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bstract

The construction, evaluation and analytical application of potentiometric sensors sensitive to vitamin B1 and vitamin B6 are reported. The
olid contact electrodes were produced using �-cyclodextrins as ionophores in a carboxylated poly(vinyl chloride) support matrix. Near Nernstian
lopes (mV/decade) of 51.7 ± 0.8, 60.6 ± 0.6 and 61.1 ± 1.4, within the intervals (M) of 1.0 × 10−4 to 1.0 × 10−1, 5.8 × 10−5 to 1.0 × 10−1 and
.3 × 10−5 to 1.0 × 10−1 were obtained, for thiamine and pyridoxine I and II prepared membranes, respectively. A pH operational range of 6.5–8.5
or thiamine and 2–4.5 for pyridoxine electrodes was found. Assessment of selectivity coefficients toward a large number of inorganic cations and

rganic cations usually present in multivitamin formulations revealed good performance. Analysis of vitamins B1 and B6 in complex multivitamin
rugs was achieved with recoveries within the intervals of 95.1–99.6% for thiamine and 95.1–102% for pyridoxine. Furthermore, the results enabled
y the proposed procedure revealed good agreement with those provided by HPLC.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Thiamine hydrochloride (vitamin B1) and Pyridoxine
ydrochloride (vitamin B6) are included in a group of hydro
oluble substances generically called Complex B Vitamins and
ct as coenzymes involved in the production of energy [1]. Addi-
ional effects of Vitamin B1 include the improvement of blood
irculation, aid in the hydrochloride acid production and blood
ormation at the bone marrow. Severe deficiency leads to the
evelopment of a syndrome known as beri-beri. On the other
and, vitamin B6 performs not only an important role in the
escarboxylation and transamination of amino acids but also
n carbohydrate and fat metabolism. Pyridoxine deficiency may

ead to sideroblastic anaemia, dermatitis, cheilosis and neuro-
ogical symptoms such as peripheral neuritis and convulsions.

∗ Corresponding author. Tel.: +351 222078900; fax: +351 222003977.
E-mail address: mcbranco@ff.up.pt (M.C.B.S.M. Montenegro).
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ective electrodes

An equilibrated human diet provides all the vitamins
ecessary for body complete development and equilibrium
aintenance. Physiological and physiopathological conditions

n children, elderly and pregnant women may however require
itamin supplements, which are often consumed without pre-
cription due to marketing and the abundance of preparations.
he reference protocols [2] enable only isolated determina-

ions of thiamine or pyridoxine in pharmaceutical formulations.
heir application to multivitamin preparations renders inaccu-

ate results. Thus, alternative methods to assure the security and
uality of this kind of products have been proposed, involv-
ng UV–vis spectrophotometry [3,4], spectrofluorimetry [5],
igh performance liquid chromatography with spectrophoto-
etric detection [6–9], voltammetry [10], turbidimetry [11],

nd flow injection with electrochemical [12] or optical detec-
ion [13–15]. Most of them present several disadvantages such

s poor selectivity, requirement of tedious sample pretreatment
purification or preconcentration steps), use of toxic reagents,
r even complex chemometric treatment of the analytical
esults.

mailto:mcbranco@ff.up.pt
dx.doi.org/10.1016/j.jpba.2007.12.003
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Potentiometry with ion-selective electrodes offers numer-
us advantages in analytical control of pharmaceutical organic
pecies [16,17], once it enables simple and no time consum-
ng procedures, resorts to less toxic reagents and is easily
pplicable to complex and turbid samples. Some potentio-
etric sensors for determination of vitamin B1, vitamin B6

r both have also been reported [18–21]. All of them are
ased on the use of classical ion exchangers, namely het-
ropolycyclic acids [19] or phenyl borate derivatives [18,20,21].
he limited selectivity enabled by these species is how-
ver a major drawback for samples where both vitamins are
resent.

Cyclodextrins are a family of cyclic oligosaccharides com-
osed of �-(1,4) linked glucopyranose subunits, possessing a
age like supramolecular structure that allows to carry out
hemical reactions of “host-guest” type, with specific recep-
or function [22]. This property turns out these ion-receptors in
n interesting class of species to be studied as electrochemical
ensors for organic molecules [23].

Several authors have reported the use of �, �, and �-
yclodextrins as ionophores in construction of potentiometric
on-selective electrodes [24–26] and some published reviews
ummarize their use as analytical sensors. [22,23]. Those stud-
es proved that when cyclodextrins are dissolved in the proper

ediator solvent, they yield potentiometric detectors with good
haracteristics for organic amines [24,26] with reduced inter-
erence relatively to alkaline and alkaline earth metal ions
25].

