separated from the
crude extract by ion exchange sample preparation according
to the method of Sandberg and Ahderinne (17) and Graf and
Dintzis (22).

Sample Analysis. Samples were injected in 50 µL amounts
with an autoinjector (Waters 717, Waters Associates Inc.,
Milford, MA), and InsP2-InsP6 and isomers of InsP3-InsP5

were determined using HPIC according to the method of
Skoglund et al. (15). The chromatograph consisted of a

Table 1. Comparison of Two Methods for the Determination of Phytate Content (InsP6) in Various Foods and Fecesa

sample reference methodb CV (%) HPIC method CV (%) HPIC methodc CV (%)

barley 10.92 ( 0.405 3.7 10.66 ( 0.524 4.9 9.91 ( 0.272 2.7
rolled oats 13.48 ( 0.389 2.9 12.61 ( 0.157 1.2 12.73 ( 0.079 0.6
pig feces 77.29 ( 1.478 1.9 76.09 ( 1.958 2.6
mixed diet 0.65 ( 0.013 2.0 0.56 ( 0.031 5.5
red grapes 0.49 ( 0.049 10.0 0.63 ( 0.036 5.7
rye bread 3.96 ( 0.140 3.5 3.63 ( 0.060 1.7
sourdough bread 1.98 ( 0.069 3.5 1.38 ( 0.055 4.0
rye flourd 11.47 ( 0.353 3.1 13.02 ( 0.141 1.1
long leavened bread 4.38 ( 0.152 3.5 3.98 ( 0.186 4.7
a Values are means ( SD, µmol/g of dm, n ) 10, for all samples except for breads and rye flour, for which n ) 6. b HPLC method by

Sandberg and Ahderinne (17) and modified by Sandberg et al. (18). c The samples were extracted with 5 mL of 0.5 M HCl. d Mixture of
wheat flour (27%) and rye flour (73%).

Table 2. Comparison of Two Methods for the
Determination of Phytate Content (InsP6) in Various
Foods and Fecesa

sample reference methodb HPIC method

barley 11.35 ( 0.375 10.34 ( 0.849
rolled oats 13.24 ( 0.535 12.54 ( 0.233
pig feces 81.25 ( 3.691 77.84 ( 2.312
wheat flour 2.37 ( 0.156 2.09 ( 0.184
rice

parboiled paddy 7.94 ( 0.000 9.52 ( 0.346
parboiled brown 5.00 ( 0.021 5.05 ( 0.792
parboiled milled 1.98 ( 0.120 1.87 ( 0.007
paddy 9.98 ( 0.445 10.34 ( 0.940
brown 13.72 ( 0.707 15.74 ( 0.233
milled 1.97 ( 0.354 1.97 ( 0.544

gruel
wholemeal 1.20 ( 0.014 1.46 ( 0.262
oat 1.23 ( 0.057 1.14 ( 0.057
mild wholemeal 3.49 ( 0.042 4.01 ( 0.495
mild wholemeal 1.07 ( 0.014 1.22 ( 0.163
pea 12.27 ( 0.325 13.18 ( 0.014

bread
rye 0.92 ( 0.064 0.99 ( 0.049
sourdough 2.67 ( 0.354 2.69 ( 0.092
sourdough 4.02 ( 0.233 3.21 ( 0.955

a Values are means ( SD, µmol/g of dm, n ) 2. b HPLC method
by Sandberg and Ahderinne (17) and modified by Sandberg et al.
(18).

Table 3. Comparison of Two Methods for the
Determination of Phytate Content (InsP6)a

sample reference methodb HPICc method

rolled oats 13.92 ( 0.0495 13.56 ( 0.191
barley

1 9.50 ( 0.255 10.43 ( 1.230
2 10.43 ( 0.156 10.61 ( 0.276
3 6.71 ( 0.085 6.74 ( 0.170
4 5.36 ( 0.049 5.25 ( 0.099
5 9.33 ( 0.148 9.22 ( 0.028
6 6.36 ( 0.057 6.56 ( 0.106
7 5.89 ( 0.057 5.87 ( 0.035
8 5.56 ( 0.000 5.74 ( 0.148
9 5.62 ( 0.014 5.63 ( 0.071
10 4.53 ( 0.148 4.69 ( 0.177
11 4.16 ( 0.071 4.30 ( 0.078
12 2.55 ( 0.028 2.76 ( 0.163

