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a b s t r a c t

Nitrite and selenium are two bioactive compounds found in the environment which show beneficial
effects for health at low levels but have toxic effects at higher doses. Consequently, quantification of
both analytes in water samples results of great interest in areas such as biomedicine, food technology
and environmental analysis. In a recent paper, we immobilized the inclusion complex formed between
2,3-diaminonaphthalene (DAN) and 2-hydroxypropyl-�-cyclodextrin (HP-�-CD) in a sol–gel matrix, in
order to prepare a highly sensitive reagentless fluorescence-based sensor for the specific measurement
of nitrite. Here we have explored the possibility of using the sol–gel immobilized complex to quantify
selenite (Se (IV)), the more toxic form of selenium, as well as to act as a dual-analyte chemical sensor
for simultaneous quantification of both nitrite and selenite in aqueous samples. Results show that (a)
luorescence
ol–gel

inclusion of DAN in HP-�-CD and its subsequent immobilization in a sol–gel matrix do not modify the
reactivity of DAN against selenite, (b) the reaction product formed (4,5-benzopiazselenol) remains into the
cyclodextrin increasing considerably its fluorescence quantum yield and avoiding, therefore, its extraction
into organic solvents, (c) the developed sensor can detect selenite concentrations at submicromolar level
with a minimum detection limit of 13 nM, (d) the immobilized system is able to simultaneously quantify
nitrite and selenite at submicromolar concentrations in natural water samples with no further sample
pre-treatment.
. Introduction

The development of new sensor devices is presently the sub-
ect of extensive research in areas such as clinical diagnostic,
ood technology and environmental analysis. One of the major
rends in the current research of optical chemical sensor tech-
ology is the multi-parameter functionality on a single platform
so-called multi-analyte sensing) in order to provide analytical
evices that are rapid, sensitive, specific, non-expensive, and suit-
ble for real-time on-site detection [1–7]. Fluorescent sensors have
reat potential in this field due to their high sensitivity, specificity
nd versatility [8–10]. Most of these sensors include multiple fluo-

ophores immobilized either in separate polymer matrices [6,11] or
n the same single-layer polymer matrix [12]. Other type of multi-
nalyte sensor, much less frequent, consists of a single fluorophore
mmobilized on a solid support able to interact with multiple ana-

Abbreviations: DAN, 2,3-diaminonaphthalene; NATH, 1-(H)-naphthotriazole;
AT, 2,3-naphthotriazole anion; TEOS, tetraethyl orthosilicate; �-CD, �-
yclodextrin; HP-�-CD, 2-hydroxypropyl-�-cyclodextrin.
∗ Corresponding author. Tel.: +34 966 658469; fax: +34 966 658758.

E-mail address: rmateo@umh.es (C.R. Mateo).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.02.016
© 2009 Elsevier B.V. All rights reserved.

lytes, producing different spectral responses. In this work, we have
developed a dual-analyte fluorescent sensor platform for selenite
and nitrite detection, based on this last scheme, through the immo-
bilization of the fluorescent compound 2,3-diaminonaphthalene
(DAN) in an inorganic polymeric matrix, made using a sol–gel pro-
cess.

Selenium and nitrite are two natural bioactive compounds
which behave as a double-edged sword, since show beneficial
effects for health at low levels but are toxic at higher doses. In the
case of selenium, it is an essential nutrient of fundamental impor-
tance for animals and humans, however, it is highly toxic at levels
above a narrow range of that considered a health level in the human
diet; daily consumption of less than 0.05–0.1 mg/kg of body weight
will result in selenium deficiency while levels that exceed about
1 mg/kg are considered toxic [13]. The bioavailability and toxicity
of selenium depend to a large extent on its chemical form. Selenate
(Se (VI)) and selenite (Se (IV)) appear to be the dominant species
in natural waters, being selenite more bioavailable and approxi-

mately 5–10 times more toxic than selenate [14]. On the other hand,
nitrite has emerged as a molecule with potential therapeutic impli-
cations for cardiovascular disease [15,16], however, at high levels
(300 mg/kg body weight), nitrite is toxic if consumed, since it binds
with the hemoglobin in red blood cells and prevents the transfer

