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Abstract A reversed phase high-performance liquid chro-
matography method (HPLC) with coulometric electro-
chemical detection has been applied and validated for the
simultaneous analysis of pyridoxamine (PM), pyridoxal
(PL), and pyridoxine (PN) in cereal products. Isocratic sep-
aration was achieved using a C18 column with a mobile
phase consisting of methanol-phosphate buffer (10:90)
and 0.018 M trimethylamine adjusted to pH 3.55 with
85% orthophosphoric acid. The limits of detection for PM,
PL, and PNwere 0.28, 0.36, and 0.43 ngmL−1, respectively,
with vitamins recoveries ranging from 90.4 to 98.1%. The
applied method for the analysis of B6 vitamins naturally
present in grain products, offers a simple and fast sample
preparation without derivatization. To understand vitamer
separation further, methods of computational chemistry
were employed. Specifically, density functional theory
(DFT) was used to determine electrostatic potentials, as
well as the charges of each vitamer. A number of correla-
tions were established between these properties and elution
order.
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Introduction

The B6 vitamers (Fig. 1) are a group of water-soluble forms of
vitamin B6, which are chemically quite distinct compounds.
Vitamin B6 represents a group of highly bioavailable 3-
hydroxy-2-methylpyridine derivatives that exist in food as
phosphorylated and non-phosphorylated forms (Ball 2006;
Eitenmiller et al. 2008). Vitamin B6 are also enzymatic co-
factors required for over 140 biochemical reactions involved
in amino acid biosynthesis and degradation, as well as sugar,
and fatty acid metabolism (Ball 2006). Vitamin B6 is neces-
sary in the synthesis of both serotonin and GABA neurotrans-
mitters that control depression, pain perception, and anxiety.
Most vitamin B6-dependent enzymes catalyze reactions in-
cluding transamination, decarboxylation, dehydration,
desulfhydration, racemization, cleavage, and synthesis,
among other processes including the activation of glycine
during the initial stages of heme production (Bui and Small
2012; Denslow et al. 2005; Sorolla et al., 2010). Interestingly,
vitamin B6 has recently been found to be a potent antioxidant,
with the particular ability to quench reactive oxygen species
such as superoxide, and singlet oxygen (Tambasco-Studart
et al. 2005). Recent studies have shown that DNA damage
resulting from deficiencies of micronutrients such as vitamins
B6, and B12 are likely to be major contributing factors to
cancer, as vitamin B6 plays a crucial role in 1-carbon metab-
olism, which involve DNA synthesis, and methylation
(Larsson et al. 2005; Liu et al. 2008).

Although all organisms are dependent on vitamin B6, only
microorganisms and plants are able to synthesize it de novo.
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Mammals, including humans have a salvage pathway, lack the
enzymes for the novo synthesis of B6 and rely on uptake of the
vitamin from food, with plants as the most important source
for human nutrition (Hellmann and Mooney 2010; di Salvo
et al. 2012).

The B6 vitamers exist in various forms of pyridoxine (PN),
pyridoxal (PL), and pyridoxamine (PM) (Fig. 1), which dur-
ing metabolic conversion becomes phosphorylated at the 5-
hydroxymethyl position by a kinase required as a co-factor in
enzymatic reactions. In plants, PN can exist in quite signifi-
cant amounts as a β-glucoside. Pyridoxine is the major

vitamer in cereal products where it may also exist as the
glucosylated adduct, 5′-O-(ß-D glucopyranosyl) pyridoxine,
which is of limited bioavailability (Gregory and Kirk 1981).
Animal products contain more bioavailable forms of vitamin
B6 compared to plant food sources, which comprise approxi-
mately 50% of human bioavailability (Gregory 2012). The
bioavailability of PN in plant-based foods varies considerably,
ranging from 0 to 80% (Kabir et al. 1983).

Pyridoxal-5′-phosphate (PLP), on the other hand, has been
reported to be the most biologically active form of vitamin B6

and functions as a co-factor crucial for numerous enzymatic
reactions (di Salvo et al. 2012; Eitenmiller et al., 2008; van der
Ham et al. 2012).