a Values are means ( SD, µmol/g of dm, n ) 2. b HPLC method
by Sandberg and Ahderinne (17) and modified by Sandberg et al.
(18). c HPIC with isocratic elution.
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biocompatible (PEEK) HPLC pump (Waters model 626)
equipped with a PA-100 (50 × 4 mm i.d.) guard column (Dionex
Corp., Sunnyvale, CA) and an HPIC CarboPac PA-100 (250 ×
4 mm i.d.) analytical column (Dionex Corp.). InsP2-InsP6 were
eluted with a gradient of 5-95% HCl (1 M) in conjunction with
water according to Table 4. If only a value of the amount of
InsP6 was desired for the samples, an isocratic eluent with
80% HCl (1 M) and 20% H2O was used. The eluants (0.8 mL/
min) were mixed with 0.1% Fe(NO3)3‚9H2O (analytical grade,
Aldrich Chemical Co. Inc.) in a 2% solution of HClO4 (analyti-
cal grade, Aldrich Chemical Co. Inc.) in a postcolumn reactor
according to the method of Imanari et al. (23) and Phillippy
and Bland (13). The postcolumn reactor pump used was an
HPLC pump, K 500 (Knauer, Berlin, Germany). The combined
flow rate was 1.2 mL/min. A mixing tee (Jour Research,
Onsala, Sweden) and a homemade reactor coil consisting of a
crocheted Teflon tube (i.d. 0.2 mm, 4.5 m), optimized with
respect to reaction time and avoidance of peak broadening,
were applied to get enough reaction time and a high blending
rate.

The inositol phosphates were detected after postcolumn
reaction using UV detection (Waters 486, tunable absorbance
detector). Absorbance was monitored at 290 nm.

Reference Method. The myo-inositol tris- to hexakisphos-
phates (InsP3-InsP6) were determined by ion-pair C18 reverse-
phase HPLC using formic acid/methanol and tetrabutyl-
ammonium hydroxide as eluent (17, 18). Injections of 20 µL
were made. The HPLC system comprised an HPLC pump
(Waters model 510), a C18 Kromasil (5 µm) column (2.1 mm
i.d., 150 mm, EKA Nobel, Bohus, Sweden), and a refractive
index detector (ERC-7510 RI-detector Erma Optical Works
Ltd., Tokyo, Japan). Flow rate was 0.4 mL/min.

External Standards. External standards were prepared
from phytic acid, dodecasodium salt hydrate (Aldrich Chemical
Co. Inc.). This particular sodium phytate was not certified but
was shown to contain less contaminating lower inositol
phosphates than other phytate salts tested (phytic acid,
dimagensium tetrapotassium salt, and phytic acid, dipotas-
sium salt, Sigma-Aldrich Sweden AB). The purity with regard
to lower inositol phosphates was tested by dissolving 10 mg
of sodium phytate in 1 mL of water and analyzing the solution
using the HPIC system. The sample contained 0.6% InsP5 but
no other detectable amounts of lower inositol phosphates. To
determine the content of InsP6, six samples (0.15 g) of sodium
phytate were hydrolyzed with 5 mL of HCl (6 M) in Teflon-lid
sealed Pyrex tubes first at 120 °C for 17 h and then at 140 °C
for 2 h. The hydrolysates were diluted to 50 mL, then diluted
1000 times, and analyzed for free phosphate. Phosphate and
free phosphorus were analyzed with HPIC on a Dionex system
4500 I (Dionex Corp., Sunnyvale, CA), equipped with a PAX
100 guard column, a PAX 100 analytical column, and a
conductivity detector. A linear gradient elution was used with
a gradient of 6-50% NaOH (0.2 M) in 20 min in conjunction
with water and containing 2% 2-propanol (50%) according to
Table 5. Free phosphorus in the unhydrolyzed sample was
0.05%. On the basis of these measurements the InsP6 content
was shown to be 827.6 mg/g.

External standards were prepared containing between 0.1
and 0.8 mM InsP6 dissolved in water.

Peak Identification. A reference sample for the identifica-
tion of peaks was prepared by dissolving 5 g of sodium phytate
in 100 mL of 0.5 M HCl. The solution was reflux boiled for 22
h and evaporated to dryness, 100 mL of water was added to
the hydrolyzed sample, and it was diluted 5-10 times before
being injected on the analyze system. The elution order of
different isomers of inositol phosphates was established as
described by Skoglund et al. (24).

Accuracy and Precision. The between-day precision for
InsP6 was determined from rolled oats prepared and analyzed
in duplicate on six different days (Table 6). The within-day
precision for InsP6 was determined from 10 samples of rolled
oats analyzed on the same day (Table 6). The precision was
stated as the relative standard deviation (RSD).