In this work, the use of cyclodextrins is exploited in the con-
truction and evaluation of novel potentiometric ion-selective
lectrodes for vitamins B1 and B6, with enhanced analytical
apability.

. Experimental

.1. Apparatus

All potential measurements were performed at 25 ± 1 ◦C,
ith a 2002 Crison micro pH (sensitivity ±0.1 mV) coupled

o an electrode commutator of the same brand.
A double junction Orion 90-02-00 silver chloride/silver ref-

rence electrode was used in conjunction with the proposed
lectrodes, containing 0.1 M lithium chloride in the outer com-
artment.

A Crison pH meter GLP 22 coupled to a combined glass
lectrode Crison Ref. 52-02 was used for pH determinations.

Spectrophotometric spectra of the sensor solutions and the
espective vitamin B1 or B6 solutions were collected in a Perkin
lmer λ 45 double beam spectrophotometer.

The analysis of the samples by HPLC was carried out in
Merck Hitashi chromatographic system comprising a model

100 pump, a Rheodyne 7725i injector (20 �l loop) and an All-

ech ODS-2 C18 column (250 mm × 4.6 mm). A diode array
ystem, model 7455 was used as detector and the data pro-
essed by means of software package of the same brand, model
7000.

t
fl
l
t
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.2. Reagents and solutions

All solutions were prepared with distilled and double
eionised water, with conductivity <0.1 �S/cm. Analytical grade
hemicals without additional purification were used.

Stock solutions (0.1 M) of thiamine hydrochloride (Sigma),
hiamine nitrate (Roche Pharmaceutics, USA) and pyridox-
ne hydrochloride (Roche Pharmaceutics, USA) were prepared
y weighing and dissolving the right amount of pure pow-
er in 0.1 M lithium chloride (Aldrich) solution, (used as an
onic strength adjuster), and stored protected from the light in
he fridge. Solutions with the main ion (vitamin B1 or B6),
sed for the electrode characterization and analytical deter-
inations (1 × 10−2 M/1 × 10−3 M/1 × 10−4 M), were daily

repared from the stock solution, diluting the required volume
ith LiCl 0.1 M and using 50 ml amber volumetric flasks, care-

ully kept apart from light and heat between measurements.
A 5 × 10−4 M silicotungstic acid solution in HCl 0.5 M was

sed as vitamin B1 precipitant.
Whenever necessary, concentrated lithium hydroxide

Merck) was used to adjust thiamine hydrochloride solutions to
H 7.

For HPLC method, the mobile phase constituted by sodium
eptanesulphonate (Sigma), methanol HPLC grade (Merck), tri-
thylamine (Aldrich) and orthophosphoric acid (Merck) was
repared, according to Ref. [2].

.3. Sample preparation

Several multivitamin pharmaceutical preparations purchased
n local drug stores were tested (ampoules, sachets and tablets).
irst, an amount of powder or liquid volume, corresponding

o 5–200 mg of the vitamin B1 or B6 was dissolved in a LiCl
.1 M solution in a 100 ml volumetric flask. For vitamin B1
ssay, a volume of 20 or 25 ml of this solution was transferred
o a beaker and the pH adjusted to 7, with concentrated LiOH,
nd afterwards transferred to a 50 ml volumetric flask, and the
olume completed with LiCl (0.1 M).

Regarding the determination of vitamin B6, 20 ml of precip-
tant reagent was added to an aliquot of the previously reported
olution (5 or 10 ml) for samples where the content of vitamin
1 was higher than vitamin B6. All the dilutions were prepared

n order to fit the final concentration of both vitamins to the
nalytical concentration range of the electrodes.

To proceed with potentiometric results validation, samples
ere prepared and analysed following the methodology indi-

ated in [2] in which previous filtration and degassing of the
olutions were necessary.