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:rmateo@umh.es
dx.doi.org/10.1016/j.jpba.2009.02.016
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Fig. 1. Generation of NAT from the nitrosation of DAN via nitrite and gene

f oxygen within the body [17]. Because of this dual role there is a
eed to monitor amounts of selenium and nitrite in biological and
nvironmental systems, particularly in natural waters, where the
window” of useful concentrations, especially in the case of sele-
ium, is very narrow. Consequently, during these last years many
fforts have been carried out to develop accurate, precise and sensi-
ive analytical methods, which are economical and at the same time
daptable for purposes of in situ or remote applications [18–21].

The fluorescent compound DAN reacts with nitrite in acidic
onditions to yield the fluorescent product 1-(H)-naphthotriazole
NATH). Fluorescence of NATH is in fact rather low and usually inter-
eres with that from DAN, however it is considerably increased in an
lkaline medium due to the formation of the 2,3-naphthotriazole
nion (NAT), which has a high quantum yield around 415 nm [22].
n the other hand, DAN also reacts in acid medium with selenite,

he more toxic form of selenium, to form the fluorescent compound
,5-benzopiazselenol, which fluoresces around 550 nm [23] (see
ig. 1 for both reactions). Thanks to this reactivity, the compound
as been successfully used in numerous occasions to detect and
uantify either nitrite or selenite in biological and environmental
amples [24–31]. However, despite these assays offer great sensi-
ivity and versatility, they show several drawbacks such as the poor
olubility of DAN in water and its toxicity. Moreover, there is a great
ifficulty in employing the method to detect traces of nitrite and
elenite in certain aqueous samples because of high blank values,
s well as the fluorescence quenching, and interference by inherent
iological substances and colorimetric chemicals, which often com-
licate the accurate detection of the analytes [32–34]. In addition,

or the selenium determination, the product formed in aqueous
edium must be extracted with organic solvents, such as cyclo-

exane, in order to improve the sensitivity of the method, since
,5-benzopiazselenol shows a very low fluorescent quantum yield

n water [23,33,35]. Consequently, all these drawbacks restrict the
racticability of both assays and make the detection of selenite and
itrite using DAN somewhat time-consuming and laborious.

Most of the above problems could be overcome by using an effi-
ient procedure for immobilization of the indicator on appropriate
olymer matrix. Sol–gel technology provides a useful and versa-
ile process for making stable, optically transparent host matrices
or the design of materials for fluorescent sensors [10,36–40].
ncapsulation of indicators within sol–gel materials is currently
btained from hydrolysis of alkoxide precursors, resulting in a
olloidal sol solution. Then, an aqueous solution containing the
ndicator is added to the sol producing a polycondensation reac-
ion, which leads to the formation of a transparent highly porous
el, which encloses the dyes within their pores. In order to min-

mize the leaching of the dye from the sol–gel matrix different
trategies can be used, such us covalent immobilization or previ-
us incorporation of the dye within a molecular assembly [39–41].
ecently our group has incorporated DAN in �-cyclodextrin (�-
D) and 2-hydroxypropyl-�-cyclodextrin (HP-�-CD), a derivative
of 4,5-benzopiazselenol from the reaction of DAN with selenite (Se (IV)).

of �-CD which greatly increases the solubility of the compound in
water [42,43]. Results showed that an important part of the DAN
molecule is spontaneously inserted into the cyclodextrin cavity
through hydrophobic interactions, forming stable 1:1 complexes
which continue to be reactive against nitrite. These complexes
were encapsulated in a sol–gel matrix, in order to prepare a highly
sensitive reagentless fluorescence-based sensor for the specific
measurement of nitrite ions at submicromolar concentrations with
no sample pre-treatment [43].