The high variability of B6 vitamins and their low concen-
trations in food products cause difficulties in analysis.
Moreover, grains and grain products are food matrixes that
show special analytical difficulties, as they are starchy prod-
ucts that contain several interfering compounds (Lebiedzińska
et al. 2008). These reasons are why the majority of methods
target determination of total vitamin B6 content in grain prod-
uct analysis.

Traditionally, the Association of Official Analytical Chemists
(AOAC 2003) recommends microbiological assays of B6,
which are perceived as time-consuming. Moreover, chemical
andmicrobial methods previously used failed to accuratelymea-
sure the nutritionally active vitamin forms, mainly due to vary-
ing extraction efficiency and stability of the vitamers. The ad-
vantage of chromatographic methods is thus the possibility to
characterize vitamer forms individually in foods (Eitenmiller
et al. 2008; Gregory 2012). Therefore, new methods should be
developed that allow this instead of the approach including con-
version of vitamers to a single analyte forms.

Avariety of LC methods are reported for the determination
of vitamin B6 in pharmaceuticals (Jin et al. 2012) and in food
products (Ciulu et al. 2011; Gliszczyńska-Świgło and Rybicka
2015; Langer and Lodge 2014; Santos et al. 2012). Most sep-
aration and detection procedures are reversed-phase high-per-
formance liquid chromatography (HPLC) techniques
(Eitenmiller et al. 2008) coupled with fluorescent detections
(Bui and Small 2012; Gatti and Gioia 2005; Gliszczyńska-
Świgło and Rybicka 2015; Langer and Lodge 2014), UV
(Ciulu et al. 2011; Jin et al. 2012; Langer and Lodge 2014),
and MS (Hälvin et al. 2013; van der Ham et al. 2012).
Methods using electrochemical detection (ED) have also been
proposed but applications to samples other than pharmaceuti-
cals supplements and animal foods are few (Lebiedzińska
et al. 2007; Marszałł et al. 2005).

Although several analytical methods have been developed
for the determination of individual vitamin B6 compounds,
only few may be applied to the analysis of grain samples.
Thus, there is a need for reliable, accurate, and precise analyt-
ical methods for vitamins in cereal foods as it is essential for
determining the dietary intake of vitamin B6. The aim of the

(a)

(b)

(c)

Fig. 1 Molecular structure of B6 vitamers: a pyridoxamine (PM), b
pyridoxal (PL), and c pyridoxine (PN) (C—gray, O—red, N—blue,
H—white)
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present work is thus to determine B6 vitamers present in cereal
products using HPLC coupled with ED detection. To further
understand the elution profile and the nature of separation,
computational chemistry, specifically density functional theo-
ry, was applied to predict the electrostatic properties of each
vitamer under consideration and was positively correlated
with retention times.

Experimental

Instrumentation

Chromatographic analyses of pyridoxamine (PM), pyridoxal
(PL), and pyridoxine (PN) in cereal products were performed
on an HPLC system that consisted of a pump P 580 (Dionex,
USA) and a sample injector (Rheodyne) with a 20-μL loop,
coupled with Coulochem II electrochemical detector (ESA,
USA) and diode array UVD 340S (Dionex, USA).
Chromatographic separation and quantification were achieved
on a Chromeleon Chromatography Management System using
Supelco (Germany) C18, 5 μm (250 mm × 4.6 mm).