.4. Sensor preparation and electrode construction

Electrode membranes were obtained using �-cyclodextrin
Fluka), 2-hydroxipropyl-�-cyclodextrin (Fluka), potassium

etrakis (p-chlorophenyl) borate (NaTpClPB) (Fluka), 2-
uorophenyl-2-nitrophenyl ether (FNDPE) (Fluka), carboxy-

ated poly(vinyl chloride) (PVC-COOH) (Janssen Qhimica) and
etrahydrofuran (THF) (Merck). General preparation of sensor
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Table 1
Composition of VitB1 ISE, VitB6 ISE I and VitB6 ISE II membranes

Component VitB1 ISE VitB6 ISE I VitB6 ISEII

�-Cyclodextrin – – 6.35
2-Hydroxypropyl �-cyclodextrin 6.45 6.35 –
2-Fluorophenyl-2-nitrophenyl

ether (FNDPE)
64.5 63.5 63.5

Potassium tetrakis
(p-chlorophenyl) borate
(NaTpClPB)

– 1.59 1.59

Carboxylated poly(vinylchloride) 29.05 28.56 28.56
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more hydrophobic one (2-hydroxipropyl-�-cyclodextrin) and
a more lipophilic (�-cyclodextrin), were used. Nevertheless,
no significant difference concerning general calibration param-
eters was noticed from this fact (Table 2). Whatever the

Table 2
General working characteristics of thiamine (vitamin B1) and pyridoxine (vita-
min B6) selective electrodes

Characteristicsa VitB1 ISE VitB6 ISE I VitB6 ISE II

Slope (mV/decade) 51.7 ± 0.8 60.6 ± 0.6 61.1 ± 1.4
LLLR (M) 1.0 × 10−4 5.8 × 10−5 4.3 × 10−5

PDL (M) 2.1 × 10−5 4.2 × 10−5 3.5 × 10−5

Linear range (M) 1.0 × 10−4–1.0
× 10−1

5.8 × 10−5–1.0
× 10−1

4.3 × 10−5–1.0
× 10−1

pH range 2–4.5/6.5–8.5 2–4.5 2–4.5
(PVC-COOH)

alues are expressed in % (w/w).

olutions was carried out by mixing suitable amounts of the
onophore with the mediator solvent and by the addition of a
reviously prepared PVC-COOH solution in THF. A low per-
entage of a lipophilic additive was also included on Vit B6
ensor solutions.

Thus, VitB1 sensor was obtained by adding 0.04 g of the
onophore (2-hydroxipropyl-�-cyclodextrin) to 0.4 g of media-
or solvent (FNDPE) and 0.18 g PVC-COOH (Table 1).

Two sensor membranes were prepared for vitamin B6
lectrodes, one using a more lipophilic cyclodextrin (2-
ydroxipropyl-�-cyclodextrin) and the other a less lipophilic
ne (�-cyclodextrin). For VitB6 ISE I an amount of 0.04 g of
he ionophore (2-hydroxipropyl-�-cyclodextrin) and 0.01 g of
dditive (NaTpClPB) in 0.4 g of mediator solvent (FNDPE) and
.18 g PVC-COOH were used. VitB6 ISE II was prepared with
.04 g of the ionophore (�-cyclodextrin) and 0.01 g of additive
NaTpClPB) in 0.4 g of mediator solvent (FNDPE) and 0.18 g
VC-COOH (Table 1).

The sensor solutions were afterwards dropped over the sur-
ace of the solid contact of the electrode, formed by a support of
poxy resin (Araldite) mixed with powdered graphite, accord-
ng to [27]. Successive applications of these solutions were done
fter the solvent evaporation (THF), to achieve a homogeneous
embrane of about 1 mm thickness [27].
The electrodes were left on air during approximately 12 h,

n order to completely dry their membranes, and then soaked in
ater for about 3 h, before being used.

.5. Procedures

In order to evaluate the response characteristics of the con-
tructed electrodes, several consecutive calibrations were daily
erformed. They were immersed together with the reference
lectrode in 50 ml beakers containing 20 ml of 0.1 M LiCl, as
onic strength adjuster. Under continuous stirring, the potentials
ere recorded when stabilized to ±0.2 mV, after the addition of
ifferent volumes of 1 × 10−3 M or 1 × 10−2 M standard solu-
ions of VitB6 or VitB1. The electrodes were rinsed and stirred
n distilled water between measurements and when not in use,

hey were left on air.

Gran’s Plot method was performed on 20 ml of the pH-
djusted samples (for determination of vitamin B1), and on 25
r 30 ml of vitamin B6 samples. This method was carried out

R

I
t
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y adding volumes equivalent to 1 ml of the respective vitamin
olution (1 × 10−2 M or 1 × 10−1 M) and the potential recorded
fter stabilization to ±0.2 mV.