Given the good results obtained for the nitrite sensor, we have
decided to investigate the possibility of using the sol–gel immo-
bilized DAN/HP-�-CD complex to quantify selenite, as well as to
explore the capacity of this system to act as a dual-analyte chemical
sensor for simultaneous quantification of both nitrite and selen-
ite in aqueous samples. With this goal changes in the fluorescence
spectrum of the immobilized complex were monitored at differ-
ent concentrations of selenite in absence and in presence of nitrite
anion. Results show that incorporation of DAN in HP-�-CD and
its subsequent immobilization in a sol–gel matrix do not modify
the reactivity of DAN against selenite and that the immobilized
system is able to simultaneously quantify nitrite and selenite at
submicromolar concentrations in a single sample with no further
sample pre-treatment. The developed sensor was applied to deter-
mine nitrite and selenite species in natural water samples (tap, well
and spring water).

2. Materials and methods

2.1. Reagents and standard solutions

All reagents used were of analytical or spectroscopic grade
and deionised doubly distilled water was used throughout.
2-Hydroxypropyl-�-cyclodextrin and tetraethyl orthosilicate
(TEOS) were purchased from Sigma–Aldrich (Spain). 2,3-
Diaminonaphthalene was provided by Molecular Probes Inc.
(Eugene, OR, USA). A stock solution 7.4 mM of DAN in N,N′-
dimethylformamide was prepared and stored in the dark at −20 ◦C
before use. Standard sodium selenite (25 �M) and standard sodium
nitrite (1 mM) stock solutions as well as sodium phosphate buffers
(50 mM, pH 7.3) were prepared.

2.2. Fluorescence spectra

Fluorescence measurements were done using a PTI-
QuantaMaster spectrofluorometer. For fluorescence spectra,
samples containing DAN, 4,5-benzopiazselenol and naphthotria-

zole anion (NAT) were excited at 340, 380 and 382 nm, respectively.
The experimental samples (sol–gel monoliths and aqueous solu-
tion) were placed in 10 mm × 10 mm path length quartz cuvettes.
For all experiments, appropriate blanks were subtracted from each
sample.
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Fig. 2. Fluorescence intensity of DAN (�) and DAN/HP-�-CD complex (�) immobi-

aqueous solution and the product formed was extracted with
cyclohexane before recording the spectrum (curve 1). This last
spectrum was similar to that obtained for 4,5-benzopiazselenol
by other authors in the same organic solvent [23], confirming
86 M.J. Martínez-Tomé et al. / Journal of Pharmac

.3. Incorporation of DAN in HP-ˇ-CD and immobilization of the
omplex in a sol–gel matrix

DAN/HP-�-CD inclusion complexes were prepared and immo-
ilized in sol–gel matrix as described in Ref. [43]. Briefly, solutions
ontaining DAN (74 �M) and HP-�-CD (20 mM) were magnetically
tirred for 48 h at room temperature in the dark before use. 0.7 mL
f this solution were placed in a disposable polymethylmethacry-

ate cuvette and mixed with the same volume of TEOS, which was
reviously hydrolyzed with a 0.62 M HCl solution and rotaevap-
rated to eliminate the alcohol generated during the hydrolysis
rocess, following the protocol described by Ferrer et al. [44]. Gela-
ion occurred readily after mixing. The freshly formed monoliths
∼9 mm × 9 mm × 12 mm) containing the immobilized dye were
insed with phosphate buffer solution 3 times and were wet aged
n 0.5 mL of the same buffer at 4 ◦C during 24 h. For selenite and
itrite determination phosphate buffer was substituted by a 0.31 M
Cl solution. Cuvettes were sealed with parafilm and stored in the
ark at 4 ◦C temperature before use, which was never more than 4
ays, with exception of the stability experiments.

.4. Nitrite assay

Samples containing nitrite were analysed with the fluorescent
ensor described by Martínez-Tomé et al. [43]. Briefly, monoliths
ontaining the DAN/HP-�-CD complex were submerged in 2.5 mL
f sample and incubated at the appropriate temperature and time.
o ensure the formation of the fluorescent NAT, which needs an
lkaline environment, monoliths were placed in quartz cuvettes
ontaining 2 mL of 2.8 M NaOH solution. The contact of the monolith
ith the NaOH solution modified its appearance in the first min-

tes, making the matrix more turbid and reducing its size. In order
o avoid artefacts due to the scatter and to correctly measure the
uorescence signal, we decided not to measure this signal directly

rom the monolith but dissolve completely the matrix in the NaOH
olution. Fluorescence measurements were then performed.