Reagents and Solutions

All reagents were of analytical grade. Pyridoxine hydrochlo-
ride, pyridoxamine hydrochloride (purity ≥ 99.0%), and pyr-
idoxal hydrochloride (purity ≥ 99.5%) were provided by
Fluka (Biochemica). Water-soluble papain (from Carica
papaya) and diastase (from fungi) were obtained from
Merck (catalog no. 103604 and 107144, respectively); α-
amylase (from Aspergillus oryzae) was purchased from
Sigma-Aldrich (catalog no. A-6211). Trimethylamine hydro-
chloride and sodium phosphate dibasic heptahydrate were
purchased from Sigma-Aldrich (St. Louis, MO, USA) while
orthophosphoric acid (85%w/w) was obtained fromRiedel-de
Haën (Seelze, Germany). Methanol, HPLC grade, was sup-
plied by Baker (HPLC Analyzed). Purified water was obtain-
ed from Compact Mili-Q system (Millipore, Milford, MA,
USA). The phosphate buffer (pH 3.55) was prepared using
0.05 mol L−1 sodium phosphate dibasic heptahydrate and
85% orthophosphoric acid. Enzymes were dissolved in dis-
tilled water to a concentration of 100 mg mL−1. Vitamin stan-
dards were prepared by dissolving 0.010 g of each vitamin in
100 mL of ultrapure water to 0.100 mg mL−1. Solutions were
stored separately in the dark at 4 °C. Standards were prepared
daily by appropriate dilution of individual stocks from the
mobile phase.

Samples and Reference Materials

The products analyzed in this study including wheat bread and
wholemeal flour were randomly purchased from the local

market in Gdansk (Poland). Firstly, they were homogenized
and subsampled (50–100 g) and then stored at − 18 °C until
analysis. The certified reference material wholemeal flour
(CRM 121), which was obtained from the Community
Bureau of Reference, BCR (Belgium), was also subsampled
(5 g) and stored frozen.

Sample Preparation

Samples were first hydrolyzed with mineral acids and then
enzymatic treatments were applied to effectively liberate the
B6 vitamers analyzed from the sample matrix and to correctly
determine their concentration. Phosphorylated vitamin esters
were converted to free vitamin forms using the enzyme
mixtures. The extraction procedure applied in this study was
based on a combination of acid digestion and enzymatic
hydrolysis, according to the study of Esteve et al. (1998) and
recommended by the AOAC (2003).

Extraction Procedure

Samples of cereal products, i.e., bread, flour, and wholemeal
flour (CRM 121) were weighed accurately (2.0 ± 0.0001 g)
and left for 30 min in an autoclave at 121 °C with 50 mL of
0.1 M HCl previously added. Then, the sample was cooled
and pH adjusted to 4.5 with 2.5 M sodium acetate buffer and
mixture of papain (40 mg) and diastase (100 mg) per 1 g of
sample was added. An enzyme blank was always used to
correct for the addition of vitamins from the enzyme suspen-
sion. After enzyme incubation at 37 °C for 18 h, samples were
heated to 100 °C for 5 min to inactivate the enzyme and
diluted to 100mLwith distilled water. Prior to HPLC analysis,
samples were filtered through a Whatman 1 Chr filter paper.
All preparations were conducted under dim light, and samples
were kept in the dark in an amber flask at + 4 °C (24 h), then at
18 °C until analysis.

Chromatographic Conditions

Isocratic separation of B6 vitamers was performed on an LC
18 column of 5 μm (25 cm × 4.6 mm) which was termostated
at 25 °C. The mobile phase was filtered through a 0.22-μm
membrane filter and vacuum degassed prior to use, consisting
of methanol-phosphate buffer (10:90), and 0.018 M
trimethylamine reagent adjusted to pH 3.55 with 85% ortho-
phosphoric acid. The volume of injection was 20 μL.

Pyridoxamine, pyridoxal, and pirydoxine were detected
using a Coulochem II (model 5020A, ESA, USA) electro-
chemical detector equipped with a dual analytical cell (model
5010), with guard cell (model 5020). The guard cell was con-
nected in-line before the injection port and was used to elim-
inate the interference with baseline stability. The detector re-
sponse was set to give a full-scale detection for a 1- and 50-μA
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current output received from the analytical cell. The HPLC
was operated in a constant flow mode, and the flow rate was
kept at 1 mL min−1. The peak area of the electrochemical
signal at the porous graphite electrode was used for quantita-
tive analysis.

Statistics and Visualization

Statistical analyses such as linear regression and tests for in-
tercept, slope, and intra- and inter-day were conducted with
the use of Statistica for Windows (version 10, Statsoft, 1984–
2011, Cracow, Poland) software-package.