. Results and discussion

.1. General working characteristics

Cyclodextrins are torus-shaped oligosaccharides that can
orm inclusion complexes by taking up the guest molecule
vitamin cation) into the central hydrophobic cavity. According
o their complex formation constants, they can provide elec-
rochemical ionophores giving a different selectivity pattern
rom those obtained with classical ion exchangers. The action
echanism of these last compounds is based on ion-interaction

etween a lipophilic ion (exchanger) and the analyte through
lectrostatic bonds. In this case, the selectivity pattern follows
he Hofmeister series which are related with the hydration energy
f the main ion.

In this study, cyclodextrins with different chemical charac-
eristics (namely �, �, or � cyclodextrins), several mediator
olvents with different dielectric constants (2-nitrophenyloctyl
ther (o-NPOE), dibutyl phthalate (DBP), 2-fluorophenyl-2-
itrophenyl ether (FNDPE), and also different immobilization
upport matrices (as PVC or PVC-COOH) were tested. Some
ensor membranes incorporated NaTpClPB as an additive
see Table 1). For VitB1 ISE, the first approach consisted
n using �-cyclodextrin as ionophore and FNDPE as medi-
tor solvent in PVC-COOH. However, the slopes obtained
ere not satisfactory (40 mV/decade) and for that reason a
ore hydrophobic cyclodextrin was then tested. Concerning
itB6 I and VitB6 II ISEs the addition of a low percent-
ge (1.59%, w/w) of lipophilic additive (NaTpClPB) improved
he characteristics of the electrodes, contrarily to vitB1 ISE.
s known, the addition of a lipophilic species as an addi-

ive can contribute for decreasing the membrane resistance
nd also for improving the slope and the selectivity of the
embranes, Two different types of ionophores, including a
esponse time (s) <28 <30 <45

SE: ion-selective electrode; LLLR: lower limit of linear response; PDL: prac-
ical detection limit.

a Average of two determinations with three units of each electrode proposed.
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Table 3
Major characteristics of the electrodes referred in literature sensitive either to vitamin B1, vitamin B6 or both

Characteristics Ref. [18] Ref. [19] Ref. [20] Ref. [21]

VitB1 VitB6 VitB6 I VitB6 II VitB1 I VitB1 II VitB6 I VitB6 II VitB1

Electrode
construction

Ion association complex; without
inner reference solution

Ion association complexes; with inner reference
solution

Ion association complexes; with inner reference solution Ion association
complexes; with inner
reference solution

Membrane
composition

TCPBa + o-NPOE + PVC Molybdophosphate (I)a/tungstophosphate
(II)a + 2-NFFE + PVC

DNNS (I)a/ClTPB (II)a + o-NPOE + PVC TFPBa + o-
NPOE + PVC

Slope 32.6 ± 0.9b 62.6 ± 0.3 54.0 ± 0.5 54.5 ± 0.4 28.0 ± 0.4c 27.1 ± 0.5c 55.6 ± 0.7 55.3 ± 0.8 29.6 ± 0.7b

LLLR (M) 8.0 × 10−6 2.0 × 10−5 – – 1 × 10−5 1 × 10−5 7.1 × 10−4 1.2 × 10−4 1.0 × 10−7

PDL (M) 1.0 × 10−6 3.9 × 10−6 4 × 10−5 4 × 10−5 5 × 10−6 5.6 × 10−6 2.5 × 10−4 6.3 × 10−5 –
Response time ∼15 s ∼15 s 60 s 45 s 10–30 s in 1 × 10−1 to 1 × 10−4 M/

3 min in more diluted
<2 min

pH 2–4 2–4 2–4 2–4 2–4.5 2–4 2–4.5 2–4 ±4
Analytical

application
was not performed on multivitamins
for VitB6

Only two samples with very simple
composition

Only two samples whose composition
was not mentioned

Only one sample

LLLR: lower limit of linear response; PDL: practical detection limit; TCPB: tetra(2-clorophenyl)borate; O-NPOE: 2-nitrophenyl octyl ether; PVC: poly(vinyl chloride); DNNS: dinonylnaphthalene sulphonate;
TFPB: 2-tetrakis [3,5-bis(2-methoxyhexafluoro-2-propyl)phenyl]borate.

a Molecule that forms the ion complex association with the respective vitamin.
b pH 4.
c pH 3.5.
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The selectivity of the developed electrodes against several
inorganic and organic species usually present on multivitamin
formulations was evaluated. For the study of the interference
A.R. Pires et al. / Journal of Pharmaceutic

ensor prepared poor responses in terms of slope and practical
etection limits were obtained with the membrane formula-
ions using PVC, instead of PVC-COOH and also mediator
olvents of lower dielectric constants (o-NPOE and DBP)
han FNDPE, thus these membranes were not further used.
nce three final sensor membrane compositions were achieved

Table 1), the performance and characteristics of the correspond-
ng electrodes was assessed, during the ISEs useful lifetime
Table 2).