Statistical Evaluation. The analyses presented in Tables
2, 3, and 7 were carried out in randomized complete block
designs. The results were evaluated and fitted to linear models
(eq 1) using General Linear Models (GLM, Systat 8.0, 1998,
SPSS Inc., Chicago, IL). The estimated model can be described
as

where µ is a constant, τ expresses the effect of the methods,
and â expresses the effect of the samples. The difference
between the estimated model and the experimental data gives
the residual, ε. Each sample was treated as a block, and only
the effect of the methods was evaluated. A Deming method
comparison test was run on the results presented in Table 2
using the computer software Analyse-It (25). Deming regres-
sion has been widely adopted in clinical medicine because,
unlike least-squares linear regression that allows for impreci-
sion only in the response variable (y), imprecision can be
present in both variables. The Deming method comparison test
computed the regression as described by Cornbleet and Goch-
man (26).

RESULTS AND DISCUSSION

The HPIC method described for the analysis of
inositol phosphates illustrates the usefulness of cen-
trifugal ultrafiltration for rapid and simple sample
preparation.

The methods previously developed at our laboratory
(15, 17, 18) for the analyses of inositol phosphates
include a cleanup step with SPE during sample prepa-
ration. The present method, however, shows that omit-
ting this step and instead using filtration of 0.5 mL of
extract with a centrifuge filter (Microcon YM-30) gives
comparable results in the food and feces samples studied
so far (Tables 1-3 and 7). The use of centrifugal
ultrafiltration in the preparation of the samples is a

Table 4. Combination of Eluents for the Analysis of
Inositol Bis- to Hexakisphosphates with HPIC

time (min) 1 M HCl (%) water (%)

0 5 95
5 35 65
10 65 35
15-17 95 5
17-25 5 95

Table 5. Combination of Eluents for the Analysis of
Phosphate and Free Phosphorus with HPIC

time (min) 0.2 M NaOH (%) water (%) 50% 2-propanol (%)

0 6 92 2
20 50 48 2
21 6 92 2

Table 6. Between-Day and Within-Day Variations
Estimated on a Sample of Rolled Oats for the HPIC
Method with Gradient Elutiona

day of extraction and analysis

run 1 2 3 4 5 6 RSDb(%)

1 12.7 13.22 12.34 14.74 15.24 13.42 } 8.162 12.82 12 12.27 14.84 14.28 13.69
3 12.83 11.69
4 12.41 11.52
5 12.55 11.8
6 12.37 11.76
7 12.69 11.77
8 12.49 11.18
9 12.61 11.22
10 12.63 11.54
RSDb (%) 1.25 4.85

a Values are µmol/g of dm. b Relative standard deviation.

yij ) µ + τi + âj + εij (1)
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much simpler, faster, and milder treatment of the
samples as compared to the use of evaporation and ion
exchange sample preparation. The harsh treatment of
evaporation and use of strong acid may also cause
redistribution of the phosphate groups on the myo-
inositol ring and alter the isomer balance. This has been
observed in our laboratory in samples treated with
various strains of yeast (unpublished results). Samples
that do not need to be extracted with an acid (i.e.,
extracellular media from cells) can be ultracentrifuged
directly. We used the centrifugal filter device Microcon
YM-30 with a nominal molecular weight limit of 30 kDa
to remove enzymes from the samples before injection
onto the analysis system. Phytases from cereal and
legume sources have molecular masses of ∼59-68 kDa
(27-30), and phytases from microbial origin have mo-
lecular masses of ∼40 kDa (31, 32).

It is possible to replace the anion exchange sample
preparation step with centrifugal ultrafiltration when
using UV detection because only compounds reacting
with Fe(NO3)3 in the postcolumn and having UV ab-
sorbance near 290 nm will be detected (23), whereas the
refractor detection used in the reference HPLC method
detects all compounds that change the refractor index.
Hence, the sample injected on the HPLC system of the
reference method must be very clean because there is a
high possibility that other compounds will disturb the
detection of the inositol phosphates, in particular the
detection of lower inositol phosphates. Moreover, in the
HPIC system, the inositol phosphates adhere firmly to
the analytical column while other compounds are quickly
eluted. Therefore, the cleaning anion chromatographic
step that is used in the sample preparation step in the
reference HPLC method is achieved in the analysis step
in the HPIC method.