. Results and discussion

.1. Immobilization and stability of DAN/HP-ˇ-CD complex in
ol–gel matrix

Incorporation of DAN in HP-�-CD and subsequent immobiliza-
ion of the complex in sol–gel matrix was previously demonstrated
n Ref. [43] from the fluorescence emission spectra of DAN. The
nclusion of DAN into the cyclodextrin cavity was carried out with
he aim of reducing the leaching of the dye from the sol–gel matrix.
owever, the size of the DAN/HP-�-CD complex is still small com-
aring with that of the sol–gel pore, so the complex could also be
ble to diffuse between the interconnected pores and escape into
he surrounding buffer. In order to investigate this possibility, we
xplored the stability of the immobilized dye in presence and in
bsence of HP-�-CD. Fluorescence spectra of DAN were collected
ver a period of several days (see Fig. 2 and inset). Results show that
he inclusion of DAN into the cyclodextrin does not prevent com-
letely the leaching of the dye from the matrix but largely decreases
he leak speed, especially during the first days.

.2. Ability of the sol–gel immobilized DAN/HP-ˇ-CD complex to
uantify selenite (Se (IV))
As was mentioned in Section 1 of this article, the fluorimet-
ic method using DAN is widely accepted as a technique for the
outine determination of selenite in biological materials and water.
uring the assay, selenite reacts quantitatively with DAN in acidic
lized in sol–gel matrix at the same DAN concentration (37 �M), recorded at 382 nm
as a function of storage time. Inset: fluorescence emission spectra of the immobi-
lized DAN (continuous line) and DAN/HP-�-CD complex (dotted line) recorded the
second day of storage.

solution to yield 4,5-benzopiazselenol, which is measured fluori-
metrically following extraction in organic solvents. Incorporation
of DAN into the cyclodextrin cavities could modify the reactiv-
ity of the molecules against selenite preventing its analytical use
as selenite sensor. On the other hand, if the reaction takes place
within the cyclodextrin cavity, detection of the analyte could be
possible without successive extraction with organic solvent. For
this reason, before assessing the ability of the immobilized inclu-
sion complex to quantify selenite we explored the reactivity of the
DAN/HP-�-CD complex in solution. Samples containing DAN, in
absence and in presence of HP-�-CD, were incubated with selen-
ite (0.5 �M) in acidic solution (pH ∼2) during 60 min at 60 ◦C
[33]. Formation of 4,5-benzopiazselenol was monitored from the
emission spectra, recorded upon excitation at 380 nm to avoid
the interference of DAN (Fig. 3). For the sample in absence of
HP-�-CD fluorescence emission was practically negligible in the
Fig. 3. Fluorescence emission spectra of 4,5-benzopiazselenol (�exc = 380 nm)
obtained from reaction of selenite 0.5 �M with: (a) DAN in aqueous solvent, after
extraction with cyclohexane (curve 1); (b) DAN/HP-�-CD complex in aqueous solu-
tion (curve 2); (c) DAN/HP-�-CD complex in aqueous solvent after extraction with
cyclohexane (curve 3) and (d) DAN/HP-�-CD complex immobilized in a sol–gel
matrix (curve 4).
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Fig. 4. (a) Calibration curve of the selenite sensor based on immobilization of
DAN/HP-�-CD complex in a sol–gel matrix. Inset: calibration curve for the immobi-
lized system with the x-axis expanded in the range of 0–5 �M. (b) Calibration curve
M.J. Martínez-Tomé et al. / Journal of Pharmac

he reactivity of free DAN against selenite. In contrast, for the
ample in presence of HP-�-CD, a fluorescence spectrum was
irectly recorded in the aqueous solution, which was clearly dif-

erent of that obtained in cyclohexane, showing a single width
and around 586 nm (Fig. 3, curve 2). Changes in the fluorescence
mission spectrum of 4,5-benzopiazselenol as a function of sol-
ent were previously reported by other authors, which observed
hypsochromic shift as decreasing the polarity of the solvent

33]. Therefore, to confirm that this band effectively corresponds
o the benzopiazselenol formed within the cyclodextrin, solution
as extracted with cyclohexane, and its spectrum was recorded

nd compared to that obtained, in the same solvent in absence
f HP-�-CD. Both spectra were similar (curves 3 and 1, respec-
ively, in Fig. 3), indicating that the incorporation of DAN into the
yclodextrin cavity not only does not restrict the interaction of
elenite with the two amino groups of DAN but also provides a
uitable hydrophobic environment for fluorescence sensitization
f 4,5-benzopiazselenol.