Regarding VitB1 electrode, all tests were performed using
hiamine solutions in hydrochloride or mononitrate salt forms,
nce they constitute the main raw materials in the preparation
f multivitamin pharmaceuticals. In both solutions the elec-
rodes present similar characteristics in what concerns the upper
etection limit. This parameter is a consequence of a coex-
raction process of the primary cation and interfering anions
rom the sample into the ion-selective membrane and conse-
uently related with the lipophilicity of the counter ions, which
re similar in this case. Thiamine molecule Exhibits two pKa
alues of 4.8 and 9. A pure solution of thiamine mononi-
rate in lithium chloride shows a pH 7, and the molecule is
hen mono positively charged. On the other hand, the solu-
ion of the corresponding hydrochloride form shows a pH 4,
nd thus the double cationic form of thiamine predominates.
he proposed electrodes showed a reproducible near Nern-
tian slope of 51.7 ± 0.8 mV/ decade, when calibrated with
olutions of thiamine mononitrate salt form, or pH adjusted
hiamine hydrochloride form (pH 7). A stable response of
1.8 ± 1.7 mV/decade was also obtained, when solutions of
hiamine hydrochloride in LiCl 0.1 M (pH 4) without previ-
us pH adjustment, were tested. In spite of the possibility of
orking in two different pH ranges, it was decided to choose

he one that allows a higher slope value (pH 7), because
f the higher precision of the results achieved. This differ-
nce in slope values was not reported before by other authors
18,20,21], as can be seen in Table 3, where the characteristics
f VitB1 selective electrodes previously reported in literature
re described. The possibility of working with a higher slope
51.7 ± 0.8 mV/decade) allows a better precision of the results,
hich is important mainly in the measurements where both
itamins are present in samples. Furthermore, the proposed
lectrodes present quicker response when compared with those
eported before [20,21] and also a widened pH operational range
18,20,21].

In what concerns VitB6 electrodes, the two developed
embranes, with slightly different compositions, showed sim-

lar characteristics (Table 2). As a consequence, they were
oth used in all the following evaluations. Comparing with
hose previously reported in literature (Table 3), some fea-
ures were improved, namely the working slope and the
esponse times considering those reported on [19,20], a
idened pH range, and better LLLR and PDL regarding to

20].

The constructed units showed a period of useful lifetime

uperior to 3 months both for VitB1 and VitB6 membranes,
nd potential changes less than 2 mV were recorded between
alibrations.

F
a

ig. 1. Diagrams of Reilley for VitB1 ISE achieved at two concentration levels
10−3 M and 10−2 M) of the main ion.

.2. Effect of pH in electrodes response

The effect of pH in the electrodes response was evaluated
hrough Reilley’s diagrams. The experiments were conducted
ith two electrodes of each type, for two concentration levels of

he primary ion evolved (thiamine or pyridoxine)-1 × 10−2 M
nd 1 × 10−3 M, using sodium hydroxide or sulphuric acid to
ncrease or decrease the pH, respectively, over the pH range
–11 (Figs. 1 and 2).

The potential changes were recorded, and the operational pH
ange established, whenever potentials did not change by more
han 5 mV.

Reilley diagrams for vitamin B1 electrode (Fig. 1) showed
hat two working pH ranges, namely 2–4 (in which thiamine
s double charged) and 6.5–8.5 (thiamine molecule is single
ositively charged) were obtained.

In what concerns vitamin B6 ISEs I and II (Fig. 2A and B), an
perational pH range between 2 and 4.5 was obtained for both
ype of electrodes.