Shown in Table 1 are the phytate contents of samples
analyzed in 10 or 6 replicates with the reference HPLC
method (17, 18) and the HPIC method with gradient
elution further developed in this study. In addition, the
phytate contents of samples analyzed using the HPIC
method but being extracted with only 5 mL of HCl (0.5
M) are shown (Table 1). The methods gave similar
results for InsP6 concentrations, and the CV for all
methods was generally low. In Table 2 the phytate
contents in 18 various samples analyzed in duplicate
with the reference HPLC method and the HPIC method
are shown. There was no significant difference between
analytical methods (GLM, P > 0.05). The agreement
between methods was also evaluated by running a
Demings method comparison test on the results in Table
2. The Deming regression plot is shown in Figure 1. The
two methods are in good agreement over the range of
phytate contents that are of interest when various foods
are analyzed. The pig feces sample (Table 2) was
omitted from the regression because the phytate content
of this sample was much higher than the phytate
content of the other samples and it would thus have too
much of an impact on the regression result, which could,
for example, mask curvatures in the lower domain.

Extracting samples in 5 or 20 mL of HCl (0.5 M)
showed no significant difference (GLM, P > 0.05, Table
7). It is valuable to be able to extract samples low in
phytate with only 5 mL of HCl (0.5 M) so that it is
possible to detect the low amounts of phytate without
concentration of the samples by evaporation, which is
a harsh treatment for the samples. However, in some
cases evaporation of samples has a positive impact on
the sample performance during chromatography. Mis-
shapen peaks caused by proteins bound to the inositol
phosphates in the samples, for example, can be over-
come by evaporating the samples, redissolving them in
water, and ultrafiltration. This has especially been seen
with certain isomers of InsP3 and InsP4.

Comparing the concentration of InsP6 using the
reference HPLC method with the HPIC method with
isocratic elution (Table 3) showed that there was no
significant difference between methods (GLM, P > 0.05).
When isocratic elution is used, the chromatographic run
takes 5 min and no conditioning is needed, but only a
value of InsP6 is attained. Hence, if a lot of samples need
to be scanned for phytate, the HPIC method with
isocratic elution described in this study is recommended.
If the concentration of InsP2-InsP6 and isomers of
InsP3-InsP5 is desired, the HPIC method with gradient
elution described here can be used. To analyze the
isomers of InsP2 the method previously described by us
(24) can be used, and, finally, to analyze the isomers of
InsP1-InsP2, one of the methods described by us in
Skoglund et al. (15 or 16) can be used.

The most common food samples to be analyzed for
phytate content are cereals and legumes. The raw
material of such samples normally contains between 11
and 15 µmol/g inositol hexakisphosphate (InsP6). During
food processing InsP6 can be degraded to lower inositol
phosphates, and in processed samples the content of
InsP6 may vary from 0 to 15 µmol/g of dm. With the
HPIC method tested in this study it is possible to detect
and quantify inositol hexakisphosphate contents in
samples as low as 5 µM (15), which corresponds to 0.2

Table 7. Comparison of Extracting Samples in 5 mL or
20 mL of 0.5 M HCl before HPIC Determination of
Phytatea

sample 5 mL 20 mL

barley 10.34 ( 0.849 10.05 ( 0.156
rolled oats 12.54 ( 0.233 12.08 ( 0.799
pea 12.97 ( 0.318 12.46 ( 1.082

a Values are means ( SD, µmol/g of dm, n ) 2.

Figure 1. Comparison of the reference HPLC method and
the investigated HPIC method with gradient elution for
measuring phytate content in various foods: identity line,
y ) x (s); correlation line (-). Each data point (O) represents
the measured value for both methods, presented in Table 1 as
mean values.

1698 J. Agric. Food Chem., Vol. 49, No. 4, 2001 Carlsson et al.



µmol/g of dm if an extraction volume of 20 mL is used
and to 0.05 µmol/g of dm if an extraction volume of 5
mL is used, when 50 µL of sample is injected. Samples
that contain <0.05 µmol of InsP6 can be concentrated
by evaporation, and a larger injection volume can be
used. The linearity of InsP6 was demonstrated by
plotting peak areas versus the concentration of different
dilutions of standard preparations from 0.1 to 0.8 mM
InsP6. Linear regression analysis gave a coefficient of
determination (R2) of 1.0. Parts in the autoinjector used
in the HPIC system (717, Waters) not exchanged to
PEEK were gradually corroded by the strong acid used
in the gradient eluent, and the corrosion was accentu-
ated when the isocratic eluent was used. All stainless
steel in the autoinjector needs to be exchanged to PEEK.
If this is done, the linearity of the system would
probably be extended so that it is possible to have
linearity below 0.1 µM on an injection volume of 50 µL.