Computational Methodology

All quantum chemical calculations reported in this study were
carried out in the gas phase using the B3LYP hybrid function-
al and the 6-311g(d) basis set as implemented in Gaussian 09
suite of programs for electronic structure calculations
(Gaussian 09 n.d). The primary aim of these calculations
was to determine the electrostatic potentials of PM, PL, and
PN vitamers. Geometries of each vitamer were taken from the
PubChem Compound Database, (CIDs: 1052, 1050, and
1054) and used for single-point energy calculations. In addi-
tion to electrostatic potentials for each vitamer, Mulliken and
natural charges were also computed.

Results

Validation

In order to guarantee accurate, precise, and linear results, the
B6 vitamer concentration ranges were adjusted to their levels
in food. All calculations were based on the calibration graphs
constructed as a function of vitamer standard concentrations
(ng mL−1) vs. peak area. The calibration graphs were charac-
terized with linearity and a high correlation coefficient
(r ≥ 0.998). All parameters obtained for regression equations
are given in Table 1. The CRM material (CRM 121) linearity
was established within the concentration ranges of 1–50, 5.0–
350, and 1.5–200 ng mL−1 for PM, PL, and PN, respectively.

The limits of detection (LOD) for pyridoxamine, pyridoxal,
and pyridoxine were 0.28, 0.36, and 0.43 ng mL−1, respec-
tively, with the detector sensitivity set at 1 μA. LODs were
calculated within three standard deviations of background
noise, with the standard finally diluted in the same buffer as
the food sample, with a limit of quantification (LOQ) of
10 × SD. The LOQ values obtained for pyridoxamine, pyri-
doxal, and pyridoxine were 1.00, 1.20, and 1.50 ng mL−1,
respectively (detector sensitivity 1 μA).

The 1-day repeatability was evaluated by 10-fold measur-
ing the same wholemeal flour sample (CRM121), where

intermediate precision was determined by analyzing the same
sample during five consequent days. All validation results are
reported in Table 1.

The accuracy of the methodwas checked using the certified
material CRM 121 wholemeal flour, which was used to verify
the accuracy of results and monitor method performance. The
analytical results obtained for CRM 121 wholemeal flour
were highly satisfactory, and the recovery (as a measure of
accuracy) for the B6 vitamin amounted to 99% and RSD (as
a measure of precision) equaled 1.88%. The exemplary chro-
matogram obtained for wholemeal flour is shown in Fig. 2a.

Quantitative Analysis of the B6 Vitamins
in the Commercial Plant Food Products

The proposed analytical approach was verified by analysis of
commercially available plant food products (Fig. 2b). Vitamin
B6 concentration estimate was performed based on calibration
curves obtained as a function of concentration (ng mL−1) vs.
peak area for pyridoxamine, pyridoxal, and pyridoxine, Table 2.

Computational Modeling Using Density Functional
Theory

To provide a better understanding of separation order based on
chromatographic data (Fig. 2a, b), molecular properties were
determined from single-point energy calculations. Figure 3
provides a graphical summary of electrostatic potential sur-
faces for PM, PL, and PN. Electrostatic potentials provide a
simple, conceptual means to understand surface interactions
with separation medium. Mulliken and natural charges also
provide a complementary and quantitative understanding.
Because all molecules interact with the same medium, it is
expected that elution order should correlate to the electrostatic
potential differences between functional groups.

As shown in Table 3, a direct relationship can be seen
between the order of elution and the sum of electrostatic po-
tentials, where lower potentials correlate to higher retention
times.Mulliken and natural charges are also shown to increase
as expected for PM, PL, and PN, respectively. Separation of
B6 vitamer fragments is quite different from that previously
reported for vitamin B12 derivatives (cobalamins). In contrast
to B6 vitamers, cobalamins cannot be simply separated
(Lebiedzińska et al. 2007). Based on DFT calculations, this
may be attributed to the much larger size of B12 compared to
B6, leading to an electrostatic potential distribution that is
more disperse, where functional group modifications of the
outer coordination sphere have relatively little effect on the
electrostatic properties. Based on this analysis, it is expected
that all cobalamins should interact in a similar way with the
separation surface, while the B6 vitamers will produce notable
electrostatic changes with even a small modification of the
structure, due to their smaller size.
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Discussion