.3. Selectivity coefficients evaluation
ig. 2. Diagrams of Reilley for: (A) VitB6 ISE I and (B) VitB6 ISE II achieved
t two concentration levels (10−3 M and 10−2 M) of the main ion.
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Table 4
Potentiometric selectivity coefficients (log K potVitB1,interferent ) for VitB1 ISEsa

Interferent vitamin B1 ISE

1.0 × 10−4(M) 9.1 × 10−4 (M) 3.1 × 10−3 (M)

Nab −0.64 ± 1 × 10−2 −1.54 ± 4 × 10−3 −2.11 ± 1 × 10−2

K+b −0.68 ± 8 × 10−2 −1.1 ± 7 × 10−2 −1.70 ± 7 × 10−2

Mg2+b −2.89 ± 8 × 10−2 −3.27 ± 7 × 10−2 −3.54 ± 4 × 10−2

Fe3+b −1.80 ± 7 × 10−2 −1.39 ± 5 × 10−2 −1.27 ± 7 × 10−2

Vitamin Cb −0.80 ± 6 × 10−2 −0.57 ± 3 × 10−2 −0.48 ± 8 × 10−3

Pyridoxine (B6)b −0.51 ± 9 × 10−3 −0.23 ± 6 × 10−3 −0.12 ± 5 × 10−3

Pyridoxine(B6)c −0.2 ± 0 a −0.46 ± 0 b −0.93 ± 0 c

a Mean of four results obtained with two units.
b Results obtained by separate solutions method [28].
c Results obtained by match potential method [28], for three concentration levels of vitamin B6 (M): (a) 2.5 × 10−4; (b) 2.5 × 10−3; (c) 2.5 × 10−2.

Table 5
Potentiometric selectivity coefficients (log K potVitB1,interferent ) for VitB6 ISE I and VitB6 ISE IIa

Interferent Vitamin B6 ISE I Vitamin B6 ISE II

1.0 × 10−4 (M) 9.1 × 10−4 (M) 3.1 × 10−3 (M) 1.0 × 10−4 (M) 9.1 × 10−4 (M) 3.1 × 10−3 (M)

Na+b −0.22 ± 3 × 10−2 −1.20 ± 3 × 10−2 −1.70 ± 1 × 10−2 −0.72 ± 7 × 10−2 −1.48 ± 4 × 10−2 −1.96 ± 8 × 10−2

K+b −0.36 ± 2 × 10−1 −1.03 ± 1 × 10−1 −1.18 ± 8 × 10−2 −0.48 ± 1 × 10−1 −1.11 ± 8 × 10−2 −1.28 ± 1 × 10−1

Mg2+b −2.41 ± 1 × 10−1 −3.0 ± 1 × 10−1 −3.17 ± 1 × 10−1 −2.66 ± 2 × 10−1 −3.05 ± 3 × 10−2 −3.40 ± 7 × 10−2

Fe 3+b −2.80 ± 7 × 10−2 −3.05 ± 2 × 10−2 −3.11 ± 5 × 10−2 −2.89 ± 9 × 10−3 −3.15 ± 2 × 10−2 −3.37 ± 2 × 10−2

Thiamine(B1)b 1.28 ± 7 × 10−2 1.0 ± 7 × 10−2 0.78 ± 6 × 10−2 0.85 ± 2 × 10−2 0.65 ± 2 × 10−2 0.60 ± 4 × 10−2

Thiamine(B1)c 1.70 ± 0 a 1.52 ± 0 b 1.12 ± 0 c 1.49 ± 0 a 1.47 ± 0 b 0.86 ± 0 c

a Mean of 4 results obtained with two units.

vels of vitamin B6 (M): (a) 2.5 × 10−4, (b) 2.5 × 10−3, (c) 2.5 × 10−2.
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b Results obtained by separate solution method [28].
c Results obtained by match potential method [28], for three concentration le

aused by cations Na+, K+, Mg2+ and Fe3+, separate solutions
ethod was used [28], at three levels of similar concentrations

f primary and interfering ion, namely 1.0 × 10−4, 9.0 × 10−4

nd 3.1 × 10−3 M (Tables 4 and 5). Regarding the vitamins usu-
lly present on multivitamin complexes, as vitamin B5, inositol,
itamin C, nicotinamide, riboflavin, cyanocobalamin and biotin,
he evaluation of Kpot was performed using fixed interference

ethod [28], as a way to approach the results to the real ana-
ytical conditions. Different proportions of vitamin B1 or B6
nd interferent were used (Table 6), taking into account the
imit values of these interferences found on the pharmaceuticals
nalysed.