Once confirmed that incorporation of DAN into the cyclodex-
rins does not modify its reactivity against selenite, the next step
as to check the ability of the sol–gel immobilized DAN/HP-�-CD

omplex to generate 4,5-benzopiazselenol. Monoliths containing
AN/HP-�-CD complex were immersed in a solution containing
elenite (0.5 �M) and incubated for 60 min at 60 ◦C. After this
reatment, monoliths were placed in fluorescence cuvettes and
heir emission spectrum was recorded upon excitation at 380 nm
curve 4 in Fig. 3). The fact that the spectra were practically the
ame both with and without sol–gel, confirms that DAN keeps
eing active against selenite and therefore it can be used as a
elenite sensor. Since the diffusion of selenite through the matrix
ould slow down the sensor response, we proceeded to deter-
ine if the time selected in the previous experiment (60 min) was

nough to complete the reaction between selenite and DAN/HP-�-
D complex within the sol–gel matrix. Monoliths containing the

nclusion complex were incubated at 60 ◦C at a constant concentra-
ion of selenite (5 �M) and the fluorescence of 4,5-benzopiazselenol
as monitored as a function of the incubation time. A continu-

us increase in the fluorescence signal was observed at 586 nm,
o reach practically a constant value around 150 min (data not
hown).

The performance of the developed sensor was examined
y a calibration curve in which the sensitivity of the sensor
o selenite was measured. Samples containing the immobilized
AN/HP-�-CD complex were incubated for 150 min at 60 ◦C with

ncreasing concentrations of selenite, up to 0.6 �M. For each
elenite concentration the fluorescence emission spectrum of
,5-benzopiazselenol was recorded. Appropriate blanks were sub-
racted from each sample. A plot of the fluorescence signal observed
t 586 nm as a function of selenite concentration is shown in Fig. 4a.
ts linear range spanned very low concentrations of selenite, up to
.6 �M, with a good correlation coefficient (r2 = 0.9907). The same

inear response (r2 = 0.9969) was found up to 5 �M of analyte (see
nset in Fig. 4a). A lower detection limit of 13 nM was calculated
rom the slope of the plot and the standard deviation of the blank

easurements, as recommended by IUPAC [45]. This detection limit
as slightly higher than that observed with previous extraction of
iazselenol in cyclohexane [46], probably because the compound
hows a higher quantum yield in this solvent than in HP-�-CD.
owever, the sensor shows important advantages with respect to

he conventional assay, since it allows working in situ directly on
he sample without the need of further manipulation, making only

se of environment-friendly reagents. In addition, the sensor could
e used in turbid and coloured samples since the reaction occurs
ithin the sol–gel matrix and not in the sample, so all the infor-
ation regarding selenite concentration is contained inside this
atrix.
of the nitrite sensor determined using the operational conditions of the selenite sen-
sor (150 min of incubation time at 60 ◦C) (—) and using the experimental conditions
described in Ref. [43] (60 min at 37 ◦C) (- - -).

3.3. Simultaneous detection of selenite and nitrite

Once verified the suitability of the sensor to quantify selenite
and given that previously we had shown that it is suitable to deter-
mine nitrite [43], we explored the possibility of use the sensor to
simultaneously quantify both selenite and nitrite. With this goal we
performed a first trial to check if the operating conditions selected
for selenite (incubation during 150 min at 60 ◦C) were also appro-
priate for the nitrite detection. Fig. 4b shows the calibration curve
obtained under these experimental conditions from different con-
centrations of nitrite in the range 0–0.5 �M. The plot was linear in
all the concentration range, showing a slope which was very close
to that achieved at the experimental conditions previously selected
for the nitrite sensor (60 min at 37 ◦C) [43].