Comprehensive vitamin B6 analysis is required for food anal-
ysis, although differentiation between unphosphorylated
vitamers and the 5-phosphoric acid esters is usually not. The
principle method of extraction is release of B6 vitamins, their
glucosated forms from proteins, and conversion of the

phosphorylated compounds to pyridoxine, pirydoxamine,
and pirydoxal (Lebiedzińska et al. 2008). The critical part of
the analysis is the enzymatic treatment necessary to liberate
protein- and glucosated phosphate-bound vitamins
(Lebiedzińska et al. 2008). Recent research (Ball 2006;
Gregory 2012) has shown that PN-glycoside has a much low-
er bioavailability than pyridoxine, and it is therefore reason-
able to assay all B6 vitamers separately.

Sample extractions with mineral acids or enzymatic diges-
tions of foodmatrices are analytical procedures most frequent-
ly used before quantitative measurement of vitamin B6

vitamers (Eitenmiller et al. 2008). Glucosidase side activity
of enzyme preparations such as diastase is high enough to
hydrolyze glucosidic linkages in bound vitamin forms. A mi-
crobiological procedure, which involves an acid hydrolysis
and enzymatic steps during sample extraction, is used in most
reports (Sampson et al. 1995; Sampson et al. 1996). However,
in this procedure, any PN-glucoside (PNG) in the sample is
converted into PN (Gregory 2012). Consequently, much of the
literature may report PNG present in plant foods as PN. Plant
foods contain substantial fractions of vitamin B6 as PN-glu-
coside, and thus, such methods may lead to over estimation of
nutritional content since the resulting data does not reflect the
B6 content, or the partial bioavailability of PN-glucoside.
Most vitamin B extraction procedures use HCl hydrolysis
because vitamins are stable in acidic environments and break
protein complexes, effectively liberating vitamins from cellu-
lar material in most sample matrices.

However, Ollilainen et al. (2001) has shown that vitamin
B6 compounds may be measured in their intact forms, and the
original distribution of vitamers can be preserved during the
analytical procedure, which included cold perchloric acid
extraction followed by enzymatic digestions before the
liquid chromatographic analysis. Moreover, Gatti and Gioia
(2005) have developed an HPLC method with fluorescence
detection for simultaneous analysis of B6 vitamers and B2 in
commercial vitaminized milk and human breast milk. Other
methods of detection of vitamin B6 are based on redox

Fig. 2 a Chromatogram of vitamin B in reference materials CRM 121
(wholemeal flour) 1—PM (tR 3.7 min, 0.08 μg mL-1), 2—PL (tR 4.7 min,
0.54 μg mL-1), 3—PN (tR 5.6 min, 0.12 μg mL-1), ED sensitivity 50 μA.
b Chromatogram of vitamin B in wheat bread sample (A) 2—PL (tR
4.7 min, 4.4 ng mL−1), 3—PN (tR 5.6 min, 32.2 ng mL−1)

Table 1 Validation parameters of
the method Analytical parameter Pyridoxamine Pyridoxal Pyridoxine

Concentration range (ng mL−1) 1.0–50.0 5.0–350.0 1.5–200.0

Intercept 0.0162 0.142 0.085

Slope ± SD (μg mL-1) 17.7 ± 0.7 10.6 ± 0.6 53.4 ± 0.8

Coefficient of correlation (r) 0.9989 0.9992 0.9991

Limit of detection (ng mL−1) 0.28 0.36 0.43

Limit of quantification (ng mL−1) 1.0 1.2 1.5

Repeatabilitya SD (%) 2.4 3.1 1.2

Intermediate precisionb SD (%) 4.6 5.1 3.5

a The repeatability data of each vitamin were obtained by analyzing 10-fold the same wholemeal flour samples
b Represents the intermediate precision that was obtained by analyzing each vitamin in wholemeal flour samples
during sequential 5 days
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reactions with electrochemical detectors, such as amperomet-
ric and coulometric. Early assays followed the oxidation of
PN at a carbon paste electrode. Flow injection and sequential
injection techniques as well as the availability of modified
glassy carbon electrodes have also added speed and improved
selectivity to electrochemical assays for vitamin B6 (Desai
et al. 2008; Eitenmiller and Landen 1999; Eitenmiller et al.
2008).