Regarding the comparison of results for the interferences with
hose of previously reported electrodes [18–21], an improvement
n selectivity for most of the cations studied was obtained, even
n mutual interference of vitamin B1 and B6. This fact is related
o the buffered activity of the free main ion in the membrane
ue to the host guest complex equilibrium, which repeals other
ons of the same charge [18–21]. The molecular recognition has
emonstrated to be more selective by using a macrocyclic com-
ound, instead of that verified with classical ion exchanger type,
hose action mechanism is based on electrostatic interactions
18–21].
Concerning the interference of thiamine on VitB6 electrode

nd of pyridoxine on VitB1 electrode, match potential method
28] was also carried out (Tables 4 and 5), at three levels

Fig. 3. UV spectra profiles obtained for two solutions with 3 × 10 mol L
in thiamine (A) and pyridoxine (B); after extraction with a similar volume of
FNDPE (A′ and B′) or after extraction with cocktails used in the preparation
VitB1 ISE and VitB6 ISE I (A′′ and B′′) or after extraction with cocktail used in
the preparation VitB6 ISE II (C).
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f concentration of the main ion—2.5 × 10−4, 2.5 × 10−3 and
.5 × 10−2 M.

The obtained results are of the same order of magnitude,
esides the method used for this evaluation, and only thiamine
an be considered as an interferent to VitB6 ISEs. Taking
nto account the three types of electrodes, a maximum of
og Kpot of 0.75 (Table 6) is obtained for inositol, biotin and
yanocobalamin, regarding the most unfavourable interferent
roportion.

The thiamine interference is related with its more hydropho-
ic character. This observation could be corroborated through
pectrophotometric experiments performed on aqueous solu-
ions of both vitamins (Fig. 3). Extraction of the solutions
ith similar volumes of the mediator solvent lead to greater

bsorbance decrease in vitamin B1 spectrum compared to the
btained for vitamin B6 (Fig. 3 A-A′, B-B′, respectively). The
resence of cyclodextrins increased the extraction yield into the
rganic mediator phase in both cases (Fig. 3 A′′ and B′′) less evi-
ent when �-cyclodextrin is considered as ionophore (Fig. 3C).
egarding the selectivity coefficients for VitB6 ISE I with VitB6

SE II it was noticed that the former is generically more selec-
ive, which also can be related with better extraction observed
or 2-hydroxypropyl-�-cyclodextrin.

.4. Analytical applications

The characteristics obtained for the developed electrodes
re adequate to analytical application on the determination
f thiamine and pyridoxine in multivitamin pharmaceutical
reparations (tablets, sachets, ampoules), where both drugs are
resent. The analytical usefulness of the aforementioned elec-
rodes, whose construction, assessment and applications were
escribed, was carried out by the analysis of complex pharma-
eutical multivitamin formulations and the results are shown in
ables 7 and 8. The values reported correspond to the results
btained by Gran’s plot method and also by HPLC method for

he same products, in which both vitamins are present in differ-
nt proportions. Mean recovery values of 98.8 ± 2.9 for VitB1
SE, 96.5 ± 2.0 for VitB6 ISE I and 98.9 ± 2.1 for VitB6 ISE II
ere obtained. The best precision registered with VitB6 ISE I

able 7
itamin B1 determination in several pharmaceuticals using the proposed elec-

rodes, the corresponding recovery values and the results of the external reference
ethoda

harmaceutical Vitamin B1 content (mg)

Labelled Gran’s plot Recovery (%) HPLC

eurobion ampoules 100.0 105.0 ± 15.1 95.1 ± 2.4 100.5 ± 6
ecozyme C tablets 15.0 15.3 ± 1.1 102.0 ± 3.3 15.5 ± 0
ragavit B tablets 15.0 14.7 ± 0.8 98.6 ± 1.9 b

arimine stress
achets

15.0 15.0 ± 0.4 99.6 ± 3.6 b

a Results obtained in two samples of the same product, with three electrodes
nd expressed in mg per dose unit (sachet, pill or ampoule).
b Separation of peaks was not achieved under the same experimental condi-

ions.
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Table 8
Vitamin B6 determination in several pharmaceuticals using the proposed electrode, the corresponding recovery values and the results of the external reference
methoda

Pharmaceutical Vitamin B6 content (mg)

Labelled Gran’s plot (vB6I) Recovery (%) vB6I Gran’s plot (VB6II) Recovery (%) vB6II HPLC

Neurobion tablets 200.0 173.0 ± 0 95.1 ± 0.5 181.8 ± 11.4 97.4 ± 4.4 164.4 ± 11
Neurobion ampoules 100.0 103.1 ± 0 99.3 ± 5.3 98.1 ± 10.5 102.0 ± 4.7 97.3 ± 6
Becozyme C tablets 5.0 5.6 ± 0.8 96.4 ± 0.3 5.2 ± 0.7 98.0 ± 4.0 5.0 ± 0
Dragavit B tablets 5.0 6.0 ± 0 95.0 ± 0.4 5.5 ± 0.6 98.0 ± 3.5 5.5 ± 0
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a Results obtained in two samples of the same product, with three electrodes

elatively to VitB6 ISE II is in accordance with its better selec-
ivity, when compared with that one accomplished by VitB6 ISE
I unit.