Taking into account this result, we proceeded to study the simul-
taneous determination of both substances in the same aqueous
solution. A sample was prepared containing nitrite and selenite at
the same concentration (0.5 �M) and a monolith with the immo-
bilized DAN/HP-�-CD complex was transferred to the sample and
incubated during 150 min at 60 ◦C. After that time, monolith was
placed in a quartz cuvette and the fluorescence spectrum of 4,5-
benzopiazselenol was recorded. Then, the monolith was dissolved
in 2 mL of 2.8 M NaOH in quartz cuvettes and the fluorescence spec-
trum of NAT was taken. Both spectra were compared with those
obtained when only 0.5 �M selenite or 0.5 �M nitrite were present
in the sample (Fig. 5). Results show that the fluorescence signal

of 4,5-benzopiazselenol and NAT obtained for the mixture of ana-
lytes was similar to that recorded separately for each one of them,
indicating that the developed sensor is able to quantify, with high
sensitivity, both substances in the same aqueous sample, with no
further sample pre-treatment.
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Fig. 5. Simultaneous detection of 0.5 �M nitrite and Se (IV) in the same aqueous sol-
vent using the dual fluorescent sensor developed in this work. The figure compares
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he fluorescence emission spectra of NAT (left) and 4,5 piazselenol (right), recorded
pon incorporation of the immobilized DAN/HP-�-CD complex in a sample contain-

ng the mixture of analytes (continuous line), with those obtained when only nitrite
r selenite were present in the sample (dotted line).

.4. Applications of the sensor

In order to demonstrate the utility of the developed sensor for
he analysis of environmental samples research work was con-
uced to the simultaneous determination of nitrite and selenite

n water samples from different natural sources. Spring water, well
ater, as well as tap water and double distilled water, were anal-

sed for comparisons by the proposed procedure. Analysis was
arried out within 24 h of sample collection to avoid the inter-
onversions. Results are given in Table 1. Nitrite was found in all
amples (between 0.19 and 0.36 �M), while selenite concentrations
ere below the detection limit. Hence, spiking experiment was

arried out for both species. Recoveries were satisfactory which
ndicates the capability of the present method to simultaneously
etermine selenite and nitrite in environmental water samples with
ood reproducibility and high sensitivity.

In conclusion, in this work we have developed a dual fluorescent
ensor based on the immobilization of the DAN/HP-�-CD complex
n a sol–gel matrix. The inclusion of DAN into the cyclodextrin
efore the immobilization step clearly reduced the leaching of the

ye from the matrix, though it was not completely prevented. The
ensor was able to quantify selenite concentrations at submicromo-
ar level with a minimum detection limit of 13 nM. Furthermore,
ample pre- or post-treatment are not necessary. In addition, the

able 1
elenite and nitrite concentration (mean ± standard deviation) of water samples.

amples SeO3
2− (�M) NO2

− (�M)

Standard
addition

Amount found
(±0.02)

Standard
addition

Amount found
(±0.03)

pring water – <0.013 – 0.32
0.10 0.12 0.10 0.39
0.50 0.50 0.50 0.84

ap water – <0.013 – 0.36
0.10 0.12 0.10 0.49
0.50 0.47 0.50 0.89

ell water – <0.013 – 0.32
0.10 0.10 0.10 0.45
0.50 0.50 0.50 0.87

istilled water – <0.013 – 0.19
0.10 0.11 0.10 0.28
0.50 0.52 0.50 0.69
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[
[

[
[
[

[

[
[

[
[

[
[
[

[
[
[

[

[
[
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immobilized complex serves to prepare a highly sensitive reagent-
less dual-analyte chemical sensor for simultaneous quantification
of both nitrite and selenite in the same aqueous sample. The dual
sensor allows working in situ directly on environmental (natural
water) samples without the need of further manipulation and could
have wide applications not only in the environmental field but also
in clinical diagnosis since both analytes can bring serious risks to
human health and environment if they exceed certain concentra-
tion levels which are above the minimum detection limit of the
sensor. Applications of the sensors in body fluids such as urine,
blood or plasma, together with the search for new strategies to
reduce the leaching of the dye from the sol–gel matrix are now
under investigation and will be the scope of a future work.
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