Nishimura et al. (2008) have established a method for
the determination of individual vitamin B6 compounds
on the basis that the B6 vitamers are converted by en-
zymes into highly fluorescent 4-pyridoxolactone. HCl
hydrolysis is also used to convert the phosphoester
forms into their corresponding free forms. Seven vita-
min B6 compounds were determined in animal, fish, and
vegetable food using the enzymatic-based HPLC method
developed by Do et al. (2012).

In our extraction process, the 5′phosphate forms, as
well as pyridoxine-β-glucoside were hydrolyzed with
HCl and determined as their free forms in a few mi-
nutes, using data from computational chemistry analysis.
Separation of B6 vitamers is quite different from previ-
ously reported for vitamin B12 derivatives (cobalamins)
separations. In contrast to B6, cobalamins cannot be
simply separated (Lebiedzińska et al. 2007). As men-
tioned, based on DFT calculations, this may be attribut-
ed to the much larger size of B12 in comparison to B6.
While the larger coordination sphere of the cobalamins
results in an essentially uniform interaction with the
separation medium, greater differences of electrostatic
potential distribution of the B6 vitamers result in an
elution profile that is well separated, due to their small-
er size.

Coulometric detection enabled us determination of B6

free forms in a few minutes and provided higher sensi-
tivity and selectivity than UV detection. It was due to
the lack of interferences with other substances and the
ability of ED to resolve peaks according to their
voltammetric properties. The UV and ED detectors as
well as FL one are rather inexpensive, but ED and FL

(a)

(b)

(c)

Fig. 3 Electrostatic potential surfaces (negative potential in orange, positive
in yellow) of a pyridoxamine (PM), b pyridoxal (PL), and c pyridoxine (PN)

Table 2 The concentration of
pyridoxamine, pyridoxal, and
pyridoxine in plant food samples;
values represent the mean for six
samples and standard deviations
(SD)

Food product Vitamins B6

Pyridoxamine HCl Pyridoxal HCl Pyridoxine HCl
(mg 100 g−1)

Wheat bread 0.010 ± 0.001 0.015 ± 0.002 0.161 ± 0.009

Wholemeal spelt floura 0.065 ± 0.004 0.063 ± 0.001 0.227 ± 0.008

Wholemeal spelt flourb 0.035 ± 0.007 0.136 ± 0.002 0.127 ± 0.006

Spelt flour 630 0.017 ± 0.009 0. 058 ± 0.001 0.110 ± 0.012

Flour mix for bread rolls 0.102 ± 0.001 0.059 ± 0.002 0.155 ± 0.005

a, b Different degrees of milling spelt flour
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characterize with clean blank and sample backgrounds
and very high sensitivities.

Conclusions

The growing interest in interactions between diet and health
requires a more precise analytical methodology for determi-
nation of vitamins in food products, which is essential for the
calculation of dietary intake of vitamin B6 from food. Thus,
the outlined method of B6 vitamer analysis is important to
consumers as well as the scientific community. The presented
method characterized with the satisfying sensitivity and selec-
tivity and low limits of detection.

Finally, a unique aspect of this study is the combined the-
oretical approach used to determine elution order based on
analysis of computationally predicted electrostatic potentials.
Density functional theory was implemented to determine the
charge characters of each fragment, and it was concluded that
due to the relatively small size of B6, lower electrostatic po-
tentials, and consequently higher atomic charges, correlate to
longer retention times. According to our knowledge, this is the
first report using computational chemistry combined with
HPLC-ED. Our research has confirmed that grain products
can constitute an important source of all three vitamers of B6

vitamin, including pyridoxine hydrochloride, and that vitamer
concentrations can be routinely estimated using this method.
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