In Table 3, where the characteristics of the reported VitB1
nd B6 electrodes are shown, it is possible to point out that
ny complex formulation was tested. In fact, for Ref. [18], no
eterminations were achieved for vitamin B6 on multivitamin
ormulations due to the interference of thiamine in pyridoxine
elective membrane. This sensor proved to be able to quantify
itB6 only in pure pyridoxine tablets. In Ref. [19], analytical
pplication was performed on two samples, with very sim-
le composition (three active substances for both), and one
f those did not include in its constitution the major VitB6
nterference, which was VitB1. On references [20,21], only
ne or two samples were determined by using standard addi-
ion technique. However, with cyclodextrin-based electrodes
t was possible to obtain good results even in samples with
oth vitamins, besides the enormous complexity of formula-
ions. This fact was achieved due to the improvement on general
haracteristics of the electrodes, especially their selectivity
erformance.

. Conclusions

The use of cyclodextrins as ionophores for construction of the
roposed electrodes proved the assessment of good quality ISEs
hen compared with classical ion exchange materials [18–21],

specially in what concerns slope, reproducibility and selec-
ivity. This ionophore allowed obtaining electrodes for vitamin
1 with slopes corresponding to monoprotonated or diproto-
ated species, rendering their use in samples with different
Hs. The more specific ionic recognition accomplished with
his type of macrocycles, gave rise to less interference from
lkaline and metal alkaline ions and also vitamins often present
n complex matrix pharmaceutical preparations multivitamin-
ype. Therefore, analysis with good results of thiamine and
yridoxine were possible to obtain in formulations in which
hose substances are simultaneously present, contrarily to the
reviously reported works [18–21]. For the first time, the devel-
ped electrodes allowed successfully analytical application to

eal complex matrix pharmaceuticals, with a very simple, rapid
nd accurate method. Concerning the disposable official meth-
ds, the potentiometric one allows the possibility of determining
oth vitamins (thiamine and pyridoxine) on different pharma-

[
[

[

pressed in mg per dose unit (sachet, pill or ampoule).

eutical formulations, applying the same methodology, whatever
he type of formulation analysed.

The proposed units seem to present excellent characteristics
o further application into an automatic flow system.
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Soc. 17 (2006) 715–722.

[4] D. Ozdemir, E. Dinc, Chem. Pharm. Bull. 52 (2004) 810–817.
[5] F. Feng, K. Wang, Z. Cheng, Q. Cheng, J. Ling, S. Huang, Anal. Chim.

Acta 527 (2004) 187–193.
[6] A. El-Gindy, F. El-Yazib, A. Mostafa, M.M. Mayer, J. Pharm. Biomed.

Anal. 35 (2004) 703–713.
[7] K. Li, Biom. Chrom. 16 (2002) 504–507.
[8] Z. Chen, B. Chen, S. Yao, Anal. Chim. Acta 569 (2006) 169–

175.
[9] M.L. Marzall, A. Lebiedzı́nska, W. Czarnowski, P. Szefer, J. Chromatogr.

A 1094 (2005) 91–98.
10] M.F.S. Teixeira, A. Segnini, F.C. Moraes, L.H. Marcolino-Júnior, O. Fat-

ibello Filho, E.T.G. Cavalheiro, J. Braz. Chem. Soc. 14 (2003) 316–
321.

11] C.O. Costa-Neto, A.V. Pereira, C. Aniceto, O. Fatibello-Filho, Talanta 48
(1999) 659–667.

12] L.G. Shairadova, L.N. Davletshina, G.K. Budnikov, Anal. Chem. 61 (2006)
502–509.

13] H. Zhu, Q. He, Q. Fang, H. Chen, Anal. Lett. 35 (2002) 707–720.
14] Z. Zhang, S. Hou, Chem. Anal. 47 (2002) 747–757.
15] P.O. Barrales, A.D. Vidal, M.L.F. Córdova, A.M. Dı́az, J. Pharm. Biom.
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