The HPIC method separates InsP3-InsP6 into specific
isomers, and InsP2 are detected in two peeks. This is
apparently an advantage if it is desired to know the
isomeric composition and balance in a sample, but
quantitatively this makes the HPIC method less sensi-
tive for InsP3-InsP5 compared to the HPLC method.
However, in most food, feed, and feces samples the InsP6
has been degraded enzymatically, yielding only a few
specific isomers of each inositol phosphate (15), and the
sensitivity is thus not greatly affected.

The methods presented here are highly accurate
(Table 6) and selective and have a high throughput of
samples. Many studies have been carried out to speed
the sample preparation. Lehrfeld (33) has previously

shown that it is possible to omit the first evaporation
step in the sample preparation used in the reference
HPLC method by diluting the samples with water before
applying them onto the anion exchange sample prepa-
ration columns. Talamond et al. (34) presented a rapid
and sensitive chromatographic method for the determi-
nation of InsP6 in food using conductivity detection. In
this method the anion exchange sample preparation
step was avoided but not the evaporation step. The
separation on HPIC was performed by gradient elution
using 200 mM NaOH, water, and 2-propanol as sol-
vents. However, when samples containing InsP1-InsP6
were analyzed at our laboratory according to the method
described by Talamond et al. (34), the InsP6 peak was
interfered with by other inositol phosphates, for ex-
ample, Ins(1,2,6)P3. When NaOH is used as an eluent
solvent at the high levels used by Talamond et al. (34),
the pH is very high and the hydroxyl groups of the lower
inositol phosphates are charged and as firmly adhered
to the column particles as InsP6, making them coelute
with InsP6. The ion chromatographic methods of Cilliers
and van Niekerk (35) and Rounds and Nielsen (36) use
extraction, centrifugation, and filtration to prepare
plant, food, or soil samples. In these methods the ion
exchange step is also omitted. In the present study we
use centrifugal ultrafiltration, which is more efficient
than conventional filtration. The method of Rounds and
Nielsen (36) separates InsP2-InsP6 in a chromato-
graphic run of 30 min, whereas our method separates
InsP2-InsP6 and the isomers of InsP3-InsP5 in a
chromatographic run of 17 min (Figure 2). The separa-
tion between some isomers, for example, DL-Ins(1,2,4,5,6)-

Figure 2. Chromatographic profiles of hydrolyzed sodium phytate and a processed barley sample. The peaks are numbered in
accordance with Sandberg et al. (38). Peaks: 1-3, InsP2; 4, InsP2; 5 and 6, unidentified; 7, DL-Ins(1,2,4)P3, DL-Ins(1,3,4)P3, and
Ins(1,2,3)P3; 8, DL-Ins(1,2,6)P3 and Ins(1,2,3)P3; 9, DL-Ins(1,4,5)P3; 10, DL-Ins(1,5,6)P3; 11, DL-Ins(4,5,6)P3; 12, Ins(1,2,3,5)P4; 13,
DL-Ins(1,2,4,6)P4; 14, DL-Ins(1,2,3,4)P4; 15, Ins(1,3,4,6)P4; 16, DL-Ins(1,2,4,5)P4; 17, DL-Ins(1,3,4,5)P4; 18, DL-Ins(1,2,5,6)P4; 19, Ins-
(2,4,5,6)P4; 20, DL-Ins(1,4,5,6)P4; 21, Ins(1,2,3,4,6)P5; 22, DL-Ins(1,2,3,4,5)P5; 23, DL-Ins(1,2,4,5,6)P5; 24, Ins(1,3,4,5,6)P5; 25, InsP6.
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P5 and Ins(1,3,4,5,6)P5 (peaks 23 and 24 in Figure 2),
DL-Ins(1,4,5,6)P4 and Ins(1,2,3,4,6)P5 (peaks 20 and 21
in Figure 2), DL-Ins(1,2,4,5)P4 and DL-Ins(1,3,4,5)P4
(peaks 16 and 17 in Figure 2), and DL-Ins(1,2,3,4)P4 and
Ins(1,3,4,6)P4 (peaks 14 and 15), is somewhat impaired
when the faster gradient presented here is used com-
pared to the gradient used in Skoglund et al. (15) when
using the PA-100 column that we used here (37).
However, most samples contain only a few specific
isomers of each inositol phosphate, eliminating this
problem. We have also shown that an isocratic run of 5
min (Figure 3) gives a reliable value of InsP6.

ABBREVIATIONS USED

cv., cultivar; HPIC, high-performance ion chromatog-
raphy; HPLC, high-performance liquid chromatography;
InsP1-InsP6, inositol mono- to hexakisphosphate; PEEK,
polyether ether ketone; RSD, relative standard devia-
tion; SPE, solid phase extraction.
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